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Abstract: Microbial fuel cells (MFC) are an emerging technology for waste, wastewater and polluted
soil treatment. In this manuscript, pollutants that can be treated using MFC systems producing en-
ergy are presented. Furthermore, the applicability of MFC in environmental monitoring is de-
scribed. Common microbial species used, release of genome sequences, and gene regulation mech-
anisms, are discussed. However, although scaling-up is the key to improving MFC systems, it is
still a difficult challenge. Mathematical models for MFCs are used for their design, control and op-
timization. Such models representing the system are presented here. In such comprehensive mod-
els, microbial growth kinetic approaches are essential to designing and predicting a biosystem. The
empirical and unstructured Monod and Monod-type models, which are traditionally used, are also
described here. Understanding and modelling of the gene regulatory network could be a solution
for enhancing knowledge and designing more efficient MFC processes, useful for scaling it up. An
advanced bio-based modelling concept connecting gene regulation modelling of specific metabolic
pathways to microbial growth kinetic models is presented here; it enables a more accurate predic-
tion and estimation of substrate biodegradation, microbial growth kinetics, and necessary gene and
enzyme expression. The gene and enzyme expression prediction can also be used in synthetic and
systems biology for process optimization. Moreover, various MFC applications as a bioreactor and
bioremediator, and in soil pollutant removal and monitoring, are explored.

Keywords: bioelectrochemical systems; microbial fuel cell; depollution; substrate biodegradation;
mathematical models; microbial growth kinetic models; gene regulatory network modelling; MFC
control; MFC monitoring; MFC applications

1. Introduction

Microbial fuel cells (MFCs) are a promising technology in the field of bioelectrochem-
ical systems and an emerging research field for toxic and persistent pollutant degradation,
power generation, fuel and chemical production [1,2]. Many studies on MFC systems
have focused on MFC laboratory-scale reactors. However, scaling up is a crucial challenge
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for advances in the technology and development in the field of industrial bioelectrochem-
ical processes.

Mathematical modeling plays a significant role in expanding our knowledge of MFC
reactors, by recognizing the leading factors in pollutant biodegradation and power gen-
eration, and can provide guidelines for scale-up strategies [3]. Kinetic models are used for
predicting, optimizing and controlling bioprocesses, and bioreactor design. These models
are categorized as segregated, unsegregated, structured and unstructured. The unsegre-
gated and segregated models vary in how the cell properties in the bioprocess are consid-
ered [4]. The structured models study specific intracellular reactions, which involve com-
ponents, such as DNA, RNA or proteins. The unstructured models consider the cell a
black box and model the death and growth of microbes. The description and prediction
of microbial growth and substrate biodegradation kinetics is significant for the prediction
of the bioprocess performance and the fate of organic pollutants in natural and engineered
biosystems.

Common microbial growth kinetic models in MFCs are the Monod [5] and Monod-
type kinetics. For instance, Zhang et al. [6] predicted substrate degradation kinetics in a
dual-chamber MFC using four different Monod-type kinetic models. In this study one can
note that nitrate degradation was not predicted well by most of the models, giving coeffi-
cients of determination (R?) between 0.82 and 0.98. In another study [7], substrate degra-
dation was predicted using Monod kinetics without using different experimental sets to
validate the model. Furthermore, upon use of different microorganisms, in an attempt to
enhance power density, Mirolieu et al. [8] used Moser and Monod models to predict the
specific growth rate and, also, in their case, the R? was not that high, ranging from 0.8 to
0.92.

Monod-type models employ unstructured kinetics, are empirical and assume the ex-
istence of a single metabolic reaction that follows Michaelis-Menten kinetics and is re-
sponsible for substrate uptake. They may also assume a substrate inhibition effect or the
existence of several substrates. Typically, these models cannot describe or predict the per-
formance of a biosystem in larger than laboratory-scale operations [9]. Models developed
based on Monod expressions often fail to predict experiments based on model-based con-
trol and optimization and have narrow applicability. Furthermore, these models do not
consider the effect of the dynamic microbial metabolism and disregard transcriptional
regulation [10]. However, thanks to transcriptional regulation, the metabolic networks are
activated by initiating the relevant metabolic cascades for substrate biotransformation,
Krebs cycle activation, and, hence, microbial growth [11]. In current MFC mathematical
modelling approaches, the use of such empirical and unstructured models is a limiting
factor for scaling up. Mechanistic insight is essential for optimization and accurate bio-
process design. The existing models, therefore, need to be upgraded in the near future and
development of new mathematical modeling approaches accounting for gene regulation
is essential for understanding and addressing the challenges of industrialization [12].

An advanced mathematical modeling approach is presented here based on the Tsipa
et al. [11] microbial growth kinetics model, which was coupled to gene regulation of the
main activated metabolic pathway for mixed substrates biodegradation. The main gene
regulatory network responsible for substrate biodegradation and microbial growth was
designed and modelled. Transcriptional kinetics was used to tune the model. This model
was then combined with the microbial growth kinetic model and validated by using dif-
ferent experimental data sets. The gene regulatory-microbial growth kinetic model was
used for model-based optimization of the bioprocess through knowledge of the molecular
elements which play a significant role in the regulation of substrate biotransformation
metabolism. Control, optimization and, thus, potentially scaling-up of the MFC process
may therefore be achievable through regulatory network modelling. Furthermore, the
goals of the study are to: (i) highlight the MFC broad applicability, (ii) present the most
common microorganisms used in MFCs, (iii) show the level of genomic insights on the
microbes used, (iv) describe the most common mathematical modelling approaches, and
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microbial growth kinetics models used in MFCs, while (v) explaining the advanced math-
ematical modeling approach.

2. Microbial Fuel Cells (MFCs) as a Depollution System for Recalcitrant Pollutants
and Specific Pollutants

MECs are a promising technology that can act as a depollution system for wastewater
and polluted soil. The pollution in wastewater and soil can happen due to the presence of
organic (e.g. polychlorinated biphenyls (PCB), dichlorodiphenyl-dichloroethylene (DDE))
or inorganic contaminants (e.g., metals). Metals are natural components of ecosystems [13]
but at the same time they are the most dangerous type of environmental pollutant [13].
Heavy metals are released mostly from anthropogenic sources, such as mining, metal-
lurgy, batteries, electroplating, electrolysis, tanneries, pesticides and fertilizers. The re-
moval of specific pollutants such as heavy metals with MFCs is a growing field of study
[13]. A survey of microbial fuel cells as depollution systems for heavy metal pollution and
specific pollution such as DDE is presented here. Other organic matter depollution
through MFC systems has recently been thoroughly reviewed. Recalcitrant compounds
which have been studied are monoaromatic [14] and polyaromatic [15] hydrocarbons
(MAHs and PAHSs), antibiotics, synthetic dyes, nitrogen-containing organic compounds,
ethyl acetate, pesticides, sulfur-containing compounds and emerging contaminants [16].

