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Anode material selection is crucial when it comes to building up-scaled microbial

electrolysis cells (MEC), as it has a huge influence on the achievable current density and

account for a large part of the MEC total investment cost. Graphite is a material that is

perfectly suited to the creation of up-scaled bioanodes as it is conductive, chemically

stable, biocompatible, and relatively cheap but there are a very large number of

commercially available grades of industrial graphite. In this study, five grades of industrial

synthetic graphite (named G1–G5) were bench tested to select the most suitable grade

for future development of 3D bioanode for domestic wastewater (dWW) fed MEC

application. The five grades of graphite have been selected with similar physico-chemical

and surface properties (electrical resistivity, surface roughness, and hydrophobicity)

theoretically appropriate for EA biofilm development. Nevertheless, significant current

density disparities where observed with the five graphite grades, which can certainly

be explained by the fabrication procedures of the respective material grades. With the

graphite grade giving the most efficient anodes (G3), an average steady state current

density of 2.3 A/m² was produced, outperforming the other grades by at least 15%.

Even though all graphites had very close physico-chemical characteristics, the grade

had a clear significant influence on the current densities produced. G3 graphite was finally

compared to carbon felt (CF) and carbon cloth (CC) both in terms of bio-electrochemical

current production and bacterial communities colonizing electrodes. G3 bioanodes

outperformed CF and CC bioanodes by 50% in term of steady state current density.

Biofilms microbial population analysis showed that the Geobacter species was present

at 82% onG3 bioanodes, 39% on CF bioanodes, and 61% on CC bioanodes when it was

only present at 0.06% in the activated sludge used as inoculum. This significant difference
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in bacterial enrichment could come from the huge gap between materials resistivity, as

graphite resistivity is 200-fold lower than CF and CC resistivities. The strongly hydrophilic

surface of G3 graphite was also certainly beneficial for biofilm development compared to

the hydrophobic surfaces of CF and CC.

Keywords: anodic biofilm, microbial population analysis, MEC, wastewater treatment, electrode material

benchmarking, hydrogen

INTRODUCTION

Microbial electrolysis cells (MEC) allow combining wastewater
treatment and production of hydrogen at low cost. They combine
the ability of electroactive (EA) bacteria to oxidize organicmatter,
using the anode as an electron acceptor, with the hydrogen
evolution reaction at the cathode (Liu et al., 2004; Gil-Carrera
et al., 2013). The valorization of this hydrogen as an energy source
reduces the environmental impact associated with the chemical
oxygen demand (COD) removal during wastewater treatment
(Gude, 2016).

The up-scaling of MEC reactors fed with real domestic
wastewater (dWW) is a challenge that requires optimization of
reactor geometry (Heidrich et al., 2013; Kadier et al., 2014),
electrolyte composition (Roubaud et al., 2018), electrodematerial
and design (Wei et al., 2011; Hou et al., 2015; Xie et al.,
2015), microbial consortia management, inoculation strategy
(Bridier et al., 2015; Kitching et al., 2017), and operating
conditions (temperature, hydraulic retention time, initial COD-
load, cell voltage) (Nam et al., 2014; Pannell et al., 2016). MEC
up-scaling must also consider financial viability to make the
MEC technology to be economically competitive with other
hydrogen production and wastewater treatment processes. This
first involves reducing the construction costs of MECs as much as
possible without affecting their performance. Aiken et al. (2019)
recently established that anodic materials represent up to 75%
of the total material cost of a MEC at an industrial scale. In
this context, the anode material must be carefully chosen to
minimize its impact on investment costs and ensure its durability
to guarantee a sustainable investment for the exploitation of the
technology in the long term.

Graphite, in addition to offering many proven advantages
as an anode material in MEC (conductive, chemically stable,
biocompatible...), has a relatively low price (Wei et al., 2011;
Zhou et al., 2011) and a mechanical resistance over time
that has already proven to be successful in many industrial
fields other than MECs (metallurgical industry, electrical and
electronic industries, aerospace...). In addition, graphite can be
machined and assembled to create three-dimensional geometries
of customized electrodes, with a controlled pore size (Chong
et al., 2019), which could offer compact electrodes with
maximized oxidation kinetics in domestic wastewater in the
near future.

