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The great potential of bioelectrochemical systems (BESs) in pollution control combined with energy
recovery has attracted increasing attention. Classified by their functions in the BES, microorganisms
including degraders, electricigens, and element cycle-related microbes play key roles in pollutant
degradation and electricity generation, and the functions of these microbes are affected by various
environmental and operating conditions. This review systematically summarizes the effects of crucial
conditions on the efficiency of the process of contaminant removal combined with electricity generation
in BESs, with particular focus on the pH, temperature, conductivity, substrates, inoculums, magnetic field

and reactor design parameters, such as architecture, electrode material, and electrode potential. The aim
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Accepted 11th June 2019 of this review is to help reveal the microbial functions during the bioelectrochemical remediation of
environmental media and to optimize the system by determining the appropriate conditions for

DOI: 10.1039/c9ra03605a functional microorganisms, thus better promoting the transition of BESs from the laboratory to actual
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1. Introduction

A Dbioelectrochemical system (BES) is a tool that converts
chemical energy directly into a valuable resource, such as
hydrogen in microbial electrolysis cells (MECs) and electricity in
microbial fuel cells (MFCs), by means of microbial catalysis.'”
Presently, BESs show great potential for the removal of pollut-
ants from a variety of environments, such as wastewater,**®
contaminated sediments”® and soils.”™"?

BESs can be fed any biodegradable organic matter, from
simple molecules (such as carbohydrates or proteins) to
complex mixtures (such as petroleum hydrocarbons or swine
wastewater), that can be effectively degraded by microorgan-
isms in the system, resulting in the output of electrical energy or
hydrogen.'>'* Consequently, BESs reduce energy loss and waste
generation,” which greatly reduces costs compared to physical
and chemical remediation techniques. Furthermore, based on
the inexhaustible electron acceptor of the solid anode, the
enhancement ability of the biocurrent is sustained, which
overcomes the deficiency of the electron acceptor in a contami-
nated medium.'®” However, there are still some problems to be
solved in the actual application of BESs, such as improving the
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degradation of complex compounds, controlling the reaction
process of microorganisms, and continuing to reduce costs.

Recently, researchers have made extensive efforts to over-
come some deficiencies, such as improving the reactor config-
uration and electrode materials,"®"® finding efficient
electrogenic bacteria,® and achieving multi-factor enhance-
ment of BES.>** In BESs, microorganisms play a key role in the
degradation of pollutants and the generation of electricity or
hydrogen,***” so the intricate interactions of functional
microbes have been thoroughly studied. However, the activity
and number of functional microorganisms are directly influ-
enced by the surrounding conditions.

In this review, factors presently affecting the performance of
BESs are summarized, e.g., pH, temperature and conductivity.
The understanding of relationships between the reinforcement
measures and performance of a BES aims to assist in revealing
the biological mechanism and providing the guidance for BES
application.

2. The reaction spontaneity in BESs

BES generally consists of an anode chamber and a cathode
chamber, and both electrodes are connected by an external
circuit. BES uses electrochemically active microorganisms as
the catalysts in the anode to oxidize contaminants and transfer
electrons to the cathode through the external circuit. Microbial
anodes perform a core function in a BES: they oxidize various
resistant organic compounds, including polycyclic aromatic
hydrocarbons (PAHs), phenols, and polychlorinated biphenyls

(PCBs), that cannot be degraded easily under natural
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conditions.”*****® The system is constructed either for elec-
tricity generation via spontaneous redox reactions (in MFCs) or
applying external electrical power to initiate an otherwise non-
spontaneous reaction to produce value-added products, such
as hydrogen reduced from protons (in MECs) or methane
reduced from carbon dioxide (via microbial electrosyn-
thesis).*** Theoretically, the potential of the redox reaction
occurring on the surface of the electrodes determines the
potential of the electrodes and the spontaneity of the reaction.
When the potential of the cathode where the reduction reaction
occurs is higher than the potential of the anode where the
oxidation reaction occurs, the corresponding Gibbs free energy
is less than 0, so the reaction can be spontaneous, and the
system can output electric energy to the outside (MFCs).
Otherwise, the system needs additional energy to trigger the
reaction (MECs).**?**

3. Diverse functions in BESs

A BES is a complex with various biodegradation processes of
substrates and many types of redox systems, such as the
nitrogen cycle, sulfur cycle, and iron cycle; thus, the partici-
pating microorganisms are also diverse. Based on their roles in
the system, the bacteria can be divided mainly into electrogenic
bacteria, degrading bacteria, and element cycle-related bacteria,
each of which serve integral functions. In the anodic region, the
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degrading/fermentative microorganisms, which are primarily
bacteria or fungi, break pollutants down into an assimilable
carbon source for the growth of electrogenic microorganisms
and element cycle-related microorganisms, such as the nitrogen
transformation microorganisms, which are usually archaea and
are capable of providing the available nitrogen source. Conse-
quently, a metabolic network of a bacteria-fungi-archaea
consortium is established to perform specific diverse func-
tions, e.g., electricity generation and pollutant degradation®***
(Fig. 1). Notably, a bacterium may play different roles in the BES.
For example, the electrogenic bacteria (e.g., Geobacter) or related
bacteria (e.g., sulfate reducers) can also degrade the contami-
nants and transfer electrons to the anode in some cases.**