Heavy metals include lead (Pb), chromium (Cr), arsenic (As), zinc (Zn), cadmium
(Cd), copper (Cu), mercury (Hg), nickel (Ni), iron (Fe), and precious metals such as silver,
gold, and platinum. The light metals, such as magnesium, aluminum and titanium, were
discovered in 1809 together with other heavy metals like gallium, thallium and hafnium.
The heavy metal removal is performed in terms of their reduction-oxidation and produc-
tion of less toxic forms, such as in the case of Cr(VI) to Cr(Ill). Among heavy metal ions,
Cu, Hg, Cr, Cd and Pb bioaccumulate through the food chain, rather than degrade into
harmless products [13], and they are highly dangerous for living organisms [13,17].

Coupling microbial fuel cells with other techniques such as phytoremediation [18],
electrokinetics, microbial electrolysis cells and the use of microalgae can effectively im-
prove the depollution and energy conversion performance of a system.

In 2020, Zhang et al. [19] affirmed that the migration of soil heavy metals is mainly
based on the electricity generation of MFCs, and the migration efficiency of heavy metals
in soil increased with increasing electricity generation. They found that HCI was the most
suitable auxiliary reagent for the removal of heavy metals from soil with MFCs in terms
of electricity generation performance, the efficient removal of heavy metals and decrease
in heavy metals in the cathode.

2.1. Copper (Cu)

The removal efficiency of acid-soluble Cu from the soil near the anode was found by
Zhang et al. [19]. The removal reached 42.5% after 63 days of operation at an external
resistance of 100 Q and electrode spacing of 10 cm, and Cu?* in the cathode was completely
removed within 21 days. This result was achieved with a three-chamber microbial fuel
cell that avoided the adverse effects of H* diffusion on anode microorganisms in the acidic
cathode and the precipitation of heavy metals in the soil close the cathode (54), while also
achieving migration of copper from the soil and reduction of Cu?* in the catholyte.

2.2. Chromium (Cr)

The hexavalent chromium Cr(VI) and trivalent chromium Cr(III) are the main va-
lence states of chromium in the natural environment. Cr(VI) is water soluble with high
toxicity in the full pH range, while Cr(Ill), being less mobile, is less toxic and tends to form
Cr(OH)s precipitates. Li et al. [20] found that MFCs operated in two-chambers are able to
reduce Cr(VI) to non-toxic Cr(Ill) using three different cathode materials such as carbon
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cloth, carbon brush and carbon felt. They also reported that 80 mg/L Cr(VI) was com-
pletely removed by MFCs with a carbon cloth cathode in 72 h at an optimized pH of 2
while only 33.45% and 12.72% of Cr(VI) removal efficiency were obtained using carbon
brush and carbon felt, respectively, as cathode materials.

In 2019, Zhang et al. [21] developed a reactor combining adsorption and microbial
fuel cells using Platanus acerifolia for removing Cr(VI) from groundwater and soils, where
the initial Cr(VI) concentration was 50 mg/L and the adsorption efficiency achieved 98%
after 16 h. The overall Cr(VI) removal efficiency was significantly improved through
leaching and 40% of the Cr(VI) in the soil column was removed.

In 2020, Ali et al. [22] reached a maximum power density of 154 mW/m? and a high
Cr(VI) removal efficiency (100%) with a dual-chamber MFC where the catholyte
concentration was 15mg/L. FeS@rGO nanocomposites synthesized with a facile
precipitation method were used to decorate the graphite felt cathode. The modified cath-
ode was found to be better at synergistic Cr(VI) reduction and electricity generation. Elec-
trochemical characterisation revealed that the enhanced performance was due to the ex-
cellent conductivity, low internal resistance and improved electrochemical performance
of FeS@rGO nanocomposites. Furthermore, it was observed that rapid Cr(VI) reduction
has a positive influence on the COD removal efficiency and electrogenic activity in the
anode.

2.3. Lead (Pb) and Zinc (Zn)

Coupled remediation techniques may improve metal removal efficiency and rates,
thus reinforcing their application in soil remediation. In 2016, an electrokinetic remedia-
tion for toxic metal contaminated soil driven by microbial fuel cells was presented [23]. It
was verified that electricity recovered from MFCs could power electrokinetic remediation
effectively. Moreover, the metal removal efficiency and its influence on soil physiological
properties were investigated. The metal reduction is possible through oxidation of organic
substances in soils by microorganisms, producing energy and in this process metals mi-
grate from anode to cathode region. The concentrations of Cd and Pb in the soils increased
gradually through the anode to the cathode regions after remediation. After about 143 and
108 days, a removal efficiency of 31.0% and 44.1% in the anode region was achieved for
Cd and Pb, respectively.

In 2018, Song et al. [24] provided other case studies of coupling microbial fuel cell
and electrokinetic remediation for Pb and Zn in contaminated soil. The effects of adding
wheat straw in soil/terrestrial MFCs was also analysed. Adding straw enhanced the sub-
strate mass transfer in the anode region, improving the electric output, which was able to
promote Pb and Zn migration in the soil. In fact, the electrical performance of the MFCs
was influenced by the amount of straw added. The soil MFC with 3% straw added im-
proved Pb removal efficiency from 15% to 37.2%, and Zn removal efficiency from 7.3% to
15.1%, and the electricity produced increased from 10.5 to 25.7 mW m=, if compared to a
soil MFC without straw added.

2.4. Cadmium (Cd)

Cadmium is usually present in wastewater rather than in soil. In 2014 Abourached et
al. [25] investigated the effects of cadmium and zinc concentrations on the power conver-
sion of a single-chamber air-cathode MFC and its depollution capabilities. The results re-
ported high power generation (3.6 W/m) and high Cd (90%) and Zn (97%) removal effi-
ciency. Moreover, it was found that the Cd maximum tolerable concentration for electro-
chemically active microorganisms was 200 mM and 400 mM for Zn. In fact, increasing the
concentrations of Cd to 300 mM and Zn to 500 mM resulted in voltage drops of 71% and
74%, respectively. They reported that biosorption and sulfide precipitation are the major
mechanisms for heavy metal removal in MFCs.

Microbial electrolysis cells (MECs) needing an external energy supply can be coupled
with MFCs as potential bio-electrochemical technologies for reducing heavy metals such
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as Cd (II) [26]. Choi et al. [27] analyzed a Cd (II)-MEC coupled with a Cr(VI)-MFC to re-
cover Cd (II). The Cr(VI)-MFC could provide the external source supply for the Cd(II)-
MEC system. It was observed that after 60 h of reaction, the 200 ppm Cr(VI) and 50 ppm
Cd(II) removal efficiencies were 13.95% +0.73% and 93.43% +0.17%, respectively. Further-
more Pb(II)-MEC connected with Cr(VI)-MFC are capable of simultaneously reducing
Cr(VI) and Pb(II) without external energy input [28].