There are two types of graphite used in the industry:
natural graphite and synthetic or artificial graphite. Natural
graphite is a natural element mainly used as a lubricant,
carbon additive, and pencil lead. Synthetic graphite is a
composite material synthesized from petroleum used in a

variety of applications requiring properties superior to those
of natural graphite. The problem is that there are several
grades or qualities of synthetic graphite available on the
market whose physical, chemical, and surface characteristics
depend largely on their production process: extrusion, vibration
molding, compression molding, and isostatic molding. Their
price generally varies according to their mechanical strength and
premium graphite grades can easily be twice as expensive as low
cost graphite grades.

Despite the tremendous amount of work relating to the
use of graphite electrodes in MECs and even more widely
in all BESs, no one has yet taken a closer look at the
consequences of the use of different synthetic graphite grades
on the formation and performance of anode EA biofilms.
This is what we investigated in this study, by comparing
five industrial synthetic grades of graphite plates selected a
priori to have similar physico-chemical parameters in terms
of electrical resistivity, surface roughness and hydrophobicity,
probably conditioned by material elaboration protocols. In
addition, all five graphite grades were theoretically optimal
for biofilm development since they displayed low electrical
resistivity, hydrophilic surfaces, and average roughness above
0.8µm (Flint et al., 2000; Santoro et al., 2014).

Bioanodes were formed with each graphite grade in real dWW
collected from a sewage treatment plant with a standardized
bio-electrochemical protocol i.e., fixed electrode potential and
constant COD concentration. To interpret differences in the
bio-electrochemical behavior, materials surface analysis was
performed by SEM observation, and microbial communities
from biofilms formed on the various electrodes were analyzed
by 16S rRNA gene amplicon pyrosequencing. In the end,
one graphite grade was selected by taking into account the
steady state current densities produced by the bioanodes as
well as the graphite price and mechanical resistance. The bio-
electrochemical performance of the selected graphite grade were
then compared with two other materials commonly used as
bioanode supports: carbon cloth (CC) and carbon felt (CF) (Liu
et al., 2010; Wei et al., 2011).

MATERIALS AND METHODS

Inoculum and dWW Supply
dWW from a local sewage treatment plant (Castanet-Tolosan,
France) was used as electrolyte aqueous medium and COD
source for the bioanodes. Activated sludge (AS) obtained from
the same treatment plant was used as inoculum (5% v/v of AS
in dWW).
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The dWW COD was measured with commercial cuvette tests
(LCK 514, Hach). For soluble COD,membrane filtration (0.2µm,
Minisart R© PES, Sartorius) was performed before measurement.

Before being used as feeding medium, dWW was hydrolyzed
for 7 days in hermetically sealed 2 L glass bottles flushed with N2

for 15min at a flow rate of 10 mL/s. This hydrolysis step allows
increasing the soluble COD concentration that will stay constant
during 7 supplementary days (see Supplementary Figure 1). The
average soluble COD of hydrolyzed dWW is 380 mg/L and
average total COD is 800 mg/L.

Bio-Electrochemical Setup and Protocol
Bioanodes were formed on five different grades of graphite
plate (Graphitech, France) labeled G1–G5 in this study.
Table 1 displays the characteristics given by the supplier for
each grade.

For the graphite grades comparison experiments, the
electrodes were prepared by coating 2 × 2 × 0.5 cm graphite
plates with insulating varnish and drilling a hole of 1 cm diameter
in the center of the electrode (see Supplementary Figure 2), so
that only the surface inside the hole (surface area= 1.57 cm²) was
electroactive. This has made possible to exclude the influence of
any surface residue from the manufacturing process and ensured
comparable surface states between the five grades of graphite.

Bioanodes were also formed on carbon felt (CF, RVG 4000,
Mersen, France), and carbon cloth (CC, Paxitech, France) and
the flat surface of the G3 graphite for comparison. In this case,
the electrodes were 2× 1 cm pieces of each material.

