C-2

Journal of Environmental Management 277 (2021) 111417

Contents lists available at ScienceDirect

Journal of Environmental Management

journal homepage: http://www.elsevier.com/locate/jenvman

Review

L)

Check for

Waste valorization using solid-phase microbial fuel cells (SMFCs): Recent [l

trends and status

Mochamad Arief Budihardjo™ ", Syafrudin?, Agus Jatnika Effendi ", Syarif Hidayat ",
Candra Purnawan “, Ayudya Izzati Dyah Lantasi‘, Fadel Iqgbal Muhammad ©,

Bimastyaji Surya Ramadan

@ Department of Environmental Engineering, Faculty of Engineering, Universitas Diponegoro, Semarang, 50277, Indonesia

b Department of Environmental Engineering, Faculty of Environmental and Civil Engineering, Institut Teknologi Bandung, Bandung, 40132, Indonesia
¢ Department of Chemical Sciences, Faculty of Mathematics and Natural Sciences, Universitas Sebelas Maret, 57126, Indonesia

d Master of Environmental Sciences, School of Postgraduate Studies, Universitas Diponegoro, Semarang, 50241, Indonesia

¢ Master of Environmental Sciences, Wageningen University and Research, Wageningen, 6708, GA, the Netherlands

ARTICLE INFO

Keywords:
Anaerobic digestion
Compost

Mass transfer
Microbial fuel cells
Solid-phase

ABSTRACT

This review article discusses the use of solid waste processed in solid-phase microbial fuel cells (SMFCs) as a
source of electrical energy. Microbial Fuel Cells (MFCs) are typically operated in the liquid phase because the ion
transfer process is efficient in liquid media. Nevertheless, some researchers have considered the potential for
MFCs in solid phases (particularly for treating solid waste). This has promise if several important factors are
optimized, such as the type and amount of substrate, microorganism community, system configuration, and type
and number of electrodes, which increases the amount of electricity generated. The critical factor that affects the
SMFC performance is the efficiency of electron and proton transfer through solid media. However, this limitation
may be overcome by electrode system enhancements and regular substrate mixing. The integration of SMFCs
with other conventional solid waste treatments could be used to produce sustainable green energy. Although
SMFCs produce relatively small amounts of energy compared with other waste-to-energy treatments, SMFCs are
still promising to achieve zero-emission treatment. Therefore, this article addresses the challenges and fills the

gaps in SMFC research and development.

1. Introduction

The increase of municipal solid waste generation is an issue faced by
nearly all countries, due to the expansion of industrial activities and
global development. In developing countries, almost 90% of municipal
waste is transported directly to landfills without any intermediate
treatment that could reduce the solid waste volume (Barik and Paul,
2017). This waste management activity contributes 5% to the total
global greenhouse gas emissions. Recycling, effective waste treatment,
and source-segregation are the primary strategies to reduce emissions
and environmental impacts due to increased waste generation (Florio
et al., 2019). Waste is considered to have a relatively large energy
content such that waste-to-energy is considered a viable alternative
(Chiu et al., 2016). Composting and anaerobic digestion are biological
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treatment technologies that have been used and explored extensively in
various countries (Yu et al., 2015; Xin et al., 2018). However, conven-
tional composting under aerobic conditions requires more energy for
mixing and an air supply, which could produce vast amounts of leachate
(Chu et al., 2019). Anaerobic composting, which is commonly known as
anaerobic digestion, can be an alternative solution to convert solid waste
into reusable energy and biofuel (Khudzari et al., 2016). Recent research
has shown that anaerobic digestion has many constraints, such as a long
residence time, a low purification of biomethane and its conversion to
electricity, and a variety of safety issues, which makes this technology an
imperfect solution for zero-discharge treatment (Xin et al., 2018).
Recently, microbial fuel cells (MFCs) were found to be an alternative
treatment to generate electricity from waste (waste valorization)
without intermediate treatment steps because anaerobic digestion
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Fig. 1. Schematic illustration of the SMFC process (Modified from Nastro et al., 2017 and Logrono et al., 2015).