In 2018, microalgae (Chlorella sp. QB-102) were introduced into an MFC as the cath-
ode for Cd(II) removal using nickel foam/graphene as electrodes [29]. It was found that
graphene enhanced power generation and decreased the internal resistance and start-up
time in the algal-cathode MFC. Graphene further improved the maximum tolerable con-
centrations of Cd(II) in the algal-cathode, which was estimated to be 50 ppm. Using nickel
foam/graphene electrodes, the algal-cathode MFC achieved a Cd(II) removal efficiency of
almost 95% and a maximum adsorption amount of 115 g/m?2. It was found that hydroxide
precipitation and biosorption are the major mechanisms for Cd removal in a biocathode
self-sustained MFC.

2.5. Dichlorodiphenyl-dichloroethylene (DDE)

In 2020, a case study of MFCs using soil contaminated with DDE (2,2-bis (dichloro-
diphenyl-dichloroethylene or p-chlorophenyl)-1,1-dichloroetylene), a persistent metabo-
lite of the DDT (dichlorodiphenyl-trichloroethane) pesticide, was conducted to analyse
the cell characteristics and the effectiveness in removing soil contamination by a persistent
organic pollutant [30,31]. MFCs have been tested for triggering and promoting DDE deg-
radation by stimulating exo-electrogen microorganisms that catalyse oxidation and reduc-
tion reactions in two electrodes. At 2 months into the experiment, MFCs promoted a sig-
nificant pollutant degradation (39%), if compared to the their absence. Moreover, adding
organic carbon (compost) stimulated microbial activity and improved the MFC perfor-
mance.

3. Pure and Mixed Microbial Cultures in MFC Systems

The Geobacter and Shewanella species are well known electron donors which have
been widely used in bioelectrochemical systems in various applications. Several microor-
ganisms have been discovered over the years that are able to produce electrons via various
directly or indirectly electron transport pathways. In Table 1, microorganisms used in
MEC systems are presented. For each microorganism, the extracellular electron transport
pathway is shown together with the configuration of the MFC and, if applicable, the sub-
strates used.

Some of these microorganisms have been genetically engineered to provide better
results in terms of current added-value compounds production, sustainable microbial
growth and power generation compared to the wild-type strains [32,33]. A limited use of
algae in microbial fuel cells has also been reported in a few studies.

Table 1. Microorganisms used in microbial fuel cell (MFC) systems for their extracellular electron transport mechanisms.

Type of MFC Compounds Involved in Electron

Microorganisms Substrate [34] [34] Transfer Reference
Geobacter spp.
monolayer biofilms:
acetate, single-, dual-, c-Cyts (OmcZ, OmcB), alternatively
Geobacter sulfurreducens uranyl acetate, upflow dehydrogenases, quinones, iron-  [35—42]

butyrate, ethanol chamber sulfur proteins, and b-Cyts or
riboflavin (complex with c-Cyts)
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thick multilayer biofilms: microbial

nanowires = conductive type IV pili

(pilA protein monomer units)

acetate, domestic

c-Cyts (OmcB in heterogeneous and

Geobacter metallireducens dual chamber =~ OmcE in homogeneous electron [43,44]
wastewater .
transfer, respectively)
Geobacter anodireducens acetate, domestic single chamber direct interspecies electron transfer [45]
wastewater (DIET)
DIET in the presence of
Geobacter sulfurreeiucens and ethanol single chamber  anthraquinone-2,6-disulfonate:  [37,46,47]
Geobacter metallireducens ) o
conductive pili aggregates
Geobacter metallireducens and
citrate synthase-deficient ethanol single chamber DIET [48]
Geobacter sulfurreducens
Geobacter metallzreduce.ns and ethanol, single chamber DIET [33,49]
Methanosaeta harundinacea acetate
Geobacter metallzr?ducens and ethanol, single chamber DIET [33,50]
Methanosarcina spp. acetate
Shewanella spp.
riboflavin and flavin
. . single-, mononucleotide =
1 1-
Shewanella oneidensis actate mini chamber riboflavin-5-phosphate (flavin-c- [51-55]
Cyts complexes)
riboflavin and
S . riboflavin-5-phosphate (complex [51-
R-1 1 le ch
Shewanella oneidensis M actate single chamber with decaheme c-Cyts MtrC and  54,56,57]
OmcA)
iboflavi d flavi
Shewanella oneidensis DSP10 lactate mini chamber rbotlavin an -avm [55]
mononucleotide
lactate,
lactic acid, formic uinone derivatives and riboflavin
Shewanella loihica PV-4 acid, cyclodextrin, single chamber 9 or c-Cyts [56,58]
galactose, arabinose, y
glucose
. riboflavin and
Shewanella sp. MR-4 lactate single chamber . . [57]
riboflavin-5-phosphate
Shewanella putrefaciens lactate single chamber c-Cyts [59]
P & (MtrC and OmcA)
Other Microorganisms
Aeromonas hydrophila acetate single chamber c-Cyts [60]
quorum sensing (QS) chemicals:
Pseudomonas aeruginosa glucose dual chamber Pyocyanm and . [61-64]
phenazine-1-carboxamide or
type IV pili
Pseudomonas putida, L . ,
Pseudomonas fluorescens cyclic diguanosine-5'-
) ’ organic compounds flow chamber monophosphate (c-di-GMP), small [64]
Pseudomonas aeruginosa and
. . RNAs (sRNA) and QS
Burkholderia cenocepacia
Clostridium spp. T3 wastewater, single chamber electrochemically inactive bacteria  [65-68]

glucose,
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Chlorella vulgaris
(microalgae) ™

