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the electrons coming from the microbial respiratory chains. This review de-
scribes the conceptual basis of the electro-bioremediation, the material devices
used (electrode set-ups and spacing), and finally studies the various devices
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1. Introduction

The world’s population grows and concentrates in urban areas [1]. This demo-
graphic change leads to landscape transformations that have many effects on
water systems. The most consistent and pervasive one is an increase wastewater
discharges in water bodies [2]. Wastewater discharges cause serious health and
environmental concerns: 1) Emission of toxic (hydrogen sulphide, H,S) or nox-
ious (methane, CH,) gases from sewer systems [3] [4] [5]; 2) Urban wet-weather

runoff from impervious surfaces is routinely discharged from Combined Sewer
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Overflows (CSOs) into waterways without further treatment, having a significant
impact on the quality of receiving waters; and CSOs are now recognized as a
major source of pollutants in receiving water [6] [7]. Untreated urban wastewa-
ter discharged into the rivers concentrates in sediment and causes rapid anoxia
due to the huge quantities of biodegradable organic matter (OM) discharged in
river far exceeding its self-purification capacity.

In latest decade, the electro-bioremediation has attracted growing attention,
but to date no review has focused on means to direct it, to limit its GHG emis-
sions [8]-[14]. This review focuses on the controlled extraction of electrons, to
enhance the biodegradation of organic matter in aquatic environments, while
reducing the GHG emissions. It does not deal with electron injection to reduce
persistent organic pollutants (POPs) or methods based on low-voltage seawater
electrolysis to generate oxygen or chlorine [15]. Electro-bioremediation is an
emerging technology, also, the number of publications about it on is very low,
and can be counted on the fingers. Also, the bases of electrochemical stimulation
of self-purification are identical to the MFC ones (potential regulation to be se-
lective in the first, and maximum electron extraction, without any potentiomet-
ric regulation in the second). However the advances in MFC devices are of great
help to optimize a stimulation device of self-purification: the processes are the

same, only electron management differs.

2. Self-Purification in Water Bodies

According to European Environmental Agency, self-purification is the ability for
any water body to removal the organic material, mineral nutrients, or other pol-
lutants by the natural activity of its resident biological communities. It is a natu-
ral biogeochemical processes leading to the oxidation and mineralization of or-
ganic matter, and it is particularly active in the river underflow (hyporheic zone)

where a redox gradient naturally installs [16] [17].

2.1. Natural Sediment Redox Processes

Sediment is generally oxygen poor (consumed by microorganisms) and OM
laden, so microbial metabolism maintains reducing conditions in sediment
where the biodegradation reactions take place according to a redox gradient
(Figure 1) [18] as the biodegradation effectiveness is often limited by the low
availability (presence and mobility) in electron acceptors (e.g. O,, NOj, Fe(III),
Mn(IV), SOi’ ), in these conditions the microbial metabolism maintains re-
ducing environment in the porous sediment and the biodegradation reactions
are gradually changing, according to a redox gradient [19]. In addition, envi-
ronmental conditions strongly modulate the biological processes: 1) temperature
is a variable that strongly drives the biological activities; 2) OM and NO, (ex-
ogenous inputs or NH, nitrification) availabilities are main reactants for denitri-
fication [20]. The redox potential is a key element closely related to the pH and

the electron acceptor availability (Figure 1).
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Figure 1. Schematic localization of different microbial processes in the sediment accord-
ing the redox potential. The order of electron acceptors displayed in an idealised system is
0,, NOj, Fe(Ill), Mn(IV), SO’ , CO, (adapted from [18] p. 573; [21] [22]).

In running waters, bio-geo-electrochemical processes are not so gradually or-
ganized as described in lake sediments according to depth [18] forming a strati-
fied redox gradient, from oxic condition, to suboxic and anoxic conditions
(Figure 1). Preliminary results showed a high sediment functioning heterogene-
ity according water flow, geomorphology, hyporheic and nutrient fluxes due to
hydraulic conductivity and hydraulic gradient [23]. The redox cycling of organic
C & N not only drive the micro- and macro-biological communities, but also
have implications for global nutrient balances and climate change. So, CH,
emissions from wetlands, rice paddies, and thawing permafrost soils signifi-
cantly contribute to the overall GHG budget on Earth [19].

2.2. Gas by-Products of Self-Purification

Water system metabolic activity transforms a huge fraction of OM [24], and N &
C content are recycled and eliminated at rates up to 70% [25] [26] in gaseous
forms [27] [28] [29] (Figure 2). During anaerobic OM degradation, water sys-
tems release major GHGs, namely carbon dioxide (CO,), CH, and nitrous oxide
(N,0) [30] [31] [32] [33]. Few studies directly measure GHG emissions with
floating chambers and the dissolved forms [34] [35] [36] [37]. N,O and CH, are
important GHG, with a Global Warming Potential of respectively 298 and 24
relative to CO, over a 100-year period [38]. If about 60% of global CH, emissions
are anthropogenic, the most important source of uncertainty on the total budget
is attributable to emissions from wetland and other inland waters [39]. Also, the
importance of inland waters in the overall GHG budget was recently reassessed
as the total CH, emission from freshwaters is esteemed to be 103 Tg of CH,/year.
Expressed as CO, equivalents (eq), this corresponds to 0.65 Pg of C (CO,
eq)/year or 25% of the estimated land GHG sink, assuming that 1 kg of CH,

DOI: 10.4236/2im.2017.712064

815 Advances in Microbiology


https://doi.org/10.4236/aim.2017.712064

L. Jobin, P. Namour

Nitrogen self-purification processes
measurement

- Lab on samples
- In continuous in situ

N, CH,
Gaseous forms to ® @ co,
measure

N,O |l||| Norg -
‘é}\' I® 8 1 Assimilation

2 £ :
N S NH,* Organic Matter
£ N o F - - (DOC, BOD,)
<0 ® ©)
@
NO,- 0,
© l® Drivers
B - Pressure (water level)
NO, - Oxygen
t - Temperature
- Light (photosynthesis) / turbidity

Figure 2. Diagram of the various stages of biological nitrogen transformation and their
coupling with the carbon cycle during the river self-purification (from [52] [53]).

corresponds to 25 kg of CO, over a 100 year period [40]. Total waterborne GHG
emissions vary considerably according to site type, with fairly low emissions
from forestry-drained boreal bog (circa 10° kg CO, eq/(ha-yr)), but substantially
higher emissions (3 - 4.5 x 10° kg CO, eq/(ha-yr)) for the boreal peat extractions,
temperate grasslands and cleared tropical forests [41]. While the CH, fluxes
ranged between 7.3 and 67.7 mg/(m*>h) from vegetated surface in natural wet-
lands, they varied between 1.53 and 3.07 mg/(m>h) in constructed ones [42].
Some wetlands as the paddy fields are supposed contribute up to 20% of the
global total anthropogenic CH, emissions [43]. Overall, waterborne carbon
emissions may contribute about 1 - 4 x 10’ kg CO, eq/(ha-yr) of additional GHG
emissions from drained peatlands. In river the two specific problems of self-pu-
rification are the length of stream needed to reach this removal efficiency and
the GHG emission. The magnitude of the emissions varies from one study to
another, from barely ten [44] to serval hundreds of pg/(m*h) [45] for N,O and
from 1 to 500 umol/(m*h) for CH, [46]. But several studies show that GHG
emissions are closely dependent on the organic input for CH, [47] [48] and N,O
[20]. OM inputs (e.g. CSOs) must therefore strongly affect river emissions Dif-
ferent mechanisms are at the origin of GHG (N,O, CH,) [18] [49]. The main
aquatic sources of N,O are nitrification and denitrification [50]. Although not
always observed, anaerobic ammonium oxidation (anammox) may also contrib-
ute to N,O formation [51].

The ultimate step of OM degradation in anoxic condition is methanogenesis.
CH, is predominantly produced from either acetate (acetoclastic methanogene-
sis) or hydrogen and carbon dioxide (hydrogenoclastic methanogenesis) [54] by

methanogens having the ubiquitous methyl-coenzyme M reductase (mcrA) in all
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known Archaea methanogens [55]. The C/"C isotopic ratio allows differenti-
ating these two possible pathways at the origin of emitted CH, [56] [57].
Whether for N,O or CH,, emission level is highly dependent on the activity of
microorganisms involved [58] [59] therefore control of gaseous emulsions re-

quires control of microbial activities.