In the process of bioelectrochemical treatment, there are
many substances acting as electron acceptors besides the
anode, such as sulfate, nitrate, and Fe(ur)."*** They capture
electrons during the substrate degradation process and partic-
ipate in the cycles of nitrogen, sulfur, iron, etc., with the assis-
tance of related bacteria. Studies have shown that
microorganisms can oxidize organic pollutants to carbon
dioxide in anaerobic conditions with the reduction of sulfate,
nitrate, or Fe(ur),*** and the addition of these electron accep-
tors can promote the metabolic activity of related microorgan-
isms. It was found the enrichment of Desulfobulbaceae and
Desulfobacteraceae, which belong to traditional sulfate-reducing
bacteria (SRB), during the degradation of toluene in a BES.*
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Fig.1 Overview of anodic and cathodic reactions in a bioelectrochemical system (BES). Degrading bacteria, electrogenic bacteria, and element
cycle-related bacteria are integrated into the anode chamber. The main chemical process occurs in the cathode chamber, and the dashed line
indicates that it occurs under the conditions of an external power supply.
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Sulfate is reduced to sulfide by SRB, and sulphide can be
oxidized to elemental sulfur by a biological process or a chem-
ical process on the anodic surface; the sulfur can then be
reduced to sulfide again, which can be re-oxidized to elemental
sulfur, thus constituting a sulfur cycle that promotes current
generation.**' Moreover, in nitrogen-containing BESs, deni-
trifying bacteria can use organic pollutants, such as carbon and
energy sources, for their own growth and use nitrate as an
electron acceptor to degrade organic pollutants under anaer-
obic conditions.** Additionally, the presence of iron oxides in
a BES can lead to the enrichment of iron-reducing bacteria,
some of which can oxidize some electron donors effectively to
promote the degradation of the substrate.* There is a potential
that the presence of external electron acceptors could stimulate
the growth of related microorganisms, which could use organic
pollutants energetically. Consequently, the elemental cycles
involved with various functional bacteria affect the electron
transfer process and change the physicochemical properties of
the environmental media, thereby affecting the pollutant
degradation efficiency and the energy output of the BES.

4. Factors affecting the efficiency of
BESs

The functional microorganisms in a BES are a succession of
indigenous microbes, and they are therefore affected by the
initial environmental properties, such as pH, temperature,
moisture content, oxygen level, conductivity, nutrient ions,
growth factors, types and concentrations of contaminants.'®**
On this basis, the system is subjected to bioelectrochemical
treatment and various enhancement measures, commonly
including adjustment of pH, temperature or moisture,
magnetic field acclimation of anode microorganisms, anaerobic
treatment in the anode, aeration in the cathode, the addition of
external nutrient sources (glucose, vitamins, inorganic salt ions,
etc.) or co-metabolic substrates (acetate, pyruvate, glucose,
sucrose, etc.), changes in the conductivity of the environmental
media or electron transfer activity (doping with activated
carbon, carbon fibre, gravel, salt, external electron mediators,
etc.), current enhancement by changing the external resistance,
or setting of the potential via a potentiostat. These measures
could change the properties of the environmental media and
thereby the microbial activity, species and structure that control
the removal of contaminants and the production of electricity in
the BES.

41 pH

During the operation of the BES, the organic matter near the
anode is oxidized to produce protons and electrons. The elec-
trons are transferred to the cathode through an external circuit,
and the protons migrate to the cathode in the environmental
medium and need to pass a proton exchange membrane (PEM)
or salt bridge in a dual-chamber system. At the same time, the
cathodic reaction consumes protons and electrons, which
combine with oxygen to form water, for example in an air-
cathode.*® However, the environmental media, especially soil or
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sediments, and the PEM or salt bridges have a huge internal
resistance that hinders the transmission of protons, resulting in
a proton transfer rate much lower than the anodic output rate
and the cathodic consumption rate, thus producing a pH
gradient from anode to cathode.***” For example, proton accu-
mulation occurred close to the anode, leading to the formation
of an acid-alkaline transition zone from the anode to the
cathode in a bioelectrochemical remediation system.'* A suit-
able pH range is required for the survival of microorganisms, so
the acid-base differentiation between the anode and cathode
adversely affects the growth and activity of microorganisms.*®
Microbial activities are greatly suppressed if the pH is outside
the appropriate range. For example, a variation in pH can cause
changes in the charge carried by biological macromolecules,
such as proteins and nucleic acids, affecting their biological
activity, or the electrical charge of cell membranes, disturbing
the ability of microbial cells to absorb nutrients.* Microor-
ganisms in a BES adapt to different pH conditions, and it is of
great significance to identify the pH values that are simulta-
neously suitable for both electrogenic microorganisms and
degrading microorganisms.

During anode synthesis with wastewater maintained at pH
7.5,7.0, 6.5, 6.0,and 5.5 with 50 mM phosphate buffer for 5 days
each and an aerated 50 mM phosphate buffer with a pH of 7.0 as
the catholyte, the highest chemical oxygen demand (COD)
removal and coulombic efficiency were observed at pH 6.5 (ref.
50) (Table 1). Therefore, the pH of the anolyte is an important
parameter of BESs and directly controls the electron and proton
generation, thus affecting the metabolic activity of the
substrate-specific microbes. Under high pH conditions, protons
tend to be reduced, which is not conducive to the generation
and transmission of electrons, and a higher pH (>9) favours the
growth of methanogens.”** In contrast, a slightly lower pH
(6.2-7.5) can inhibit the production of methane, but the lower
pH (5.5) is unfavourable to the hydrolysis and carboxylation of
organic substances and destroys the dynamic balance of the
degradation reaction.”»** Additionally, the pH affects the
internal resistance of the BES mainly by altering the form of
ions, such as heavy metals, in the soil system.* The acidifica-
tion of the anode enhances the desorption of heavy metals on
the surface of the soil particles and reduces the internal resis-
tance of the soil BES, while the alkalization of the cathode
causes precipitation of cations and lowers the electrical
conductivity, thus increasing the internal resistance. Moreover,
the difference in the pH between the cathode and the anode
also affects the internal resistance of the BES. For example,
a higher pH difference could increase the proton flux rate
through the PEM and reduce the internal resistance of the
system.*® In addition to the above effects, pH also exerts an
influence on the elemental circulation in the system, such as
the nitrogen and sulfur cycles. For example, pH can regulate the
denitrification and sulfate reduction process of microorgan-
isms, thus changing the direction and speed of electron
transfer.>