Enterococcus gallinarum glucose single chamber DIET [69,70]
Synechocystis spp. lactate single chamber microbial nanowires [71]
acetate,
lactate,
propionate,
butyrate,
Ochrobactrum anthropi glucose, U-tube shaped DIET [72]
sucrose,
cellobiose,
glycerol,
ethanol
Thermincola ferriacetica acetate dual chamber anthraquinone-2,6-disulfonate [73]
Thermincola potens acetate dual chamber multlhe@e c-Cyts (MHCS) or [74]
anthraquinone-2,6-disulfonate
acetate,
lactate,
malate, ) . .
Geothrix fermentans propionate, dual chamber riboflavin and a still unknown [75,76]
compound
components of
peptone,
yeast extract
lactate,
Desulfovibrio alaskensis G20 organic acids, single chamber type | tetraheme cytochrome cs and [77]
formate, transmembrane complexes (QrcA)
short-chain alcohols
Desulfovibrio desulfuricans lactate dual chamber c-Cyts [78]
quinones (at least two soluble redox
Lactococcus lactis glucose dual chamber me.d ators r.equu'ed. with the one [79]
being 2-amino-3-dicarboxy-1,4-
naphthoquinone)
.y . . through unknown intermediaries
Escherichia coli T3 glucose single chamber [80] [81]
yeast extract,
acetate,
Tissierella Clostridium and lactate, Alkaline Fuel  flavin species (indistinguishable [82]
Alkaliphilus spp. ethanol, Cell (AFC) from riboflavin)
methanol,
sucrose
Klebsiella pneumoniae glucose single chamber 2,6—d1—tert—l?uty1— [83]
p-benzoquinone
) acetate, .
Rhodopseudomonas palustris DX- volatile acids, yeast dual-, micro e-Cyts [84,85]
1 . chamber
extract, thiosulfate
acetate c-Cyts but unknown intermediaries
Rhodopseudomonas palustris ~ Arthrospira maxima T2, micro- when Arthrospira maxima as a [85]
glycerol substrate
Saccharomyces cerevisiae wastewater single chamber through unknown intermediaries [86]

[80]
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glucose,

Hansenula anomala dual chamber DIET [87]
lactate
glucose,
Candida melibiosica fructose, dual chamber indirect electron transfer [88]
sucrose
Lysinibacillus sphaericus VA5 beef extract dual chamber through unkno[\ggl intermediaries [89]
citrate,
Citrobacter sp. acetate, glucose, single chamber through unknown intermediaries [90]
SX-1 sucrose, glycerol, [80]
lactose
quinones
Raoultella electrica sp. glucose dual chamber (Q-8 major, [91]
also Q-9 and Q-10)
Ochrobactrum sp. 575 xylose dual chamber through unkno[vg(r); intermediaries [92]
Cellulomonas s cellulose dual-, single DIET [93,94]
PP- chamber ’
. c-Cyts or
Gluconobacter oxydans ethanol, dual-, single DIET or [95-97]
glucose chamber . . .
microbial nanowires
membrane-bound dehydrogenases
current with pyrroloquinoline quinone
Gluconobacter thailandicus glucose production still (PQQ) and NAD(P)*dependent [98]
unexplored

enzymes

* Outer membrane c-type cytochromes. ™ Clostridium sp. = most efficient hydrogen producer in MFC. 2 Microalgae-as-

sisted MFCs — algae degradation — acetate, lactate as substrates. ™ Electrochemically inactive bacteria: for electron trans-

fer, the addition of an electron shuttle is required. Note that the boundary between active and inactive bacteria is not so

clear [99].

4. Release of Genome Sequence and Gene Regulatory Mechanisms Related to Sub-
strate(s) Biodegradation in MFCs

Acetate, glucose, glycerol, nitrate, propionate, fumarate and lactate have been widely
used in MFC systems as substrates [100]. Knowledge about the gene regulation and met-
abolic steps involved in biotransformation of such substrates has increased significantly
over recent decades, as explained below. MFCs are effectively used for removal of the
recalcitrant pollutants contained in waste, wastewater and polluted soil. Genomic insights
and knowledge of the gene regulatory mechanisms involved in the biotransformation of
such metabolic pathways will be a key step towards control and optimization of the pro-
cess through gene regulation modelling.

Extracellular electron transport pathways are of great significance in bioelectrochem-
ical systems as they represent their essential operational principle. Gene regulation related
to these pathways has been widely explored, revealing the genes, enzymes and pathways
of electron transportation (e.g., [101]), as shown in Table 1. One of the factors which also
affect MFC performance to a high extent is the fate of substrate biodegradation, which
results in Krebs cycle activation and, potentially, microbial growth. However, gene regu-
lation related to substrate degradation has not been adequately explored yet.

The most common method used to estimate substrate degradation is COD reduction
during MFC operation [7]. The biosystem is thus considered a black box, while under-
standing of the biochemical and genetic mechanisms involved is not possible. As the Ge-
obacter and Shewanella species have been traditionally used in MFCs, it is the gene regula-
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tion mechanisms of different strains of these species that have been discovered. For in-
stance, after discovery of the genome sequence of Geobacter metallireducens, the metabolic
pathways and gene regulation of acetate, butyrate, propionate, pyruvate, oxaloacetate,
phosphoenolpyruvate, fumarate and nitrate fate towards microbial growth were found
[102]. Furthermore, release of the G. sulfurreducens genome sequence has led to many stud-
ies in gene regulation and metabolism of different substrates. Similarly, the genome se-
quence of Shewanella odeinsis [103] allowed the determination of the intermediary meta-
bolic steps of glycolysis, Krebs cycle, glyoxalate bypass, the pentose phosphate and the
Entner-Doudoroff pathways, together with the metabolic pathways of several substrates
such as propionate, glycerol, formate, pyruvate, lactate, acetate and ethanol [104].

In many cases, glycolysis accounts for the substrate biotransformation metabolic
pathway because microbes utilize organic compounds to grow [80]. However, glucose
and glucose-related substrates are not considered pollutants and their pathways cannot
be a general representation of substrate biotransformation in MFCs. Only a few studies
have until now revealed recalcitrant pollutants biotransformation metabolism, such as
Hassan et al. [1], who traced the metabolic pathways of chlorophenol under aerobic and
anaerobic conditions. More research in this direction is, therefore, necessary.

The genomes of different strains of Pseudomonas aeruginosa and Escherichia coli have
been sequenced, allowing us to understand several gene regulation mechanisms in the
metabolic pathways of recalcitrant pollutants. Similarly, genomic insights into other mi-
croorganisms which happen to be also used in MFC systems have been explored. This
knowledge can be combined with and connected to their use in MFC systems to enhance
our knowledge about gene regulation and the metabolic pathways of substrate biotrans-
formation in MFCs. Information regarding gene regulation mechanisms can assist in ac-
curate mathematical modelling to predict microbial growth kinetics as explained below.
Modeling of gene regulation can lead to model-based gene control to increase substrate
biodegradation, biomass growth, product formation or electricity production, which is
also explained below. Furthermore, this information can be used in genome engineering
to overexpress or knock out genes in order to increase substrate biodegradation, electrons
availability, biomass growth etc. This information can also be used in synthetic biology to
engineer the cells and systems biology to predict behavior and phenotypes.