utilizes electrogenic (anodophilic) microorganisms (Xin et al., 2018).
The bioelectric energy of MFCs depends on the electron transfer process
and biodegradation efficiency of solid waste (Song et al., 2015). Many
researchers use the term solid-phase MFCs (SMFCs/SPMFCs) for MFCs
that convert solid waste into electricity (Logrono et al., 2015; Wang
et al.,, 2015; Mohan and Chandrasekhar, 2011); however, some re-
searchers use the terms compost MFCs (cMFCs) (Khudzari et al., 2016)
or biogas slurry MFCs (BSMFCs) (Wang et al., 2019a). Solid-phase mi-
crobial fuel cells (SMFCs) are one of the developments in MFC tech-
nologies that can be applied to solid waste. These are claimed to
accelerate the anaerobic waste degradation process, directly harvest
electrical energy, and produce mature compost from organic compounds
(Choudhury et al., 2017; Mogsud et al., 2013; Mogsud et al., 2015;
Pandey et al., 2016; Santoro et al., 2017). SMFCs are profitable because
they only require low-cost materials (Du et al., 2007; He et al., 2017).
Moreover, their capability to generate electricity makes them a direct
alternative source for renewable energy, which has attracted consider-
able attention from researchers (Do et al., 2018; Escapa et al., 2016; Xia
et al.,, 2018). In addition, solid waste makes SMFCs an alternative
method to overcome the problem of solid waste treatment because it
uses the solid waste as a substrate to provide an environmentally
friendly and sustainable source of electricity (Gude, 2016; Yasri et al.,
2019). Therefore, SMFCs are considered capable of addressing
multi-sectoral problems as they can be integrated with other processing
waste treatments, such as aerobic composting or anaerobic digestion
(Kadier et al., 2016; Logan, 2009; Trapero et al., 2017; Utomo et al.,
2017).

Over the last five years (2016-2020), 2499 review articles, 1193
book chapters, and 1513 research articles relating to the utilization of
MEFCs in various treatments have been published based on sciencedirect.
com (beyond other scholarly databases). However, there are limited
articles about the use of SMFCs for comprehensive solid waste man-
agement. Rahimnejad et al. (2015) explained the application of MFCs to
anode-cathode processes; proton transfer processes through cation ex-
change, anion exchange, or bipolar membranes; the production of bio-
hydrogen, bioelectricity, and biosensors; and wastewater treatment.
Information concerning advanced developments in the use and
manufacturing process of electrodes and MFC membranes was discussed

by Palanisamy et al. (2019). Meanwhile, Zhang et al. (2016) and
Khudzari et al. (2016) used bibliometric methods to measure the extent
of global research trends, explicit research, and developments regarding
MECs based on the Scopus and Web of Sciences databases or in several
specific journals, which are the main platforms of MFC progress
reporting. However, to the authors’ knowledge, there has not any article
summarizing, discussing, or providing detailed descriptions of the
development of SMFCs for treating solid waste. The factors that influ-
ence the performance optimization of SMFC reactors, as mentioned
before, need to be further investigated through various in-depth and
comprehensive studies. This review article was written to better un-
derstand and analyze the technological basis of SMFCs and their influ-
ential factors. In addition, potential obstacles are considered that may be
encountered in the future with further development toward industrial
commercialization. The results of recent studies on the performance
optimization of SMFCs, their possible integration and comparison with
other technologies, and the various improvements needed to enhance
the results of electricity generation using SMFCs are collated throughout
this article.

2. Fundamental process of an SMFC

An SMFC is a technology used to generate eco-friendly electricity
from biomass by utilizing microorganisms (Garita-Meza et al., 2018;
Makinen et al., 2013; Pushkar and Mungray, 2016). SMFCs employ the
bioelectrogenesis capability of microorganisms to utilize organic com-
pounds as electron acceptors to generate energy. This system directly
harvests the energy generated from the microorganisms without the
need for combustion (Calignano et al., 2015; Minutillo et al., 2018;
Nastro et al., 2017). In general, the configuration of SMFC systems
consists of two chambers: a cathode and an anode, which are separated
with specified membranes. The cathode is a chamber full of oxygen
where protons collect to form water molecules (Logrono et al., 2016a;
Mogsud et al., 2013). The two electrode chambers are separated by a
mediating membrane that allows protons to pass from the anode and
transferring electrons between the two electrodes while inhibiting the
entry of oxygen into the anode. However, some SMFCs do not use
membranes and rely only on the distance between electrodes (Logrono
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Fig. 2. Working mechanism of the electrodes and separator in SMFCs (modified from Mohan et al., 2014).

etal., 2016a, 2016b; Mohan and Chandrasekhar, 2011). Fig. 1 illustrates
the general processes that occur in SMFCs.

Chemical energy present in organic waste will be oxidized by mi-
croorganisms in the anode chamber. Microorganisms extract the energy
needed to build biomass through the metabolic process (Palanisamy
et al., 2019). The effectiveness of the SMFC reactors is influenced by
several factors, such as the oxygen supply and consumption in the
cathode chamber, oxidation of the substrate in the anode chamber,
electron transfer from the anode chamber to the anode surface, and the
proton exchange membrane (PEM) permeability (Rahimnejad et al.,
2015; Sharma and Li, 2010). In other cases, circuit connections are
important as they increase the voltage output to 344.11% times more
than a single reactor (Utomo et al., 2017).

2.1. Process in the anode

The anode chamber is an important component of SMFCs. Microor-
ganisms that play a role in substrate degradation and electron produc-
tion attach to the electrodes in the anode chamber, which occurs at the
anode under anaerobic conditions. The presence of oxygen in the anode
chamber inhibits the generation of electricity by the microorganisms. In
addition, there are also substrates and mediators in the anode chamber.
The general reactions that occur at the anode are as expressed in

Equation (1).