Therefore, the acid-base differentiation between electrodes
is a vital limiting factor for the performance of BESs through its
effect on the activity of microorganisms and the bioavailability

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03605a

Open Access Article. Published on 25 June 2019. Downloaded on 2/17/2026 12:19:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

View Article Online

RSC Advances

Table 1 Electrochemical performances of BESs under pH differences between anode and cathode

Medium Anode pH Cathode pH pH difference Energy production Ref.
Wastewater 5.4 9.5 4.1 0.55 mA/3 mm® 46
6.8 7.3 0.5 1.35 mA/3 mm®
Wastewater 5.5 7.5 2 129.40 mW m > 54
5.5 7.5 2 142.41 mW m >
Wastewater 7.5 7 —0.5 0.56 mA 50
7 7 0 0.73 mA
6.5 7 0.5 1.1 mA
6 7 1 0.72 mA
5.5 7 1.5 0.53 mA
Nutrient solution with acetate 7.2 7.1 —0.1 22 000 mW m > 56
PBS with glucose 7 7 0 1720 mW m > 123
Soil polluted by petroleum — — 0.1-0.2/cm anode soil 0.85 mW m > 11
Wastewater polluted by petroleum 7 7 0 0.72 mW m™> 64
Modified SL3 media 11 7 —4 1.6 mW m 2 80
Pb contaminated soil 5.5 9.5 4 3.6 mW cm 2 55
Cd contaminated soil 4.8 8.5 3.7 7.5 mW cm 2

of substrates. To solve this problem, we can add alkaline
substances to the anode, acidic substances to the cathode after
the acid-base differentiation of the electrodes, or add a buffer
solution to increase the buffer capacity of the system.*>*®
Additionally, enhancing the mass transfer capacity of the
system is an important means to alleviate this problem. For
example, we can add large-diameter particles and/or silica
colloids to the soil system to increase porosity and promote
mass transfer or shorten the distance between electrodes to
reduce mass transfer resistance."**” Moreover, BESs operated
for different purposes utilize different dominant microorgan-
isms, so the optimal pH conditions resulting in the best
performance of the system also vary. For example, the anode
pH, which is alkaline (pH = 9), is the most favourable for the
functional process of hydrogenogens in BESs for hydrogen
production.” The pH range selected for BESs for electricity
production is generally neutral, which optimizes the activity of
electrogenic bacteria. For example, pH = 6.80 is optimal for the
traditional model electrogen Geobacter sulfurreducens.*® BESs
mainly used for biodegradation should also take into account
the effect of pH on the bioavailability of the substrates. For
example, pH = 6.0-7.0 is the most favourable for the degrada-
tion of alkanes by Alcanivorax in BESs degrading petroleum
hydrocarbons,” and an alkaline anode pH (pH = 8.6) could be
maintained in BESs operated for the denitrification of waste-
water streams.®

4.2 Temperature

Temperature is an essential condition for the growth of
microorganisms, and changes in temperature affect the
microbial growth rate, activity and distribution in BESs.**** For
most microorganisms, 35-40 °C is the optimum temperature
range for growth, enzyme activity, and formation of a stable
biofilm, thereby increasing the substrate degradation rate and
the electricity production in the BES.>*?>*>%* In many studies,
increasing the temperature will increase the power output of the
BES. It was demonstrated that the Arrhenius law is followed
between anode current output and temperature in the range of

This journal is © The Royal Society of Chemistry 2019

30-45 °C.** However, when the temperature reaches a certain
level, the activity and structure of the microbial enzyme are
impaired, thereby reducing the performance of the BES. A study
investigated the effect of temperature on the anaerobic
biodegradation of petroleum hydrocarbons in an MFC and
showed that 40 °C was the optimum operating temperature and
that the degradation rate and maximum power density were
twice as high at 40 °C than at 30 °C, whereas the degradation
rate at 50 °C was reduced to a quarter of that at 40 °C.**

The effect of temperature on the BES involves many kinetic
and thermodynamic principles due to the occurrence of
complex reactions, and the temperature is not directly propor-
tional to the electricity production or the efficiency of degra-
dation in a BES. For example, although high temperatures can
increase the microbial reaction kinetics, mass transfer effi-
ciency, and thermodynamic activity of the system, high
temperatures also promote the growth and reproduction of
non-electrogenic microorganisms, such as fermentation
bacteria and methanogens. These other microorganisms
compete with electrogenic microorganisms, thus decreasing the
current density and coulombic efficiency with an increase in
COD removal efficiency.’** In contrast, low temperature
conditions inhibit the growth of methanogenic bacteria and
help generate hydrogen.*»** In a study of the effect of temper-
ature fluctuations on MEC performance and methanogenic
microorganisms, the number of methanogens decreased by 68-
91% at 4-9 °C, and when the temperature returned to 30 °C, the
quantity of methanogens and methane production returned to
the original level.*” Temperature changes have no obvious effect
on the major predominantly electricity-producing bacterium
Geobacter, and this insensitivity to temperature is attributed to
its wide adaptive temperature range.*»*® Based on the different
sensitivities of various microorganisms to temperature, select-
ing suitable temperature conditions can result in satisfactory
BES performance. In mixed inoculated BESs for biodegradation,
high temperatures can enhance the utilization rate of the
substrate by increasing various microbial activities, and 40 °C is
the optimal choice.*® However, to increase the efficiency of
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energy production in reactors, it is beneficial to operate at
a lower temperature where the activity of methanogens is
inhibited.*” In practice, insulating materials (such as mineral
wool and foam) and solar energy can be used to control the
temperature. For example, during sewage treatment, solar
energy can be used to heat wastewater to promote microbial
growth, and insulating material can be used to reduce heat
diffusion.®”