5. Comprehensive Mathematical Models to Predict MFC Output

The complexity of an MFC system can be simplified when expressed in a mathemat-
ical model using a combined electrochemical and microbial growth kinetic approach, alt-
hough it should be validated with experimental data [3]. A mathematical model of an
MEC system involves the effects of biological, design and operational parameters. Biolog-
ical parameters may include microbial culture information such as microbial growth, sub-
strate biodegradation kinetics, extracellular electron transfer mechanism and source of
microorganisms; design parameters may include membrane characteristics, electrode ma-
terial, configuration of the MFC and volume of the chamber; operational parameters may
include continuous, batch and fed-batch systems, flow rate, pH, temperature, feed con-
centration, current applied or potential and external resistance [12,105-107]. These param-
eters are related to the MFC system variables which are the outputs of the model. Further-
more, a mathematical model of an MFC system can be built while considering either (i)
pure or mixed microbial cultures, (ii) the mode of transportation of the extracellular elec-
tron transfer pathway (i.e., direct or indirect transportation), or (iii) biofilm formation
[105].

In addition, mathematical model strategies encompass engineering-based models
[105], statistical models, black box models, electrochemical simulation, biological ap-
proach models, conceptual models, sensitivity analysis and polarization model [3]. An-
other difference among MFC mathematical models is whether they are anode-based or
anode/cathode models [108].
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This paper focuses on engineering-based approaches. Dynamic or steady-state mod-
els are typically developed by using either ordinary differential equations (ODE) or partial
differential equations (PDE). Among them, models developed with ODEs are dependent
on time without accounting for spatial dimension, and they are formulated in a simple
way resulting in a relatively low computation time and cost. On the other hand, models
developed with PDEs consider both time and spatial resolutions, leading to a more in-
structive and complete approach. However, both computational time and cost are mod-
erately greater compared to ODE models [105]. Furthermore, some models assume steady
state conditions accounting for one spatial dimension [12]. The choice of model equations
is based on the expected model performance and, most importantly, the application. In
Table 2, the most well-known dynamic and steady state mathematical models of MFCs
are presented.

Although mathematical modelling of MFCs is not as developed as in other scientific
fields, over recent years several review papers have attempted to gather the different
mathematical models developed and the different mathematical modelling strategies. As
observed in Table 2, the dynamic models typically use Monod-type equations to predict
substrate biodegradation kinetics and microbial growth, ignoring the gene regulation
governing the process. Briefly, the most important models are explained below.

Zhang and Halme [109] suggested one of the first comprehensive studies in mathe-
matical modeling of MFCs. The model was developed using ordinary differential equa-
tions (ODE) and is considered a reference point for the advanced models developed in
later years. In this model, Monod kinetics are used to represent the substrate biodegrada-
tion fate. The MFC used was a dual chamber one.

A more comprehensive model than that of Zhang and Halme was developed by Pi-
cioreanu et al. [110]. The model was developed using ODEs in a dual-chamber MFC op-
erating in batch mode, accounting for the phenomena in the anode. The substrate used
was acetate and the microorganism modelled was G. sulfurreducens as a microorganism
culture. Acetate biodegradation and microbial growth are represented by a Monod kinet-
ics model.

Zeng et al. [111] developed a mathematical model of a dual-chamber MFC consider-
ing both anode and cathode factors with a microbial consortium. Two different substrates
are used in the anode: acetate and glucose-glutamic acid. Mathematical expressions of
Monod kinetics are used to model the mass balances of substrates and microbial growth.
This model has been used to guide the performance of experiments and as a reference
point for dual-chamber models.

Pinto et al. [112] developed a mathematical model using ODEs of the anode of a sin-
gle-chamber MFC. Two different microbial species were considered (methanogenic and
anodophilic bacteria). Mass balances of substrate degradation, species growth and medi-
ator are expressed using Monod kinetics. The parameters of the model are estimated by
applying the Neder—-Mead simplex algorithm. This model can be easily implemented in a
short computational time.

Oliveira et al. [113] developed a mathematical model in which biofilm formation was
coupled with heat transfer in a dual chamber MFC. Monod kinetics is used to predict
substrate degradation fate and microbial growth. Acetate is the substrate and microbial
growth is considered the growth of a microbial consortium.

Jayasinghe et al. [114] proposed a genome-scale flux balance analysis model using a
Nernst-Monod equation to connect biofilm formation in the anode. The biofilm consisted
of G. sulfurreducens DL1 and acetate was used as the substrate.

Recio-Garrido et al. [115] developed a combined bioelectrochemical-electrical (CBE)
MFC model considering two microbial populations, methanogenic archaea and exoelec-
trogenic bacteria. Acetate was the substrate used; degradation and microbial growth were
modelled based on double and simple Monod kinetics. With this model, physical and
electrical parameters can be estimated in real-time, thus enabling process optimization.
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Recio-Garrido et al. [116] proposed a CBE model based on acetate biodegradation using
anaerobic sludge performing parameter estimation and sensitivity analysis.

Esfandyari et al. developed a mathematical model for batch mode [117] as well as
continuous mode [118] in a dual-chamber MFC with a pure culture of Shewanella and lac-
tate as the substrate. In the study where MFC operated in the batch mode, three different
kinetics models, Monod kinetics, the Blackman model, and the Tessier model, were inves-
tigated to estimate the microorganism growth rate. In the model where the MFC operated
in the continuous condition the Nerst-Monod equation was used to model substrate deg-
radation and microbial growth kinetics.

Karamzadeh et al. [119] developed a mathematical model based on an anode with
mixed bacteria. In this model, different concentrations of substrate, which is dairy
wastewater, are predicted using the Nernst-Monod expression.

Table 2. MFC mathematical modelling approaches (from models, control, optimization); ODE and PDE: ordinary and

partial differential equations.

Models Model Substrate Microbial Growth Microbial Electrode
Approach Kinetic Models Used Culture Modeled
Zh Hal
1 ang and Halme ODE - Monod Pure culture anode
[109]
Pici t al. ODE and
2 1c1or[e1alr(1)1]1 eta PD;n acetate Monod Pure culture anode
acetate, solution of anode and
3  Zengetal. [111] ODE glucose and glutamic Monod Pure culture
. cathode
acid
4 Pinto et al. [112] ODE acetate Double Monod Dual species anode
5  Pintoetal. [120] ODE synthetic wastewater Double Monod Dual species anode
Kato M tal. ODE and
6 ato [?;1]18 ea PD;n glucose Nernst-Monod Dual species anode
Oliveira et al. de and
7 1V[e111g]e a ODE acetate Monod Pure culture a:;)theozrel
Sirinutsomboon Monod + Nernst- anode and
8 ODE 1 P It
[122] molasses Monod ure culture cathode
Jayasinghe et al. .
9 [114] PDE ammonium Nernst-Monod Pure culture anode
10 Merkey and acetate Nernst-Monod Dual species anode
Chopp [107]
1 Picioreanu et al. ODE and acetate Double Monod Multl.ple anode
[123] PDE species
1 Picioreanu et al. ODE and acetate Double Monod Multl.ple anode
[124] PDE species
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Recio- .
16 ecio-Garrido et ODE acetate Double Monod Dual species anode
al. [115]
Esf ietal M Back
17 sfandyari et a ODE lactate onod, aC‘ man and Pure culture anode and
[117] Tessier cathode
Esf ietal
18 sfandyari et a ODE lactate Nernst-Monod Pure culture anode and
[118] cathode
Gadkari et al. [7] ODE - Multiplicative Monod Dual species anode
K dehetal.  ODEand
aram[z 1a1 9e] e PDi:n dairy wastewater Nernst-Monod Dual species anode