All the experiments were conducted with 3-electrode set-ups.
Working electrodes (graphite, CF, or CF) were connected to a
titanium rod that served as the current collector. The counter
electrode was a 15 × 3 cm 316 L stainless steel grid arranged
in a circular shape around the working electrode. The grid was
connected to a 316 L SS wire that served as the current collector.
The reference electrode was a saturated calomel electrode (SCE,
Radiometer Analytical +0.24 V/SHE) and was placed as close as
possible to the working electrode (around 2 cm).

The protocol was defined in order to perform strictly
identical comparative tests with the different anode materials.
The 600mL bio-electrochemical reactors were initially filled
with a mix of dWW and 5% v/v of AS and were continuously
sparged with nitrogen gas flux (5 mL/s). The anodes were
polarized at −0.1 V/SCE and the current was recorded every
10min (Chronoamperometry, CA). Cyclic voltammetry (CV)
was recorded at 1 mV/s in the −0.5 to +0.2 V/SCE range at the
beginning and end of the experiments.

TABLE 1 | Characteristics of industrial synthetic graphite grades, given by the

supplier.

G1 G2 G3 G4 G5

Electric resistivity (µ�.m) 10.4 8.4 12.0 14.0 13.0

Mechanical strength (compressive

strength) (MPa)

32 37 90 150 170

Price/m² (e) 501.2 507.9 533.1 679.8 1090.9

The reactors spent 10 days in batch mode. Then, each reactor
was connected to a 2 L tank of dWW that had previously
been hydrolyzed for 7 days to reach a stable soluble COD
concentration (see section Inoculum and dWW Supply). Then,
the reactors were operated in recirculating mode for 14 more
days thanks to a peristaltic pump with a flow rate of 1.5
mL/min (hydraulic retention time = 6.7 h). The tubes used
for the hydraulic recirculation of dWW were oxygen-proof
(Tygon, Masterflex).

The dWW tank was renewed with fresh hydrolyzed dWW
every 7 days with the aim of maintaining a high and constant
soluble COD concentration. The amount of soluble COD
consumed by the bioanode was very low thanks to the small size
of the bioanode. Here the analytical system was not designed to
obtain high COD degradation ratios, but to maintain COD as
constant as possible in order to compare the different electrode
materials in identical and stable conditions.

Materials Surface Analysis
Scanning Electron Microscopy (SEM)
Biofilms were fixed on the electrode in phosphate buffer
(400mM, pH = 7.4) with 4% glutaraldehyde for 20min. They
were rinsed in phosphate buffer containing saccharose (0.4M)
and dehydrated by immersion in increasing concentrations of
acetone (50, 70, 100%), then in acetone and hexamethyldisilazane
(50:50), and in 100% hexamethyldisilazane (HMDS). The last
batch of HMDS was air-dried until complete evaporation.
Surfaces were observed with a LEO 435 VP scanning
electron microscope.

For non-colonized anode materials, no treatment was
performed before SEM observation.

Surface Roughness
Experimental measurements were performed on each grade
of graphite. Surface roughness was measured with an optical
microscope (S-Neox, Sensofar) with the focus variation method.
This method combines the small focus depth of an optical system
with vertical scanning to provide topographical information
from the variation of focus1.

Two roughness parameters were measured: the spatial
arithmetic average height (Sa) and the spatial kurtosis (Sku),
which indicate if the peaks and valleys are smooth (low Sku) or
steep (high Sku). The measurements were performed on 4 mm²
surfaces and 5 different locations on the electrode.

Water Contact Angle
Water contact angle measurements were performed using a
tensiometer (DSA 100, Krüss) with the captive bubble method.
An air bubble was produced on the underside of a graphite
plate which was immersed in water2 (Drop Shape Analyzer—
DSA100). The ADVANCE software was used to measure the

1Focus-Variation|Alicona—High-resolution optical 3D measurement Available
online at: https://www.alicona.com/focus-variation/ (accessed August 29, 2018).
2Drop Shape Analyzer—DSA100 Available online at: https://www.kruss-scientific.
com/products/contact-angle/dsa100/drop-shape-analyzer-dsa100/ (accessed
August 29, 2018).
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resulting contact angle. The measurements were performed on
5 different locations for each grade of graphite.