BESs experience constant temperature changes between day
and night in field applications, which requires the BESs to have
a certain degree of endurance so that they can still run stably
within a certain temperature range.*® Studies have shown that
different starting temperatures have a great influence on the
long-term performance of a BES. It was found that a BES started
at a high temperature had a higher electric stability than one
started at a low temperature, indicating that lower temperatures
may delay or prevent the adequate start-up of the system.*®
Consequently, it may be desirable to heat the wastewater (e.g., to
40 °C) during the establishment of the anode biofilm.*®
Considering the adverse effects of high temperatures on the
system's energy production, we could start the system at a high
temperature and then operate at a relatively low temperature. In
addition to the direct influence of temperature on microor-
ganisms in the BES, there are also effects on the physical and
chemical properties of the treatment media (water, sediment,
soil, etc.), ion membranes, electrodes, etc., causing difficulties
in the study of the single influence of temperature on a certain
factor.” For example, a high temperature could enhance the
mobility of water molecules and soluble ions, thereby reducing
the resistivity of the system.” Additionally, heat pretreatment of
graphite brushes, which serve as anodes, has been found to
improve power generation by increasing the N/C ratios and
reducing the C-O composition on the electrode surface.”

4.3 Conductivity

The anode in a BES acts as a continuous source of electron
acceptors, effectively promoting the metabolic reaction rate of
anaerobic microorganisms that charge more electrons from
organic contaminants.” Studies have shown that the large
internal resistance of BESs, i.e., the low electrical conductivity,
especially in systems involving soil and sediments, is an
important limiting factor for their efficacy, not only suppressing
the metabolism of microorganisms but also resulting in low
coulombic efficiency of the substrates.”®*” Therefore, the extra-
cellular electron transfer (EET) efficiency from the microbial cell
to the electrode determines the degradation of the substrates
and the production of electricity in a BES. BESs are applied
mainly in two different forms of media: aqueous media, such as
in wastewater treatment, and solid media, such as in soil and
sediment remediation. The factors affecting the electron
transfer efficiency in the two types of media include the aqueous
ion concentration, sediment and soil moisture, salinity, and
porosity, etc. Correspondingly, there are many measures to
increase the conductivity of the BES, such as increasing the
concentration of ions in wastewater treatment; increasing the
soil moisture, salinity, and porosity in soil remediation; or by
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directly adding conductive media, such as carbon materials,
into the media.*®*””*”> The increase in electron transfer effi-
ciency stimulates the growth of electrogenic microorganisms,
and thus organic contaminants are effectively degraded.
However, the effects of different enhancement measures on
microbes are not limited to those listed here. Only a more
comprehensive elaboration of the effects on the functional
microbes under different conditions can produce the best
selection in the application of BESs.

4.3.1 Ion concentration. BESs were originally applied in
wastewater treatment, and the ion concentration determines
the conductivity of aqueous solutions. Increasing the ion
concentration directly reduces the internal resistance of the BES
and promotes electron transfer and thus electricity genera-
tion.*” Therefore, the effects of different types and concentra-
tions of ions in solution on the microorganisms in the BES need
more attention. Some metal ions, such as Na*, K*, Cu*", and
Zn**, are essential elements for the growth of microorganisms.
When these elements are at a certain level, they can promote the
growth of microorganisms, and the bacteria maintain
a dynamic balance of the desired metal ions through various
physiological and metabolic reactions.” However, when the
content exceeds a certain value, conditions are toxic to micro-
organisms and even cause the bacteria to become nonviable. In
an investigation of the effects of different concentrations of
NaCl (0.5-2.5%) on the anaerobic biodegradation of petroleum
hydrocarbons in an MFC, the MFC performance improved as
the concentration increased until the value reached 1%, with
the power density rising to 1.06 mW m™>. As the concentration
continued to increase, the electricity production decreased,
which might have been due to the excessively high ion
concentration that reduced the water in the microbial cells and
their activity.**”® For another example, Cu*" is the core ion that
forms the basic coenzyme in various biological processes, but
when the content of Cu®" is excessive, it produces active oxides
that combine with biological macromolecules, such as proteins,
disrupting their normal physiological functions.” Studies have
also shown that precipitation of heavy metal ions in the anodic
compartment can modify the anode and improve electron
transport performance, but when this process is excessive, the
activities of functional bacteria are suppressed, leading to
a significant reduction in voltage generation and COD removal
rates.>>”®

Therefore, although a high ion concentration can reduce the
internal resistance of the system, excessive concentrations tend
to reduce the reactivity of microorganisms, resulting in an
unsatisfactory system performance. To solve this problem, we
can weigh these two effects to find an appropriate ion concen-
tration in the actual operation or inoculate bacteria that are
resistant to high salinities or are acclimated to heavy metals,
which can effectively promote substrate degradation and elec-
tricity generation under extreme conditions. For example, two
salinity-resistant archaea (Haloferax volcanii and Natrialba
magadii) were inoculated in high-salinity BESs with the addition
of a redox mediator, and consequently, the power density
increased from 0.12 pW cm > to 50.98 and 5.39 pW cm 2,
respectively.”* In addition, increasing the ion concentration of

This journal is © The Royal Society of Chemistry 2019
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the cathodic chamber solution can also reduce the internal
resistance and increase the power generation without regard to
the survival of the microbial communities at the anode in a two-
chamber system for treating wastewater. However, the two-
chamber system is not convenient for use in actual
applications.**”