6. Models Used for Microbial Growth Kinetics

In Table 3, the most common empirical and unstructured microbial growth kinetics
models used in MFCs are presented. In these models, microbial growth kinetics are based
on the Monod kinetics model and Monod-type models which may also include parame-
ter(s) related to inhibition or consider more than one substrate as the limiting factors.

Table 3. Common microbial growth kinetics models used in MFC processes.

Type of Models Specific Growth Rate Ref.
S
Typical model Monod U= Umax ——— 105
yp MK+ S [105]
_ HmaxS
Inhibition models Haldane H= S+ (.}S{‘(_Z) +K, [1]
L
sel®@)
Aiba et al. = max2€ [125]
K, +S
. =5 =5
Tessier r= rmax(e<Ki) _ e( S) [125]
=5 =S
Edwards r= Tmax(e(K_’E) _ e(K_s) [6]
S n
Luong S5 (6]
K, +S
S n
rmaxS (1 - S_)
Hans-Levenspiel r= 5 mm [6]
K (1- m) +5
Sn
Moser W= Hmax o ow (8]
S
Blackman U= ,umaxZ—KS [117]
redox potential with the ( Sq ) 1
Monod—-Nerst = 121
Monod kinetics onod=Rerst 4= fmaxPa Sa+Ksa/ \q | e(—%n) [121]
RT . S SMox
Multiplicative Monod q [123]

Tmax g K Koy + Saton
r: output voltage which can be obtained (mV), power density (mW/m?), current density (mA/m?) or
substrate degradation rate (kg/m? d) at each substrate concentration.
rma: Maximum output voltage which can be obtained (mV), maximum power density (mW/m?),
maximum current density (mA/m?) or maximum substrate degradation rate (kg/m? d) among all the
range of substrate concentration.
S: substrate concentration (g/L).




Processes 2021, 9, 1038

13 of 25

Ks: dissociation constant for substrate-enzyme binding (g/L) or half saturation coefficient.
Ki: dissociation constant for inhibitory substrate-enzyme interactions (g/L).

Kie: Edwards inhibition coefficient (g/L).

Sm: critical inhibitory concentration above which the reaction stops (g/L).

n and m: empirical constants.

Umax: maximum specific growth rate.

g: specific rate of electron donor utilization (mmol mg/VS d).

vs.: volatile solids, a measure of biomass.

gmex: maximum specific rate of electron donor utilization (mmol mg/VS d).

@a: volumetric fraction of active biomass (dimensionless).

Sa: electron donor concentration (mmol/cm3).

Ksa: half-max specific rate of electron donor concentration (mmol/cm?).

F: Faraday constant (96,485 coulomb per mol-e").

R:ideal gas constant (8.3145 J/mol K);.

T: temperature (298.15 K).

n: (Eanode — Exa), where Eano is the potential of the anodic electron acceptor, Eka is the anodic acceptor
potential for the half max-rate.

Smox: concentration of the oxidized mediator (M).

Ksmox: half saturation coefficient of the mediator.

7. Proposed Concept

The typical microbial growth kinetics models assume the substrate as the limiting
factor, the presence of an inhibitor is also assumed, however there is lack of insight infor-
mation and the process is a black box. However, many interactions at gene and enzyme
level take place leading to substrate biodegradation, and biomass and product formation.
Therefore, gene regulation plays a key role in microbial growth kinetics models and is
currently overlooked.

The proposed concept is based on that reported in Tsipa et al. [11], in which the dy-
namic modelling of the gene regulatory network of the main metabolic pathway of the
TOL (pWWO0) plasmid of P. putida mt-2 activated upon exposure to mixed pollutants was
studied. The gene regulatory network model utilized consistent time-series data of tran-
scriptional kinetics obtained through quantitative polymerase chain reaction (QPCR). Fol-
lowing this, the gene regulatory network model was connected to growth kinetics (GK),
leading to prediction of substrate biodegradation kinetics and microbial growth. The
Tsipa et al. [11] study also predicted optimal bioprocess design through model-based con-
trol at the gene level. The efficient predictive capability of the Tsipa et al. [11] model was
proved through comparison with four typical Monod and Monod-type kinetics for a dou-
ble substrate (Figure 1). The values of model parameters of the four models and the Tsipa
et al. model are presented as Supplementary Material (Tables S1 and S2).
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Figure 1. Comparison of the predictions of Tsipa et al. [11] framework with four commonly used microbial growth kinetic
models for double substrate biodegradation. In the first experiment, 0.7 mM of both m-xylene (A) and toluene (B) were
used, while microbial growth (C) was monitored; R? (D) was also determined. In the second experiment, 0.4 mM of both
m-xylene (E) and toluene (F) were used, while microbial growth (G) was monitored, and R? (H) was also determined. In
the third experiment, 0.7 mM of m-xylene (I) and 0.4 mM of toluene (J) were used, while microbial growth (K) was moni-
tored, and R? (L) was also determined. More details are discussed in Tsipa et al. [11].