Active microorganism
Biodegradable organics — CO,+ H™ + e~ 1
Anaerobic environment

The microorganisms present in the anode act as catalysts that break
the substrate into simpler molecules. This active biocatalyst oxidizes the
substrate and produces electrons and protons. The resulting protons are
transmitted to the cathode via the PEM, whereas the electrons are
transmitted along the external path (Antonopoulou et al., 2010; Du
et al., 2007; Ghasemi et al., 2013; Rahimnejad et al., 2011, 2015).

Modifications to the anode material influence the performance of the
SMFC reactors. Previous studies have shown that the use of different
electrode materials at the anode generates various amounts of electrical
energy, which affects the overall performance of the SMFC reactor.
Widely used materials include different forms of graphite carbon,
including a fiber brush, cloth, rod, paper, and felt because they each
have a high conductivity and large surface area (Quezada et al., 2010;
Ghasemi et al., 2013; Sharma and Li, 2010; Xin et al., 2019).

2.2. Processes in the cathode

The cathode and anode chambers in the MFC work continuously to
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Table 1
Recent studies related to improvements in MFC performances when treating wastes.
Substrate Electrode Separator Bacteria Operating System Maximum References
Anode Cathode Phase Configuration Power Density
Household food Graphite MnO, Nd Mixed anaerobic microbial Liquid Single 11,800 mW/ Antonopoulou
waste (glucose) granules culture chamber m® per anode et al. (2019)
hydrolysate working
volume
Organic fraction of ~ Graphite Graphite Membraneless Lactobacillaceae, Bacillaceae, Solid Single 1.75 mW/m? Florio et al.
municipal waste plates plates Clostridia, and chamber per anode (2019)
Pseudomonadaceae, with specific surface
Pseudomonas aeruginosa area
Food waste Carbon Plain Nd Mobheibacter, Azospirillum, Liquid Single 173 mW/m?> Xin et al. (2018)
hydrolysate brush carbon Geobacter, Petrimonas, chamber per total
cloth Alicycliphilus, Rhodococcus, working
Pseudomonas surface area
Vegetable and fruit ~ Carbon Ceramic Nd Nd Solid Single Nd Nastro et al.
residues fiber disk chamber (2017)
Municipal solid Carbon felt, stainless steel, Oxygen and KsFe Nd Solid Dual chamber 1817 mW/m? Chiu et al.
waste carbon paper, and carbon (CN)g per anode (2016)
plate specific surface
area
Mix of apples, Carbon felt  MnO, Nd Gammaproteobacteria and Solid Single 5.29 mW/m? Khudzari et al.
lettuce, green Bacilli chamber per anode (2016)
beans, and soil specific surface
(potting mix) area
Dewatered sludge Graphite Titanium PEM (Nafion Electricigens, the common Solid Dual chamber 5600 mW,/m> Yu et al. (2015)
fiber wire 117, Dupont fermentation bacterial colonies per anode
Company) working
volume
Kitchen and yard Carbon Carbon Nd Solid Single 39.2 mW/m? Mogqsud et al.
wastes fiber fiber chamber per anode (2015)
specific surface
area
Vegetable and fruit ~ Carbon fiber Soil-activated Mixed anaerobic microbial Solid Single Nd Logrono et al.
wastes carbon culture chamber (2015)
Rice husks, Carbon felt Nd Nd Solid Single 4.6 mW/m?per  Wang et al.
soybean residue, chamber anode specific (2015)
coffee residue, surface area
and leaf mold
Wastes from Tin-coated Coil spring  Soil-activated Mixed anaerobic microbial Solid Single 47.6 mW/m? Karluvali et al.
compost facility copper carbon culture chamber per anode (2015)
mesh specific surface
area
Kitchen garbage Carbon Carbon Soil-activated Mixed anaerobic microbial Solid Single 60 mW/m? per  Mogsud et al.
and bamboo fiber fiber carbon culture chamber anode specific (2014)
waste (glucose) surface area
Food waste Brushes Carbon Nd Mixed anaerobic microbial Liquid Single ~556 mW/m? Jia et al. (2013)
hydrolysate cloth culture chamber per anode
specific surface
area
Grass cuttings, leaf ~ Carbon Carbon Filter paper, Nd Solid Dual chamber 394 mW/m? Mogsud et al.
mold, rice bran, fiber fiber cellophane, and per cathode (2013)
oil cake, and PEM specific surface
chicken area
droppings
Sewage sludge Carbon felt ~ Carbon felt  Proton exchange Mixed anaerobic microbial Solid Single 38.1 W/m® per ~ Wang et al.
and rod and rod membrane culture chamber anode working (2013b)
volume
Rice hull, bean Carbon felt Carbon felt  Nd Nd Solid Single 264.7 mW/m? Wang et al.
residue, and chamber per anode (2013a)

ground coffee
wastes

specific surface
area

Nd: Not defined.

generate electrical energy. Protons move from the anode chamber to the
cathode chamber through the PEM, which refines the electric current.

