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ARTICLE INFO ABSTRACT

Keywords: Microbial fuel cells (MFCs) are a technology that can be applied to both the wastewater treatment and bioenergy

Anode generation. This work discusses the contribution of improvements regarding the configurations, electrode

;[ath(]))de materials, membrane materials, electron transfer mechanisms, and materials cost on the current and future
embranes

development of MFCs. Analysis of the most recent scientific publications on the field denotes that dual-chamber
MFCs configuration offers the greatest potential due to the excellent ability to be adapted to different operating
environments. Carbon-based materials show the best performance, biocompatibility of carbon-brush anode favors
the formation of the biofilm in a mixed consortium and in wastewater as a substrate resembles the conditions
of real scenarios. Carbon-cloth cathode modified with nanotechnology favors the conductive properties of the
electrode. Ceramic clay membranes emerge as an interesting low-cost membrane with a proton conductivity of
0.0817 S cm™!, close to that obtained with the Nafion membrane. The use of nanotechnology in the electrodes
also enhances electron transfer in MFCs. It increases the active sites at the anode and improves the interface
with microorganisms. At the cathode, it favors its catalytic properties and the oxygen reduction reaction. These
features together favor MFCs performance through energy production and substrate degradation with values
above 2.0 W m~? and 90% respectively. All the recent advances in MFCs are gradually contributing to enable
technological alternatives that, in addition to wastewater treatment, generate energy in a sustainable manner. It
is important to continue the research efforts worldwide to make MFCs an available and affordable technology
for industry and society.

Electron transfer mechanism
Materials cost
Microbial fuel cell

1. Introduction human health, natural environment, and global economics, in both,
local population and far-away population from the pollution source.

Water and energy have a close connection. Water is required for all ~ According to the World Health Organization [4], it is estimated that in

sources of energy production, including the electrical energy produc-
tion, and energy is necessary for the disposal of water and the treatment
of wastewater [1]. Water is an essential natural resource for humans
and all life in the earth. It is an important component in ecosystems
health, food production, socio-economic progress, and energy produc-
tion. Water and sanitation systems must work together to ensure the
human health and development [2].

However, according to The United Nations and Water Security and
Sustainable Management Report 2020 [3] data, 1.8 million people lack
of safe managed sanitation services. Moreover, more than 80 percent of
wastewater returns to ecosystems without being treated. This wastew-
ater discharged without any treatment generates negative effects on

* Corresponding author.

middle-and-low development countries, 842,000 of annual deaths are
related to wastewater and sanitation. From the environmental point of
view, untreated or partially treated wastewater generates contamina-
tion of surface water, soil and groundwater. When it is discharged into
natural water bodies such as lakes and rivers, this water can infiltrate
into aquifers and deteriorate the quality of fresh water. Also, the un-
treated wastewater that reaches the oceans contributes increasing the
number of de-oxygenated dead zones. The marine ecosystem damage
is estimated to reach an area of 245,000 km?. This has a direct impact
on the economy of the fishing industry, livelihoods, and food chains.
Therefore, poor water quality interferes with economic development

[5].
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Fig. 1. Publishing trend of MFCs scientific research reports (Data from Scopus Elsevier). [24].

On the other hand, access to energy is key to social development.
According to the British Petroleum Statistical Review of World Energy
data from 2020 [6], the global energy consumption grew at a rate of
1.3 percent. This growth was less than the growth reported in 2018
with 2.8 percent. Although the energy production was led by natural
gas and renewable sources, global carbon dioxide (CO,) emissions keep
growing. While the CO, growth rate 0.5 percent in 2019 was less than
the annual average of 1.1 percent reported since 2010, it is still imper-
ative to try to curb its growth. Notice that, CO, is the most abundant
greenhouse gas that is mainly generated by burning fossil fuel and it
is directly related to the global temperature and sea-level rise, sudden
weather changes, and other adverse effects of unprecedented scale [7].
The world population continues to increase, and fossil fuels are being
over-exploited faster than new sources are being discovered. It is im-
portant to develop green energies to reduce the negative effects of fossil
fuel [8].

Therefore, wastewater treatment and alternative energy production
is of main concern worldwide, as a society. Treatment of wastewater
not only reduces pollutants from the water, but also enables the reuse
of water [9]. A significant fraction of the world’s energy demand can be
obtained from wastewater, which contains an average chemical energy
of 1.9 kWh m~3 stored as organic compounds, as long as it is converted
into useful and economic energy [10, 11, 12, 13]. It has been estimated
that domestic wastewater approximately contains 9 times the amount of
energy that is used to treat it [14]. Additionally, the development of re-
newable energy sources contributes to the reduction of greenhouse gas
emissions and their associated negative effects. All this is reflected in
positive effects on health, society, economics, and natural environment.

An emerging technology that has aroused great interest among the
scientific community due to its great potential to treat wastewater and
generate bioenergy, are the microbial fuel cells (MFCs). These devices
use bacteria as a catalyst to oxidize organic and inorganic matter and
generate electrical current. Bacteria degrade the substrate contained
in the wastewater, generate protons, and release electrons and carbon
dioxide. Typical configuration of MFCs consists of an anode chamber, a
cathode chamber, a membrane between the chambers, and an external
electrical circuit. The released electrons flow from the anode (negative
terminal) to the cathode (positive terminal), through a conductive ma-
terial [15]. The electrons, protons, and oxygen present in the cathode
(conventional configuration) react to form water [16].

In recent years, there have been important advances in MFCs re-
search. Some studies have reported applications of MFCs at pilot-scales
and field-scales (30 L [17], 200 L [18], 225 L [19], 1,000 L [20])
that allow to visualize the potential of MFCs in more realistic scenar-
ios and the importance of further work on scaling up. The aim of this
study is to review and analyze the most recent scientific publications
on MFCs technology. Particular emphasis is done on the analysis of

the configurations, anode, cathode and membrane materials, as well as
the mechanisms for electron transfer and their influence on MFC per-
formance. In addition, the study discusses the strategies implemented
to improve those elements, and the effect they have on the ability of
MEFCs to treat wastewater and generate bioenergy. Furthermore, a cost
analysis of the main MFCs materials (anode, cathode and membrane) is
conducted. Finally, the areas with the greatest potential to promote the
development of MFCs effectively and economically are identified.

2. Trends of microbial fuel cell research

In 1911 Michael C. Potter [21] made the first observations that
relate the electrical energy with the metabolic activity of bacteria. In
1962 Davis and Yarbrough Jr. [22] carried out experiments on a micro-
bial fuel cell using a hydrocarbon as food to generate electrical energy.
Then in 1983 in an effort to construct a better MFCs, Bennetto, et al.
[23] evaluated a microbial fuel cell and perform potentiometric and
amperometric measurements. They used an MFC with glucose as a sub-
strate, and microorganisms Escherichia coli or yeast in the anode, and
investigated the catalytic effects of thionine and resorufin as a redox
mediator. Subsequent MFCs investigations were done with the use of
chemical mediators or electron shuttles. It was not until 1999, that MFC
investigations began to be conducted without the use of mediators.

As Kim, et al. [25] did in their work in which they evaluated an MFC
type biosensor for lactate using a metal-reducing bacterium without
an electrochemical mediator. Then it was recognized that the media-
tors were not required and consequently increased the interest in MFCs
[26]. In the following years, the interest in MFCs continue to rise. Fig. 1
shows the trend in the number of publications regarding MFCs. It is
observed that between 2000 and 2005, published MFCs research did
not exceed 100 articles per year, and the trend remained upward until
2007 with 177 publications. This slightly increase could be attributed
to the disclosure of the feasibility of working MFCs without the use of
chemical mediators. After that, a tremendous increase is observed in the
following 17 years, in 2021 with 1,383 and in the first two months of
2022 with 392 published articles [24]. This confirms that the research
and technology have captured the attention of the scientific commu-
nity, due to the capability of the MFCs to transform organic waste into
electricity [27].

The growing participation of the scientific community in the devel-
opment of MFCs is also reflected in the increase of MFCs review articles.
Table 1 shows a summary of the main subjects discussed in 100 review
articles, published between 2015 and 2022.

In recent years, the number of review articles has increased, which
is associated with the impact generated by COVID-19 worldwide. In
this period, access to research centers may have been scarce or nonex-
istent due to health restrictions. Therefore, literature review emerged
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Table 1. Main subjects discussed in MFC review articles between 2015 to 2022.
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as a safest option to work during this time. In Table 1 the subjects with
the highest and lowest frequency of discussion are clearly and precisely
identified. On one hand, there are commonly reviewed subjects such as
those related to the anode, the cathode and the MFCs configurations,
with frequencies of 38%, 44% and 31%, respectively. These high per-
centages are attributed to the fact that electrodes and configurations
are essential in the construction of MFCs and any slight modification on
these elements affects the MFCs performance. On the other hand, some
of the subjects with less discussion are related to costs, electron accep-
tor and biofouling, with frequencies of 9%, 9% and 2%, respectively.
These subjects can be considered as indirect MFCs factors; however,

its low discussion frequency does not mean less relevance in the MFCs
performance. On the contrary, these are research areas that could con-
tribute importantly on the MFCs performance. Analyzing the frequency
of topics discussed in reports included in Table 1, as well as their di-
rect link with MFCs performance, the issues discussed in this work were
selected. Thus, even though MFCs configurations, anode, cathode and
membrane materials are the main subjects reported in previous review
papers, they were selected because their great contribution on the MFCs
performance. Additionally, subjects such as biofouling, electron accep-
tor, electron transfer and costs, are discussed in this review. The aim
is to contribute on the identification of progress trends, as well as gaps
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Fig. 2. Schematic representation of a dual-chamber microbial fuel cell.

and challenges that will be addressed in the coming years to maximize
the benefits of MFCs and continue advancing in their development and
application in the real world.

3. MFC configurations

Figs. 2 and 3 show some MFCs configurations, including the most
commonly used, and their main advantages and challenges are high-
lighted.

Dual-chamber microbial fuel cell (DC-MFC) is the typical architec-
ture reported in the literature (Fig. 2). The DC-MFCs are integrated with
an anodic chamber, a cathodic chamber, a proton exchange membrane
(PEM) between the chambers, an external electrical circuit, and mi-
croorganisms in the anode. The main advantage of this configuration
is to keep the liquids of the cathodic chamber and the anodic cham-
ber separated by a membrane. The anodic chamber is under anaerobic
conditions, to promote microbial growth and to avoid that the oxy-
gen inhibits electricity generation. Microorganisms adhere to the anode
surface and form a biofilm of exoelectrogenic microorganisms, which
carry out the bio-electrochemical reactions to oxidize organic matter via
metabolic reactions. This anaerobic digestion release electrons, protons,
and carbon dioxide (CO,) to the solution. The protons flow from the an-
odic chamber into the cathodic chamber through the proton exchange
membrane. The cathodic chamber is characterized to work under aer-
obic conditions, since the oxygen acts as an electron acceptor resulting
in the formation of water [108].

Single-chamber microbial fuel cell (SC-MFC) is another type of con-
figuration (Fig. 3-a), which consists of a single chamber where the
anode and the cathode are placed in opposite sides. The cathode is
located with one face in direct contact with the electrolyte and the op-
posite face in direct contact with air. The most important characteristic
of SC-MFC is their operation without the use of any separators or PEM.
Some of the main advantages of using SC-MFC are reduction of the
overall system cost, favor mass transfer from the anode to the cathode,
and reduced of the chamber volume [126, 127]. A challenge to address
in these configurations is the formation of biofouling on the surface of
the water-side air cathode. Some efforts have already done, for example
Rossi et al. [128] implemented a magnet on both sides of the cathode
to daily clean the biofouling from the water-side surface, which results
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in an increase of the SC-MFC performance. The use of cathode cata-
lyst agents as anti-biofouling is also another mechanism than can be
employed to solve this problem [129, 130].

The stacking MFCs are another type of configurations, this consist
of a connection of several MFCs, they can be connected in series, in
parallel, and series/parallel (Fig. 3-b and 3-c). The objective of this con-
figuration is to increase the power generation. The main disadvantage
of using this configuration is the presence of losses due to the connec-
tions between the MFCs, which is reflected in the difference between
the final voltage and the sum of the individual voltages. However, re-
cent studies recommend the use of this design as a feasible alternative
on larger scales [131, 132].

There are also combinations of MFCs with other types of technolo-
gies, their main objective is to improve the performance of the different
technologies involved. The enhancing strategies include the use of MFC
energy production for the operation of coupling technology, and the
use of a coupling technology to improve the quality of the wastewater
treatment. In the literature are reported combination such as: i) MFC
+ anaerobic fluidized bed bioreactor with the advantage of increasing
the wastewater treatment efficiencies with a lower energy consump-
tion [133]; ii) MFC+ anaerobic digestion to produce biohydrogen and
biomethane, and improving wastewater degradation [134]; iii) MFC+
microbial electrolysis cell [135]; and iv) MFC+ ammonia electrolysis
cell [132], these last two with the aim of producing biohydrogen [16,
26] (Fig. 3-d and 3-e).

Microalgae technology has also been used in MFCs [136, 137]. Sev-
eral advantages of using this combination are reported: i) microalgae
can be used in the anodic and cathodic chamber, ii) microalgae can
supply oxygen to the cathodic chamber, iii) microalgae contribute to
the nutrients removal, iv) helps to the CO, mitigation, v) helps to the
carbohydrates-proteins-lipids accumulation and vi) promote biomass
production (Fig. 3-f).