Bacterial Community Analysis
The bioanodes were put in plastic tubes with 50mL of phosphate
buffer and placed in an ultrasonic bath at 80W for 30min to
detach the biofilm. Two 50mL tubes were also prepared with
dWW and AS samples.

The tubes were centrifuged for 15min at 4,600 g at 6◦C. The
supernatant was discarded and a DNA extraction kit (DNeasy
PowerBiofilm, Qiagen) was used on the pellets according to
the manufacturer’s recommendations. Full pellets (∼0.03 g) were
used for the biofilm samples and ∼0.20 g pellets for the AS
and dWW samples. The DNA concentrations were checked with
absorbance at 260 nm as well as the possible contamination by
protein and humic acid with absorbance at 280 and 230 nm,
respectively. The DNA samples were sent to the Research and
Testing Laboratory (RTL, Texas, USA) where the DNA were
amplified by PCR and sequenced with the bacterial primers
28F (5′-GAG TTT GAT YMT GGC TC-3′) and 519R (5′-GWA
TTA CCG CGG CKG CTG-3′) according to RTL protocols3

(RTLGenomics). Subsequent data analyses with the DNA quality,
DNA sequence alignment, clustering in operational taxonomic
and the assignment were also performed by RTL according to
their protocol.

RESULTS AND DISCUSSION

Physico-Chemical Surface Properties of
the Different Grades of Graphite
Physico-chemical properties of the bioanode material such as
surface roughness, hydrophobicity, and electrical resistance affect
the formation of electroactive (EA) biofilm on its surface
(Santoro et al., 2014).

Surface Roughness
The average roughness (Sa) of graphite surface was between 1.3
and 4.4µm (Table 2). In general, surfaces with Sa lower than
0.8µm are considered as “hygienic” surface and are not suitable
for microbial growth (Flint et al., 2000). Moreover, Sa values
in the range of 1–10µm are ideal for biofilm adhesion (Pons
et al., 2011; Kano et al., 2012; Santoro et al., 2014; Champigneux
et al., 2018). Indeed, bacteria particularly prefer rough areas and
surface deformations, which size range is of the same order of
magnitude as the size of the bacteria, i.e., in the order of a few
micrometers. The surface roughness measurements indicate that
all selected graphite grades present a suitable surface roughness
for biofilm development.

The kurtosis roughness (Sku) represents the sharpness of
the surface4.

3RTLGenomics. Available online at: https://rtlgenomics.com/ (accessed
April 8, 2019).
4Sku (Kurtosis)|Area Roughness Parameters|Introduction To
Roughness|KEYENCE America. Available online at: https://www.keyence.
com/ss/products/microscope/roughness/surface/sku-kurtosis.jsp (accessed March
19, 2019).

- if Sku < 3: Height distribution is skewed above the mean plane.
- if Sku = 3: Height distribution is normal (sharp portions and
indented portions co-exist).

- if Sku > 3: Height distribution is spiked (high peaks,
large valleys).

Characklis (2009) has stated that surface roughness elements,
such as peaks and valleys, can provide “shelter” from shear forces
for bacteria and increase convective mass transport near the
surface. Thus, Sku is an interesting parameter to assess if a surface
is favorable for bacterial adhesion.

Graphite surfaces can be divided in two categories: graphites
with spiked surfaces (G1, G2, and G3; Sku >> 3) and graphites
with smooth surfaces (G4 and G5; Sku close to 3). Biofilm bacteria
growing on G4 and G5 would be less protected from shear forces,
leading to more bacterial detachment with those graphite grades
when compared with G1, G2, and G3 (Picioreanu et al., 2001).

Surface Hydrophobicity
Water contact angle measurements showed that all five graphite
grades have hydrophilic surfaces (contact angle<< 90◦). Contact
angle values range from 33 to 36◦, which means there is no
significant difference between graphite grades hydrophobicity
(Table 3).

Santoro et al. (2014) have compared the effect of hydrophilic
and hydrophobic surfaces on bacterial attachment, current,
and power output in microbial fuel cells. Bioanodes formed
on hydrophilic surfaces showed the shortest start-up time, the
highest current, and power densities and the fastest electron
transfer rates among the materials investigated. Also, Guo et al.
(2013) demonstrated that positively charged and hydrophilic
surfaces were more selective to EAmicrobes (e.g.,Geobacter) and
more conducive for EA biofilm formation.