O, + 4H" + 4e¢” > 2H,0

Radical oxygen produced in the anode chamber (Equation (2))
moves to the cathode chamber to form water that spreads on the cathode
with the help of a catalyst. Equilibrium can be reached based on Equa-

(2)

tion (2) by connecting the cathode and the anode with external cable
connectors. The MFC performance on the cathode is different from that
on the anode. The concentration and type of electron receiver,

availability of protons, performance of the catalyst, electrode structure,
and capability of the catalyst all affect the cathode performance. The
availability, strong oxidation potential, and nontoxic end products of
oxygen make it a suitable electron acceptor for the cathode chamber.
Some cathodes are configured by placing one side of the cathode in
direct contact with the cathode chamber while the other side is in direct
contact with free air.
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2.3. Process in separator or membrane

SMEFCs consist of an anode and a cathode chamber separated by a
cationic membrane, a porous ceramic clayware membrane (Yousefi
et al., 2017), and electrode distancing (configured placement of elec-
trodes) (Mogsud et al., 2015) (See Fig. 2). Biopotential that occurs due to
metabolic activity of the microorganisms and the condition of electron
acceptors can induce bioelectricity in SMFCs. The PEM or other sepa-
rators in SMFCs (which not only physically separate the cathode and
anode chambers but also prevent the transfer of dissolved oxygen con-
tained in the cathode chamber to the anode chamber) maintain the
anaerobic conditions in the anode chamber (Ghasemi et al., 2013). The
separators can facilitate the transfer of protons produced in the anode
chamber without the transfer of the substrate or oxygen to the cathode
chamber. When the membrane is not applied in SMFCs, the displace-
ment of the oxygen and substrate can result in a decreased Coulombic
efficiency (CE) and microorganism activity, which dramatically affects
the system performance and stability. The cost of cationic membrane has
shifted attention to alternative separators. Porous clays, such as novel
porous clay earthenware (NCE), could produce higher power outputs
compared to the use of PEM as a separator (Daud et al., 2020). Porous
clay with a larger thickness generates less power in the SMFCs. Thick-
ness differences can change the hydraulic pressure and transportation of
fluid through the SMFC system. The flow of ions will also be slower with
thicker clay membranes (Jimenez et al., 2017).

3. Factors affecting the SMFC performance

Electricity generated by SMFCs is influenced by various factors, such
as the electrode material, type of membrane, salinity, alkalinity, type of
waste, and composting factors such as the pH and C/N ratio. Mogqsud
et al. (2013) stated that SMFCs with a good performance have a low
internal resistance and a high electromotive force. Table 1 shows some
of the optimizations made to increase the amount of electricity gener-
ated by SMFCs.

3.1. Substrate

Substrates or materials used as organic sources for SMFCs can use
various types of wastes that contain high organic matter, such as kitchen
and bamboo. The voltage generated by kitchen waste increases rapidly
in the initial phase and gradually stabilizes to a voltage of 620 mV.
Conversely, in bamboo waste, the generated voltage gradually increases
to 540 mV. This finding is expected because some fruits in kitchen waste
contain significant amounts of glucose. Adequate supplies of glucose
activate bacteria and produce a higher voltage (Mogsud et al., 2014).
Utomo et al. (2017) used sludge from a communal waste treatment plant
of different ages. They observed that the stress generated at the anode
with fresh sludge material is a higher value than that with stored sludge
material. Xin et al. (2019) determined the effects of complex compounds
(glucose, sodium acetate, and food waste hydrolysate) used in MFCs
when producing electrical energy. The electrical density produced by
MEC reactors with food waste hydrolysate as a substrate was higher than
with glucose and sodium acetate. Wang et al. (2013a) obtained higher
power outputs using different substrates. With an adequate supply of
glucose, complex substrates rich in monosaccharides, organic acids, and
other micro-molecules can be used directly as the SMFC substrates so
that bacteria become more active and generate higher stresses (Pant
et al., 2010; Wang et al., 2019a). Similar results were obtained by Jia
etal. (2013) and Li et al. (2018), where SMFCs produces a larger amount
of energy with substrates of mixed carbon rather than a single carbon
type.

Biogas slurries have also been used as a substrate for MFCs (BS-MFC).
Biogas slurry as waste from biogas technologies has been widely applied
and is considered to cause new problems. Biogas slurry is rich in
monosaccharides, organic acids, and other micro-molecules that can be
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directly utilized as MFC substrates (Pant et al., 2010; Wang et al.,
2019a). Wang et al. (2019a) found that microbial acclimation was
achieved on the 10th day at 150.4 + 14.6 mV. The second cycle, which
was conducted by adding substrates, showed a voltage of 622.7 + 30.3
mV on the 20th day. This indicates that biofilms were formed at the
anode. The accumulation of electrical voltage in these three cycles
reaches its maximum value and is stable for a sufficiently long period.
However, the BS-MFC hydrolysis reaction and the long operational
period lead to high energy demand levels and a lower average CE pro-
duction of 4.1% (Wang et al., 2019a).