Ions also have a similar effect on microorganisms in soil or
sediment BESs. Adjusting the type and concentration of ions
can make the activity and structure of the microbial community
favourable for its required function in the BES. Certainly, it is
acceptable to appropriately increase the ion concentration to
reduce its large internal resistance or add the necessary nutrient
ions for a microorganism to increase its biological activity.”*"
In addition, for systems with high ion concentrations, we can
de-salt the medium to lower the concentration. For example,
increasing the water content of the soil can increase the solu-
bility of ions, thus promoting electron transfer efficiency, and
rinsing contaminated saline-alkaline soils can significantly
reduce the salt stress on microorganisms, thereby shortening
the start-up time and increasing the production of electricity
and hydrocarbon degradation.>

4.3.2 Soil moisture. Water is an indispensable substance
for the metabolism of microorganisms, and it is also a medium
for the exchange of substances by microorganisms. An increase
in moisture in the solid media of a BES can not only reduce the
internal resistance of the system, thus enhancing the electron
transfer efficiency, but can also increase the activity and meta-
bolic rate of microorganisms, thus promoting the utilization
efficiency of substrates. During the bioremediation of saline-
alkaline soil contaminated by petroleum hydrocarbons, an
increase in the soil water content from 23 to 33% led to an
improvement in the electricity generation capacity and the
removal of hydrocarbons due to the large increase (two orders of
magnitude) in the abundance of hydrocarbon degrading
bacteria in the soil near the anode.™ This increase was attrib-
uted to the high water content relieving the high salinity stress
and improving the mass transfer in soils. In addition, moisture
also affects the chemical structure of nutrients, such as nitrogen
and carbon sources, in the system, resulting in different levels
of bioavailability.** For example, an increase in moisture can
promote the dissolution of hydrophilic contaminants into
a water-soluble state, thereby accelerating their metabolic
degradation by microbes. At present, solid media BESs have
generally been studied under anaerobic environments with
water-saturated, waterlogged or water-tight conditions, aiming
to reduce the internal resistance of the system and increase
current intensity, thereby stimulating the biodegradation of the
contaminants.' In fact, BESs exhibit more advantages in the
biodegradation of aged pollutants, when we intend to carry out
aerobic treatments, such as aeration, before the BES bioreme-
diation to improve the degradation efficiency in a practical
application of a BES.

4.3.3 Soil porosity. The porosity of the soil mainly affects
the mass transfer of the system, including the transmission of
electrons and the diffusion of pollutants and oxygen. Generally,
an increase in porosity increases the efficiency of mass transfer
and reduces concentration polarization, thereby increasing the

This journal is © The Royal Society of Chemistry 2019
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utilization rate of the substrate by microorganisms. After the
addition of 33% mass fraction of large-grained sand into soil
contaminated by petroleum hydrocarbons, the soil porosity
increased from 44.5 to 51.3%, the internal resistance decreased
by 46%, and the degradation efficiency for petroleum hydro-
carbons increased by 268%, with the stimulation of the growth
of the hydrocarbon-degrading bacteria Alcanivorax, in a 135 day
operation of a soil MFC.** Sandy soil has the advantages of good
ventilation, strong water and substrate permeability, and high
organic mineralization speed but the disadvantages of weak
water retention and water supply capacity, while clayey soil has
the opposite characteristics; however, loamy soil has the
advantages of both. Therefore, proper adjustment of the sand-
to-soil ratio in the treatment medium is also an effective
method for promoting the metabolism of microorganisms and
the performance of a BES in practical applications.

4.3.4 The addition of conductive materials. The applica-
tion of conductive carbon materials, such as activated carbon
and carbon fibre, to the BES is not only used to promote the
transfer of electrons in the media but also provides microor-
ganisms with a favourable attached space.'® Activated carbon
anodes greatly extended their surface area when multiplying
numerous electrogenic bacteria, which play an important role
in supporting the high performance of the BES. Compared to
noble metals (e.g., platinum), activated carbon is also a cheap
catalyst with good catalytic performance, which is affected by
the pore structure, specific surface area, content of graphitiza-
tion and functional groups.®* The addition of conductive carbon
fibres into soils is a recently developed novel method to improve
MFC performance. These fibres not only effectively shape
functional microbial communities in the BES but are also easily
separated from the remediated soil and reused.*® Moreover, the
addition of silica gel to soils promoted the formation of a silica
colloid network, which reduced the soil resistivity.”” The
enhancement of electron transfer in the BES by means of
conductive materials has received more attention in recent
years. Consequently, research on new materials such as
magnetic nanoparticles has also become a popular topic, which
may play a key role in the practical application of BESs in the
future.

4.4 Magnetic field

Previous studies have shown that the application of a magnetic
field of a certain intensity to the BES affected its energy
production performance and degradation efficiency.* Magnetic
fields acting on microorganisms can cause a series of biological
reactions, resulting in macroscopic magnetic effects of micro-
organisms, which is called the magnetic biological effect.®
Possible mechanisms of magnetic fields on living organisms
include the impact on cell membranes and transmembrane
signals, the impact on microbial genes, and the impact on
cellular enzyme activity.*> The magnetic biological effect is
generally applied to the microbial treatment of wastewater in
which the activity of functional microorganisms is strengthened
by the magnetic field treatment, and the microorganisms in the
sludge possess a stronger adsorption and utilization ability
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relative to the organic matrix in wastewater, so that the bio-
logical purification efficiency of the wastewater is improved.®® In
a BES, this process may affect the activity of enzymes and the
bioelectrochemical activity or biomass of biofilms and thus
exert an influence on the organizational structure of microor-
ganisms.*"* Studies have indicated that a static magnetic field
promoted the synthesis of dehydrogenase and lipid perox-
idation, exerting a positive effect on the degradation of organic
matter.”>** The occurrence of this effect may be attributed to the
promotion of electron transfer on the anode surface in a static
magnetic field, thus adjusting the biocatalysis and conversion
of electrode-related enzyme assembly.