Consequently, the concept of optimizing and controlling the biodegradation kinetics
in MFC systems focuses on the main gene regulatory network, which is activated upon
exposure to the substrate. Systematic time-series mRNA expression data regarding the
key genes and/or promoters of the gene regulatory network can be obtained through
gPCR. The transcriptional kinetics provide the dynamic nature of the mRNA expression
of genes and/or promoters. Transcriptional kinetics can also deliver key information re-
garding the relationship between transcriptional factors and genes in the presence of sub-
strates, enhancing our knowledge of the gene regulatory network [126,127]. mRNA ex-
pression is considered one of the essential steps ensuring protein expression. Hence, mon-
itoring of the transcriptional kinetics is also informative for enzyme expression. A dy-
namic kinetic model based on the gene regulatory network is built based on Hill functions
[128]; the latter describe the dependence of a gene on a transcriptional factor. Protein ex-
pression is also modelled, through mass balance equations. The tools to distinguish the
most significant parameters and determine those parameters are sensitivity analysis and
parameter estimation, respectively. There are several methods for performing sensitivity
analysis (e.g., local, global) and parameter estimation. Models of biological systems are
usually complex, with many parameters; combination of more than one identification
methodology parameter can, therefore, result in more accurate predictions [129].
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One of the enzymes of the metabolic pathway is considered the most important for
substrate degradation and another for biomass growth and product formation [130].
Hence, the gene regulatory network model can be connected to the microbial growth ki-
netics model, where instead of having the substrate as the limiting factor, the limiting
factor will be the gene responsible for the growth, biodegradation and product formation,
respectively. Gene expression will be predicted through the gene regulatory network and,
then, growth, substrate biodegradation (and product formation) kinetics will be effec-
tively predicted through gene regulatory network kinetics prediction. Validation experi-
ments, using different experimental data sets, should be performed in order to ensure the
predictability of the framework and model credibility for model-based design and control
of experiments, and for optimization of the biosystem [131,132].

Global sensitivity analysis leads to identification of the most significant parameters,
and their changes affect the model variables. The parameters are mostly based on maxi-
mum expression, degradation and saturation of genes and enzymes. Through sensitivity
analysis, the molecules which most affect the system are thus recognized, and can be con-
trolled or engineered to enhance the bioprocess performance. In Tsipa et al. [11], the model
validated led to the design of a fed-batch process based on the hybrid gene regulatory
network model to increase the amount of pollutant which was degraded during the pro-
cess. A key promoter was controlled. The model-based process was successfully validated
experimentally, proving that a validated hybrid gene regulatory network-microbial
growth kinetic model can result in optimization of the process (Figure 2).

The Tsipa et al. [11] framework was also applied to an engineered genetic circuit in
E. coli. The genetic circuit was designed and optimized to produce cellulose. The frame-
work could predict cellulose production through the hybrid gene regulatory network-mi-
crobial growth kinetic model [130]. This framework can, therefore, be applied to different
natural or engineered biosystems to predict bioprocess kinetics through the targeted gene
regulatory network, thus enhancing bioprocess scaling-up.

Nonetheless, the application of such a framework is also challenging. The biodegra-
dation kinetics and relevant metabolic pathways of recalcitrant pollutants have not been
well understood, determined and assessed yet in MFCs and cannot easily be controlled
due to the multiple microbes and gene regulatory networks involved. Only a few studies
have focused on revealing the main metabolic pathway involved in biodegradation.
Hence, in-depth fundamental research is essential for understanding and defining the bi-
ochemical reactions for pollutants degradation, biomass and product formation, and met-
abolic pathways related to a specific microbial strain and/or community in an MFC sys-
tem. Basic research needs to start by revealing the biodegradation metabolic pathway and
gene regulation of one substrate in one microorganism. Furthermore, it should be com-
bined with the knowledge already acquired for the gene regulation of recalcitrant pollu-
tants in MFC model microorganisms, such as Pseudomonas spp., as mentioned above.
These fundamentals are necessary for optimization, control and scale up of this technol-
ogy to render it an industrial process. Furthermore, as waste, wastewater and polluted
soil is a matrix of pollutants, this can be the basis for combining more substrates which
are degraded through other metabolic pathways, and more microorganisms.
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Figure 2. The framework reported in Tsipa et al. 2018 [11]. Transcriptional kinetics are the input for the gene regulatory
network-microbial growth kinetic model to be built and validated. When the model is valid and has predictive capability,
enzyme expression, substrate biodegradation and microbial growth can be predicted.

8. MEC Control, Monitoring and Applications

In the last few years, technological advances in the fields of electronics and material
science have reduced the energy needed to power electronic devices, like the power con-
sumption of wireless sensor networks (WSNs). Low-power and ultra-low power elec-
tronic devices make it possible to design electronic systems characterized by ultra-low
energy consumption and use power sources based on energy harvesting techniques that
involve clean, renewable sources. An energy harvesting technology such as a microbial
fuel cell can produce power suitable for the normal operation of a wireless sensor network
[133]. Furthermore, MFCs can be used as a biosensor, a bioreactor and a bio-decontami-
nator. These features are all useful for the functioning of nodes in a wireless sensor net-
work for environmental monitoring. Moreover, their use as a bioreactor can provide the
energy supply of devices such as microcomputers and mobile phones [134]. The proper
set-up for analyzing MFC performance and adapting an energy management system able
to supply a WSN node includes stable and monitored boundary conditions and appropri-
ate measurement systems. As a matter of fact, an adapted measuring instrument is neces-
sary for performing correct surveys of the electrical characteristics of MFCs and building
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accurate mathematical models. In order to perform accurate measurement and character-
ize MFC cells from an electrical point of view, it is necessary to use dedicated and pro-
grammable instruments. Solutions with current commercial devices are expensive and
also not especially suitable for the electrical characterization of MFCs. Preferably, custom-
ised electronic boards dedicated to MFC measurement and analysis should be created
[135]. A survey is presented here on the possible choices for energy conversion and man-
agement, transceiver devices and transmission protocol needed to exploit MFC perfor-
mances to power a WSN node. A monitoring system needs to include a power manage-
ment system with a DC/DC converter. It is necessary to adapt the level of the energy col-
lected from the MFC to the needs of the system. A transceiver module is required for
transmission of data that can be collected from a low power sensor node or from the MFC
itself [136]. Figure 3 shows a panoramic view of an environmental monitoring and depol-
lution system based on MFCs.

Environmental monitoring and depollution system based on MFC

Power Management System

O Adapt energy level and start-up voltage
O Includes DC/DC converter

I Bioreactor

Bioremediator

WSN monitoring nodes

| O Transceiver

U Microcontroller

O Communications protocol
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U Wastewater
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re-use of water for agricultural

purpose

Figure 3. Environmental monitoring system based on a wireless sensor network (WSN) and MFC.

Table 4 reports a list of the characteristics for some commercial transceivers which
constitute a WSN node in combination with a sensor. The active Tx current required in
transmission, the current consumption in “sleep mode”, the supply range and the fre-
quency used are reported. The transceiver systems by Texas Instruments are the CC1310
Wireless MCU containing an ARM Cortex-M3 (CM3) 32-bit central processing unit (CPU)
and the CC2533, which combines the performance of an RF transceiver with a single-cycle
compliant CPU. The CC2533 is an optimized system-on-chip (SoC) solution for IEEE
802.15.4 based remote-control systems such as ZigBee.

Table 4. Comparison of low power transceivers suitable for WSN empowered by MFCs.