Rice husk, soybean residue, coffee residue, and leaves have also been
used as substrates. The choice of substrate is based on the nature of each
substrate as those rich in cellulose and biopolymers are ideal sources of
organic matter. Rice husk can increase the hydraulic conductivity and
porosity of SMFC reactors. Therefore, the substrate composition can
affect the community of microorganisms that grow at the anode as well
as the electrical energy output (Wang et al., 2015). The addition of
bio-enzymes to the substrate increases the power density by a factor of
up to 8.5 and can decrease the internal resistance by 31% (Wang et al.,
2013b, 2015). SMFCs that use solid waste tend to have higher levels of
chemical oxygen demand (COD). A study conducted by Samudro et al.
(2018) determined that leaf waste, which had a COD of 16.567 mg
COD/L, had a higher COD removal efficiency of up to 87.67% and a
more stable power density of 4.71 mW/m? compared with canteen and
mixed wastes. However, in this study, high levels of COD do not lead to a
high COD removal efficiency or high-power density output. Thus, there
is some optimum COD level that leads to high power densities.

The greatest limitation of microbial processes in solid phase eco-
systems is the substrate/mass transfer rate (Rahimnejad et al., 2011).
Transfer resistance is higher when the absence of a sufficient solution to
homogenize the distribution of the substrate to microorganisms or
electrons to the electrode. Reducing the electrode distance may increase
the rate of electron transfer, but some other problems occur in this case,
such as an increased oxygen penetration and active surface electrode.
which leads to a decreased power output (Sharma and Li, 2010). The
water content is the other critical point when working with SMFCs.
Ideally, a 60% distributed moisture will allow the process to occur in
good conditions (Wang et al., 2015). As many SMFC reactors operate in
the gravitational direction for electrodes, the anode chamber is flooded
and exceeds 60% of the moisture content soon after the process begins.
The use of Xanthan 80 SF can significantly improve the performance of
the SMFC reactor because it naturally maintains moisture in the compost
and reduces the effects of gravity so that water does not accumulate at
the bottom of the reactor. Therefore, the cathode chamber will dry and
decrease the proton transfer rate, which causes a lower power produc-
tion. In this case, a drainage and circulation system may be useful to
maintain the power production. This is expected because the moisture in
the compost is reduced, which inhibits the compost decomposition
process and decreases its microbial activity. This inhibits ion transfer
and energy production. These results indicate that the use of Xanthan 80
SF can increase the amount of electricity generated and extend the
period of electrical energy release (Wang et al., 2017; Samudro et al.,
2018). Li et al. (2019) tried solving the transfer rate problem using
biochar amendment in soil, which has a limited water content. Biochar
could increase the electron transfer rate and kinetics because of the
presence of an electroactive surface. The addition of biochar can also
support microbial colonization and increase the rate of biodegradation.
Therefore, knowing the optimal biochar mass is important as biochar
may decrease the electrical conductivity due to its ability to adsorb ions
in soils.

3.2. Environmental factors
In addition to the type of organic solid waste used, the degree of

alkalinity (Mogsud et al., 2013) and the amount of waste used as a
substrate also determine the generated electrical energy (Samudro et al.,
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2018). Large amounts of waste can provide substrates and nutrients for
microorganisms that will increase the specific energy. The addition of
alkaline materials can also increase the electrical power output from
SMFCs. The addition of fly ash, for example, produces a maximum
electric power per cathode surface area of 54.4 mW/m?, which is two
times greater than that of SMFCs without fly ash (Mogsud et al., 2013).

The pH plays a vital role in maintaining the performance of solid-
phase microbial fuel cells. The pH can activate several reactions and
affect the microorganism performance in consuming substrates to pro-
duce bioelectricity (Jadhav and Ghangrekar, 2009). Higher electricity
production can occur in a neutral pH range because of exoelectrogens,
like the neutral environmental conditions (He et al., 2009). A low pH is
likely in the anode chamber and can cause soluble metals to precipitate,
which covers the cathode layer and inhibits the transfer of electrons to
the cathode and protons to the membrane/separator (Makinen et al.,
2013). An increase (decrease) of the pH in the cathode (anode) chamber
or pH splitting can occur when a separator or PEM in the SMFC is
available. This may occur as the membrane/separator cannot effectively
transfer protons to the cathode chamber and electrons to the electrode
(Rahimnejad et al., 2015). The greatest SMFC issue is mass transfer,
including the transfer of protons and electrons in a solid-state system
(Chiu et al., 2016). Mixing is essential to ensure uniformity of the mass
transfer, which prevents pH splitting between the anode and cathode
chambers (Nastro et al., 2017).