Under the stimulation of a static magnetic field, the micro-
bial community can also produce more extracellular polymers
that allow the microorganisms to resist unfavourable environ-
mental conditions and improve the stability of the biofilm
structure.®® In addition, the magnetic field may also affect the
internal resistance of the BES and the electroactive matter on
the electrode surface. In a study of the influence of a magnetic
field on the performance of an MFC, the MFC had a stronger
ability to produce electricity and a smaller apparent internal
resistance under a magnetic field of 200 mT than the blank
control group, and the electroactive substances on the surface
of the electrode increased, thereby decreasing the electrode
activation resistance.”® Some studies have also found that the
nitrification reaction of nitrogen compounds was more thor-
ough under certain magnetic field intensities, and the magnetic
field inhibited the production of methane, thereby increasing
the coulomb efficiency,* which was reasonably due to the effect
on the microbial community structure and expression of func-
tional genes.

A magnetic field only works within a certain intensity range.
Low magnetic field intensity can motivate microbial activity,
while a high magnetic field intensity inevitably inhibits the
physiological process of microorganisms. Previous study
investigated the influence of static magnetic fields of different
intensities (20-360 mT) on MFC anode biofilms and found that
a static magnetic field of 220 mT resulted in the best MFC
performance, with an improvement in production activity,
a higher coulomb efficiency and a shortening of the start-up
time.*® Studies have also shown that applying magnetic mate-
rial in a BES facilitated the screening of electrogenic bacteria in
the vicinity of ferromagnetic external electron acceptors.”® The
effect of the mechanism of the magnetic field on the BES is
complex and is not yet fully understood, but an expected role
could be played in the application of BESs.

4.5 Substrates

Substrates in the BES include contaminants and co-
metabolizing substrates, which are divided into fermentable
substrates and non-fermentable substrates. Previous studies
indicate that functional microorganisms in BESs are closely
related to the substrates, and both the types and concentrations
of the substrates play an important role in shaping the structure
of the microbial communities.** At present, BES is studied

mainly for the removal of organic pollutants, including
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petroleum hydrocarbons, pesticides and antibiotics in waste-
water. In particular, as a recalcitrant, toxic and complex
pollutant, petroleum hydrocarbons have been well studied in
BES under different operating conditions (summarized in Table
2). During the treatment process, the environmental media
usually contain a range of more complex substrates, in which
electrogenic bacteria, degrading bacteria, and element cycle-
related bacteria serve as diverse integral components of the
system.

To study the effect of solely substrate on the microbial
community structure, scholars have studied BESs fed with
particular substrates as a carbon source. In MFCs fed on
acetate, lactate, and glucose as substrates, respectively, the
model electrogenic bacteria Geobacter sulfurreducens and an
uncultured bacterium affiliated with Bacteroidetes were found
on all anodes, while certain species of Firmicutes were found
only in the glucose-fed MFC, which may play a role in converting
complex carbon sources to simple substances and scavenging
oxygen.” Other studies have also shown that Clostridium and
Bacilli in Firmicutes were commonly associated with the glucose-
fed BES, whereas the enrichment of Geobacter-like species was
always found in the BES with acetate as a substrate.”® The
enrichment in B-Proteobacteria and the reduction in +y-Proteo-
bacteria at all anodes of MFCs fed with acetate, butyrate, and
glucose (this pattern did not hold for the one fed with propio-
nate) further confirmed that different types of carbon sources
induced the growth of different microorganisms.** Table 3
shows the unique microbial communities under different types
of pure substrates as electron donors.

Furthermore, investigating the response of the microbial
community structure to substrate changes is an important
method for revealing the effects of substrates on microbes.
Studies have shown that BESs developed from different carbon
sources have different adaptation abilities to substrate changes.
BESs enriched with glucose had better performance than BESs
enriched with acetate or butyrate, and BESs enriched with
acetate cannot use glucose immediately after the substrate is
changed.®® These results showed that the addition of glucose
can increase the substrate utilization and stability of the system,
but numerous non-producer bacteria also utilize this energy
source, thereby reducing the coulomb efficiency. The study of
pure substrate-fed BESs provides insight into the bioremedia-
tion of complex contaminated substrates with greater microbial
diversity. At present, the electrochemical treatments of waste-
water from different sources (e.g., factories, pig farms, brew-
eries), pesticides (e.g., atrazine, hexachlorobenzene, lindane),
antibiotics and petroleum hydrocarbons have been well
studied, and it is meaningful to explore the relationships
among functional microorganisms under specific substrate
conditions.

In addition, substrates with different morphologies and
bioavailabilities could exert an influence on the performance of
the BES. A study showed that MFCs constructed from agricul-
tural soil had an electricity generation approximately 17 times
higher than forest soil-based MFCs. Although the soil organic
carbon of the former was far lower than that of the latter, the
quality of the available organic matter played a more important
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role in shaping the high performance community structure.””
Studies have further indicated that the performance of the
system is inversely proportional to the complexity of the
substrate, which is proportional to the bioavailability of the
substrate.*®

In addition to the type and morphology of the substrate, its
effective concentration is a non-negligible factor for the
formation of microbial community structures in BESs. One
study investigated the effects of fuel concentration on the
performance of MFCs.'” The results showed that the power
density increased with the fuel concentration. A higher
concentration of contaminants can provide more carbon sour-
ces for hydrocarbon-degrading bacteria but also impair the
activity of electrogenic bacteria. For instance, the amount of
substrate removal increased with the increase in the concen-
tration in the biodegradation of real field petroleum sludge with
different organic loads of 1.11, 3.34, 5.56, 11.10 g TPH L', but
the highest electricity production capacity was obtained in the
lowest concentration reactor. Furthermore, bioaugmentation of
anodic microflora in the highest concentration reactor
enhanced the electricity production ability of the BES,'** sug-
gesting that there was an optimum concentration of contami-
nants for microbial utilization and that special approaches
should be taken depending on different types and concentra-
tions of substrates in the actual environmental media.'”* For
example, bioaugmentation of electrogenic bacteria may be an
effective method for highly contaminated systems, or a BES
could be applied in the secondary treatment of highly polluted
media in which the concentration is suitable for effective utili-
zation by microorganisms.