3. Bio-Electrochemical Remediation: Some Definitions

According to the United States EPA, Bioremediation is “an engineered technol-
ogy that modifies environmental conditions to encourage microorganisms to
destroy or detoxify organic and inorganic contaminants in the environment’.
Technologies can be generally classified as in-situ bioremediation treating the
contaminated medium on the site or ex-situ bioremediation involving the con-
taminated medium extraction to treat it elsewhere [60]. Many techniques to
remediate a polluted water body are applied separately or in synergy way: 1)
physical-chemical technologies, and 2) biological technologies or bioremedia-
tion, exploiting the self-purification capacity to assimilate organic matter [12]
[61]. Current eco-engineering practices attempting to improve bioremediation
focus on physical actions through geomorphological modifications as con-
structed swales or riffles across urban creeks [62] [63] or constructed wetlands
[64]. But this way is not always possible in urban areas where space is often
scarce and expensive. The present-day common approach in bioremediation
technology, is to add sufficient chemical electron donors (e.g., lactate, acetate,
citrate, or H,) to feed the intrinsic microbial catalysts either ex-situ, in cumber-
some plants requiring tanks, pumps and pipes, or in-situ requiring chemical in-
jections in the environment [65] [66]. Few devices use the cathode to directly
inject electrons for the clean-up of halogenated solvents [67], nitrate [68], to re-
calcitrant wastes [69]. The recent developments in electro-microbiology may
pave the way to new possibilities to enhance bioremediation processes and direct
the degradation products, through an electrochemical management of microbial
populations able to enhance the bioremediation of polluted water environments

and control the GHG and toxic gas emissions.

3.1. Electro-Microbiology

Over the past decade, a new biological discipline, the electro-microbiology, was a
rapidly emerging field from the microbiology. It deals with the interactions be-
tween microorganisms and electronic devices, and novel electrical properties of
microorganisms [70]. Electro-microbiology technologies are founded on the fact
that: growth and survival of any living organism requires continuous electron
exchanges between electron donors and acceptors, these electron carriers are
usually some chemical compounds acting as shuttles in electro-transfer mecha-
nisms. For aerobic organisms, O, is the terminal electron acceptor, but in case of
anaerobic organisms other electron acceptors can be used, such as nitrate (NO; ) ,

Fe(III), Mn(IV), sulphate (SOE_), or organic acids as acetate or fumarate.
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According the redox potential of acceptor/donor involved, these redox com-
pounds have a lower energy yield than O,, so anaerobic respiration is less energy
efficient and anaerobes grow at slower rates than aerobes. Additionally, some
facultative anaerobes can use either O, or alternative terminal electron acceptors
for respiration depending on the environmental conditions.

Bacteria can direct transfer their electrons to solid surfaces acting as anode by
different electron-transferring mechanisms summarized in Figure 3 [14] [70]
[71]:

1) Indirect electron transfer by externally added mediators (methyl-viologen
aka Paraquat; potassium ferricyanide; methylene blue or natural mediators (hu-
mic substances, Fe(II)/Fe(III), or SOi' /H,S [72] [73] [74]);

2) Indirect electron transfer by self-produced mediators (electron shuttles) re-
leased by microorganisms (e.g. flavins of Shewanella sp. or piocyanin of Pseu-
domonas sp.), the oxidized mediator is reduced on the outer cell membrane, and
then the reduced mediator transfer it electron to anode. This transfer mecha-
nism depends on diffusive fluxes inside the biofilm;

3) Short-range direct electron transfer by outer membrane-bound redox sys-
tems, such as c-type cytochromes, to anode ( Clostridium sp.; Desulfotomaculum
sp.; Shewanella sp.; Aeromonas sp.) [75] [76] [77];

4) Long-range direct electron transfer through the biofilm via electrically
conductive “nanowires” (pili), Geobacter sp.; Desulfuromonas sp.) [78].

A smart solution is to supply electron acceptors via direct electrochemical
means, forming a Microbial-Electrochemical System (or Bio-Electrochemical
Systems aka BESs). It harnesses the microbial ability to direct or indirect transfer
electrons to solid surfaces by using a conductive electrode acting acts as either an

electron acceptor or donor depending on the polarity conditions.

@ @ ® @

- Non-electroactive bacterium, ~—_ Nanowire
P Electroactive bacterium, @ Outer membrane cytochrome

(O  External mediator (e.g. humic acids, paraquat) {_)  Self-produced mediator (e.g; flavins, pioyanin)

Figure 3. Models for electron-transfer mechanisms at the anode (adapted from ref.
[70]).
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3.2. Microbial Fuel Cells (MFC)

Microbial Fuel Cell is a BES which generates electricity, and Microbial Electroly-
sis Cell (MEC) is a BES requiring a power supply to drive non-spontaneous re-
actions. Many of the recent advances in the electron transfer between microbes
and electrodes have arisen from the study of MFCs, devices initially designed for
harvesting electricity from OM degradation [14] [79] [80]. In an MFC, electricity
is produced by extracting electrons in anoxic conditions by an external circuit
and combining them at the cathode under oxic conditions with H* and O, from
the air, to form H,0. In MEC O, is banned at the cathode, electrons can merge
with H* to give H,. MECs can clearly yield other high value products, but these

process needs to inject energy into the system.

Sedimentary (SMFC) and Benthic Microbial Fuel Cell (BMFC)

Initially designed to run with marine sediment rich in organic matter and sul-
fides [81], now SMFCs run with all sediments including waterlogged soils such
as wetlands and rice paddies. According to Li et al typology [10], a SMFC is a
lab-scale set-up derived from MFCs, in which microbial consortium is a sedi-
ment, used to assess and optimize parameters under controlled conditions. Basic
benthic microbial fuel cell (BMFC) is an outdoor set-up, consisting in an anode
buried in the sediment anoxic zone and a cathode floating in the oxic superficial
water; both connected through an external electric-circuit [82] [83], in such way
to drain electrons from the anode acting as a powerful electron acceptor for mi-
croorganisms nearby anode, enhancing their respiration and thus the oxidation
of sediment organic matter and contaminants associated. BMFC is a bit different
from SMFC, the latter also utilizes sediment as the fuel source, but is not an
in-situ set-up working in an actual water body and sediment, thickness replaces
the proton permeable membrane. Several researchers have revealed the possibil-
ity of using BMFC as power source in marine [83] [84] [85] or freshwater [86]
[87] [88] [89] environments.

BMEFC can be used to explore some new bioremediation ways, which neither
seek the maximum electron mining, nor inject energy to catalyse high added
value products. The electron flux is managed to maintain an anode microbial
population conducive to the MO biodegradation, and avoiding the production
of undesirable gases (N,O, CH, & H,S). The surplus collected electrons will go
power the potentiostat, the sensing and control device, in charge to keep a
proper voltage. The BMFC principle applied to constructed wetlands leads to the

emergence of new environmental engineering, see below §5.2.

3.3. Electrochemical Bioremediation

Bioremediation aims at increasing the OM assimilation while overcoming the
microbial metabolism limits due to a shortage of electron acceptors. A basic ap-
proach is to provide chemical compounds as electron acceptors (i.e., oxidation)

to increase OM degradation or electron donors (Ze reduction) to increase the
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refractory OM degradation (e.g. organo-halogenated pollutants) and the elec-
trochemical bioremediation (Figure 4), or electrochemically enhanced self-puri-
fication, consists on electro-stimulating sedimentary microbes to degrade OM
on-site, and beside produce electricity. Such process is considered sustainable
because it eliminates the injection of expensive chemicals and reduces the energy
cost as compared to other technologies [90]. Electro-bioremediation excludes
the electro-kinetic techniques (electrochemical transport or transfer of com-
pounds) exclusive purpose of the Reddy & Camselle’s book “Electrochemical
remediation technologies for polluted soils, sediments and groundwater” [91].
The major drawback of these techniques is the needs of electricity injections:
MEC to power the pumps, and MEC to drive the non-spontaneous reactions
[92]. These technologies cannot be simply scalable up to continuous field appli-
cations. They require a pump-&-treat approach, easy at laboratory scale, a little
bit more difficult at pilot or industrial scale. So, depending on the configuration
chosen, they require the installation of a single or double chambered device, in-
cluding a proton permeable membrane, many tanks and circulating pumps.
They are energy intensive technologies, and large part of the electricity produced
by the MFC is consumed in the pumping [93] [95]. Moreover, the application of
weak electric fields can have negative effects on the OM degrading biofilm. In-
deed, when a direct-current is applied to the sediment, the electrolysis of pore
water occurs at both electrodes, and leads to pH changes at the cathode, and to
the release of toxic reactive oxygen or chlorinated species with antimicrobial ef-
fects in the anode vicinity [96].