Benthic microbial fuel cell (BMFC) [138], this configuration is
mainly used for marine applications. BMFCs operate in the benthic zone
of the ocean (lowest level of a body of water, including the sediment
surface bed). The cathode is immersed in seawater and the anode is in-
troduced into the anoxic sediment surface bed. The use of freshwater
sediment has also been reported [139]. This technology can be used to
provide energy to small devices like marine sensors in remotes location,
or even for remote sensors in environments with dangerous conditions
[140]. Some challenges faced by BMFCs are the cost of the electrodes
and the low power generation, which has limited it to be marketable
(Fig. 3-g).

Constructed wetland microbial fuel cell (CW-MFC) or plant micro-
bial fuel cell (Fig. 3-h) is also a type of system used to treat organic
matter of wastewater. This configuration is characterized for the use
of wetland plants, soils and microorganisms in their design. Examples
for these plants are macrophyte (aquatic plants) such as Pharagmites
australis [141] and rhizodeposits (roots of plants). The CW-MFC com-
bine physical, chemical and biological process to treat wastewater and
produce energy. An advantage of this system is its low-cost of the
CW mechanism, besides, it has been reported the improvement in the
efficiency of wastewater treatment and energy production when CW
systems are coupled with MFCs. However, a constraint in its operation
is the emission of greenhouse gases from CW, such as CO,, methane
(CH,) and nitrous oxide (N,0). Then, research on the performance of
CW-MFC coupling still requires further investigation.

Biosensor-MFC configuration (Fig. 3-i) is developed from the need
of on-site monitoring of water or wastewater quality. In this configura-
tion, the biosensor captures the output voltage coming from the MFC
and interprets it as a result representing the concentration of a specific
parameter. The output signal of MFCs is directly related to the elec-
tron transfer. This electron transfer depends on the behavior of the
biofilm on the anode, which is susceptible to variations in the con-
centrations of the species in the medium. Parameters that have been
controlled with this configuration of MFCs include P-nitrophenol [142],
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MEFC, i) Biosensor-MFC.

cadmium [143], chromium, benzoylecgonine (a metabolic product of
cocaine) [144], biochemical oxygen demand [145], volatile fatty acids.
The biosensor could be implemented in SC-MFC or DC-MFC depend on
the purpose of each study. The use of micro-scale MFCs (proximal to
>25 mL) is common in studies reporting the use of biosensor-MFCs.
Therefore, it is considered that there is still a wide field for the devel-
opment of this technology. Particularly with the development of larger
scale prototypes to increase the volume of wastewater treatment and
simultaneously energy production.

Table 2 shows a compendium of several MFC configurations, in
which the main characteristics and their efficiency in terms of degraded
organic matter and energy produced is highlighted. The Table identi-
fies different MFC configurations and the frequency of their use, for
instance, the configurations with the highest usage rate are DC-MFC
[147, 148, 149, 150, 151, 152, 153, 154, 155], followed by SC-MFC
[16, 84, 126, 127, 132, 146, 156, 157, 158]. On one hand, the main
advantage of using DC-MFC configuration, as previously mentioned, is
allowing the liquid of the anodic and cathodic chamber to be sepa-
rated using a PEM, which favors the reaction in each chamber. On the
other hand, the advantage of using SC-MFC configuration is the cost sav-
ings, since its configuration does not include the PEM. Another relevant
data showed in Table 2 are the energy production and the substrate re-
moval, which allow identifying additional advantages between the use

of different MFC configurations. The studies carried out with DC-MFC
configurations report the highest rate of energy production that oscil-
late between 2,100 mW m~2 to 3,600 mW m~2 [148, 149, 154, 159].
Followed by studies using SC-MFC configurations reporting power den-
sities of 400 mW m~2 to 1,500 mW m~2 [126, 127, 156]. The table also
includes some MFC configurations with a reduced number of publica-
tions and a low energy production such as: i) stacking MFCs that report
a power density of 1,287 mW m~2 [131] and 536 mW m~2 [132]; ii)
combination of MFC with anaerobic fluidized bed membrane bioreac-
tor reports 89 mW m~2 [133]; iii) MFC + Anaerobic digestion reports
1.98 mW m~2 [134]; iv) MFC+ Microbial electrolysis cell reports 343
mA m~2 [135]; v) MFC+ microalgal reports 466.9 mW m~3 [136] and
54.48 mW m~2 [137]; vi) and for specifics uses in marine environments
the BMFC configuration reports power density of 190 mW m~2 [138].
Regarding the ability of MFCs to degrade the substrate, the infor-
mation in Table 2 shows different percentages of substrate removal
(this data is only reported in some studies). For instance, for DC-MFC
configurations a substrate removal between 25% to 95% [147, 148] is
reported, for SC-MFC values between 42% and 99% [126, 134], and for
MFC + Microalgal the removal varies from 75% to 93% [136, 137].
Fig. 4 summarizes graphically the different MFC configurations and
the link to their performance. It is observed that the use of DC-MFCs
reports the highest power generation values, followed by the use of SC-
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Table 2. MFC configurations, electrode materials, membrane materials and performance.

Design Resistance Material Substrate Biofilm %COD Energy Ref.
Q Anode Cathode Membrane Removal
DC-MFC 100 Plain Graphite Plain Graphite Ultrex, membrane Glucose Mixed consortium 85.0 3,600.0 mW m—2 [159]
international
DC-MFC 0-10 KQ Graphene- mod- Carbon paper Nafion 112, Glucose Escherichia coli - 2,668.0 mW m—2 [154]
ified plain DuPont
stainless-steel
mesh
DC-MFC 1,000 Stainless steel- Carbon felt Ultrex, membrane Domestic wastew- Mixed consortium - 2,143.0 mW m—2 [149]
based with a thin international ater
layer of graphene
DC-MFC 100 Graphite Graphite Nafion 117, Domestic wastew- Mixed consortium 95.0 2,100.0 mW m~2 [148]
DuPont ater
SC-MFC 100 Graphite fiber Carbon Cloth - Acid elutriatione Mixed consortium 93.0 1,553.0 mW m—2 [1271
brush
DC-MFC - Chitosan/ vac- - - - Mixed consortium - 1,530.0 mW m—2 [152]
uum - stripped
Graphene
DC-MFC 500 GO Carbon felt Nafion 117, Domestic wastew- Mixed consortium - 1,390.0 mW m—2 [151]
DuPont ater
3-DC-MFC series 300 Carbon felt Carbon felt Ultrex CMI 7,000 ‘Wastewater Mixed consortium 57.6 1,287.0 mW m—2 [131]
membrane inter- -Sodium Acetate
national
SC-MFC 1,000 Carbon Cloth GO-Zn/Co Acetate Mixed consortium - 773.0 mW m—2 [156]
4-SC-MFC serie 1,000 Carbon fibers Platinum layer - Glucose- ammo- Mixed consortium 86.9 536.0 mW m—2 [132]
brush nium mixture
SC-MFC 218 Carbon paper Carbon paper - Acetate Mixed consortium 99.0 506.0 mW m—2 [126]
SC-MFC 1,000 Carbon fibers Platinum layer - Glucose- ammo- Mixed consortium 99.1 414.0 mW m—2 [132]
brush nium mixture
SC-MFC 1,000 Carbon paper Carbon paper - Butyrate Mixed consortium 98.0 305.0 mW m—2 [126]
SC-MFC 980 Graphite fiber Carbon Cloth = Raw piggery Mixed consortium 84.0 192.0 mW m—2 [127]
brush waste
DC-MFC 100 Carbon felt Titanium Plate Nafion 117, Glucose Mixed consortium - 156.0 mW m—2 [155]
DuPont
4-SC-MFC serie 1,000 Carbon fibers Platinum layer - Landfill leachate Mixed consortium 62.6 143.0 mW m—2 [132]
brush
SC-MFC 0.4 to 100 Graphite fiber/ Ti Stainless steel - wastewater Mixed consortium 82.0 101.0 mW m—2 [146]
SC-MFC-AFMB Graphite fiber Carbon cloth - Domestic wastew- Mixed consortium 92.5 89.0 mW m—2 [133]
brushes with a ater
titanium wire
core
SC-MFC 33 -22KQ Carbon paper Carbon Cloth Nafion 117, Domestic wastew- Mixed consortium 42.0 72.0 mW m—2 [16]
DuPont ater
DC-MFC 100 Carbon felt Titanium Plate Nafion 117, Acetate Mixed consortium - 64.3 mW m—2 [155]
DuPont
DC-MFC 100 Carbon felt Titanium Plate Nafion 117, Propianate Mixed consortium - 58.0 mW m—2 [155]
DuPont
DC-MFC 100 Stainless steel Carbon felt - Synthetic wastew- Mixed consor- 75 54.48 mW m—2 [137]
ater tium /bio-cathode
algae Chlorella
vulgaris
DC-MFC 100 Carbon felt Titanium Plate Nafion 117, Butyrate Mixed consortium - 51.4 mW m~2 [155]
DuPont
DC-MFC 100 Carbon felt Carbon felt SBC-600 Synthetic wastew- Mixed consortium 81.0 41.08 mW m—2 [160]
ater
SC-MFC - Carbon fiber Carbon Cloth Nafion 112, Synthetic wastew- Lactobacillus pen- 42-58 5.04 mW m~2 [1571
graphite brush coated with plat- DuPont ater tosus
inum black
SC-MFC +AD 1MQ - 100 Graphite plate Graphite plate - Domestic wastew- Mixed consortium 25.2 1.98 mW m—2 kg [134]
ater
DC-MFC 100 Crumpled Carbon brush Ultrex CMI 7,000 Synthetic wastew- Mixed consortium - 3,600 mW m=3 [153]
graphene- membrane inter- ater
modified national
PMFC 500 Carbon brush Carbon brush Nafion 117, Synthetic wastew- Mixed consor- 93.2 466.9 mW m—3 [136]
DuPont ater tium /bio-cathode
algae Chlorella
vulgaris
SSM-MFCs 562 Carbon Fiber Veil AC-PTFE - Urine Mixed consortium - 15.74 u W em™3 [161]
MFC - Roughened Glassy - - - Shewanella  onei- - 40uA cm™2 [162]
Carbon plates densis
SC-MFC+ MEC 10 Carbon paper Carbon paper - Propionate Mixed consortium - 343 mA cm~—2 [135]
SC-MFC+ MEC 1,000 Carbon paper Carbon paper - Propionate Mixed consortium - 81 mA cm™2 [135]
DC-MFC - Carbon Cloth Carbon Cloth Internal Molasses wastew- Mixed consortium 25.24 0.0173 V [147]
Nanoscale ater
polypyrrole
DC-MFC - - - - Synthetic wastew- Sulfate- reducing 30-40 - [150]
ater bacteria
4-SC-MFC  series 1,000 Pt/N-rGO/ Car- Mo2C/N-rGO/ Nafion 117, Glucose- ammo- Mixed consortium 70.7 - [132]
+ AEC bon felt Carbon felt DuPont nium

DC=Dual Chamber, SC=Single Chamber, MEC =Microbial Electrolysis Cell, AD=Anaerobic Digestion, AFMB = Anaerobic fluidized bed membrane bioreactor,
AEC=Ammonia Electrolysis Cell, PMFC = Microalgal-based photoautotrophic microbial fuel cell, GO = graphene oxide, SSM-MFCs = self-stratifying microbial fuel

cells, AC-PTFE = activated carbon with polytetrafluoroethylene

MEC configurations. Furthermore, if the ability to degrade the substrate
is considered, the same trend of high removal rate is observed for these
configurations. However, the SC-MFC configurations present the high-
est COD removal values when the substrate used are acetate or butyrate.
Also, MFC + microalgal configuration provides good removal of sub-
strate, as well as nutrients; however, bioenergy production is lower in
comparison with the previous configurations. Therefore, based on this

analysis, it can be inferred that the DC-MFC configuration is the best
option for further improvement.

4. Materials of MFC components
Among the main elements of a DC-MFC include the anode, the cath-

ode, and the membrane. It is important to make a good selection of
these elements to maximize the power generation, the coulombic effi-
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Fig. 4. Performance of different MFC configurations. DC = Dual-chamber MFC; SC = Single-chamber MFC; AFMB = Anaerobic fluidized bed membrane bioreactor;

WW = Wastewater.

ciency (CE), the ratio of the total number of electrons transferred to the
anode from the substrate and the maximum possible number of elec-
trons if the entire substrate were degraded and produce current), and
to favor the degradation of organic matter [15]. In the following sec-
tions analysis and discussion of the components of MFCs is done.

4.1. Electrodes

As already mentioned, the electrodes have a direct effect on MFCs
performance. Among the electrode materials, the most common re-
ported are carbon-base materials and metal-base materials.