4.6 Inoculum

The function of the BES can be achieved using a pure strain or
a mixture of bacteria, and pure bacteria strains can be isolated
and enriched from the anode of a BES or selected according to
the known electrogenic microorganisms.'**'** An MFC inocu-
lated with a pure bacteria strain is conducive to revealing the
electron transfer mechanism. Studies have shown that the
electron transfer efficiency of pure-culture MFC systems is
higher than that of MFCs inoculated with heterogeneous
bacteria.*»'*>'% Additionally, the inoculation of domesticated
electrogenic bacteria in a BES can increase the charge output of
the system under extreme conditions. For example, a high ion
concentration can reduce the internal resistance of a BES, but it
increases the stress on the growth of microorganisms.
Researchers inoculated two highly salt-tolerant bacteria in
a high ion concentration in an MFC, and the power densities
were more than 10-100 times greater than the control.”
However, anode biofilms in pure-culture BESs are thinner than
those in mixed-culture BESs, reducing the proton transfer
ability and nutrient availability, which are adverse to the
performance.’® In addition, the pure-culture BES requires strict
operating conditions and a sterile environment, resulting in
high costs. In a system that is simultaneously inoculated with
multiple inoculations, the internal resistance of the anode was
lower than that of a reactor inoculated with one type of
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inoculation, indicating that the mixed consortia played
a mutually reinforcing role.*® This effect may occur because the
mixed inoculation can effectively reduce the activation loss of
the anode and the mechanism by which these two electrogenic
microorganisms transport electrons is different, leading to an
increase in the utilization efficiency of substrates.

In actual operation, we can directly use indigenous micro-
organisms to oxidize the substrate and transfer the electrons to
the anode, which is simple and economical. Furthermore,
a mixed inoculation can reduce the accumulation of metabo-
lites on the anode,'”” possibly due to the different microorgan-
isms using different types of carbon sources and the synergistic
relationship among the microorganisms. Notably, the type of
inoculum source also has a great influence on BES perfor-
mance. The community structure of the anode biofilm can be
shaped by different initial inocula, resulting in different elec-
tricity production capabilities.'*® ' In studies on the effects of
the inoculum on MFC power output and microbial communi-
ties, the results indicated that river sediment-inoculated MFC
had a higher power density than MFCs inoculated with acti-
vated sludge, anaerobic sludge, garden soil, and wastewater
because the river sediment-inoculated MFC exhibited the best
anode biofilm, as confirm by scanning electron micros-
copy.'**'* In addition, reactors inoculated with aerobic sludge
have higher maximum voltages and longer high pressure
durations than anaerobic sludge-inoculated reactors, which
could be ascribed to the former containing a large number of
facultative electrogenic bacteria.”” Moreover, in three reactors
inoculated with anaerobic sludge from a wastewater plant, rice
paddy field soil, and coastal lagoon sediment, the MFC inocu-
lated with coastal lagoon sediment showed the highest perfor-
mance in terms of the treatment time, and the results showed
that the three different inoculum sources all contained func-
tional electrical production groups, whereas different commu-
nity members controlled the performances of the MFCs.*
Therefore, it is concluded that the microbial constitution of the
inoculum determines the BES performance. For better appli-
cation in practice, we can inoculate the reactor with the
previous reactor effluent, which is enriched with numerous
functional electrogenic bacteria, thereby reducing the start-up
time and increasing the degradation rate of the substrates."™*

4.7 Reactor design parameters

The configuration of the BES involves various components,
including the anode, cathode and PEM, and improvements in
the configuration can be combined with the optimization of
other factors to further improve the overall system performance.
A traditional BES consists of an anode chamber and a cathode
chamber separated by a proton-permeable material, such as salt
bridge or a PEM.™ Microorganisms grow in the anode chamber
and produce electrons from the organic matter, while the
cathode chamber usually requires aeration to provide sufficient
dissolved oxygen (DO) as an electron acceptor or external power
supply to reduce protons.>® The energy required for aeration and
the cost of an ion exchange membrane in a dual-chamber
system hinder the use of this style of system in the practical
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bioremediation of contaminated substrates.'*> Moreover, the
aeration of the cathode chamber inevitably impairs the anaer-
obic environment of the anode chamber and affects the activity
of the functional microorganisms.**'*® This highlights the
advantages of a single-chamber system that does not require
aeration, which is replaced by the direct transfer of oxygen from
the air to the cathode, thus alleviating the influence of oxygen
diffusion to the anode. The single-chamber system exhibits
great potential in practical applications because of its high
space utilization efficiency and low cost. However, this system
still has deficiencies in that the reduction reaction occurring at
the cathode is slow, necessitating the use of catalysts, and the
anode microbial activity is restricted by the absence of
a PEM‘75,113