Another composting factor that may affect the reactor performance is
the water content in the SMFC material. The power density produced by
the SMFC reactor is measured as being high in the substrate, which has a
high water content. The maximum measured power density is 17.74
mW,/m? with a water content of 60%, four times the mixing frequency,
and a C/N ratio of 30:1. The water content range that allows the reactor
to operate at its optimum is 40-60%. Another study showed that the
ideal water content for SMFCs was 60%, while a water content of 40%
inhibits the fermentation process and microorganism activity (Wang
et al., 2013a, 2017). Before the research was conducted, the macro- and
micronutrient content, C/N ratio, and water content were determined to
ensure that the electrical energy generation and compost creation are
optimal (Ganjar et al., 2018; Wang et al., 2015). The C/N ratio of 31:1,
water content of 60%, and pH of 6-8 ensure optimal performance,
indicating that SMFCs can be integrated into the composting process.

3.3. Electrode and system configuration

A study conducted by Mogsud et al. (2013) used bamboo charcoal
with iron wire as the anode material and produced the highest electrical
voltage compared with carbon fiber alone or carbon fiber with iron wire.
The electrical voltage generated in the reactor with bamboo charcoal
electrodes with iron wire reached 420 mV, whereas that in the reactor
with carbon fiber and iron wire reached 260 mV after 3 days. Their study
showed that the addition of iron wire slightly increases the electrical
voltage. A maximum power density of 394 mW/m? was achieved in
reactors with carbon fiber electrode material. This is higher than that
achieved in reactors with bamboo charcoal, which has only reached 8
mW,/m?> (Mogsud et al., 2013). This can be attributed to the fact that the
contact biomass with electrodes is higher in carbon fiber than that in
bamboo charcoal. Although bamboo charcoal is inexpensive and envi-
ronmentally friendly, it is not as often recommended for use as a cathode
material because its wavy shape causes low biomass contact. In addition,
the performance of MFCs in generating electrical energy is improved if
the surface area of the electrodes is increased with respect to the reactor
volume (Nastro et al., 2017). In another study, a double anode with
graphene material was used because it is considered to have a larger
surface area than carbon graphite (Samudro et al., 2018). Meanwhile,
carbon felt was used as an electrode because it is porous and has a large
surface area, which is suitable for microorganism growth, adhesion, and
a reduced impedance activation (Kim et al., 2011).

Various studies have been conducted to determine the type of
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separator that supports the optimization of the SMFC reactor in terms of
the generated electrical energy (Li et al., 2018; Mohan and Chan-
drasekhar, 2011; Wang et al., 2015). Mogsud et al. (2013) stated that the
voltage generated by SMFC reactors with a cellophane separator has the
highest electrical output compared with SMFC reactors with filter paper
and PEM. Cellophane is considered to have a lower electrical resistance
than filter paper and PEM. The dry surface of PEM is considered to be the
cause of its higher resistance compared with cellophane and filter paper.
Filter paper is considered to be more permeable than PEM and cello-
phane. Meanwhile, cellophane is more easily damaged; thus, its quality
is low and it cannot be reused. In another study, a single-chamber
reactor was used that did not require a membrane or other separator
material (Mogsud et al., 2014). However, it is known that the applica-
tion of PEM can increase the internal resistance. Thus, various studies
have considered different reactor configurations to suppress the MFC
internal resistance, such as single-chamber MFCs, up-flow MFCs, and
stacked MFCs (Rahimnejad et al., 2011, 2012, 2015).

The distance between electrodes in a single-chamber SMFC can also
affect the generated electrical energy (Miran et al., 2016; Oh et al., 2010;
Mohan et al., 2010). Sandwiched electrodes produce the lowest elec-
trical power output compared to a system that has a non-zero distance
between electrodes. A shorter distance between electrodes (assuming
the electrode is located in the middle of the reactor) could produce more
electricity because the active surface area ensures a greater electrical
gradient as the protons can more easily move to the cathode (Mohan and
Chandrasekhar, 2011). Therefore, the distance between electrodes can
significantly reduce the generated electricity as the protons need to
move further towards the cathode. This means that determining the
optimal distance is essential when working with single-chamber SMFCs.
Even though the distance between electrodes must be kept small,
sandwiched electrodes and PEM can increase the likelihood of substrate
transfer from the anode to the cathode and oxygen transfer from air to
the cathode (Hassan et al., 2014; Palanisamy et al., 2019; Peigh-
ambardoust et al., 2010).

3.4. Microorganisms

Microorganisms involved in the electricity generation process are
also considered an important factor to improve the reactor performance.
The substrate in SMFCs is not the only factor that influences the type of
dominant microorganisms that exist in the anode. These microorgan-
isms can also be influenced by the inoculum and the reactor conditions
when operational (Parot et al., 2009). Reiche and Kirkwood (2012)
stated that SMFC reactors with mixed culture biocatalysts obtained from
three different types of compost produce a maximum electric power
density of 12.3 mW/m?. These compost were considered to be able to
enrich the substrate and exoelectrogenic activity. The efficiency of
electron transfer in SMFCs can be influenced by the selection of bio-
catalyst. Ion and substrate transport through solid media is an important
factor that influences the performance of SMFCs. If these transports are
low, then the electrochemical reactions are reduced. Therefore, trans-
port systems in SMFC become critical as the water content is limited. In
this case, maintaining the water content in optimum condition (around
60-80%) is necessary (Oliot et al., 2016; Wang et al., 2017).