Carbon-based materials are commonly used to make MFCs elec-
trodes because of their i) low cost due to their high availability; ii)
high surface area; iii) excellent biocompatibility, these last two facili-
tate bacterial adhesion and allow the formation of a uniform biofilm
when the material is used as anode; iv) chemical inertness; v) high
conductivity that serve to transfer the electrical energy; and vi) good
stability such as high melting point that allows its use at high tempera-
tures without changes [163, 164]. Examples of them are carbon cloth,
carbon paper, carbon fibers brush, carbon felt, graphite plate, graphite
fibers brush and graphite felt, graphite granules, rods, foam, reticulated
vitreous carbon, glassy carbon, activated carbon cloth [165], and in re-
cent years graphene. This last one is a newly created material that is
formed from a layer of graphite. Graphene is a material with a low pro-
duction cost and also high porosity. Since the isolation of graphene in
2004, researchers have found a variety of unique properties [76] such
as high electron transfer rate and large active surface area, excellent
biocompatibility and strong resistance to corrosion [166]. Graphene is a
two-dimensional carbon nanomaterial, consisting of a single layer of co-
hesion carbon atoms through sp2 hybridization bonds, with a structure
similar to that of a honeycomb. There are also publications reporting its
use in electrochemical energy-storage devices [167]. This material has
a special structure, it allows electrons to move freely across the plane
in delocalized orbitals [168].

Metal-based materials are also used to make MFCs electrodes, some
of them are titanium, platinum, stainless steel, copper, nickel, gold,
cobalt and silver. These materials are used mainly for the different prop-
erties that favor the MFCs performance. For example, platinum is one of
the most commonly used material as cathode catalyst, due to the rapid
kinetics of the oxidation-reduction reaction [169]. Titanium has excel-
lent corrosion resistance [170]. Silver, copper and gold have excellent
conductivity 62.1 MS m~!, 58.5 MS m~! and 44.2 MS m~!, respec-
tively [171, 172]. Then it is possible to say that metal-based electrodes
provide great advantages in the performance of MFCs. However, these
metal-based materials have significant limitations, making them diffi-
cult to use for larger-scale projections. For example, platinum [165],
titanium, gold, and silver are very expensive. Besides titanium and
cobalt has low biocompatibility [172]. Platinum tends to be toxic when
the substrate is wastewater and can harm microorganisms, furthermore,
the catalytic activity of Pt can be significantly decreased when sulfur-
containing pollutants are present. And cooper and stainless steel are
susceptible to corrosion that limited their biocompatibility [170, 173,
174].

The scientific community has implemented different mechanisms to
enhance the performance of MFCs electrodes made of either carbon-
based or metal-based materials. Some reported techniques include the
use of doping, coating, synthesis, or nanotechnology. Regarding the use
of nanostructures, they are mainly used in carbon-based materials to im-
prove hydrogen and electricity production [8]. These techniques have
been used with specific objectives of improving the anode and the cath-
ode, Table 3 and Fig. 5 show some relevant results reported by several
authors and there are analyzed below.

Anode. This is an essential component in MFCs, some of its main
functions are as a support for bacteria and the conduction of electrons.
The efficiency of the anode is directly related with the generation of
electricity of the MFCs. The most important characteristics that should
be taken into an account in the selection of the anode material are:
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available surface area, roughness, conductivity, biocompatibility, mi-
croorganisms and substrates [26, 154].

Carbon-base materials as an anode are widely used and different
investigations focus their objectives on the improvement of these mate-
rials through their modification [138, 162, 175] (Table 3 and Fig. 5).
Pushkar et al. [138] evaluated a sugar-urea carbon foam as anode in a
BMFC. They used 1.5L of sediment and seawater from Dumas seashore,
Surat, Gujrat, India. The sugar-urea carbon foam anode was submerged
into the sediment. In the cathodic electrolyte a carbon fiber cathode was
placed, and an aerator was used to supply oxygen. The external electri-
cal circuit was operated with 100 Q and 10 Q resistors. They reported
a maximum power density of 0.190 W m~2 that was higher than the
results obtained with carbon felt 0.0085 W m™2. They attributed this
result to the synthesized carbon foam anode that provided a large sur-
face area, hydrophilicity and biocompatibility properties. Particularly
the good biocompatibility was attributed to the presence of functional
groups as -CN, -OH and -CO, these groups provide polarity to the anode
and favor the attachment of exoelectrogens microorganisms. Rajesh et
al. [175] also used a carbon-base material, they evaluated a carbon felt
coating with polyaniline (PANI) as the anode in a DC-MFC with a pre-
treated inoculum using Chaetoceros, and synthetic wastewater as sub-
strate. Their results showed a maximum power density of 0.216 W m™2
and an improvement on the CE by 17% and generating a total of 42.45%
compared with the unmodified anode and without pretreatment inocu-
lum. Ye et al. [162] evaluated carbon plates as an anode, through the
physical modification of the surface. They compared two glassy carbon
plates with different uniform roughness, 10 and 100 nanometers each.
Their results show that the rougher surface of the electrode increases
the biomass growth; therefore, it produces higher power densities, 40 u
A cm~2 than the smoother electrode, 10 4 A cm~2. The three techniques
applied for modifying carbon-base materials (synthesized, coating, and
physical modification) show the possibility to potentiate some anode
characteristics such as the surface area, the biocompatibility and the
roughness. These characteristics favor the microbial adhesion, electro-
genic activity and reduce the charge transfer resistance. Comparison
of these studies shows that the use of carbon felt coating with PANI
as anode produced the highest power density. However, it is interest-
ing to evaluate a new scenario that combines the advantage obtained
from each study. For instance, evaluation of urea-sugar carbon foam as
anode on DC-MFC with a pretreated inoculum and synthetic wastewa-
ter, could be interesting research, taking advantage of the low cost and
natural origin of this anode material and the good performance with a
pretreated inoculum. Thus, expanding the application of such material
in DC-MFC beyond it use in benthic zones.

Metal-based materials are also widely reported as anode material.
Baudler et al. [172] evaluated the biocompatibility of different mate-
rials (gold, silver, copper, nickel, cobalt, titanium and stainless steel)
to be used in an MFC. Their results showed that copper was the mate-
rial with the highest biocompatibility with the electrochemically active
bacteria. And even with the antimicrobial properties of cooper, bacteria
were able to tolerate and adapt. However, it is important to note that
the advances in carbon-based materials reported in recent studies offer
even greater advantages compared to metal-based materials.

Nanomaterials are another type of material used as anode. In the lit-
erature, different applications from non-structure to carbon-base and
metal-base materials are reported, such as carbon nanotubes (CNT),
nanoparticles of graphene (GN), PANI, 3D graphene-based material, Ti-
TiO,, and nanoparticles of metals. The last are commonly used as
carbon-base anode coating, example of these metal nanoparticles are
Fe, Zn, Ni, Co, and Cu [11, 151, 163]. Some studies that have used the
nanotechnology in carbon-base material are those conducted by Hu et
al., Ren at al., and Hou et al. [140, 151, 176] (Tables 2 and 3).

Hu et al. [176] reported the use of iron carbide nanoparticles dis-
persed in porous graphitized carbon (Nano-Fe;C@PGC) as anode and
carbon cloth with catalyst Pt/C as cathode, connected with a 1,000 Q
external loading resistance. They used a 28 mL SC-MFC, inoculated with
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activated anaerobic sludge. Their results showed a maximum power
density of 1.856 W m~2 that was better than the results on the same
conditions but using carbon felt with 0.487 W m~2. These results were
attributed to the electrocatalytic activity and conductivity provided by
the iron carbide nanoparticles (Nano-Fe;C@PGC) anode. Ren at al.
[140] evaluated a CNT anode on a micro-scale 25 uL. DC-MFC. They
used an inoculum (Geobacter) obtained from a MEC and sodium acetate
as substrate. Their results showed an improvement with the use of spin-
spray layer by layer (SSLbL)CNT anode with a power density of 0.83 W
m~2 greater than that of the bare gold anode control of 0.48 W m~2. Ad-
ditionally, a grater biofilm thickness was observed in CNT than in the
bare gold, 9.0 um and 1.8 pm, respectively. Therefore, it can be said
that the SSLbL-CNT anode favors the attraction of exoelectrogenic mi-
croorganisms due to a higher biocompatibility. Hou et al. [151] tested
a reducing graphene oxide coating with PANI nano-fibers anode on a
DC-MFC. They obtained a maximum power density of 1.390 W m™2.
This result was attributed to the high conductivity of graphene and the
large surface area provided by PANL

The use of nanotechnology in metal-base material was reported by
Feng et al. and Su et al. [170, 188] (Table 3 and Fig. 5). Feng et al.
[170] reported in their work the evaluation of modified titanium elec-
trodes in DC-MFC. The modification consisted of the onsite growth of
titanium dioxide nanotubes (TNs) on the surface of electrodes. They re-
ported a maximum current density of 12.7 A m~2, which was higher
than that provided by the bare titanium electrode. It was also observed
coverage of almost 100% biofilm on the TNs anode surface, different
from the poor coverage in the bare titanium. The nanoscale titanium
tubes provided an increased and rougher electrode surface area, and
favored its biocompatibility, hydrophilicity, and conductivity. Su et al.
[188] used the TiO, @TiN nanocomposite as anode to develop a hy-
brid biofilm with Shewanella Ioihica in a DC-MFC. Their results showed
a maximum power density of 0.064 W m~2, which was higher than the
0.0334 W m~2 of DC-MFC with pure biofilm; this improvement was
attributed to the nanocomposite that favored the biocompatibility and
conductivity of the anode.

In the analysis of the application of nanotechnology in carbon-based
and metal-based materials, it was found that their use does favor them.
This translates into better performance as electrodes in MFCs, where
energy production is the parameter commonly used to quantify these
improvements. However, it can highlight that the nanotechnology ap-
plied in carbon-based materials presented the best energy production
efficiencies in MFCs. The work of Hou et al. [151] reported a maximum
power density of 1.39 W m~2 using graphene with PANI, which rep-
resents a large difference in contrast to the achieved maximum power
density of 0.064 W m~2 using TiO, @TiN nanocomposite [188]. There-
fore, it can be suggested that the application of nanotechnology in
carbon-based materials used as electrodes in MFCs could be a promising
alternative for future research.

As already discussed, the selection of the anode material and the
different techniques to increase its performance are very important.
However, the microorganisms and substrate selection also play a crucial
role on the anode performance. Therefore, some of the most important
consideration to carry out a successful selection are discussed below.
Microorganisms form the biofilm and they are responsible for degrad-
ing the substrate, as well as generating the energy. The commonly
used way to quantify the ability of microorganisms to degrade the sub-
strate is through the reduction of Chemical Oxygen Demand (COD).
Substrate degradation is carry out by the action of anaerobic microor-
ganisms present in the anodic chamber, which are exoelectrogenic and
also called electroactive [189]. They can be divided into two general
types, mixed cultures, and pure cultures. The first one contain various
types of microorganisms especially present in wastewater, and the ad-
vantage of using them are low cost, presence of self-mediators and good
performance [127, 148, 149, 152]. The main challenges to overcome is
the internal microbial competition reaction, which is reflected in the
undesirable reactions such as methanogenesis that transform the or-
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Table 3. Electrode materials, configurations and performance of MFCs.
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Anode Cathode Design Volume Power Densities Reference
Carbon brush Carbon cloth DC-MFC 270 mL 2.000 W m~2 [177]
N-G@CoNi/BCNT
Nano-Fe; C@PGC Pt/C on carbon cloth SC-MFC 28 mL 1.856 W m~2 [176]
Carbon felt Carbon felt-Ni/NiOx SC-MFC 100 mL 1.630 W m~2 [169]
nanoparticle
Carbon cloth Carbon cloth Ni-Co/MGO SC-MFC - 1.003 W m~2 [173]
Carbon cloth Carbon cloth Ni-Co/GO SC-MFC - 0.889 W m™2 [173]
SSLbL CNT - DC-MFC uL 0.830 Wm™ [140]
Carbon cloth GO-supported-Zn/Co SC-MFC 28 mL 0.773 Wm™2 [156]
Randomly aligned CNT - DC-MFC pL 0.540 W m~2 [140]
Vertically aligned CNT - DC-MFC uL 0.270 W m~? [140]
Carbon paper NPOMC-Carbon cloth DC-MFC cc 10 mL 0.245 W m~2 [178]
Carbon felt/PANI Carbon felt DC-MFC 250 mL 0.216 W m2 [175]
2-Sugar-urea to do 3D Car-  Carbon fiber BMFC 1000 mL 0.190 W m~2 [138]
bon foam
Ti-G/PANI Ti-G/PANI DC-MFC 1400 mL 0.124 W m~? [179]
Carbon paper-Co Pt-loaded carbon cloth SC-MFC 80 mL 0.165 W m~2 [163]
Carbon paper-Fe Pt-loaded carbon cloth SC-MFC 80 mL 0.117 W m™ [163]
Carbon cloth MCC SC-MFC 520 mL 0.113 Wm™2 [180]
Carbon felt Carbon Black/CuZn DC-MFC cc150 mL 0.075 W m™2 [181]
Carbon felt Carbon Black/CuZn DC-MFC 25,000 mL 0.00032 W m~2 [181]
Carbon cloth Perovskite oxide catalysts =~ DC-MFC 450 mL 0.00139 W m~2 [182]
in Carbon cloth
- Fe-AAPyr catalyst in RRDE SC-MFC 125 mL 262uW cm2 [183]
Graphite fiber brush Fe-BZIM-AB RRDE SC-MFC 28 mL 1624W cm™2 [184]
Graphite fiber brush Fe-ABZIM RRDE SC-MFC 28 mL 159uW cm™2 [184]
Graphite fiber brush Activated carbon SC-MFC 28 mL 1004W cm™2 [184]
3D N-doped-GA Carbon cloth DC-MFC 25 mL 750.0 W m~3 [11]
Fe/N/S-doped CT Fe/N/S-doped CT SC-MFC 28 mL 479.0 W m~3 [185]
Multilayer Carbon flet/N-  5-graphite rod DC-MFC - 13.8Wm™ [186]
doped-CNT/PANI/MnO,
SSLbL CNT DC-MFC 12.5 pL 3,320.0 Wm™ [140]
8-TNs-modified 1-TNs-modified DC-MFC ac800 mL cc100 mL 12.7 Am™ [170]
Carbon veil Conductive latex SC-MFC 15 mL 0.092 W L [187]