Generally, OM is the electron donor in bioremediation processes in polluted

environments. Acceleration of self-purification based on metabolic activities of

Current direction

Organic
matter

Figure 4. Schematic representation of the electrochemical bioremediation concept.
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natural sedimentary microorganisms is a widely accepted durable solution in
environmental engineering, but its relatively low efficiency and delicate control
considerably limit its actual application. A faster electron transfer to more con-
ductive anode is assumed lead to sizable increase in OM oxidation rate, com-
pared with natural electron acceptors [97]. Microorganisms in freshwater sedi-
ments seem preferred for degradation of PAHs to use the SMFC anode over
added electrons acceptors as Fe(III) oxides [98]. SMFC could effectively stimu-
late bioremediation in anoxic conditions [10] [99]. Although still in the labora-
tory prototype stage, it has many potential advantages for controlled stimulation
of bioremediation processes, with an environmental impact considered a priori
relatively benign, but still needs to be clarified.

Even if the redox potentials shown in Figure 2 are approximate due to the in-
fluence of pH, it obviously shows the existence of a window of redox potentials,
which can be exploited to a smart electro-stimulation of the bioremediation. In-
troduction of an inexhaustible electron acceptor anode, a respiratory aid ena-
bling bacteria equipped with the required metabolic system to breathe at the
oxygen potential even within a fermentation medium. The selection of an-
ode-respiring bacteria depends on the anode potential, which determines the
amount of energy available for bacterial growth and maintenance [100], impart-
ing a selective advantage to bacteria suitable to anode potential to synthesize
more ATP than the methanogenic ones and increase their activity of oxidative
degradation of the organic matter over competing functional groups as
methanogens [101].

As the natural redox potential difference between oxygenated superficial water
and anoxic sediments is generally =800 mV, between 770 and 870 mV [86] [102]
[103] [104] [105], and the energy gain for the microorganisms is higher using
electron acceptors with a more positive potential, thus it is reasonable to hy-
pothesize that a more positive anodic potential can enhance OM oxidation. Ad-
ditionally by properly imposing the potential between 0 mV and 100 mV (NHE),
it can be possible stimulate bio-remediation, while avoiding the formation of
H,S, CH, and N,0. Indeed, anode respiring bacteria competing with methano-
gens on organic carbon sources have half-saturation coefficients (Ks) for acetate
much lower than methanogens: e.g. Geobacter sulfurreducens. 10 pM [106] ver-
sus Methanosaetaceae: 169 pM and Methanosarcinaceae: 3.4 mM [107]. Al-
though we do not know whether this sensitivity difference is true for all
methanogens, many studies have found that SMFCs can reduce CH, [108].

The electro-bioremediation development is not only possible but desirable for
its advantages. Firstly, it stimulates the contaminant removal without require
neither chemical addition nor energy input, so the operational cost can be sig-
nificantly lower than other remedial methods; moreover, it produces electrical
current, which can power a remote monitoring device, and finally it is presumed
lead to higher treatment efficiencies than with conventional biological processes
[69] [94] [109].
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4. Materials and Design

The construction and analysis of BMFCs requires thorough knowledge in sepa-
rate scientific and engineering fields, ranging from microbiology and electro-
chemistry to materials and environmental engineering [81]. Obviously, the dif-
ferent materials and methods used to construct MFCs, techniques used to ana-
lyse their system performances, are transferable to BMFC, so the reviews dealing
with MFCs constitute a major source of information [14]. The two main parts to
consider are: the electrodes; and the overall connection and setup design, in-
cluding collected electron management.

4.1. Electrode Materials

In BMFC the anode is in charge of collect the microbial respiration electrons;
therefore, anodic materials must be conductive, chemically stable and non-ha-
zardous in environmental conditions, and high degree of biocompatibility to all
avoid any toxic effect upon the microorganisms. In BMFC the cathode is in
charge to waste the anode electrons by reducing oxidized compounds. Oxygen is
the most suitable electron acceptor because of its high oxidation potential,
availability, low cost, sustainability, and the lack of any chemical waste produc-
tion (water is the sole waste). The cathode must obviously have the same proper-
ties as the anode, but furthermore, the need to float on the water surface in order
to maximum benefit of the oxygen concentration in air, imposes light and po-
rous cathode materials, to facilitate oxygen access. So, soft carbon-based materi-
als (felt, fabrics) stretched over resistant stainless steel frame or supported by
polystyrene floats [110] are attractive solutions. To meet the above mentioned
requirements anode and cathode can be made of metal, stainless steel or various

carbon-based materials.

4.1.1. Metal Electrodes

Obviously electrodes made of Cu must be prohibited, due to the high toxicity of
Cu® to microorganisms, but some noncorrosive metal electrode as stainless steel
mesh or titanium can be utilized [84]. Stainless steel is an attractive material to
create large electrodes for BES, due to its low cost, high conductivity and easy to
install in the sediment due to its good mechanic strength, but the relatively small
specific surface area and sensitivity to corrosion in anoxic environment makes it
less suitable as anode material. Many stainless steels also undergo corrosion, but
careful selection of chrome content apparently can produce materials stable even
in seawater, but the maximum power density was only 4 mW/m? [84]. A power
density only 0.8 mW/m? at the current density of 0.035 A/m* were achieve with a
anode made of stainless steel fibre felt [111]. stainless steel foam could be more
performing materials, the current density obtained (80 A/m?) was 4 times and 2
times higher vs. plain stainless steel (20 A/m?) and classic carbon cloth (33 A/m?)
respectively [112]. However, poor biocompatibility limits stainless steel success-
ful application today, also a simple and effective method can make biocompati-

ble stainless steel felt electrodes by iron oxide nanoparticle generation on the
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anode surface by means of flame oxidation (coating with hematite (a-Fe,0,)
nanostructures). The flame oxidation multiplies by 16.5 the maximum current
density, relative to the non-oxidized felt [113]. Tungsten carbide anode allows a
maximum power point of 5.85 W/m” at a current density of 1.6 mA/cm?, from a
soil bacterial solution [114]. Uncoated titanium seems unsuitable as anode ma-
terial [115] as gold in lab MFCs. Geobacter sulfurreducens produces at a flat
conductive gold anode a current density of 688 + 160 mA/m’ [116].

4.1.2. Carbon-Based Electrodes

Carbon-based electrodes are the most widely used in MFCs studies. Except non
electrical conductive diamond (sp3 carbon), all the allotropic forms of carbon
(amorphous carbon, glassy carbon, graphite, graphene and nanotubes) are used
with various designs as electrode materials. Graphite plate anodes have been
commonly adopted in early BMFC designs but they are difficult and costly to
bury into the sediment. Graphite rod is more easily inserted than plate, but it
presents relatively low surface area. Carbone felts offer a large colonization sur-
face to bacteria, but are more difficult to install in sediments. Hence, selection of
electrode material and design of its structure need special attention. In a syn-
thetic review, Guo et al (2015) examine impact on microorganism-electrode
exchanges and electron transfer mechanisms of electrode surface topography
and chemistry, and propose three relevant impact class at different scales [117]:

1) Adherence of the cells;

2) Formation and structure of the electroactive biofilm;

3) Electrical connectivity between the cells and the electrode in a direct or in-
direct ways.

Because of its excellent electrical conductivity and chemical stability, the
graphite (graphite rod, plate or sheet and graphite fibre brush) is one of the most
commonly used electrode materials [14] [118] [119], but for cost saving, practi-
cal applicability and efficient performance, carbon based electrodes are being
used viz. carbon cloth, carbon felt (CF), carbon foam or paper, granular acti-
vated carbon (GAC) [120], reticulated vitreous carbon (RVC).

In terms of configuration, Wei et al (2011) divided carbon-based electrodes
into plane, packed, and brush structures [119]. We propose a simpler electrode
classification, by sorting the electrode in two classes: 2D electrodes (carbon pa-
per, graphite plates or sheets, and woven carbon: mesh or cloth) and 3D elec-
trodes (organized carbon felts or cloths, corrugated carbon (from carbonized
cardboard [121]) or granular forms), according their potential microbial ex-
changes and in-field implementations. Efforts focus on the design and structur-
ing of the electrodes providing the largest active surfaces. In MFC, the anode is
the limiting factor and the optimization of the anode projected area increases the
power density [122]. Thin, but porous graphite or carbon displays the best con-
ductive properties with lower cost and excellent biocompatibility.

3D structures are of particular benefit because they provide large available

surface areas for bacterial colonization and substrate transport, solid and
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macroporous structures for redox reactions, electron transfers. One way to in-

crease the surface area free to bacteria is the use of loose granular materials, such

as granular graphite, or activated carbon, is one possible way. GAC electrode can
be designed as a diffuse electrode, distributed into the sediment in order to de-

velop a maximum contact surface with the sediment bacteria. Packed into a

polypropylene mesh bag, GAC is inserted into sediment [123] and graphite rods

are usually used to collect electrons from dispersed GAC in sediment. For a

same material, small granules (0.25 - 0.5 mm) give a higher current density than

larger granules (1 - 5 mm). More, for the same size, granules with a rough sur-
face have a better performance than smooth ones [120]. The main question is:

What is the optimal amount of given diameter granules to mix with sediment in

order to have a high probability of connections between the granules?