Wang et al. (2019a) indicated that the type of inoculum can deter-
mine the rate of substrate decomposition and affect the generation of
electrical energy. The dominant genus identified on the anode biofilm
was the genus Pseudomonas (5%), which can produce chemical in-
termediaries that can transfer electrons to the electrodes. In addition,
Hydrogenophaga (5%) was the dominant genus identified on biofilms
derived from household wastewater. This genus consumes Hj in the
anode chamber and inhibits the generation of electricity from the SMFCs
with biogas slurry as the substrate. In addition to the analysis of the
genus, it is known that four genera of hydrolytic bacteria can break
down cellulose, protein, and starch chains into organic micro-molecules.
This increases the sugar degradation and volatile fatty acids in SMFCs
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Table 2

Comparison of SMFCs with other conventional solid waste treatments.
Solid Waste Energy Input Products Byproducts Emissions References
Treatment
Solid Phase Microbial Half aeration in cathode and ignored - Electricity - Soil Less sludge CHy, CO,, NH3, N,O Li et al. (2020)

Fuel Cells when working in air-cathode conditioner
Mixing (if necessary) - Compost
- Fertilizer (in slurry
phase)
- Biohydrogen
Aerobic Composting Full aeration Compost
Mixing
Anaerobic Digestion Mixing (if necessary) - Fertilizer
- Biogas

- Soil conditioner

- Non-direct electricity

(from heat)
Compost
Heat/steam
Electricity

Incineration Full aeration

Leachate Odor, CO,, CHy, VOC, NH3, N,O Rincon et al. (2019)
Smith and Aber (2018)
Bernstad and la Cour
Jansen (2012)

Santos et al. (2020)

Rincon et al. (2019)

Less sludge CHy4, CO2, NH3, N,O

Ash and Dioxin and furan (if the waste contains
slag plastic-based material), CO3, N,O

Assi et al. (2020)

with biogas slurry as the substrate. The diversity of the microorganisms
genus contained in SMFCs influences the performance of the reactor
because of their various roles in degrading the substrate (Lu et al., 2019;
Reiche and Kirkwood, 2012; Wang et al., 2015, 2019b; Zhi et al., 2014).

4. Integration of SMFCs with other solid waste treatment

SMEFCs appear to have many potential applications compared with
other solid waste treatments (See Table 2). This technology requires only
a relatively small energy input to support the chemical reactions in the
cathode. Moreover, air-cathode MFCs do not need an oxygen supply as
this is provided by the system configuration. SMFCs produce less sludge
as an anaerobic power generation system and convert organic matter
directly into electricity and biohydrogen. The processed organic matter
could be a mature compost and fertilizer, and the used electrode could
be a soil conditioner to increase its fertility. This also produces fewer
emissions, such as CHy, CO2, NH3, N2O. The same characteristics can be
seen in anaerobic digestion, which has the same processing stage as
SMFCs. Aerobic composting requires significant energy for aeration and
mixing and only produces compost with excessive amounts of leachate.
This type of composting also produces a significant odor and VOCs,
which interfere with the environment. While incineration has many
benefits for treating solid waste, it also generates dioxin and furan,
especially when working with plastic-based materials, CO,, and N»O. If
the incineration is not properly controlled, the emissions and byproduct
(fly and bottom ash/slag) may be harmful to the environment.

Typically, the maximum energy generated from MFCs at treating
food and organic waste in the form of liquid fraction/hydrolysate has a
COD around 0.28-0.78 MJ/kg (Xin et al., 2018; Xiao and He, 2014). The
total energy can be higher until it reaching a COD of 2.48 MJ/kg when
MFCs are fed by anaerobic sewage sludge and a COD of 3.52 MJ/kg from
food waste hydrolysate (Wang et al., 2013b; Xin et al., 2019). These
energy values may be lower, especially when compared with other
waste-to-energy (WtE) technology such as incineration can result in
energy values ranging from 3.60 to 6.00 MJ/kg of food waste (Carmo-
na-Cabello et al., 2018; Chen and Christensen, 2010). Although the MFC
energy generation is promising as only 8 to 12 SMFC systems may
achieve the same energy output as combustion, the energy generation
sustainability is doubted compared to thermal processing technologies,
such as incineration. The situation is more challenging when SMFCs are
implemented to process a solid fraction of municipal waste. The
maximum electricity generation from solid-phase MFCs is relatively
small and amounted to 0.072 MJ/kg of food waste, as reported by
Mogsud et al. (2014). This is related to its mass transfer limitations,
which result in the low electricity generation of SMFCs. Therefore, these

values are still at laboratory scales (no SMFCs at larger scales). Thus, the
process efficiency is suspected to be much lower than a pilot or even
industrial scales. At the pilot/industrial scale, MFC reactors must be
constructed with minimal dimensions to ensure the power per unit area
of the electrode or reactor volume is lower to increase the energy gen-
eration. An ideal substrate supply rate can also be provided in smaller
reactors (Greenman and Ieropoulos, 2017). This limitation may be
solved by integrating other waste processing technologies.