As the core of a BES, the anode is the substrate to which the
functional microorganisms are attached. The choice of anode
affects not only the amount of attached microorganism biomass
but also the efficiency of the electron transfer from the micro-
organism cells to the surface of the electrode. Carbon-based
materials are widely used in BESs because of their good elec-
trical conductivity and low cost, and these materials mainly
include carbon paper, carbon cloth, carbon felt, carbon
brushes, graphite rods, graphite particles and the like.>*
Various carbon-based materials have different electrochemical
properties due to their specific surface area and biocompati-
bility. Three types of anode materials, graphite felt, graphite
foam and a graphite rod, were applied in glucose-fed BESs. The
results showed that the best performance was exhibited by the
graphite felt, followed by the graphite foam, and the good
performance was attributed to the high surface area for
microbial attachment and the low electrode internal resis-
tance."* Similarly, graphite brush anodes with higher surface
areas and an excellent pore structure generate much more
power output in BESs than carbon paper electrodes and possess
the potential to be scaled up in larger BESs.”>"* Although
graphite brush anodes cannot be directly used for the biore-
mediation of solid media, the combination of carbon fibres
incorporated into environmental media and carbon rods
forming a composite anode similar to a carbon brush is
promising in site remediation.?®

Low electron transfer efficiency is the main factor limiting
BES, making the modification of anode materials an effective
way to improve system performance. Anodic modification
typically introduces important functional groups on the surface
of the electrode, allowing the negatively charged bacterial cell
wall to interact with positively charged functional groups,
thereby accelerating electron transport and increasing electrode
efficiency."® For example, the carbon cloth anode is directly
modified with ammonia gas under high temperature condi-
tions, increasing the positive charge number on the electrode
surface, and the power density is increased from 1330 to 1970
mW m~ > Higher COD removal and coulombic efficiency were
also observed through the modification of the anode by poly-
dopamine (PDA) and attributed to the introduction of abundant
amino groups.*® Furthermore, specific functional groups, such
as quinoid and amide, can also be introduced to the surface of
the anode by electrochemical oxidation and can directly interact
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with the c-type cytochrome on the outer wall of electrogenic
bacteria."*** Novel nanomaterials are gradually being used for
the modification of anodes in BESs because of their excellent
physical and chemical properties. Powdered carbon nanotubes
added in the anode chamber can be combined with G. sub-
reducens to form an effective anode composite membrane,**®
and graphene can promote microbial adhesion on the surface
of the anode.” Inevitably, the use of special materials and
complex modification processes increases the cost of the system
and affects its practical application. Therefore, the key to anode
material modification is to find ways to effectively improve its
electricity production performance while reducing the cost.

4.8 Others

In addition to the influencing factors mentioned above, the
system's external loads, potentials, electric field strengths,
selection of cathode catalysts, addition of electron mediators or
other nutrient sources also exert impacts on the shaping of the
BES microbial community structures and the reduction of
substrates. For example, the external resistance of different
magnitudes results in unequal current intensities, and higher
current intensity can usually stimulate microorganisms to
degrade organic contaminants better, but a smaller external
resistance is not conducive to the output of bioelectricity.*
Moreover, the increase in the anode potential from —400 to
+200 mvV (versus Ag/AgCl) promoted electricity generation,
whereas the higher potential than +400 mV (versus Ag/AgCl)
impaired the ability of the BES to produce electricity because
of a decrease in the microbial biomass; therefore, an appro-
priate potential range is necessary for the functional microor-
ganisms in BESs."” Additionally, electric fields with different
intensities can affect the migration of ions in the BES and thus
exert different degrees of stress on microorganisms.'** Various
cathode catalysts have different redox potentials and electro-
catalytic activities, and the potential poisoning effects of the
catalyst on microorganisms should be avoided in practice.'”
Although the addition of mediators into a BES can promote
electron delivery from the electrochemically active bacteria to
the anode, the permeability of the cell membrane to the redox
mediator molecules and the toxicity of the redox mediator
should also be considered.* For a system with sufficient carbon
sources, the addition of a nitrogen source is bound to promote
the quantity and activity of the microorganisms, which require
a specific ratio of carbon to nitrogen, commonly C/N = 10 : 1.**¢

5. Conclusion

The BES must be robust enough to be applied in the field for
bioremediation or energy production, and research is needed to
investigate the functional microorganisms under the influence
of various conditions.* It is difficult to clearly study the effects
of various interaction measures on the microbial community
structure, and yet such research makes sense for the exploration
of the microbiological function mechanism and the optimiza-
tion of BESs to better guide its transition from the laboratory to
actual applications. Here, we summarize the effects of various
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factors on functional microorganisms and contaminant
removal in BESs and provide corresponding optimization
measures.

Functional microorganisms in BESs, including electrogenic
bacteria, degrading bacteria, and element cycle-related bacteria,
harvest electrons from the degradation of substrates and
promote the removal of contaminants, and these communities
are affected by various environmental conditions. Here, we
systematically summarized the effects of various enhancements
(operational factors) on the BES performance with respect to the
functional microorganisms and contaminant removal, with the
aim of determining the optimal conditions during polluted
environmental remediation by BESs and the effective measures
that should be taken. Admittedly, the potential of BESs to
remediate contaminated substrates needs to be further
explored, and there are still some challenges yet to overcome in
the use of BESs to actually remove contaminants. Therefore, the
BES mechanism should be studied more deeply and compre-
hensively. At present, research on microorganisms in BESs
remains mainly at the species identification stage, and we
should therefore pay more attention to the specific roles of
functional genes and functional proteins under particular
conditions of the system. The study of electrogenic microor-
ganisms is still an area worthy of attention, and the study of
electrogenic microbial secretions and the biological interaction
with coexisting neighbours involved in carbon, nitrogen,
phosphorus and sulphur transformation will lead to new
discoveries. Undoubtedly, the great potential for BESs in
pollution control and energy recovery requires us to be
committed to its practical application in the future.
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