PANI =polyaniline; CNT=carbon nanotubes; MCC=modified clay cup; TNs=titanijum dioxide nanotubes; cc=cathodic chamber; ac=anodic chamber;
MGO =silanefunctionalised graphene oxide; GO =graphene oxide; CT =carbon tubes; BMFC =benthic MFC; RRDE =rotating ring disk electrode; Fe-AAPyr = Fe-
Aminoantipyrine; Nano-Fe; C@PGC = iron carbide nanoparticles dispersed in porous graphitized carbon; GA = graphaerogel; Fe-ABZIM = Iron nitrate with aminobenz-
imidazole; Fe-BZIM = Iron nitrate with benzimidazole; NPOMC = Nitrogen-phosphorus-doped mesoporous carbon; AB = airbreathing; G/PANI = graphene/polyaniline

SSLbL =spin-spray layer by layer; BCNT = bamboo-like carbon nanotube

Anode Cathode
1DC C- brush C- cloth N-
G@CoNi/BCNT
2SC Nano-Fe;C@PGC Pt/C on C- cloth
3 SC C- felt C- felt-Ni/NiOx
nanoparticle
4 SC C- cloth C- cloth Ni-Co/MGO
58C C- cloth C- cloth Ni-Co/GO
6 DC SSLbL CNT -
7SC C- cloth GO-supported-Zn/Co
8 DC Randomly aligned -
CNT
9 DC Vertically aligned
CNT
10 DC C- paper NPOMC-C- cloth
11 DC C- felt/PANI C- felt
12 BMFC 2-Sugar-urea to do C- fiber
3D C- foam
13 DC Ti-G/PANIL Ti-G/PANI
14 SC C- paper-Co Pt-loaded C- cloth
15 SC C- paper-Fe Pt-loaded C- cloth
16 SC C- cloth MCC
17.DC C- felt C- Black/CuZn
18 DC C- felt C- Black/CuZn
19 DC C- cloth Perovskite oxide
catalysts in C- cloth
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Fig. 5. Electrodes material and MFC performance.
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ganic matter into methane and CO, instead into CO, and electrons [14],
which reduces electricity generation. The second type, pure cultures,
contain only one type of microorganisms for example, Escherichia coli
[154], Shewanella oneidensis [162], Lactobacillus pentosus [157], among
others. The advantage of the use of this type of pure cultures is the re-
duction of reaction between microorganism and substrate. Also, allows
the study of specific objectives such as biocompatibility analysis, elec-
tron transfer mechanisms and substrate degradation [163, 169].

Once the MFCs consortium has been selected, it is necessary to select
the substrate and analyze the effect on the MFCs performance. Some
examples of substrates are: acetate, glucose, propionate, butyrate, su-
crose, complex substrates such as synthetic wastewater, animal waste,
and real wastewater. In Table 2 is possible to identify different types of
substrates and microorganism. On one hand, studies using mixed cul-
tures reported the highest rates of COD removal on the order of 99%,
98% and 93%, for acetate, butyrate and acid elutriatione; and reached
power densities of 506 mW m~2, 1,553 mW m~2 and 305 mW m~2, re-
spectively [126, 127]. Other works have presented the highest power
densities using glucose as substrate, even when their COD removal rates
are not the highest as mentioned in the previous paragraph. In their
work, Rabaey et al. [159] used glucose in a DC-MFC with a mixed con-
sortium, and they reported a maximum power density of 3,600 mW
m~2 and a COD removal of 85%. Follow by the works that used domes-
tic wastewater as substrate which presented power densities between
1,287 mW m~2 and 2,143 mW m~2, and the highest COD removal of
95% for 2,100 mW m~2 [131, 148, 149, 151]. Regarding the use of an-
imal waste, Chandrasekhar et al. [127] reported 84% of COD removal
and 192 mW m~2 of energy production, both lower than the other sub-
strates. On the other hand, investigations using pure cultures report
percentages of COD removal between 30% and 50% and power density
of 5.04 mW m~2 [131, 157]. But some of them using Escherichia coli re-
ports high energy production about 2,700 mW m~2 and 80% of COD
removal [154]. Therefore, according to this analysis the use of mixed
cultures offers greater advantages even on a laboratory scale. Regarding
the substrate, the use of glucose reports the highest energy production
following by wastewater. However, if the objective is to apply MFCs in
real scenarios, the most certain suggestion is to use wastewater as an en-
ergy source with a mixed culture (usually found in wastewater). These
conditions allow generating very similar or equal scenarios to which the
MFCs will be subjected in practical situations. In addition, the percent-
ages of COD removal and energy production will also be similar to those
expected at larger scales, which will allow better decisions-making.

The studies revised and summarized in Table 2, Table 3 and Fig. 5
provide evidence that even when several strategies have been evaluated
to improve the anode performances, still do not represent a significant
breakthrough in MFC performance, compared to unmodified anode ma-
terials. However, it was possible to identify opportunities to continue
the research in order to improve carbon-based anode materials such as
the use of nanotechnology. Additionally, the use of mixed cultures as
biomass and wastewater as substrate is desirable.

Cathode. In the cathode occurs an electrochemical reduction reac-
tion in which an oxidant is reduced [184]. The most relevant properties
that are searched in the cathode are catalytic qualities, high surface area
and high conductivity [190, 191], and some of the main challenges on
cathode materials to face include poor oxygen reduction reaction, low
catalytic activity, and biofouling [137, 169, 183]. A detailed review of
the studies focused on improving the cathode properties and enhancing
the MFCs efficiency through different strategies is done.

Regarding the catalytic properties of the cathode, there are two
types biotic and abiotic catalysts, both can be used in neutral conditions.
The biotic catalysts are mainly bacteria and enzymes. However, bacteria
catalysis for oxygen reduction reaction (ORR) is sluggish and enzymes
are active and selective but expensive and no eco-friendly. On the other
hand, there are abiotic catalyst that are commonly used because are
durable and resistant to most pollutants. Examples of them are platinum
group metal (PGM) catalysts, platinum group metal-free (PGM-free) cat-
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alysts, and carbonaceous materials [161, 183, 184]. PGM cathode cata-
lysts were commonly used in MFC in the past decades [187]. Currently
due to the low durability and high cost of platinum-based materials, sci-
entific efforts have been made to develop alternative catalysts [161].
PGM-free catalysts have been reported to be efficient for catalyzing
oxygen in neutral media [187]. Examples of these catalysts based on
transition metals include Mn, Fe, Co and Ni, and although their durabil-
ity and performance are high, their cost is also high, making it difficult
to project their use on a large-scale [161, 178]. Carbonaceous materi-
als have been used as cathode catalysts in MFCs due to its low cost.
Some examples of these materials are activated carbon (AC), modified
activated carbon, AC mixed with polytetrafluoroethylene (PTFE) and
pasted on a stainless steel mesh, carbon black, carbon black modified
with aerogel, carbon nanotubes (CNT), carbon nanofibers (CNF), and
graphene [161, 184, 187].

Santoro et al., Mecheri et al., and Song et al. [178, 183, 184] (Ta-
ble 3 and Fig. 5) conducted researches with catalytic modified ma-
terials as cathodes. Santoro et al. [183] evaluated the effect of the
catalyst loading of the cathode in the MFC power generation. Their
results showed that a rotating ring disk cathode with 10 mg cm~2 of
Fe-Aminoantipyrine catalyst in a SC-MFC achieved 262 yW cm~2 of
maximum power density. They suggested that a high catalyst load re-
sults in high power output of the MFC, but they recommend continuing
the research to reduce the cost of the catalyst. Mecheri et al. [184]
also, carried out a similar work in which they used iron nitrate with
benzimidazole (Fe-BZIM) and iron nitrate with aminobenzimidazole
(Fe-ABZIM) as cathode catalyst, tested in rotating ring disk electrode
(RRDE). They used graphite fiber brush as anode and a 28 mL SC-
MEC connected with an external resistance of 1 kQ. They reported a
maximum power density of 162 yW cm~2 for the catalysts Fe-BZIM
integrated into an air-breathing (AB). This is higher than the power
density of Fe-ABZIM 159 yW cm~2, and the activated carbon control,
but not higher than the maximum power density obtained by Santoro
et, al [183] as is shown in Table 3 and Fig. 5. Song et al. [178] eval-
uated a nitrogen-phosphorus-doped mesoporous carbon (NPOMC) as a
cathode catalyst in a DC-MFC. Their results showed a maximum power
density of 245.8 mW m~2, which represented 75% of the power density
obtained by Pt/C catalyst 329.8 mW m~2. They observed that the meso-
porous structural catalyst provides a large surface area with a higher
electrochemical charge transfer. Although the power density was lower
than that obtained with the Pt/C catalyst cathode, a comparison with
the Santoro and Mecheri studies mentioned in the previous paragraph
shows that the power density obtained by the NPOMC of Song was
higher. In addition, the most relevant achievement of this study was
the low cost of the NPOMC catalyst which represented less than 5% of
the price of the Pt/C catalyst.

Similar study conducted by Huo et al. [177]reported the develop-
ment of a catalyst based on N-doped bamboo-like carbon nanotube
(BCNT) and CoNi-alloy N-G@CoNi/BCNT. Then, they evaluated this
catalyst in a DC-MFC in a 130 mL anodic chamber and 140 mL ca-
thodic chamber. Ultrex CMI-7000 was used as cation exchange mem-
brane, carbon brush as anode, and carbon cloth with catalyst as cath-
ode. Their results showed a maximum power density of 2.0 W m~2
for N-G@CoNi/BCNT, this value was lower than the obtained with
Pt/C of 2.6 W m~2. However, the power density obtained with this
N-G@CoNi/BCNT catalyst was one of the highest reported among those
that use carbon-base cathode catalysts in MFC (Table 3 and Fig. 5).
It was shown that the N-G@CoNi/BCNT catalyst increased the surface
area of the cathode, which favored its electrocatalytic properties, and
promoted oxygen reduction reactions. The most outstanding achieve-
ment of this study was the low cost of the catalyst compared with the
Pt/C, this trend of decreasing costs can also be observed in the work by
Song [178] mentioned in the previous paragraph.

The use of nanotechnology in cathodes to improve the MFC per-
formance is another strategy that has been reported [156, 169, 173].
Yang et al. [156] evaluated a modified cathode with graphene oxide
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(GO) - supported zinc cobalt oxides (GO-Zn/Co) nanocomposites in a
SC-MFC. Their results reported an increase in the performance of the
electrode with a power density of 0.773 W m~2. They attributed that
the (GO-Zn/Co) nanocomposites generated an antibacterial activity on
the cathode surface that inhibits the formation of microorganisms on
its surface (biofouling). Papiya et al. [173] also evaluated the use of
GO cathodes modified with nanocomposites in SC-MFC. The GO were
grafted with g-amino propyl tri-ethoxy silane (APTES), and Ni and Co
nanoparticles deposited on GO and silane-functionalised graphene ox-
ide (MGO) matrices. They reported the highest power density of 1.003
W m~2 in the Ni-Co/MGO cathode as it is shown in the Table 3. Choi et
al. [169] fabricated a nanocatalysts PGM-free cathode, consisted of the
deposition of a thin layer of Ni/NiO, nanoparticles on the carbon-felt
material. Then they evaluated a carbon-felt Ni/NiO, performance in an
MFC, their results showed a power density of 1.631 W m~? that was
higher than a carbon-felt of Pt/C cathode at the same condition with
0.489 W m~2. These results are attributed to the fact that the Ni/NiO,
nanoparticles provided a higher surface area and an increase in the ac-
tive sites of the cathode, which favored the ORR.

New electrode materials have been also tested as an alternative to
improve the cathode performance. Liu et al. [180] evaluated clay cath-
ode in an MFC to remove cooper and generated electricity (Table 3 and
Fig. 5). They used carbon cloth as anode, and modified clay cup as cath-
ode that was produced by sintering at 1,000°C temperature. The 520
mL SC-MFC was inoculated with a mixed consortium from a wastew-
ater treatment plant, and sodium acetate was used as a substrate. The
anode and the cathode were connected by an external electrical cir-
cuit integrated by a 1 kQ resistor and 0.4 mm titanium wire. They
reported a maximum power density of 0.1137 W m~2 and a copper
removal of 96.5%. Although, the cooper removal was close to 100%,
the power generation was low. Therefore, further research is needed to
improve the performances of clay as electrode material. The application
of these strategies translates into improvements in the performance of
the cathode, as well as in mitigating some cathode challenges such as
poor oxygen reduction reaction, low catalytic activity, and biofouling.