Activated carbon felts have exceptional properties as a high electronic con-
ductivity, low weight, good chemical stability, and low cost. However, the study
of their intrinsic properties is a bit difficult due to their hydrophobicity and
compressibility [124]. But above all they offer to bacterial growth loose texture
and large surface areas, higher to carbon cloth and graphite sheets, but the bac-
teria growth is more likely to be restricted by the mass transfer of substrate and
products inside electrode. Carbon felt and granular anode obtain similar current
densities, but felt materials require around 30% less material. In order to in-
crease the available surface area for bacteria, the felt can be cut into cubes. Car-
bon and graphite felts are processed respectively at 1100°C - 1800°C and 2200°C
- 2600°C. Two kinds of carbon felt precursors exist: Polyactylonitrile (PAN) and
Rayon. Rayon carbon felt is cleaner and no lose fibres compared to PAN carbon
felt. The carbon and graphite felt has the following peculiarities:

- high porosity (99% if uncompressed material);

- great compressibility which makes it difficult to reproduce a constant elec-
trode quality upon replacement in device;

- Variable electrical conduction through carbon/carbon or graphite/graphite
contacts, depending on the contact strength. Indeed, felts are made of short
fibres, =10 mm &, and giving an exceedingly large number of contacts fibre
to fibre. Also, the overall electrical conduction pattern is complex, depending
on the degree of compression.

More elaborated nano-structures can be used, as carbon multiwalled nano-
tubes or carbon nanopowder immobilized in conductive adhesive on electrode
surface [125]. The high performances of 3D carbon sponges consisting of inter-
connected carbon nanotubes, are due to excellent charge transfer between car-
bon nanotubes and microbes owing to 13 times lower charge transfer resistance
compared to carbon felt [126]. Carbon fibres can be implemented in form of
brushes, made of extruded graphite fibre (7.2 pm &) wrapped around one or
more conductive corrosion-resistant metal wires like titanium wire [127] [128].
Carbon brush presents thousands of well-structured carbon fibres per cm’ to
generate high surface area. Carbon felt or organised carbon fibres (e.g. carbon

brush) have an overall superior performance in terms of current density per
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amount of involved anode material, but the mechanic strength (too soft and
flabby fibres) and fragile structures of carbon brushes can be an issue of concern

for long-term operations in benthic systems.

4.1.3. Surface Functionalisation

Electrode surface chemistry impacts the microbe-electrode interactions by many
ways: 1) surface charge attraction; 2) hydrogen bonding; 3) van der Waals force;
4) immobilized mediator; 5) random roughness; 6) oriented nano-pattern and
nanoparticles; and 7) hydrophilic properties of electrode surface, fostering a fast
bacterial adhesion onto the electrode surface. Electrochemically active microor-
ganisms attach preferentially on hydrophilic and positively charged surfaces
[129]. Bacterial cells have a net negative charge on the cell wall, although the
magnitude of this charge varies from strain to strain. Also, negatively charged
groups at the electrode surface (carboxylate) decreased microbial fuel cell power
output while the introduction of positively charged groups doubled the power
output [130]. Hydrophilic functional groups can be added by thermal treatment,
depending on the gas atmosphere (e.g., N,, O,, NH,) used. Carbon mesh heating
450°C for 30 min gives a maximum power density of 922 mW/m’* (46 W/m’),
3% higher than a carbon mesh anode only cleaned with acetone (893 mW/m?; 45
W/m?), but 7% less than carbon cloth treated by a high temperature ammonia
gas process (988 mW/m?% 49 W/m?®) [131]. Among the 3 different treatment
methods examined to enhance power generation of carbon fibre brushes: 1) oxi-
dizing acid treatment (200 g/L (NH,),S,0, in 100 mL/L 98% H,SO,, 15 min); 2)
heating (450°C for 30 min); and c) a combination of both processes. The com-
bined heat and acid treatment improve power production to 1370 mW/m?
which is 34% larger than the only acetone cleaned control (1020 mW/m?). This
power density is 25% higher than using only acid treatment (1100 mW/m?) and
7% higher than that using only heat treatment (1280 mW/m?). Analysis of the
acetone cleaned or heated surfaces showed these processes decreased atomic
O/C ratio, indicating removal of contaminants that interfered with charge trans-
fer [131]. The acid & heat treatment of the carbon fibre brushes increases by 60%
the atomic ratio N/C (0.0261) compared to the acid treatment alone and the
acetone cleaned control [132]. Adding protonated amine groups (from 0.38 to
3.99 meq-m?®) by heat and NH; treatments, can increase the N/C ratio, amine
group content, including C-N and C=N, and the adhesion of negatively charged
bacteria and enhances electron transfer between the bacteria and the carbon
[133]. Dimethylaniline functionalization of carbon cloth electrode demonstrated
that a low nitrogen addition enhances electric performance. Indeed N/C ratio of
0.7 achieved the highest power density (938 mW/m?), 24% greater than an un-
treated anode. However increase N/C ratio to 3.8 lowers the power density to
707 mW/m? [134]. These results show that low-cost heat-treated carbon mesh
materials can be used as anode, providing good performance, and even exceed-
ing the carbon cloth anode performances. Coating 3D macro-porous anodes by

with Nafion solution of various carbon nanoparticles (graphene, carbon nanotube,
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or activated carbon) on stainless steel fibre felts gives an open, solid and
macro-porous structure, providing large surface area electrodes for reaction, in-
terfacial transport and biocompatible interface available for bacterial coloniza-
tion and substrate transport. Graphene modified anode delivered a maximum
power density of 2142 mW/m? at a current density of 6.1 A/m’, greatly improved
compared with the unmodified stainless steel fibre felts [111]. Because of this
natural 3D structure, carbon felt seems the better support for immobilization of
multi-wall carbon nanotube (MWCNT). Indeed, Nitrate reduction efficiency
was about 83.6%, 79.6% and 64.0% for MWCNT/carbon felt, MWCNT/carbon
cloth and MWCNT/graphite cathodes, respectively [135]. Electron redox me-
diators immobilization on the anode surface could be an efficient method to im-
prove the transfer of extracellular electrons and hence to boost power output.
Various treatments (Co and Fe-Co tetra-methoxyphenyl porphyrin (Fe-
CoTMPP) and platinised carbon and titanium) on carbon sponge, cloth and pa-
per, graphite and reticulated vitreous carbon (RVC) were investigated with a
graphite cloth as anode. Relatively low cost cathodes (carbon sponge and carbon
cloth) gave power densities ~30 mW/m’. The FeCoTMMP modified cathode
gave power density of 62 mW/m* which was nearly twice that achieved with the
best un-modified carbon [136]. Chemical catalysts such as Pt and tetra-methoxy-
phenyl porphyrin are usually spread on the cathode surface to increase redox
reaction kinetics especially when surface cathode must stay small size, but these
expensive chemicals must be ban from water environment and for the majority
of environmental applications the natural development of phototrophic biofilms
on the cathode (biocathode) is enough to effectively catalyse redox reactions
[137] [138]. Plain graphite anode functionalizing with quinone groups; graph-
ite-ceramic composite containing Mn** and Ni**; and graphite modified with a
graphite paste containing Fe,O, or Fe,O, and Ni** showed between 1.5-fold
(1,4-naphtho-quinone-modified graphite) and 2.2-fold (graphite-ceramic com-
posite and graphite paste) greater kinetic activity than plain graphite [139]. The
use of MnO, on carbon cloth tested as alternative to cathodic catalysts as plati-
num (Pt) suggests that using f-MnO, instead of Pt could potentially lowering
production cost [140] and decreases the start-up period by 30% versus a
non-treated one [141]. Immobilization on the surface of electron redox media-
tors such as neutral red [142] also boosts the electron transfer. Neutral red was
considered as one of the ideal mediators for anodes as it possesses a redox po-
tential of =325 mV vs. NHE, which is rather close to the —320 mV (NHE) of
NAD'/NADH couple [142]. Coating the surface of stainless steel-felt anode with
hematite (a-Fe,O;) nanostructures [113] or carbon nanotubes [111] dramatically
enhances the anode biofilm formation and thus the bioelectric-activity on
stainless steel-felt. Photoelectrons from rutile (TiO,) anode could be used by
contaminant-degrading bacteria at a cathode, resulting in substantially increased
current generation and bacterial growth. This finding implies a potential to util-
ize the high-energy photo-charges for assisting the BMFC remediation. Com-
pared to an anode made of bare carbon felt, electrodeposition of MnO, promotes
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MEC's power efficiency: the anode capacitance improved 46 times, and the
maximum power density by 25% [143]. Note, that in sediment some natural oc-
curring shuttles such as humic substances, or redox couples as Fe**/Fe** and
Mn**/Mn** can transfer electrons between anode respiring bacteria and the an-
ode. However, the conductivity and biocompatibility of carbon-based materials
still offer enough room for progress. And indeed, many attempts aim at modify
their surfaces in order to give more efficient anode materials, mainly for power

generation.