Low Power Commercial Transceiver Comparison

ActiveTx Supply Frequenc Sleep Mode

Device [Protocol] (I) (mA) Range (V) vy (GHz) (D (uA)

Nordic nrF24LE1 [802.11] 11.1 1.9t0 3.6 24 0.550
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CC2533 [802.15.4] 285 2t03.6 2.4 1
CC1310[802.15.4 g] 13.7 1.8t0 3.8 0.686 7
RN313C [802.11/Wi-Fi] 210 2t03.3 2.4 4
Enocean STM312 [802.15.4] 100 21tob 0.868 4

ATMEL ATAS8510 [802.3] 9.4 19to 3.6 0.868 0.600
MRF24J40MA [802.15.4] 23 2.4 t0 3.6 2.4 2
XbeePRO S2B [802.15.4 233 31 to 3.46 24 4

ZigBee]

The energy produced by MFCs can be used to power a WSN node, allowing the re-
alization of applications such as ambient monitoring and precision farming without envi-
ronmental impact [133,137,138]. Every network node includes a transceiver for communi-
cation, and generally a microcontroller for local operation and signal processing. An MFC
usually delivers current and voltage values that are lower than those needed for the op-
eration of these devices. In order to reach adequate levels of current and voltage, an en-
ergy management system is required. Since MFCs produce a level of voltage insufficient
to support what a WSN node requires, the energy needs to be stored during the
standby/idle time of the system. The “energy storage” operation mode is needed until the
energy stored reaches the amount required to support the proper operation of a WSN
node, data elaboration and transmission. For these reasons, the design of power manage-
ment systems includes a step-up direct current (DC)/DC converter to boost the voltage
and the power production of MFCs.

In Table 5 the principal properties and voltage requirements for some commercial
low-power converters, including efficiency and quiescent current delivered (IQ), are
listed. The start-up voltage is the critical threshold needed to allow the functioning of the
system. The LTC 3108 and LTC 3105 converters by linear technologies are presented as
the Enocean ECT 310 Perpetuum. Moreover, the LTC 3105 has the feature of fractional
open circuit voltage (FOCV). The 5-882Z produced by Seiko, which has a start-up input
voltage of 300 mV, is also shown. On the other hand, the BQ25504 by Texas instruments
is a boost converter, which can be started with a Vin as low as 330 mV but once started,
can continue to harvest energy down to Vin =80 mV. It also has integrated programmable
dynamic maximum power point tracking (MPPT). The MAX17222 has the highest effi-
ciency of 0.95 but needs a start-up voltage of 400 mV.

Table 5. Energy harvesting low power direct current DC/DC converter comparison.

Energy Harvesting DC/DC Converter Comparison

Converter Start-Up Vin (mV) Vour (V) MPPT/FOCV  Efficiency (:1%)
LTC 3108 20 2.35/3.3/4.1/5 No 0.6 6
LTC 3105 250 1.6 to 5.25 FOCV 0.6 24
ECT 310 20 to 500 3to5 No 0.3 N/A

5-88272 300 14to24 No 0.2 N/A
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MAX1722 400 1.8t05.5 No 0.95 0.300

BQ25504 330 1.8t05 MPPT 0.8 0.330

The decrease of threshold input voltage to values lower than silicon diode threshold
is obtained by the innovation such as new planar technology for transistor MOS manu-
facture. From conventional FInFET devices manufacturing to ultra-thin body and buried
oxide fully depleted silicon on insulator (UTBB-FD-SOI). The last one technology uses an
ultra-thin layer of insulator, named buried oxide (BOX), positioned on top of the base
Silicon, and a very thin silicon film that implements the transistor channel. The film is so
thin that is no need to dope the channel, and the transistor is Fully Depleted. This tech-
nology allows superior electrostatic control of the gate on the channel of the transistor,
accomplished by efficient body biasing, which provides faster switching speeds.

Although there are different commercial systems available, The LTC 3108 is the
DC/DC converter most utilised in recent papers [139-141] for the energy management
systems powered by MFC. One of the reasons is the very low voltage start-up needed for
the converter.

9. Conclusions

In this study, an advanced framework to predict microbial growth kinetics using
gene regulation information is proposed. This study is also focused on: highlighting the
MEFC broad applicability, the most common microorganisms used in MFCs and the level
of genomic insights of the microbes used. Furthermore, the most common mathematical
modelling approaches, and microbial growth kinetics models used in MFCs are described
to highlight the current gap in mathematical modelling of microbial growth kinetics mod-
eling in MFCs.

Given the possibility of using MFCs with various fuels such as wastewater and soil,
there are several possible areas of application. Among industrial applications, many op-
tions are available. In the agro-industrial sector, MFCs can be a valuable tool for remedi-
ating organic and inorganic pollutants. They are suitable for organic content degradation
in wastewater, allowing a water reuse for irrigation purposes. As an example, coffee plan-
tations and industries are one of the most interesting applications due to the high level of
organic load in the wastewater which comes out from the industrial process. At the same
time, an MFC can operate as a bioreactor providing energy for the operation of a moni-
toring network able to provide various information about the state of the system. Another
emerging application of MFC technology is the recovery of soil and water from contami-
nation. Indeed, MFCs can be used as bio-remediators to decrease organic and inorganic
pollution of soil. They can be used in open terrain or as a closed reactor. The recovery
from heavy metal contamination of soil is also a promising application for soil-based
MEFCs.

Comprehensive mathematical modelling, combining microbial growth kinetics and
electrochemical reactions, can result in control, optimization and optimal design of the
biosystem, thus leading to effective scaling-up. The empirical and unstructured Monod
and Monod-type models are traditionally used to predict microbial growth and substrate
biodegradation in MFC systems. These black box models lack fit and predictability. More-
over, the importance of the substrate in the system is underestimated. Insights into gene
regulation combined with a microbial growth kinetic model may overcome this issue.
Such a framework is proposed in this manuscript. Fundamental research to enhance the
knowledge of microbial metabolism and gene regulation is imperative to achieve this.

Environmental monitoring with WSNs is one of the emerging applications for the
energy recovered by MFCs; it provides environmental data gathering (such as tempera-
ture, wind force, weather, irrigation level, desertification) in harsh environments or in the
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absence of energy networks. Moreover, MFCs can be valuable systems for precision farm-
ing. Another significant commercial application can be their use as a bioreactor enabling
the recharging of portable phones and laptops in the form of USB (5 V) recharger.

Supplementary Materials: Parameters of Tsipa et al. and the four Monod-type models used. The
following are available online at www.mdpi.com/article/10.3390/pr9061038/s1, Table S1: Nomencla-
ture and model parameter values of Tsipa et al. model, Table S2: Parameter values estimated for the
double Monod, Mankad and Bungay, SKIP and the sum kinetics with competitive enzymatic inter-
actions models.
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