Regarding biofouling, it is a limitation that occurs more frequently
in single-chamber MFCs and affect the overall MFCs performance. In
order to avoid this problem and allow the correct cathode function, it
is important to identify its causes and apply possible mitigation tech-
niques. Biofouling consists in a biofilm formed by heterotrophic mi-
croorganisms attached in the surface of the material [84]. As already
mentioned, its presence is common in membrane-less MFCs, and this is
because the cathode is directly in contact with the substrate. The bio-
fouling causes an increase in the charge transfer and ohmic resistance of
the cathodes and decreases their performance [187]. Some of the strate-
gies used to mitigate the biofouling problem are the following: i) design
adaptation, the reconfiguration of MFC should allow removing the cath-
ode to clean the biofouling and should prevent the contact between the
air and the anode; ii) modification of the surface cathode, this strategy
could delay the biofouling; iii) clean the electrode, the electrode can be
washed with a concentrated acid solution [84], and also the washing
of cathode can be conducted periodically to minimize the formation of
biofouling [146]. Biofouling is also caused by fungi that can be growth
on the cathode surface. This type of biofouling is reported in some stud-
ies [181]. They reported the growth of fungi on the surface cathode
after 50 days of operation. At the same time, they observed a small
decrease in the current production. They use Fluconazole as fungicide,
which is spread over the entire cathode surface to mitigate the problem.
After this, a positive result is observed with an increase in the current
of the system.

Analysis of these studies allow the identification of the benefits
obtained by the use of some techniques that improve cathode perfor-
mance. Among these, the studies focused on the improvement of the
catalytic cathode properties are the most reported. This trend can be
attributed to the observed increase in ORR when improvements in the
catalytic properties of the cathode are obtained, and consequently pro-
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motes energy production in the MFCs. In addition, it is important to
note that in several studies it was observed that the Pt/C catalyst pro-
duced the best energy yield, one of the main reasons for these results is
that the use of Pt/C catalyst favors the one-step ORR that occurs with
the reduction of oxygen through 4 e~ [192, 193]. However, the eco-
nomic feasibility of using other types of catalysts was identified as the
main advantage. Consequently, in order to be a priority for large-scales
MECs systems, more efforts in the development of other catalysts must
be done to replace platinum. Regarding the development of alternative
cathode materials, such as clay, must be also considered as an oppor-
tunity area. Even though the low MFC energy production reported,
because of the ability of clay to remove some toxicants in the water such
as cooper. Nevertheless, more research should be conducted in this re-
spect. Finally, nanotechnology enhances the cathode performance and
increase the energy production; furthermore, nanocomposites generate
antibacterial activity on the cathode surface that inhibits the formation
of biofouling on its surface.

4.2. Separators

A separator (most commonly, a membrane) is a component that
connects and separates both chambers of the dual-chamber MFCs for
keeping the anode and cathode liquids separated. Furthermore, it al-
lows protons to permeate from the anodic to cathodic chamber and
allows the separation of hydrogen gas (H,), oxygen (O,), CO, and sub-
strate [26]. Membrane performance is usually measured with factors
such as proton conductivity, permeability to water, ion transport num-
ber, biofouling, internal resistance and, mechanical strength, chemical
resistance and oxygen diffusion [160, 194]. The surface of the mem-
brane also has an effect in the membrane performance and the power
generation in MFCs systems. Oh et al. [15] reported that when the sur-
face area of the membrane increases, the power density increases as
well. They reported 45.0 mW m~2 for a proton exchange membrane
(PEM) area of 3.5 cm?; 68.0 mW m~2 for a PEM area of 6.2 cm?; and
190.0 mW m~2 for a PEM area of 30.6 cm?. Thus, a desired property of
a proton exchange membrane is a large surface area.

Currently, several membranes materials have been reported that
function as separators in MFC systems. Commercial membrane mate-
rials include Nafion membranes, Ultrex membranes and Zirfon mem-
branes to name a few.

The commonly used membrane is developed by Nafion DuPont Inc.
USA, due to its accessibility and good performance. This Nafion per-
fluorinated membrane has sulfonic acid groups that favor the proton
conductivity, transfer protons from the anodic chamber to the cathodic
chamber, is selective to small cations, has high permeability to water,
and avoid the pass of electrons [195, 196, 197].

Before the Nafion membrane is used, an activation treatment is
necessary, which activates its conductive capacity, eliminate possible
organic molecules absorbed from the air, and hydrates the membrane.
This activation can be carried out with strong acid solutions for exam-
ple nitric, sulfuric, perchloric, phosphoric and hydrochloric acids [198].
However, the standard activation membrane method uses 1 molar sul-
furic acid solution, which continues being the most widely used [197].

The performance of MFC systems using Nafion membrane is vari-
able, for instance Zhang et al. [154] reported a power generation of
2,668 mW m~2 in MFC using Nafion membrane 112, DuPont, and
Lopez-Zavala et al. [148] reported a power generation of 2,100 mW
m~2 in MFC using Nafion membrane 117, DuPont (Table 2). However,
this power density cannot be attributed only to the use of these Nafion
membranes but to the participation of the whole MFC system.

The mains limitations to the use of this Nafion material are the high
cost, oxygen leakage, substrate loss and biofouling. Additionally, if the
substrate in the anode chamber is wastewater, or leaches, it is possible
to find the presence of other cation species with concentrations higher
than that of the protons, which can interfere with the transport of pro-
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tons and cause a decrease in the performance of the MFCs [165, 195,
196, 199].

Zirfon is another membrane used in MFC. It is an anion exchange
membrane with 15 wt% of polysulfone and 85 wt% of ZrO,. Some
studies have reported a good performance of its use. For example,
Hernandez-Flores et al. [199] compared the performance of Nafion
membrane 117 and Zirfon membrane in a SC-MFC, using leachate as
substrate. The highest volumetric power (10,380 mW m~3) was ob-
tained with the use of Zirfon membrane rather than the Nafion mem-
brane. They attributed the low result using the Nafion membrane to the
alkalinity of its substrate. Sevda et al. [200] compared Zirfon membrane
and Fumasep membrane in an SC-MFC air cathode. And they also re-
ported better performance with the use of Zirfon, measured through the
maximum power density (424.5 mW ~2). They attributed their results
to the lower resistance observed with Zirfon compared with Fumasep.
Even with these results, Zirfon is not a commonly used membrane in
MECs. Therefore, it is suggested to continue its evaluation with differ-
ent scenarios (substrates, MFCs configurations, etc.) to be considered as
a possible replacement for the Nafion membrane.

Other commercial membranes have also been used in MFCs, some
examples of them and the main results obtained are shown in the Table
2. For example, Rabaey et al. [159] reported a power density of 3,600
mW m~2 and Hou et al [149] reported a power density of 2,143.0 mW
m~2, both in MFC systems using Ultrex membrane. Mehravanfar et al.
[131] reported a power density of 1,287.0 mW m~2, and Xiao et al.
[153] reported a power density of 3,600.0 mW m~> in MFC systems us-
ing Ultrex CMI 7,000 membrane international. Although the objectives
of these studies were not to specifically evaluate the Ultrex membrane
performance and its behavior in MFCs, it was possible to observe energy
production equal to or higher than those reported in MFCs using Nafion
membrane. Even though high energy production has been reported in
MECs using the Ultrex membrane, as well as with Zirfon membrane,
the use of these membranes is still lower than the use of the Nafion
membrane. Furthermore, these improvements, as well as those already
mentioned with the Nafion membrane, cannot be attributed only to the
use of the Ultrex membrane and more detailed studies are necessary to
be conducted. Some of the strategies carried out by the scientific com-
munity to overcome the challenges of using commercial membranes
(especially Nafion) in MFCs are membrane modification or the develop-
ment of new membrane materials.

In the past years, other types of membranes have also been eval-
uated. For example J-cloth membrane, dynamic membrane, anion ex-
change membrane and ultrafiltration membrane. J-cloth membrane is
a type of coarse pore filter, that can be configured with layers of cloth.
This type of membrane has low ohmic resistance, reduces the oxygen
diffusion and favors the ion transport. Even with some good results
reported by Fan et al. [201] years ago, it is important to overcome
the challenges of its use. For example, a disadvantage of this J-cloth
membrane is the biodegradability of the cloth, making it difficult to
work with for a long time. Li et al. [202] compared the performance
of different membranes such as dynamic membrane, anion exchange
membrane, cation exchange membrane, ultrafiltration membrane and
J-cloth membrane. The dynamic membrane is composed of a nylon
support which serves for the adhesion of filamentous bacteria and
vorticellidae-like protozoa. The advantage of these microorganisms is
that they reduce the oxygen transfer from the cathodic to the anodic
chamber by consuming dissolved oxygen. In this study the use of the
dynamic membrane presented the highest power density (3,377 mW
m~3). In addition, another advantage was the low acquisition cost, com-
pared to the other membranes. It is important to consider these results
and evaluate its feasibility in other MFCs configurations.

Ceramic material with different composition has also reported in
the development of low-cost membrane. Jadhav et al. [203] reported
the use of a ceramic material as PEM, they reported that the main ad-
vantages of its use were the low manufacturing cost compared to the
Nafion membrane acquisition cost. In addition, the clay membrane al-
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lowed the anodic potential to remain stable throughout the test in a
DC-MFC with a sodium hypochlorite (NaOCl) catholyte. This behavior
is due to the fact that the clay membrane prevents the free passage of
anions from the cathodic to the anodic chamber, since the clay mineral
provides a negatively charged surface. Hasani-Sadrabadi et al. [195]
evaluated a ceramic material of a modified PEM in an MFC. The mem-
brane was prepared based on montmorillonite, first a montmorillonite
was organically modified with 2-acrylamido-d-methylpropanesulfonic
acid (AMPS); then, the resulting product was incorporated into Nafion
solution; finally, they evaluated its performance in an MFC. Their re-
sults showed a power density of 88.0 mW m~2 that was higher than the
39.0 mW m~2 for conventional Nafion 117 (Table 4). Das et al. [204]
also used montmorillonite in a clayware ceramic membrane. They fab-
ricated three different membranes, using 20% of montmorillonite then
pre-treated each with acid, with neutral water and with alkali. This
last membrane pre-treated with alkai showed the best performance of
the MFCs compared to the other membranes. They obtained a maxi-
mum power density of 83.5 mW m~2, a COD removal of 88%, and a
coulombic efficiency of 10.2%. These results indicate increased proton
transport and decreased diffusion oxygen and substrate across the mem-
brane. Daud et al. [194] also evaluated a ceramic material as PEM in
an MFC. They used raw clay to fabricate a porous clay earthenware
membrane in a DC-MFC with 16 mL of volume in each chamber, plain
graphite felt anode, graphite felt cathode, synthetic wastewater, mixed
consortium and a 100 Q of external resistor. They reported a maximum
power density of 2,250 mW m~2, a CE of 44%, and a COD removal
of 99%. These results were higher than the obtained using Nafion 117
membrane, maximum power density of 650 mW m~2, a CE of 23 %
and a COD removal of 91%. Cheraghipoor et al. [205] evaluated two
ceramic membranes in a DC-MFC. They fabricated these membranes
using leached and non-leached soil, and added different concentra-
tions of silicon dioxide (SiO,) to each membrane. They reported that
membrane porosity, as well as proton diffusion and conductivity, are
properties that influence the performance of MFCs. These characteris-
tics were favored in the membrane made from the leached soil, and
the addition of SiO, did not benefit this improvement. They obtained a
low internal resistance of 52.81 Q, a current density of 1,535 mA m~2,
a power density of 20.18 W m~> a coulombic efficiency of 83% and a
COD removal of 93.1%. Like Raychaudhuri et al. [206] also evaluated
a ceramic membrane modified with silica. They fabricated a clayware
ceramic membrane and added different concentration of silica. Their
results showed that using a membrane modified with 30% of silica im-
prove the performance of the MFCs. They obtained a maximum power
density of 791.72 mW m™3, a coulombic efficiency of 35.77% and a
76.2% COD removal. These results were attributed to reduced oxygen
diffusion, and the increased proton transfer.

The eco-friendly materials used to manufacture membranes is an-
other line of research with high potential to be developed. An example
of organic membrane material (biochar) was presented by Chakraborty
et al. [160]. They reported a power density of 41.08 mW m~2 using
a membrane (SBC-600) from food waste. First, they used the pyroly-
sis process at 600°C, then, sulphonation from poly vinyl alcohol based
matrix, and finally evaluated the SBC-600 performance in an MFC. Al-
though lower power density values than the Nafion 117 membrane were
obtained in this research, it was possible to develop a low-cost PEM.

Recently, the nanotechnology has also been used to enhance the
PEM performance. Fan et al. [147] obtained a potential of 0.0173 V
using internal nanoscale polypyrrole membrane, and also reported a
higher proton conductivity using this membrane than the conductivity
of Nafion membrane data included in their work (Table 4). However, if
the conductivity of this nanoscale polypyrrole membrane is compared
with the conductivity of Nafion 117 reported by other authors such as
those in Table 4, nanoscale polypyrrole would be positioned as a low
conductivity membrane. Therefore, further studies are required.

Regarding biofouling, this problem that can appear in the membrane
as a thick layer of microorganism attached in the positively-charged
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Table 4. Membrane proton conductivity.