4.2. Design of Electro-Bioremediation Devices

4.2.1. Anode-Cathode Spacing

A huge fraction of the ohmic loss in BMFC is caused by the electrode spacing.
Unlike laboratory cells where chambers are only separate by thin membrane and
electrode spacing can be easily reduced, in BMFC, limits exist due to the natural
spatial separation existing between sediment oxic and anoxic zones. The best
depth to embed anode in sediment should relatively shallow, between 3 cm
[138], 5 cm [139] and 10 cm [82] below the sediment water interface, just under
the oxic/anoxic transition interface. A deeper level leads to lower results due to a
larger internal resistance. However, in some articles, despite the internal resis-
tance increase, the power and current density from the anode at —10 cm in
sediment, were respectively 2.2 and 3.5 times higher, than those from the anode
at —2 cm [144]. Among the three anode-cathode spacing tested (15; 30 and 45
cm) in pilot planted with Typha latifolia, the highest power density (36.48
mW/m?) was achieved for 30 cm electrode spacing, despite a larger internal re-
sistance equal to 430 Q). But the pilot was fed by up-flow, so the results can ex-
plain by deficient fuel supply at the 15 cm anode [145]. In constructed wetland
pilot made of gravel layers, anaerobic sludge and Phragmites australis, a 20 cm
space between the electrodes give an optimal removal of chemical oxygen de-
mand of 94.90% with a 0.15 W/m® power density, 339.80 Q internal resistance
[146]. In fact it seems that there is no anode optimum depth, we must balance
between the internal resistance and the anodic environment which must be both
thermodynamically and kinetically favourable to electrode-reducing bacteria.
Both electricity generation and pollutant removal increases when the an-
ode-cathode interval decreases and in an interval range between 4 cm and 10 cm,
the more the electrodes are close, the more efficient the electricity generation
and pollutant removal become [147]. In the field, the electrode spacing seems
not so crucial. Results from a sensing probe (graphite anode embedded within a
sand pack) for monitoring in situ microbial activity in an aquifer undergoing
bioremediation, shows that MFC can produce detectable currents despite long
range separation (6 m) between anode and cathode [148]. To overcome spacing
issue, several setups are proposed as: tubular setup where the electrodes are
separated only by a low-cost cloth and so the cathode catalytic surface (conduc-
tive paint + catalyst) inside the tube is directly exposed to air to allow efficient

oxygen reduction; or 3D setup with multilayer or honeycomb anode structure.
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4.2.2. Tubular Devices

Tubular-type BES is constructed by winding together the anode, separator, and
cathode layers around a perforated PVC tube, with the cathode facing inside and
exposed to air, and the anode exposed to the surrounding matrix [13] [149]
[150] [151]. Tubular BMFCs have been reported to decrease by about 33% the
organic content in sediment [149], its application to contaminated sediments,
increases the natural biodegradation by nearly 12 fold [152], and for treating pe-
troleum hydrocarbon in waterlogged soils, it is an easy technology to implement
at lab scale, that significantly reduces device internal resistance, improves mass
transfer, facilitates cathode O, reduction, and stimulates efficient functional mi-
crobial communities [150].

U-tube BMFC consists in an air-cathode placed inside the anode chamber and
had been proven to be efficient for electricity recovery due to the low internal
resistance [153]. Its use increases petroleum hydrocarbon removal by 120%,
from 6.9% to 15.2% close to the anode (<1 cm), for waterlogged saline soil but
the yield falls with distance and water content [154].

Snorkel BMFC consists in a single conductive tube (snorkel) properly set to
create an electrochemical linking between the anoxic zone (polluted sediment)
and the oxic zone (superficial oxygenated water). The lower part is buried within
sediment and plays the role of anode, accepting electrons from the organic mat-
ter oxidation. Electrons flow along the snorkel up to the part exposed to the
aerobic environment (cathode part), where they reduce oxygen to form water
[155]. Results of an over 400 day study in 120 mL serum bottles show an in-
crease of oxidative reactions in the marine sediment tested with a significant re-
duction in total petroleum hydrocarbons (TPH) content of 12% * 1% and 21% +
1% in pilots with one and three snorkels, respectively [156].

4.2.3. Multi-Layer Anode Devices

Another major concern in electro-bioremediation field-scale application is the
low ratio between the limited volume under anode influence and the large sedi-
ment volumes to be treated. Indeed, with a conventional BMFC, the affected
sediment radius by anode is very narrow, typically about few centimetres around
the anode [102] [151] [154] to several tens of cm according the number of oper-
ating days [151]. To extend the anode influential area some new system setups
were proposed such as multi-anode setup. It consists in linking several
smaller-sized anodes instead of one big anode, to achieve segmented anode ar-
rays. Indeed some laboratory results from SMFC using a fabric anodes on sea-
floor indicate that power generation scales almost linearly with anode size up to
about 1 - 2 m® of projected surface area, larger anodes suffer reduction in power
density, suggesting that the majority of losses along the anode surface occur
closest at the connecting wire, where the amount of current is the greatest [157].
The use for180 days of three layers of 3 cm spaced anodes with an activated car-
bon cathode, accelerates degradation both polycyclic aromatic hydrocarbons

(PAHs) and n-alkanes in each layer compared to the open control et yields a net
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degradation rates of TPH, 16 priority PAHs and total n-alkanes of 18%, 36% and
29%, respectively [158]. The anode spatial configuration (horizontal or vertical)
appears to affect the biodegradation yield: the horizontal anode setup removes
up to 12.5% of TPH after 135 days, 50.6% more than the vertical setup (8.3%)
and 95.3% more than the open circuit setup (6.4%). The lower mass transport
resistance in the horizontal setup than in the vertical one seems to result in more
power and more TPH removal [159]. Multiple anode SMFCs seem generate
more electricity, and in more sustainable way due to increased anode surface
area, while anode distance have limited effects on overall system performance, as
show a 3D anode (carbon mesh on a 10 cm height ‘honeycomb’ structure) full

covered with river sediments [160].

4.2.4. Power Management System

BMEC scaling-up do not consist in its size rising, as any increasing of electrode
surface area results in decreased power density. As alternative to the physical
scale-up of BMFCs, it is possible to scale up power by using smaller-sized
BMFCs operating alone connected to a power management system and managed
them in such way to maintain a sufficiently low redox potential for a total deni-
trification up to N,, and/or a full anammox, resulting in no accumulation of
N,O, but without reaching the potential formation of H,S and CH,.

Classical electrical circuit includes voltage meters (or a potentiostat to a finer
understanding of the system) connected in parallel to properly measure cell
voltages and potentials between electrodes. The current is calculated as a func-
tion of the voltage (U, Volt) and the external resistance (R, Ohm) according to
Ohm's law, 7= U/R. A potentiostat can also operate in a two-electrode setup to
obtain polarization curves or to determine the ohmic resistance of the MFC with
the current interrupt method. The power output (P, Watt) is calculated accord-
ing to P = UL The potentials of anode and cathode electrodes were measured
according to a reference electrode of Ag/AgCl in a three electrode setup [81]. In
a MFC, the highest observed potential when the circuit is open (infinite resis-
tance, zero current) is around 800 mV. When the circuit is closed, electrons flow
from anode to cathode, and the potential decreases as a result of voltage losses
depending on the load. The anode and cathode interfere with each other: any
voltage reduction at one electrode increases the voltage at the other one. This
fact is attributed to the reactant/product concentration gradients existing be-
tween the cathode and its surrounding medium, and between biofilm and the
anode surface [161].