Dark fermentation (DF) is a commonly used approach to recover bio-
hydrogen from high cellulose content materials. Fermentation reactions
hydrolyze cellulose to hexoses and produce acetate and hydrogen gas
(Wang et al., 2011). However, the DF system can only recover one-third
of the total theoretical energy that could be recovered. The combination
of MFCs and microbial electrolysis cells (MFC-MEC) to treat the DF
effluent could increase the bioenergy production. The MFC could sup-
port the MEC energy demands to convert the substrate into Hy, as well as
direct electricity for the system overall (Chookaew et al., 2014).
Increased power density in MFCs also results from the use of DF effluents
where the maximum power density becomes 4 times more significant
based on research conducted by Varanasi et al. (2017). The combination
of the DF-SLS (solid-liquid separation)-MFC can also be used to treat
cellulose waste, such as swine manure and rice bran. As a post-treatment
of DF and SLS, MFCs can improve the energy recovery process in the
form of bio-electricity. The MFC efficiency will also increase due to the
higher degradable COD as available from DF and SLS processes (Schie-
vano et al., 2016). The potential to utilize integrative technology could
be explored more intensely to obtain a better system durability and
sustainability.

Xin et al. (2018) showed that the amount of electric power generated
by MFCs is greater than from anaerobic digesters (ADs). This is attrib-
uted to the fact that the AD process requires a longer residence time than
MEC technologies, which affects the size of the reactor. Thus, the MFC
reactor can be 5.5 times smaller than the AD reactor. The MFC appli-
cation is considered to be more practical, more environmentally
friendly, and more economically feasible in terms of electricity con-
version and production costs than the AD. The MFC is expected to be a
solution for processing food waste that ensures the rapid recovery of
resources and electricity while not producing any additional waste.
Antonopoulou et al. (2019) added to this scheme by proposing a food
waste management system using an integrated biochemical process.
Food waste is ground and heated as a waste pre-processing system, and
the carbonaceous COD is extracted to produce liquid and solid product
fractions. The liquid fraction is continuously processed using MFCs and
the solid fraction is processed using the AD. This is considered to be
applied at the pilot-scale because it produces more energy recovery at
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Fig. 3. SMFCs and other solid waste treatments to achieve sustainable energy production (modified from Antonopoulou et al. (2019) and Xin et al. (2018)).

12.32 MJ/kg of total solids (TS), which is nearly that of the maximum
net calorific value using various types of combustion (amounting to
18.09-18.38 MJ/kg TS). The total energy produced from MFCs and the
AD is still positive, especially when covering the pre-processing energy
needs of 8 MJ/kg TS (Antonopoulou et al., 2019; Wang et al., 2013b; Xin
etal., 2018). This energy balance can still be reduced if it uses cheap and
energy-friendly drying technologies, such as bio-drying or low-cost de-
canters, to reduce the excessive water content in food waste (Velis et al.,
2009). When integrating with aerobic composting, the leachate can be
processed using MFCs for further substrate conversion. The generated
energy could be used as a self-supporting system to aerate the compost
pile. On the other hand, MFCs themselves can be used to directly treat
the organic fraction of solid waste without the help of anaerobic or
aerobic composting. However, this option is not feasible as the energy
generated is lower. This needs further investigation to enhance the
productivity of electricity. Fig. 3 shows the proposed mechanism to
integrate other solid waste treatments with SMFCs.

5. Conclusions

SMFCs are an alternative technology to generate electricity that is
environmentally friendly and sustainable. Various studies have deter-
mined the optimum configuration of the MFC reactor and its develop-
ment potential to generate electrical energy. The various factors that
affect the performance of SMFC reactors include the substrates, elec-
trodes, microorganisms involved, and reactor configuration, which
require further investigations. The presence of a separator and the
electrode distance in the SMFC reactor are important as they are related
to the electron and proton transfer. Mass transfer is important in the
solid phase as it ensures the microorganism can properly breakdown the
substrate. Therefore, this limitation may be further studied, and the best
configuration may enhance the electricity generated by SMFCs. Inte-
grating this technology with other solid waste processing systems could
be possible and reliable, as SMFCs themselves have many limitations.
The proposed system sequentially combines the preprocessing system,
AD, composting, and SMFCs. After solid waste is processed using the
pretreatment technology, it is sent to the composter, both anaerobic or
aerobic composting. Then, the leachate, slurry, or hydrolysate from the
process may be treated using SMFCs. Direct electricity can be used as an
alternative energy source for other treatment needs. The SMFCs could
also be used as a single solid waste treatment, but the efficiency may be
lower than the proposed system and not feasible for field applications.
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