Membrane Proton conductivity Reference
(Sem™)
Nafion AMPS-MMT 0.0817 [195]
Clayware-20%MT-alkali 0.0179 [204]
Nafion 117 0.0810 [195]
Nafion 117 0.0900 [160]
Nafion 117 0.0185 [147]
TiO,/Si0, 0.0166 [1471
Nanoscale polypyrrole 0.0208 [147]
SBC-600 0.0700 [160]

AMPS = 2-acrylamido-d-methylpropanesulfonic acid;
MMT = modified montmorillonite

surface of the PEM, which clog the membrane and limit the migration
of (H%) ions to the cathode. Recent solutions that were reported in
the literature to overcome the biofouling include the development of
biochar membrane materials. Chakraborty et al. [160] reported that the
use of an SBC-600 membrane that provided a negative surface charge
and hydrophilic nature matrix that can act as a protection against the
biofouling.

The main limitation of commercial Nafion membrane is well known,
its expensive acquisition cost which limits the feasibility of scaling up
MFCs systems, while continues to lead as the most widely used mem-
brane in MFCs, followed by the Ultrex membrane. This trend could be
attributed to the fact that the properties of these commercial mem-
branes favor the performance of MFCs to a greater extent. This can
be observed in some studies that use DC-MFCs configurations and in-
clude these Nafion or Ultrex membranes. The results showed the highest
energy yield values compared to studies using other membranes or in
SC-MFCs without membrane (Table 2). However, these results cannot
be attributed only to the type of membrane used, so further studies are
needed to broaden the understanding of the effect obtained by the use
of different commercial membranes on MFCs.

Regarding the use of alternative PEM, significant progress has been
accomplished: i) the use of new membrane materials such as the biochar
from food waste; ii) the use of nanotechnology such as nanoscale
polypyrrole PEM,; iii) the use of Zirfon membrane, j-cloth and dynamic
membrane. iv) the use of ceramic materials such as montmorillonite,
leached soil, silica and clay membrane. Even with the great efforts
made, the gap between the efficiency obtained with new or modi-
fied membranes and commercial membranes is high. The main ben-
efit identified by using alternative membranes is the low production
cost compared to commercial membranes price. The montmorillonite
membrane modified with 2-acrylamido-d-methylpropanesulfonic acid,
reported one of the highest values of proton conductivity, 0.0817 S
cm~!, followed by the SBC-600 membrane with 0.0700 S cm~!. And
the clay membrane showed the highest power density of 2,250 mW
m~2, which were higher than the results obtained with the Nafion mem-
brane. Therefore, ceramic materials top the list of materials to develop
competitive membranes with the greatest potential for low-cost, high-
performance membranes.

5. Electron transfer mechanism

In MFCs systems, oxidation and reduction reactions take place here
and the Oxidation-Reduction Potential (ORP) can be used to measure
the intensity of the systems to accept electrons (reduce) or donate elec-
trons (oxidize). The oxidation reaction is carried out by the anaerobic
digestion of exoelectrogenic microorganisms (also called electroactive
or electrogenic) attached to the anode [189]. These electroactive mi-
croorganisms obtain energy from the oxidation of a substrate that has
a low redox potential and released or donated electrons. Electrons are
transferred to the cathode through the external electrical circuit to be
reduced by a final electron acceptor with a more positive redox poten-
tial [207].
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An advantage in these systems is that microorganisms have the
ability to regenerate and adapt easily to different environmental and
substrate conditions. In the anode, microorganisms degrade substrates
such as acetate, glucose, sucrose [208], domestic wastewater [209] (as
expressed by Eq. (1), (2), (3) and (4), respectively), lactate, ethanol,
synthetic wastewater, animal wastewater, and food waste, then the
resulting products are carbon dioxide, electrons, and protons. In the
cathode, oxygen (the most widely used electron acceptor due to its high
redox potential of 1.229V) is reduced by protons and electrons to form
water [76, 108, 127, 166, 210].

icrob

(Acetate) anode CHy;COO™ +2H,0" = HCO; +9H™ + 8¢~ o

cathode 20, + 8¢~ +8H" — 4H,0

icrob

(Glucose) anode CgH 204 +6H,0 —  6CO, +24H* +24e -

cathode 60, +24H™" +24e~ - 12H,0

icrobes
(Sucrose) anode CiyHyOy, +13H,0" = 12C0, + 48H™* +48¢~ @
cathode 120, + 48H* +48¢™ — 24H,0
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anode C, HyO3N +18H,0 — 9CO,+ NH] @

+ HCOJ +50H" +50e”
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The electrons released for the anaerobic digestion of exoelectrogenic
microorganisms is commonly known as extracellular electron transfer
(EET), which allows electron transfer (ET) between the intracellular
metabolism (living system) and external solid materials, electrodes or
minerals (non-living systems) [26, 140, 211, 212]. In MFCs systems
is essential the conductivity of the biofilm to produce a high energy,
and the transfer of electrons is directly related to electricity production
[213, 214, 215]. In the past decade the mechanisms for electron trans-
fer were less well understood, but currently is well known that there
are different physiological mechanisms of electrons transfer that can in-
volve mediators, pili-nanowires, shuttles and membrane-bound [216].

Fig. 6 shows the schematic representation of these mechanisms
which are divided in direct and indirect transfer. Direct electron transfer
(DET) is carried out by a direct physical contact between the elec-
trode material and the cell. DET can occur with the participation of
membrane-bone cytochrome ¢ (cyt ¢) and/or pili-nanowires produced
by exoelectrogenic bacteria. An advantage of DET has recently been re-
ported, indicating that this mechanism is more adaptive to changes in
organic loads or in the presence of contaminants [217]. In MFC the pri-
mary pathway of EET is through cytochrome c [218]. The membrane-
bound cytochromes contain redox active proteins, and it is possible to
transport electrons to the surface of the anode material where the ex-
oelectrogenic microorganisms are attached. The nanowires or pili are
conductive tails that transport electrons at distant of 10 pm from the
biofilm to the surface of the anode [211, 219, 220]. Previous stud-
ies have reported that Geobacter sulfurreducens [212, 214, 221, 222]
and Shewanella oneidensis [215] increase their electron transfer ability
through the use of nanowires. These microorganisms produce conduc-
tive protein filaments (pili/nanowires) as an electrical connection be-
tween the surface of the materials and the cell to extracellular electron
transfer [223, 224]. Furthermore, in recent years Yalcin et al. [224]
identified that nanowires can be modified by changing the pH or apply-
ing an electric field in order to improve the conductivity properties.

Indirect transfer is made with the help of external soluble redox-
mediators (artificial) added to the system or redox-mediators (metabo-
lites) produced by the same microorganisms, even some pollutants
present in the medium can act as electron mediators [112, 163]. This
electron mediators transfers electrons between an external acceptor-
donor and a microorganism. The properties that mediators must have
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Fig. 6. Mechanisms of electron transfer by microbial digestion in the anode.

for proper function are: reversible electron transfer reactions, good sta-
bility in both oxidation and reduction form, solubility, high negative
potential, ease of movement across the bacterial membrane, and long
service life. Phenothiazine produced by Pseudomonas aeruginosa [225],
thionine [226], humic acids, quinones produced by Lactococcus lac-
tis, flavins produced by S. Omiedensis, etc. are examples of mediated
electron transfer (MET) [211]. Some limitations on artificial METs are
possible instability and toxicity, making them less attractive to use. One
way to explain the EET is by means of Marcus theory, which establishes
that the Gibbs energy and the distance between the donor and acceptor
are directly related to the rate constant k,, for electron transfer (Eq. (5)).
This theory considers electron transfer D+ A — D* + A~; where D is a
donor species and A an acceptor species in solution.
—pr e—Ai G/RT

()

ko e

where A*G is the Gibbs energy of activation, § is a constant that de-
pends on the medium where the electron travel from donor to acceptor,
r is the distance between D and A. According with this, the EET become
more efficient as the distance between donor and acceptor decreases.
As well as the Gibbs energy becomes more negative [227].

EET in the MFCs is a complex phenomenon in which exoelectro-
genic microorganisms can involve one or more of these ET mechanisms
[211, 219]. Catalyst microorganisms in the ET are inexpensive, but of-
ten suffer from low turnover [184]. Additionally, the main problem is
the low electron transfer that impact in the MFC performance. For this
reason, the scientific community has invested time in developing dif-
ferent strategies to improve the ET performance, such as controlling
environment parameters (pH, temperature, etc.), electrode design, as
well as studies of microorganisms and biofilm formation and conductiv-
ity [188, 214]. Another important strategy is to add functional groups
on the electrodes materials [187], which improves the electrical con-
ductivity and promotes the flow of the release electrons from the site of
generation to the cathode.

The modification of the electrodes has been used as strategy to
increase the transfer of electrons as reported by Yang et al. [228].
They modeled the EET mechanism using the Marcus theory, based on
this they modified the electrodes, specifically the used a mesoporous
carbon-modified cathode and high surface area and then evaluated their
performance on the MFC. Their results showed a two-fold improvement
in power density of 1.18 W m~2 compared to a control MFC using bare
carbon cathode. They attributed this to the structure and shape of the
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porous cathode that allows better electron transfer because it has more
active reaction sites.

Zhu et al. [229] and Li et al. [230] also reported an EET improve-
ment with the modification of the anode. Zhu et al. evaluated a bio-
reduced graphene oxide (GO)(br-GO) modified carbon felt anode. This
modification provided the anode a three-dimensional structure, which
improved the attached of the microorganisms (Shewanella putrefaciens)
and enhanced the EET between the anode and bacteria. They confirmed
an increased on the potential from 0.071V (control) to 0.517V, and a
maximum power density of 240.2 mW m~2, four times higher than the
control. Li et al. [230] reported the use of the carbon cloth with poly-
dopamine and reduced GO (CC-PDA-rGO) as anode in an MFC. They
obtained a maximum power density of 2,047.0 mW m~2 as well as a
significant improvement in the EET. These results can be achieved due
to the high electrochemically active sites that rGO provided to the ma-
terial surface and that favored EET, as well as the hydrophilic properties
of PDA that strengthen the adherence between the biofilm and the an-
ode.

Another strategy to enhance EET is through the use of eco-
friendly, nature feedstock bio-based products, such as that reported
by Hemalatha et al. [231]. They used deoiled Azolla pinnata biomass
(DAB) to produce substrate and fabricated an anode. First, they ob-
tained biochar from DAB by pyrolysis at 800 °C and this biochar was
used to fabricate the anode. Then, they obtained reducing sugar from
the hydrolysis of DAB which was used as substrate. Finally, they eval-
uated these anode and substrate in an MFC. Their results showed a
maximum power density of 105 mW m~2 with 65.6% COD reduction.
They identified the increase of the ET due to the improvement of the
complex IV cytochrome c couples (cytochrome Cox (Cyt Cox) / cy-
tochrome Crd (Cyt Crd)). These improvements were attributed to the
use of Azolla, which increased bioelectrogenic activity on the surface
anode and decreased electron losses.

Other studies have been focused on the use of nanotechnology in
the cathode to enhance the EET. Liang et al. [232] documented the
use of nanoparticles of nitrogen-doped porous carbon (NC) encapsu-
lating CoO and MgO nanoparticles (CoO/MgO@NC) as better cathode
catalyst in an air-cathode MFC. The study shows a maximum power
density of 2,258.0 + 70 mW m~2, which is 58.3 % higher than the
control NC. The higher power density can be attributed to the use of
the CoO/MgO@NC catalyst that promoted the ET, reduced internal re-
sistance, provided more active sites, and increased the ORR. Liang et
al. [233] also, carried out a similar study synthesizing, optimizing and
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measuring a nitrogenous mesoporous carbon coated with Co and Cu
nanoparticles to modify activated carbon as a cathode catalyst in an
air-cathode MFCs. The air-cathode was composed first, by a gas diffu-
sion layer; then, by a mesh titanium as current collector; finally, by
the catalytic layer (the air-cathode was fabricated according to rolling
method reported by Dong et al. [234]). They obtained a power density
results of 2,033.0 mW m~2, which was 147.0 % higher than the power
density obtained by bare activated carbon. They attributed their result
to the action of the pyridinic-N, cobalt and copper nanoparticles of the
catalyst that improved the oxygen reduction reaction, increased the ac-
tive sites, provided a high surface area of catalyst, promoted electron
transfer and enhanced the electrochemical performance of the cath-
ode. Su et al. [188] reported an improvement in the electron-transfer at
bacteria-electrode interface with modifications in the anode and addi-
tionally on the biofilm. They formed a hybrid biofilm with Shewanella
loihica as biomass and the addition of TiO, @TiN nanocomposite, then
tested in a DC-MFC. Their results showed a maximum power density
of 64.4 mW m~2 which represents a 92.8% increase compared with
the pure biofilm test. They attributed these results to the addition of
TiO, @TiN nanocomposites that favored the formation of high conduc-
tivity, decreased resistance to charge transfer, and increased secretion
of MET (flavin and cytochromec). Therefore, these approaches showed
that TiO, @TiN nanocomposite altered the metabolism of Shewanella loi-
hica which stimulated both direct and indirect electron transfer.
Evaluation of anolytes and mediators to increase electron transfer
has also been reported [218, 226, 235]. Wang et al. [218] reported
the effect of anolityc nitrate at relatively low concentrations in the en-
hancement of the electricity generation capability of MFCs. The study
proved that nitrite could react as the co-matrix on the electrode (in con-
centrations of less than 60 mg L~) and promote electricity generation.
Precisely, it transfers electrons to the anode throughout the nitrite-
to-nitrate conversion, supporting electricity. However, conversely, at
higher concentrations, nitrite inhibits the action of the electrogenic
bacteria, lowering the production of cytochrome c and extracellular
polymeric substances; and therefore, the coulombic efficiency suffers
a decrease as well. Wu et al. [235] reported the use of the micropol-
lutant sulfamethoxazole (SMX) as mediator, a type of antibiotic, which
is capable of increasing the activity of the electroactive biofilm in an
MFC, acting as an agonist in improving the regulation of the electroac-
tive biofilm; and to extend the energy production duration. The results
showed that the maximum power density is upgraded by 18.0% to 40.0
W m~3, in comparison with the absence of SMX in the MFC. Therefore,
the SMX as a micropollutant, can boost the performance of electroac-
tive biofilms and be degraded at the same time. Choi et al. [226] used
a thionine mediator and presented an assessment of the effect of tem-
perature and ethanolic stresses on the coulombic efficiency of an MFCs.
They used a DC-MFC, with a vitreous carbon anode, platinum plate
cathode, Nafion cation exchange membrane, Proteus vulgaris biomass,
thionine transfer mediator, and 560 Q external resistor. Their results
showed that coulombic efficiency and the thionine were very sensitive
to temperature changes and decreased dramatically at high tempera-
tures. However, membrane lipids were able to adapt to these changes
and allowed the electron transfer mediator to be more impermeable.
On the other hand, some studies have focused their interest on im-
proving the transfer of electrons through the evaluation of different
catholytes and different final electron acceptors. In MFCs systems the
oxygen is the most suitable electron acceptor due to its high oxidation
potential (+1.229V) towards the reduction reaction, natural availabil-
ity, sustainability, and low cost. The electrochemical oxygen reduction
reaction is carried out in the DC-MFCs and MFCs air-cathode. Some of
the challenges to overcome to make MFCs feasibly to field-scales is the
low energy production, which is typically limited due the kinetic prob-
lems of the ORR and deficient ion transfer on the cathode [183, 184].
The ORR can be carried out in function of the electrolyte pH in al-
kaline and in acidic media, high activation overpotentials and sluggish
kinetics. Table 5 shows the thermodynamic reaction potential for ORR.
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In alkaline electrolyte the following reactions occur: i) 4e~ reduction
of O, to OH™ ii) 2e™ reduction of O, to HO; and OH™. These reac-
tions take place if the proton concentration is low, and can increase the
pH of the solution due to the accumulation of OH~. Whereas in acidic
electrolyte the pathways can be: i) 4e~ reduction of O, to H,O; ii) 2e™
reduction of O, to H,0, [183, 236]. When the proton concentration is
high, the reduction of oxygen is carried out by these reactions. And an
intermediate product of incomplete oxygen reduction is H,0,, there-
fore, is undesired during the ORR process [184, 237].