CH, production and anode potential are linked, suggesting the anode poten-
tial influences the competition between anode respiring bacteria and methano-
gens for substrates [101]. It exists an optimal anode potential around —200 mV
vs Ag/AgCl (=0 mV/Eh), which regulates both the activity and growth of anode
respiring bacteria [97]. This potential allows the anode respiring bacteria to
synthesize more ATP than the methanogenic ones and increases their oxidative

degradation activity of OM to the detriment of the methanogenic activity. The
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ability to control the anodic microbial activity by action on the potential is well
established, but unfortunately, the performance criterion used is always the
power production and not GHG production [68] [93] [97] [162] [163] [164]
[165]. So, if not properly managed, a MFC running can product a significant
amount of GHG. The electro-bioremediation management is little bit different
than in case of energy production, it is not matter maximum extracting of elec-
trons but to fine tune anode potential to favour anode respiring bacteria and ban
methanogen activity. The BMFC bioremediation overall working must be as-
sessed according to substrate oxidation rate and issuing reduced products (N,,
CH,, H,S). In electro-bioremediation the voltage must be poised at a proper po-
tential, by means of variable resistor box, but this cannot be continuously done
and it is times consuming. Operate BMFCs continuously at a constant poised
potential during real-life conditions requires the use of an expensive multichan-
nel potentiostat. However, by monitoring the anode potential, variable resistor
can be tuned allowing operating at a desired potential around —200 mV vs
Ag/AgCl [97]. The anode potential is affected by three major types of losses that
can be identified on a polarization curve [81]:

1) Starting from the open circuit voltage at zero current, there is an initial
steep voltage decrease: the activation losses dominate and redox reaction kinetics
is limiting. Anode respiring bacteria can lower this overpotential by optimizing
their electron-transfer strategies and thus increase their own metabolic activity.
These interactions between biomass and anode are related to the anode surface
properties;

2) Then the voltage falls more slowly, fairly linear with current: the ohmic
losses dominate, due to ion transfer. Porewater H* and cations flowing toward
the cathode, faces a resistance adding ohmic losses in sediment. Additionally, the
anode resistance (materials and connexions) introduces an ohmic voltage loss
and hampers the electron flux. The highest currents ensure the highest rate for
OM oxidation. But generally in-field BMFC suffers from high over-potential,
especially in freshwater milieu where porewater conductivity is low;

3) Finally, at higher currents the voltage rapid falls: there the mass transfer
losses dominate, due the reactions at the electrodes are limited by the ability of
the reactants and products to move toward and away from the electrode. For a
maximum self-purification, the substrate supply in sediment should be at least
equivalent to the electron extraction capacity of the anode. The anode design is
an important factor to avoid any anode saturation. The H" diffusion resistance
through sediment and biofilms results in local pH increase which may adversely
affect bacterial physiology and thus self-purification processes. Another possible
way to reduce the mass transfer losses is to increase the anode contact areas with
the sediment. But this raises the ohmic losses due to increased current flow and
to a dissimilar distribution of potentials. These problems are less important at
the cathode as with floating cathode, rapidly colonized by bacteria, and where

oxygen concentration is saturating [139] [166].
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Theoretically, a BMFC can directly feed its power management system (PMS),
but two main obstacles must be overcome: 1) the production of a low potential
of max 0.8 V, unusable as-is by most electronic devices requiring at last 0.9 V to
1.8 V; and 2) the power production intermittence. Both particularities request a
PMS able to stock and concentrate the harvested energy. To meet these require-
ments capacitors have been used to store harvested energy and then deliver it in
short bursts of high-power to power sensors [86] [167] [168]. Ultra-low voltage
PMS consist in a capacitor, a voltage comparator to repower the system, and a
charge pump/DC-DC converter to boost the potential. Such setup operated for
over a year to power a wireless temperature sensor [86] [167]. The sharing of
output storage element in order to collect energy at higher voltage in a single
capacitor avoids problems related to different working between BMFCs [169]. A
BMFC-PMS system monitored and controlled by an “ultra-low-power micro-
controller” chip (MSP430G2553, TI) can be designed, where the electron input is
directly linked to an inductor-based energy harvesting circuit. When the metal
oxide semiconductor field-effect transistor (MOSFET) switches on, the electrons
flow and generated a voltage across the inductor. When the MOSFET switches
off, the energy stored in inductor is transformed into electric current and flows
through a Schottky diode into a capacitor. A lithium-ion battery is used as the
terminal electricity storages [104]. The active power management using an “ul-
tra-low power harvester” chip (BQ25505, TI) enhances the MFC system vyield,
compared to passive resistors, not only in the traditional maximal power point,
but also other operating points such as the maximum current point and the
maximum voltage point. Results show that active harvesting increases the
maximal power point output by 81% - 375% and the coulombic efficiency by
207% - 805% compared with resistors at the same points [170]. Finally, if in the
past decade, a large number of fundamental studies on SMFC have be done,
paving the way for a growing variety of possible application domains, but be-
cause of their focus on energy production and not the redox potential control,
among this abundant work, very few used a 3-electrode setup in on-site experi-
ments, the only one ensuring well-controlled electrochemical conditions. Among
them, a bacterial respiration study in Arctic peat soils, where a series of opera-
tional amplifiers has be used as biosensor, with a working poised at +0.1 V
(NHE), to mimic electron acceptors (as Fe[III], humic acids) or electron donors
(as Fe[II]). The authors published an open-source, cost-effective and field-ru-

ggedized three channel microcontroller-based potentiostat [171].

5. Electro-Bioremediation in Water Bodies

There are three test levels in electro-bioremediation studies: 1) bench tests in
microbial fuel cells (<1 L volume); 2) pilot tests on well-equipped semi-industrial
devices (>1 L volume) are usually small-scale field-tests and are essential before
site implementation to optimize redox processes in BMFC. They constitute the

majority of work on the setup merging constructed wetlands and MFC; and 3)
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field tests with quasi-industrial-scale projects. According to our classification the
two first levels deal with SMFCs, and only the field studies concerns the BMFCs
themselves. The voltage stabilization time can vary, depending largely on the size
and complexity of the device. In bench tests the voltage stabilizes after about ten
days: 2 - 3 days for marine sediment [138]; 10 days for a swamp sediment test
[105] and Diesel-fed sludge MFC [172], 13 days for tidal mud test [173]; 22 days
for waterlogged soil test [147]. In pilot tests the voltage stabilises after more
time, about some tens of days: 35 days for a wetland pilot [174], a floating gar-
den planted with Oryza sativa [169] and waste-contaminated river sediment pi-
lot [104]; 40 days in wetland pilot planted with Typha latifolia [145]. In field ex-
periments the voltage stabilization time is supposed longer.

5.1. Bench Tests

Allowing easier manipulations and testing, bench tests are performed on sedi-
ment samples from the natural site and studied into two-chamber cell, or vials
for laboratory-scale runs. This study scale is often referred to as a microcosm
study and focuses on the electro-biodegradation of contaminants such as pesti-
cides [9] [175], and petroleum spills [12] [158] [172], and are also used to easily
study and optimize some operational electrochemical parameters such as po-
larization curves, coulombic efficiency and activation, ohmic and transport

losses.

Contaminant Electro-Bioremediation Tests

Pesticides and oil products are among the most common and harmful subsur-
face contaminants due to their extensive use, persistence in the environment,
and toxicity. The microbiological processes, involved in bio-electrochemical
remediation of recalcitrant pollutants, are currently not fully understood, par-
ticularly in relation to electron transfer mechanisms. Some reviews provide a
comprehensive analysis of the research on bio-electrochemical remediation and
of the key parameters involved in the process [9] [12] [172]. As show in Table 1,
BMEFC could boost the natural degradation activities of sediment microorgan-
isms over a wide range of organic contaminants [77] [105] [152] [156] [176]
[177] [178], and even inorganic species [179].

Lab-scale study of a diesel-fed MFC shows clear effects of the prior electrode
enrichment on diesel removing from polluted groundwater (complete removal
of diesel 800 mg/L within 30 days) and current generation, going from 15.04
mW/m? (without prior inoculation), to 90.81 mW/m?. Therefore, a prerequisite
step in electro-bioremediation should be a selective enrichment of the anodic elec-
trode (bio-augmentation) to enhance its degradation capability [172]. Some results
suggest that anode respiring bacteria can promote dechlorinating bacteria. Indeed,
when the anode is poised at a sufficiently low potential, some anode respiring
bacteria can give their electrons for the reduction of electrochemically more
positive electron acceptors, rather than at the anode. Anaerobic bioremediation

via reductive dechlorination could be an efficient technology for remediation
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Table 1. Summary of studies at the bench-scale and pilot-scale, dealing with the electrochemical bioremediation in sediments and

waterlogged soils.