Nevertheless, the maximum power output in the MFC is limited to
a certain value, which is not completely available. The power can be
calculated with the current, the open circuit voltage (OCV), and the
potential of the oxidation-reduction reaction in the anode and cath-
ode. This OCV represent the difference potential between the anode
and the cathode [189]. If it is considered the oxidation of the sodium
acetate in the anode and the oxygen reduction to water in the cathode
(Eq. (1)), the associated OCV is 1.0 V, but this maximum potential is not
completely available. Recent studies suggest that to increase the power
production is better to connect several small MFCs, than increase the
size of an individual system [131].

One of the strengths that underline the potential of the MFCs tech-
nology is the ability to adapt to different operating conditions, which
has allowed the successful use of other electron acceptors. In the lit-
erature also is reported the use of other electron acceptors, such as
manganese dioxide, nitrobenzene, ferric iron, hydrogen phosphate, hy-
drogen peroxide, ferricyanide [226], copper chloride, potassium hexa-
cyanoferrate (K; [Fe(CN)¢ 1), perchlorate and nitrates (N 03‘ ), hydrochlo-
ric acid (HCI), sodium hypochlorite (NaOCl), and nitric oxide (NO)
[11, 148, 159, 240, 241, 242]. Among these, (K;[Fe(CN),1) is the most
widely used, one of the main reasons is the low overpotential generated
when carbon-based material is used as cathode [120] Additionally, the
ferric ion complex increased electron transfer rates [243].

Table 6 shows some oxidation-reduction reactions that can occur in
the MFCs systems, these reactions depend on the available substrate
to be oxidized in the anodic chamber, as well as on the final electron
acceptor available on the cathodic chamber. The table also indicate the
potential under standard conditions and other conditions.

Several studies with MFCs have reported improvements on the
power densities and the electron transfer when they use non-oxygen
electron acceptors. For instance, Lawson et al. [248] used ferricyanide
as catholyte on graphite fiber brush cathode in a DC-MFC and reported
a power density of 2.46 W m~2, higher than 1.33 W m~2 obtained with
the use of an air-cathode. Jadhav et al. [241] (Table 6) used NaOCl
as catholyte and reported a maximum power density of 0.148 W m~2
which was better than 0.017 W m~2 obtained with oxygen as electron
acceptor. As well as a lower electron transfer coefficient with NaOCI as
catholyte than with oxygen, they attributed to the fact that less energy
is required in activation for ET using NaOCl. Shi et al. [242] (Table 6),
evaluated NO and O, as electron acceptors, they reported a maximum
power density of 1.23 W m~2, which was better than 0.710 W m~2 using
O, as electron acceptors, their results also showed that electron trans-
fer was favored. Dai et al. [247] (Table 6), tested sodium bromate as a
cathodic electron acceptor in a dual-chamber MFC. They tested differ-
ent concentration of sodium bromate (from 10 to 100mM) as catholyte
and the catholyte pH was adjusted (for 7.0, 3.0, 5.0 and 10.0 values)
with the addition of hydrochloric acid (100 mM) and sodium hydroxide
(100 mM). The results showed that the power generation increased as
the concentrations of sodium bromate did; and that the optimum con-
centration was 100mM, with a maximum power density of 1.491 W
m~3, a voltage output of 0.538 V and a higher exchange current density
that means a faster electron transfer were obtained at a 3.0 pH value.

Hydrochloric acid (HC]) is another catholyte used in a DC-MFC, as
was reported by Lépez-Zavala at el. [148] They carried out the assess-
ment of an MFC with graphite electrodes, Nafion 117 PEM, 0.1 M HCl
used as catholyte, and wastewater used as anolyte, and both chambers
under oxygen-free conditions. Their results showed a COD removal of
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Table 5. ORR pathways in aqueous electrolytes and thermodynamic potentials at standard conditions [192, 193, 236, 238, 239].

Electrolyte Electrons Reaction Potential (V)
Alkaline Direct way 4e” 0,+2H,0 +4e” —40H~ +0.401
Indirect way 2e” 0, + H,0 +2e~ - HO; +OH~ -0.065
2e” HO; + H,0 +2e” —30H~ +0.867
Acidic Direct way 4e” O, +4H* +4e” - 2H,0 +1.229
Indirect way 2e” O, +2H" +2e” - H,0, +0.670
2e” H,0, +2H* +2e~ —-2H,0 +1.770
Chemical decomposition 2H,0, —2H,0+ 0, +1.776
Table 6. Potentials of oxidation and reduction reactions for different substrates and final electron acceptors.
Electrode Reaction E° (V) pH Reference
Anode 2H* +2e” - H, 0 pH=7 [26]
Anode 2HCO; +9H™ +8e” — CH,COO~ +4H,0 0.187 pH=7 [26, 210]
Anode CO, + HCO; +8H* +8¢~ = CH,COO™ +3H,0 0.130 pH=7 [26]
Anode 6CO, +24H* + 24~ — C4H,,04 + 6H,0 0.014 pH=7 [26, 166]
Cathode 20, +8H™* + 8¢~ —4H,0 1.230 pH=7 [84, 210]
Cathode O, +4H* +4e” —2H,0 1.229 pH=7 [26, 192, 232]
[244, 245]
Cathode 0, +2H* +2¢~ - H,0, 0.695 pH=7 [192, 245]
Cathode 0, +2H* +2¢” - H,0, 0.695 pH=10 [26]
Cathode Fe(CN)F +e~ - Fe(CN)! 0.361 pH=7 [26]
Cathode MnOys, +4H* +2e — Mn** +2H,0 1.229 pH=7 [26]
Cathode MnO; +4H* +3e” - MnO, +2H,0 1.680 pH=7 [244]
Cathode MnOj +4H* +3e — MnO, +2H,0 1.680 pH=3.5 [26]
Cathode Mg(OH), +2H* + 4~ — Mg +2H,0 = pH=7 [232, 246]
Cathode OINO+0,+e — NO,+NO; - pH=7 [242]
Cathode NO+H*'+e” - HNO - pH=7 [242]
Cathode 2HOCI +2H* +2¢" — Cl, +2H,0 - pH=7-8 [241]
Cathode HCrO; +7H* +3e” - Cr¥* +4H,0 1.330 pH=7-8 [243]
Cathode Bro; + 6H* + 6e™ — Br~ +3H,0 1.440 pH=7-8 [247]
Cathode BrO~ +2H*2e” — Br~ + H,0 - pH=3 [247]
Cathode MnO; +4H* +3e” — MnO, +2H,0 1.700 pH=3.5 [26]
T=303°K

95%, and a maximum power density of 2.1 W m~2. These results were
attributed to the diffusion of HCl from the cathodic chamber to the an-
odic chamber through the semipermeable PEM. The diffusion of HCl
allowed the pH of the anolyte to decrease from approximately 7 to 3,
which enhanced hydrolysis and inhibited methanogenic activity, thus
enhancing anaerobic degradation and energy production.

Some pollutant compounds have also been evaluated as electron ac-
ceptors. For instance, Kim et al. [249] reported the use of wastewater
with Cr (VI) from electroplating processes as MFC catholyte. They used
a bio-polar membrane (which allows dissociating water to H* in ca-
thodic chamber and OH™ in anodic chamber) to stimulate the Cr (VI)
as the final electron acceptor and obtained a maximum power density
of 0.151 W m~2. Finally, Cr (VI) was reduced and precipitated in the
cathodic chamber, which favors its removal.

Analysis of these scientific reports highlights the influence of con-
ductivity in the biofilm on the effective performance of MFCs. An
extensive study carried out on the isolated strains such as Geobacter
sulfurreducens and Shewanella oneidensis has identified them as strains
with high conductive properties. The high conductive properties are
due to the natural production of conductive pili/nanowires for extracel-
lular electron transfer. However, there is still a gap in the knowledge of
ET in mixed consortium systems. MFCs operate in large numbers with
mixed consortia biofilms, therefore, it is important to study them in
depth to understand their contribution to electron transfer, and which
influences energy production. Furthermore, different types of exoelec-
trogenic microorganisms can also generate networks that allow them
to carry out electron exchange through the simultaneous interaction of
ET mechanisms. Electrodes, substrate and catholyte compositions have
been the main avenues of study in order to favor ET and energy produc-
tion in MFCs systems. The main strategies include the following: i) The
importance of the redox potential in MFCs. This can be used to deduce
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the oxidation-reduction reactions that may be occurring in the MFCs. It
can also be used to identify the tendency to donate or receive electrons
in the cathodic and anodic chambers, as well as to identify the opera-
tional conditions that favors ET and thus the overall performance of the
MEC system. ii) Modification of the materials used as anodes. In these
studies, it was observed that the modifications of the anode can increase
their active sites, as well as their surface area. Therefore, the adherence
of electrogenic microorganism and the electron transfer are significantly
favored. It is worth noting that the studies that have used this strategy
have reported the highest power density. iii) The use of nanotechnology
both in anodes and cathodes. Among the advantages reported in stud-
ies using this strategy are improved catalytic properties of the cathode,
improved ORR, increased ET, as well as favored the interface between
the microorganisms and the anode. Together result in an improved the
energy production of the MFCs. iv) The use of bio-base materials both
in anodes and cathodes. It was observed that the main achievement
of this strategy lies in the improving of ET and the decrease of electron
losses by developing eco-friendly and low-cost materials, but with lower
power density output compared to those mentioned above. v) The use
of specific anolytes. In these studies were reported the use of nitrate, but
with some limitations for ET linked to anolyte concentrations. The use
of anolytes containing micropollutants such as sulfamethoxazole. This
strategy has great potential for further development and application in
the treatment of specific industrial wastewater in which some contam-
inants can be used to increase the ET of the MFCs systems and at the
same time degrade them. vi) The use of non-oxygen final electron ac-
ceptors. Several electron acceptors have been reported with lower and
higher magnitude of ET enhancement.

It was noted that their incorporation can be as catholytes or as gases.
Studies have been carried out under different pH conditions and have
reported different improvements in power densities compared to those
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using oxygen. Among electron acceptors, HCI and ferricyanide stands
out for their high power density production. The use of industrial wastes
in the cathodic chamber has also been reported to utilize the microp-
ollutants as a final electron acceptor, such as Cr (VI) which can also
be successfully degraded. This information highlights the versatility of
MFCs and their ability to adapt to different scenarios that can improve
their ET and therefore, their performance. Some triggers for the suc-
cessful development of MFCs are the purpose of their use, the substrate
to be used, the energy production expected, as well as easily accessible
operating conditions. If the purpose is to increase the power density,
it is suggested to deepen the use of nanotechnology in the electrodes
as well as the use of HCI as a catholyte, since these are strategies with
a favorable potential for further research. And if the objective is the
degradation of specific pollutants, it is suggested to continue with the
improvement to degrade pharmaceuticals such as sulfamethoxazole in
the anodic chamber or conversion of heavy metals such as Cr to less
toxic form in the cathodic chamber, of which high removal rates have
been reported, and which have simultaneously increased bioenergy pro-
duction.