Inoculum

Natural
microbial
consortium

Natural
microbial
consortium
Pure culture of
Geobacter
metallireducens
and
G. sulfurreducens

Pure culture of
G. metallireducens

Pure culture of
G. lovleyi

Mixed culture
dominated
by sulphate reducers

Mixed
culture rich in
y-Proteobacteria,
in mineral medium

Natural
microbial
consortium

Natural
microbial
consortium

Natural
microbial
consortium

Natural
microbial
consortium

Concentrated
anaerobic
sludge from
WWTP

Natural
microbial
consortium

MEFC

100 mL
Single cell

Snorkel in
120 mL
serum bottles

250 mL
dual-chamber

250 mL
dual-chamber

250 mL
dual-chamber

250 mL
dual-chamber

320 mL
single cell

Snorkel, PVC
10 cm column,
granular coal filled,
stainless steel
mesh stopper
(400 x 400 mm)
in sediment tank

25L,1.2m
cylinder
in PVC, @ 5cm
3 L, Tubular
MFC
PVC tube
(20 cm, @ 3.5 cm)

4 L Plexiglas
column
(35cm, @ 12 cm)

35L,50 cm
cylinder
in polyacrylate,
9 30 cm

Water tank:
390 L, L:120 cm,
1: 50 cm, h: 65 cm

Medium

contaminated
marine sediment

artificially
contaminated marine
sediment (crude oil)

River sediment

hydrocarbon-contaminated (=90% removal/7 d)

harbour sediment

Synthetic growth medium

artificial sea water +
hydrocarbon-contaminated
marine sediment

Anode biofilms
in artificial medium

Swamp
sediment

100 cm organic-rich
sediment; and overlying
water from pond

Waterlogged diesel
and engine oil
contaminated soil

0 - 10 cm depth
lake sediment

Artificial constructed
wetland soil,
Ipomoea aquatica
planted

River sediment

Removal yield

24% removal/66 d
from 16 g/kg total
petroleum
hydrocarbons

Up to 22%
removal/200d

reduce nitrate to
nitrite

["C]-toluene

and ["*C]-benzene

(=35% removal/9 d)

Tetrachloroethene
removal rate:
25 umol/d

Toluene
removal rate:
=1 mg/(L.d)

93.5 removal
from 8000 mg/L
within 30 d

8% - 18%
organic
matter

removal/120 d

63.5% - 78.7%
removal/64 d
(37.6% - 43.4%
in open control)

92% benzo[a]pyrene

removal/970d
(54% in controls)
61% brilliant red
X-3B dye
decolorisation/3d
hydraulic
retention time

74% PAH
removal/72 d

Anode
material

carbon
cloth

Graphite
rods

graphite

solid
graphite
stick

graphite
lectrode

Graphite
plate

Carbon
fibre brush

stainless
steel mesh

stainless steel
bottle brush

carbon cloth
or biochar

graphite
felt

Granular
activated
carbone

Carbon mesh
on porous
honeycomb-
structure

Regulation

1000 Q
resistor

Potentiostat
poised

Potentiostat
poised

Potentiostat
poised

Potentiostat
poised

external
resistance
of 1000 Q

poised

1000 Q

resistor

100 Q)
resistor

100 Q)
resistor

1000 Q)
resistor

10 Q
resistor

Potential

n.d.

-500 mV

+ 300 mV
(vs Ag/AgCL)

+500 mV or

-300 mV
(NHE)

+300mV
(Ag/AgCl)

n.a.

200 mV

132 £24 mV
(NHE)

150 mV
(Ag/AgCl)

Ref.

[152]

[156]

(179].

[176].

[180]

[178]

[172]

[105]

[152]

[151]

(77]

[177]

[160]
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of organochlorine compounds as tetrachloroethene to cis-dichloroethene [180],
trichloroethene [181], PCB 61 [182]. It relies on the capacity of anaerobic
dechlorinating bacteria to “respire” organochlorine contaminants, using them as
terminal electron acceptors in their energy metabolism. The finding paves the
way to innovative bio-electrochemical systems based on direct extracellular elec-
tron transfer to dechlorinating bacteria. Therefore, BMFC can not only directly
enhance sediment bioremediation through fine tuning the redox-dependent re-

actions but also by affecting the microbial dominance and activities.

5.2. Pilot Tests

5.2.1. Bioremediation Studies

The pilot tests aim at build more realistic field conditions than the bench tests.
Microbial metabolism and community structure distinctively respond to the
electro-bioremediation [150] [151]. In bucket of waterlogged soil hydrocar-
bon-contaminated, TPH removal rate almost doubled in soils across 34 cm ra-
dius from the anode (63.5% - 78.7% after 64 days and 82.1% - 89.7% after 120
days) compared to 37.6% - 43.4% in the open circuit. Analyses identified distinc-
tive microbial communities at the anode. Uncommon anode respiring bacteria
capable of hydrocarbon degradation such as Comamonas testosteroni, Pseudo-
monas putida, and Ochrobactrum anthropi were selectively enriched, while hy-
drocarbon oxidizing bacteria were dominant in soil samples. In a aquarium filled
with 15 cm sediment layer, OM was decreased by 5.0% during the first 15 days of
operation (Total decreased by 14.5%), demonstrating good capability of simul-
taneous OM removal [160]. After 175 days of operation between 57 mV and 271
mV, in a 1 L SMFC, the removal rates of anthracene, phenanthrene, and pyrene
were increased to 54.2% * 2.7%, 42.6 = 1.9% and 27.0% + 2.1% from 20.8% =*
1.1%, 17.3% + 1.2% and 11.7% + 0.9%, respectively, by the open SMFC, with an
increasing factor of 161%, 146% and 131% respectively [147]. A decrease in OM
water content from 40 + 2 mg/L to 19 + 5 mg/L was measured in a BMFC after
the addition of synthesis wastewater, while the removal of (Benzo (b) fluoran-
thene, Benzo (k) fluoranthene and Benzo (a) pyrene) in sediment samples
reaches 74%. Community analyses show a shift of anode community diversity
with an abundance increase in Chloroflexi, Firmicutes and anode respiring bac-

teria like G. psychrophilus [183].

5.2.2. Constructed Wetlands Pilots

The merging of two nature-based technologies (constructed wetlands (CWs) and
MFCs), is especially relevant since both are based on the microbial action to de-
grade wastewater contaminants. CWs are engineered water bodies planted with
aquatic vegetation (macrophytes) designed to treating municipal or industrial
wastewater or storm water runoffs. The biofilms associated to plant roots or to
the bed filter material, are supposed to be the responsible for the degradation ef-
ficiency of CWs [64]. MFCs require the anode in anaerobic zones whereas the

cathode needs oxygen; both redox conditions naturally occur inside CWs. For
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this reason, research into combining the two technologies has emerged in recent
years to improve wastewater treatment capacity of wetlands and simultaneously
producing electrical power [11] [108] [146] [184]. Unfortunately, as producing
electricity seems currently the essential aim of published studies, all of them are
operating under flooded conditions with a buried anode and a cathode at the
surface and in the plant rhizosphere to maximize the redox gradient. Such con-
ditions are propitious to production and emission of GHGs and are therefore no
ecologically sustainable. Relatively less effort has been devoted to inhibiting
methanogenic metabolism in the coupled MFC-CW system. CH, emissions from
MEFC-CWs depend on: CH, production in the anaerobic anodic zone; CH, oxi-
dation in the aerobic anodic zone; direct CH, transfer via molecular diffusion
and bubble ebullition across the water-air interface; and indirect CH, transpor-
tation through vascular plants from the anaerobic zones to the atmosphere. As
operating conditions of the MFC-CWs significantly affect methanogenesis. To
maximize generation of electrical energy and inhibition of CH, emission from

MFC-CWs, electron flux must be fine-tuned. CH, emission could be virtually

suppressed (=98%) with external resistance of 200 Q, with an improved coulom-

bic efficiency of 14.9% and current density of 187 mA/m* [185]. But electro-
bioremediation can also be merged with other mitigation approaches, such as:

- Incorporating selected plants could prevent CH, and N,O production by the
system [174]. The anodes of planted MFC, where living plant roots provide
electron donor, via rhizo-deposition, to a mixed microbial community to
generate electricity in a microbial fuel cell [186] and planted CW [187] offer a
more favourable electron acceptor and limit the growth of methanogens;
Smart hydraulic management can limit the GHG production in CWs. Man-
agement of hydraulic retention time, intermittent loading and pulsing hy-
drologic regimes have also been recommended [177] [187] [188] [189] and
could be used together to manage MFC-CWs.

5.2.3. Plant MFC and Paddy-Field Pilots

A paddy field is a flooded parcel of arable land used for growing rice and other
semiaquatic crops. As their CH, emissions likely contribute about 9% of total
global anthropogenic emissions [39], many studies deal with plant-MFC, called
in this case paddy-field-MFC, where the anode is set in the rice paddy sediment
prior to the rice planting and cathode on the sediment [90]. In these BMFC the
rhizosphere microbes oxidize photosynthesized organic compounds excreted
from rice roots, generating electrons that are immediately transferred to the an-
ode. Electricity generation in these systems is thus dependent on the photosyn-
thetic rate of rice plants, resulting in a circadian oscillation of the electric out-
puts. Paddy-field-BMCFs have demonstrated the potential of electricity genera-
tion for mitigating CH, emission from the rhizosphere. Notably, however, the
presence of large amounts of organics in the rhizosphere seems drastically re-

duces the effect of electricity generation on CH, production [191].
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5.3. Field Implementation

To our knowledge there is no effective full-scale implementation of electro-bio-
remediation on the field [9]. The two main current options in in-field applica-
tions of BMFCs are: the constructed wetlands with or without plants and its par-
ticular variant: the paddy-fields. Obviously, results from bench and pilot tests are
used to guide full-scale design and implementation of actual electro-bioreme-
diation setup. But any in-site BMFC configuration is unique and must be tai-
lored according to the site features, such as: its geomorphology, pollutant load,
hydraulic retention time, local water chemistry and meteorological conditions.
Indeed the optimal design and deployment manners of BMFC are highly
site-specific and need to be carefully assessed and tested [10]. Also, field data are
still scarce and conflicting, very few studies deal with the installation of BMFC in
real operational conditions in rivers, lagoons or ponds.

The first field setup designed to energy productions consist in two graphite or
stainless steel electrodes positioned parallel =20 - 40 cm above and below the
sediment-water interface is set up in marine environment [86] [102]. In order to
alleviate the mass transfer limitations in sediment, reduce internal resistance and
promote power generation, Nielsen et al set up a benthic chamber above the
sediment to house a 1 m long carbon brush anode. The chamber was intermit-
tently fed by water pumping or by natural advection flow of interstitial water
from sediment [192]. The setup produced power densities higher by an order of
magnitude than those obtained by classical BMFCs with buried graphite plate
anodes, proving that the exploitation of the natural hydraulic flows, when they
exist, would significantly improve sediment mass transport. These setups dem-
onstrate that a BMFC can be an effective renewable power source but do not give
any information on remediation activities of the devices. Always for energy
purpose, the first results from experimental paddy-field in the university farm of
Yamagata University suggested that the paddy-field MFC system was a solar cell
in which the plant photosynthesis was coupled to the microbial conversion of
organics to electricity. Additionally, the acetate supplementation to the anode
region enhanced the electricity generation in the dark, indicating possible use as
a bioremediation system [190]. Field experiments at Ilgam Lake (Seoul) confirm
the BMFC efficiency in mitigating CH, emissions from hypereutrophic sedi-
ments. A 50 Q external resistance, decreases approximately 35-fold the CH,
emissions compared to that under open-circuit operation [108]. Deploying po-
tentiostatically poised and unpoised electrodes in riparian zone sediment of a
creek during six weeks in springtime (New York State), show the poised elec-
trodes inhibited CH, emissions by ~45% at the site with a lesser vegetation cover
and highest soil temperatures. N,/N,O emissions were generally low at both sites
and were not impacted by poised electrodes. The authors, that did not find a di-
rect link between electrochemical treatment and microbial community member-
ship, have shown a correspondence between environment/function and microbial

community dynamics [193]. Both aesthetic and functional “floating gardens”
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associating a BMFC and a plant-MFC, hosted in a floating frame box can be
built in the way: the cathode placed externally at the bottom of the floating box,
directly exposed to water and the anode is buried on clay layer covered by a
thick soil layer. Rice (Oryza sativa) or other aquatic plants are seeded in the soil.

Some of these floating gardens have been operating for over a year [169].

6. Technological Barriers to Breakthrough

In principle, the use of electrodes to stimulate the microbiological oxidation of
OM in water bodies is extremely appealing since they can potentially serve as
permanent, low-cost and low maintenance electron acceptor. But BMFCs need
significant improvements to become effective and controlled environmental
remediation systems, widely accepted. The achievement of efficient, reliable and
robust in-field electro-bioremediation, demands a setup tailored to the specific
conditions of each site. And finally, resistance of operational bioremediation de-
vices to the harsh outside conditions must be early integrated, at design stage,
taking into account the specific conditions at the installation site.

Potential management needs more studies and optimisation efforts the in or-
der to finer control bioremediation processes. Sadly almost all the articles deal-
ing with the electrical management optimization of the MFCs concern the en-
ergy production. The resistance of the external circuit in an MFC directly influ-
ences the anode potential and the resultant bioavailability of the anode for anode
respiring bacteria, giving the proper parameter to influence anode biofilm de-
velopment and performance [194]. Electrochemically controlled bioremediation
requires a fine tuning of the anode potential to adjust the ohmic loss variation by
mean of variable resistor or a potentiostat, and this demands the use of 3-electrode
setup, the only one assuring precise and well-controlled electrochemical condi-
tions. Some progresses are needed to provide more robust and reliable field
equipment over time. We have seen that many studies aim at extracting micro-
bial electricity from sediment to supply electrical field measuring devices (sensor
and data transmitter), these technological advances make it possible in the future
to design bioremediation devices which are totally autonomous in energy. But
progress is still needed to increase the efficiency of electron extraction, presuma-
bly by more precise management of electron flux, and reduce the energy con-
sumption of the electronic control devices.

The ecological impacts of electro-bioremediation in real-world should be
stressed and taken into account in the overall system engineering. Indeed, envi-
ronmental conditions are known to deeply affect microbial communities in con-
structed wetlands, and therefore carbon, nitrogen and sulphur cycles [195], and
they are known to remove pathogens [196]. Electro-bioremediation aims at act-
ing on microbial communities by favouring some functions to the detriment of
other functions considered undesirable. Experimental results show a microbial
community structure clearly changes according to external resistance [197] with

an increase in the abundance of Chloroflexi, Firmicutes and anode respiring
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bacteria like Clostridium most closely related to Desulfobulbus/ Desulfocapsa
genera [102], Pseudomonas sp. [163], Pseudomonas putida [151] and Geobacter
sp. [183]. Furthermore different communities are capable of producing the same
power level, demonstrating the flexibility and resilience of MFC systems [197].
But the fate of pathogens in an MFC-based system remains unknown. Some
studies show that MFCs are endowed with a high disinfecting potential towards
Escherichia coli [198] Salmonella enterica [199]. BMFC implementing in
real-world requires extensive studies rarely addressed on sanitary and biodiver-
sity hazards and biodiversity loss related to the manipulation of natural micro-
bial populations.

Finally, to foster a widespread acceptance and practical setups of this new
technology, we have to paid equal attention its potential risks on the sur-round-
ing ecological system and society. If subjects such as the fight against GHGs or
the use of clean energies are widely accepted socially, others are touchier. In-
deed, as is the case for some other new technologies, such as genetic modifica-
tions, different socio-psychological factors could potentially influence societal
acceptance of in situ electro-bioremediation due to use of some “touchy issues”
such as nanoparticles or toxic elements on electrodes. We must further consider
how citizens make trade-offs between perceived risk and benefit, in particular in
controversial application areas such as the nanotech and the so called nature in-
vasive technologies.

More broadly to reduce maintenance costs, involvement and empowerment of
local residents require a knowledge transfer in order to favor the appropriation
of installed devices and ensure their sustainability over time. The new electro
bioremediation solutions specifically in urban or peri-urban locations must be
co-designed/developed and co-implemented in multi-stakeholder and partici-
patory context. It is the only guarantee of the success of sustainable operation

over time.

7. Conclusions

Electro-chemically enhanced self-purification is a new frontier needing an inter-
disciplinary research. It is regarded as a new sustainable and effective strategy for
treatment of polluted environments, because it eliminates the injection of ex-
pensive chemicals and reduces operational energetic cost as compared to other
technologies. From merging of concepts of bioremediation, electron extraction
and SMFC, the idea emerges to fine tune electrochemically biodegradation
processes to guide them to specific benign products. The possibility of a totally
passive system, self-powered by the excess electron flux provided by microbial
activity is particularly attractive. The envisioned device will impose a potential
difference favouring denitrifying consortia, and banning to methanogens and
sulphate-reducing bacteria, producing CH, and H,S respectively. In this concept
we do not inject any electrons, but we fine-tune the anode potential in order to

just accept the right amount of electron needed to keep a selected microbial activity,
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we passively pumps the electrons from anode respiring bacteria, and thus, drive
microbial respiratory metabolism. Snorkel technique potentially represents a
ground-breaking alternative to more expensive remediation options, further re-
search efforts are needed to clarify factors and conditions affecting the snor-
kel-driven biodegradation processes and to identify suitable configurations for field
applications. Promising results have been obtained using electro-bioremediation
technologies at pilot scales, showing that these technologies may be imple-
mented in the near future at field scales. But the two major foreseeable obstacles
to the scaling-up, from the pilot scale to in-field implementation, to overcome
are:

1) Maximizing the contact between anode respiring bacteria and the anode,
and thus enhance the mediated oxidation processes. This will require a working
on the anode geometry and its structure but also on its in-site implementation;

2) Simplify and ruggedize the system of regulation of the potential, in order to
have an actual field-system, energetically autonomous and low maintenance cost.

The design and operational conditions must also be optimized to reduce the
device internal resistance and improve electrochemical processes. Finally the de-
sign and engineering on the site receiving the bioremediation device are yet to be
imagined, and will obviously have to be tailored to the specificities of each im-
plementation site (e.g. geomorphology, climate, flow regime, pollutant loads). In
the future, more attention should be pay to electro-bioremediation technology
scaling up and in particular investigate their economic feasibility and field prob-

lems arising from the scale-up.
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