6. Costs of electrodes and proton exchange membrane

The high cost of potential energy production is another bottleneck
that limits the MFC systems to be scalable as a feasible technology for
industry and society. The MFC systems require of proper designs, con-
struction, operation, and maintenance to function. Each stage involves a
cost and can be identified the followings: cost of construction, construc-
tion materials, electrodes, membrane, substrate, inoculum preparation,
catholyte, energy for stirring, aeration, temperature, workforce, etc. The
scientific community has shown great interest in improving the perfor-
mance of electrodes, membrane, and the configuration of the MFCs,
which represent the main fraction of the overall cost of the systems.
One of the challenges is to obtain an efficient MFC in both the technical
and economic aspects [131] that can be offered as a commercial alter-
native to treat wastewater and the simultaneous energy production.

A wide variety of MFCs electrodes material has currently been re-
ported. The bioanode materials and the ORR catalyst cathode materials
represent a large percent of the overall cost of MFCs [169]. Rozendal
et al. [250] have reported an estimate of the cost of bioelectrochem-
ical systems and MFCs are considered part of them. They assumed a
laboratory-scale system with a graphite felt anode, a platinum-catalysed
cathode and a laboratory membrane such as Nafion. Under this scheme
they reported that the anode represented 9.4%, the cathode 47% and
the membrane 38%, which placed the cathode as the most expensive
element of the system. However, as already mentioned in previous para-
graphs, the use of low-cost electrodes and membrane materials with
competitive performance compared to commonly used materials have
been reported. Therefore, an analysis of recent cost data for the main
electrode and membrane materials is presented below to provide an
overview of the economic feasibility of MFCs systems.

As already mentioned, the metal-based electrode materials are used
due to their conductivity properties. However, the main problem with
these materials is their high cost, which makes them difficult to use
in large-scales MFCs systems. An alternative, already discussed, is the
use of carbon-based electrodes, these materials are extensively used in
MEFCs because of their properties and affordable price.

Table 7 shows the cost of some of the materials used as electrodes
and catalysts in MFCs. Several studies have been focused on develop-
ment metal-base material electrodes to improve their performance and
in that sense offset the acquisition value. Copper and stainless steel are
examples of low-cost metal-base materials. Likewise, the studies focused
their objectives on improving cathode catalysis, as mentioned in previ-
ous section 4.1, have succeeded in developing catalysts that are less
expensive than those commonly used, such as platinum.

Das et al. [181] evaluated the use of CuZn microparticles as a cath-
ode catalyst in a DC-MFC with a 150 mL cathode chamber. Their com-
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pared their results with those obtained for Pt/C catalyst in a similar
system. One of the great advantages reported in this paper was the use
of low-cost materials. They reported that the cost of 1 kg of CuZn cat-
alyst was 300 times less expensive than 1 kg of 10% Pt/C catalyst as
shown in Table 7. This suggests a great achievement using CuZn as a
cathode catalyst on a large scale. However, different results were ob-
tained when CuZn catalyst in a 25 L cathode chamber was used and
low bioenergy production was obtained. Therefore, further research is
needed with the aim of identifying the causes of the decrease in energy
production when the MFC size is increased.

Similar works were conducted by Song et al., Hou et al., and Liang
et al. [177, 178, 232, 233] Table 7 (for more details see sections of
4.1 Electrodes and 5 Electron transfer mechanism). They reported the use
of the following alternative catalysts in which their low cost compared
to platinum-based catalysts stands out. Song et al. [178] reported that
the use of NPOMC as cathode catalyst represented less than 5% of the
cost of Pt-based catalysts and, taking into account the cost of Pt/C, the
estimated cost of NPMOC would be US$ 3.00 per gram. Hou et al. [177]
evaluated the use of N-G@CoNi/BCNT catalyst and their cost was 200
times less expensive than Pt/C, which was estimated about US$ 0.30 per
gram. And Liang et al. [232, 233] evaluated the use of CoO/MgO@NC
catalyst and Co/Cu@NC catalyst and these catalysts represented US$
1.8 and US$ 4.20 per gram, respectively.

Furthermore, another advantage of developing new catalysts com-
pared to platinum catalyst is that the latter can easily be attacked by
sulfur-based contaminants commonly present in wastewater [174, 184].
Even with the progress showed in these MFCs studies that evaluated
new low-price catalysts, platinum-base catalysts reported higher energy
efficiency, as well as higher prices. The cost of using 10% Pt/C cata-
lysts is around US $ 60.00 per gram (7). This make large-scale systems
difficult to be implemented.

The cost analysis of electrodes materials presented in this study Ta-
ble 7 and Fig. 7 show a wide range of costs. The materials that can be
used for both anode and cathode require particular evaluations in each
MFC system in order to establish which electrode exerts the greatest
economic weight in the system or, if it does not represent a transcen-
dent effect due to its similarity in cost. According to literature review,
there is evidence that highlight carbon-base materials as materials with
great potential and affordable cost for electrodes. Among them, graphite
is the most economical material followed by graphene, and both materi-
als reported high rates of power density and organic matter degradation
when they were used as electrodes in MFCs. Therefore, it is appropriate
to continue the development of these materials to improve the perfor-
mance of MFCs at the lowest cost.

On the other hand, when MFCs systems use platinum-base catalyst
materials for the cathode, they substantially increase their cost com-
pared to the anode cost. Even though low-cost catalyst alternatives have
been developed that would allow establishing an economic feasibility
for scaling up MCS, the gap in energy production rates still continues.
Some of the works that have evaluated these new catalytic materials has
reported low energy production rates compared to their rates obtained
using platinum-base catalyst. One material with great potential can be
carbon-based, and it is also possible to include the use of nanotech-
nology and some alloys with low-cost metals such as Ni. Therefore, it
is advisable to continue the development of these alternative catalytic
materials with the objective of replacing platinum-based catalysts and
favoring the balance in the cost/performance ratio of MFCs systems.

High membranes cost also affects the total cost of the MFCs, Table
2 shows examples of membrane materials typically used in DC-MFCs.
As mentioned, the proton exchange membranes distributed by Nafion
Dupont Inc., USA are the most widely used for their commercial avail-
ability and high proton exchange efficiency. However, the Nafion mem-
brane tops the list of the materials with the highest price and also repre-
sents a high fraction of the overall cost of the MFCs systems [160] (Ta-
ble 8), the price varies between US $ 9,000.00 and US $12,000.00 m~2
approximately. When the MFCs devices are built for laboratory-scale
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Table 7. Cost and specifications of electrode materials.
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Electrodes Dimensions Price (US$ /g) Reference

Anode and Cathode materials
1 40% Pt on Carbon Paper, density 0.03 mg cm~2 5.00 x 5.00 cm, 33,334.00 [251]
2 20% Pt on Carbon Cloth, density 0.03 mg cm—> 5.00 x 5.00 cm, 20,000.00 [251]
3 Reduced graphene oxide 0.25g 947.20 [252]
4 Graphene oxide 1.00 g 152.40 [252]
5 Graphene paper, density 1.9 g cm™ 29.21 x 64.77 cm, 100.00 [252]
6 Graphite Felt, density 28.5 mg cm™ 20.00 x 20.00 cm, 1.32 [253]
7 Graphene nanoplatelets 500.00 g 0.58 [252]
8 Graphite Plates, thickness 1.27 c¢m, density 0.066 1b in~3 15.24 x 15.24 cm, 0.21 [254]
9 Graphite Plates, thickness 1.27 cm, density 0.066 Ib in—3 20.32 x 20.32 cm, 0.18 [255]
10 Stainless Steel sheet, thickness 0.091 cm, density 1.52 Ib ft2 30.48 x 60.96 cm, 0.08 [256]

Cathode materials
11 Pt catalysts 150.00 [174]
12 10% Pt/C catalysts 60.00 [257]
13 10% Pt/C catalysts 46.61 [177]
14 10% Pt/C catalysts 40.80 [258]
15 10% Pt/C catalysts 33.00 [232, 259]
16 10% Pt/C catalysts 27.00 [181]
17 Copper 5153; [172]
18  V,05-NR/1GO 4.80 [259]
19 Co/Cu@NC 4.20 [233]
20 Fe-N-C 3.50 [174]
21 NPOM 3.00 [178]
22 CoO/MgO@NC 1.80 [232]
23 N-G @CoNi/BCNT 0.30 [177]
24 CuZn catalysts 0.09 [181]

NC = Nitrogen doped carbon; V,05-NR = Vanadium pentoxide nanorods; Fe-N-C = Iron-base Nitrogen-carbon
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Fig. 7. Cost of electrodes materials.

essay, the cost of the Nafion membrane does not generate a particular
problem since the membrane dimensions in most devices do not ex-
ceed 0.5 m?. Nevertheless, when the project of MFCs is for larger scales
the membrane becomes a big challenge, even though the power density
generated is among 1,200.0 mW m~2 and 2,700.0 mW m~2 [148, 149,
154], thus the expensive membrane is a limitation that makes the MFCs
an economically unfeasible technology nowadays.

The scientific community has shown interest in implementing or
innovating other membrane materials in MFCs. The main aims are to
reduce the acquisition cost of the membrane, as well as to improve the
proton exchange functionality. Ultrex membrane material distributed
by Membrane International Inc. (Ringwood, New Jersey, USA) is one
of the innovations with a price about 30 times lower than the Nafion
on the order of US $291.67 per m? (Table 8). The energy production
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in MFC with Ultrex membrane ranges between 1,287.0 mW m~2 and
3,600.0 mW m~2 which is higher than the systems that use Nafion mem-
brane [131, 149, 153, 159] (Table 2). However, still few number of
studies report the use of this membrane in MFC systems.

Another effort to reduce the membrane cost is presented by
Chakraborty et al. [160], they used food waste (biochar) as part of the
feedstock to make the SBC-600 membrane. The performance obtained
with this SBC-600 membrane is slightly below than that obtained with
the Nafion membrane. However, the advantage came from the cost of
the SBC-600 membrane, which was 100 times cheaper than the Nafion
membrane (Table 8). The dynamic membrane and PVA sulfosuccinic
acid also stands out as a low-cost membranes with great potential to
improve the performance of the MFCs. For these low-cost membranes,
additional evaluations are recommended to complement the data and
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Table 8. Cost of PEM material.

Membrane material Thickness (cm) Price (US$ m~2) Reference
Nafion 117, DuPont 0.01778 9,213.91 [260]
Nafion 115, DuPont 0.01778 10,290.30 [260]
Nafion 112, DuPont 0.01778 *D [260]
J-Cloth 0.03 400.00 [202]
Ultrex CMI 7,000 0.045 + 0.0025 291.67 [261]
Ultrex CMI 7,000 0.045 200.00 [202]
SBC-600 - 77.00 [160]
PVA sulfosuccinic acid 0.016 - 0.018 1.88 [262]
Dynamic membrane 0.0225 0.30 [202]

*D = discontinue-product; PVA = polyvinyl alcohol

to obtain a better understanding of the behavior of the MFCs using
different conditions, such as real domestic and industrial wastewater.

This cost analysis shows that Ultrex membrane is a commercial
membrane with a more affordable purchase cost, compared to Nafion
membrane. Besides, it was reported similar energy production in com-
parison with Nafion membranes in MFCs (2). However, it has been
observed that the performance of the MFCs with Ultrex membrane and
domestic wastewater as substrate is lower than those systems using
Nafion membrane. Even though it is clear that the cost of Nafion mem-
brane is the highest, and that makes it the main limitation to scale
up MFCs. Their high protons permeability, resistance to different op-
erating conditions, wide pH ranges and low gas crossover are some
of the advantages for which it is still the most efficient and widely
used proton exchange membrane in laboratory scale MFCs. Among the
alternative PEM materials with the greatest potential, ceramic materi-
als were identified and the main strengths of their use are their low
manufacturing cost, high stability and resistance. Therefore, ceramic
materials can be considered as a potential alternative to develop new
membranes that can substantially reduce manufacturing costs, substi-
tute the Nafion membrane and make the application of MFCs feasible
in practical scenarios.

7. Conclusions

In this work, review and analysis of most recent scientific publica-
tions on MFCs technology have been performed in order to assess the
contribution of configurations, electrode and membrane materials, elec-
tron transfer mechanisms, and cost of components on the current and
future development of MFCs. Dual-chamber MFCs stand out for their
excellent capability to adapt of the needs of the users. Likewise, the use
of carbon-based electrode materials stands out as the ideal choice. In
addition, it is possible to enhance their performance through the ap-
plication of nanotechnology. The economic feasibility and potential for
increasing power densities in MFCs are the main strengths of carbon-
based material. Besides, the use of clay for membrane fabrication is
suggested due to the low cost of both, the material itself and its manu-
facturing process. Also, this membrane produces power density similar
to that obtained with the Nafion membranes. The use of a mixed con-
sortium for biofilm formation at the anode, with domestic wastewater
as substrate in the anodic chamber and HCI as catholyte, are the most
favorable conditions, since they resemble those found in real scenarios.
In this way, it is possible to consider wastewater as a potential source of
energy and reusable water, rather than a hazardous waste. Therefore,
it is strongly suggested that the main findings of this study be taken
into account in order to continue adding efforts in the development and
effective application of MFCs.
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