As a conclusion, all five grades of graphite have strongly
hydrophilic surfaces, which would be beneficial for bacterial
attachment according to the literature. However, the difference
between the measured contact angles for the five grades
of graphite is slight, material hydrophobicity will not be a
differentiation factor for the bioanode performance.

Electrical Resistivity
Graphite resistivity was on average 11.6 µ�.m for the 5 graphite
grades (Table 1). These values are significantly higher than that of

TABLE 2 | Surfaces roughness (Sa and Sku) experimentally measured on graphite

grades.

G1 G2 G3 G4 G5

Surface

roughness

Sa (µm) 4.4 ± 0.5 4.2 ± 0.2 1.9 ± 0.1 2.6 ± 0.1 1.3 ± 0.1

Sku 48 ± 13 26 ± 2 17 ± 7 3.8 ± 0.1 4.9 ± 0.3

TABLE 3 | Water contact angle on graphite grades, measured experimentally.

G1 G2 G3 G4 G5

Contact angle 35 ± 5◦ 35 ± 1◦ 36 ± 2◦ 33 ± 2◦ 34 ± 2◦
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metallic materials such as stainless steel (∼0.7 µ�.m) (Peckner
and Bernstein, 1977) or copper (0.02 µ�.m). Despite their
low resistivity, metallic materials are not an obvious choice
as bioanode materials since they do not always fulfill the
other criteria required (chemical stability and bio-compatibility).
Nevertheless, remarkable current densities were obtained on
stainless steel electrodes in MFC inoculated with compost
leachate (Pocaznoi et al., 2012a; Ketep et al., 2014) or on copper
and silver electrodes inoculated with dWW (Baudler et al., 2015).

For Wang et al. (2013), solid graphite resistivity is low enough
and its impact on the ohmic losses of BES cells is negligible,
even in up-scaled reactors, which is not the case for granular
or fibrous carbon materials (Baudler et al., 2015). Graphite is
about 200 times less resistant than CF and CC (González-García
et al., 1999) which are widely used as bioanodematerials and with
which remarkable current densities were still obtained (Cercado-
Quezada et al., 2013).

The resistivity range ofmaterials used as EA biofilm support in
the literature is truly broad. The resistivity range of the 5 graphite
grades considered here (from 8.4 to 14.0µ�.m) is narrow enough
not to affect current densities.

Comparison of Industrial Grades of
Graphite as Bioanode Material
Bio-Electrochemical Experiments
The five grades of graphite were tested to generate bioanodes
from real dWW (protocol described in section Materials Surface
Analysis). As discussed above, all five grades have suitable
physico-chemical properties to allow biofilm growth on the
surface: average surface roughness above 0.8µm, hydrophilic
surface and low electrical resistivity.

The current densities recorded during the 24 days of the CA
are displayed on Figure 1.

In the initial batch period, current rise happened in the first
3–4 days for graphite grades G2, G3, and G4 as well as one
G1 duplicate. For the other G1 and both G5 duplicates, the
current rise happened later, after the 5th day. Maximum current
density was reached during the batch period for G2 and G4 and
during the recirculation period for G1, G3, and G5. Setting up
the recirculation had little effect for G2 and G4 but triggered
a current growth for G1, G3, and G5. During the recirculation
period, with a stationary concentration of 380 mgsolubleCOD/L,
steady state current was obtained from day 10 for G4, from
day 11 for G1 and G2, from day 13 for G3, and from day 14
for G5.

As the current densities achieved stability at different points
in time for each graphite grade, the steady state current density
value was evaluated on both duplicates by averaging the current
density values recorded from the first day of current generation
stability to the end of the experiment (Table 4).

Steady state current densities ranged from 1.1 to 2.3
A/m². The lowest was obtained with G5, then G1, G4,
G2, and the highest was obtained with G3. The steady
state current generated by the G3 based electrodes was
15% higher than G2 (second best performing graphite

grade) and 110% higher than G5 (least performing
graphite grade).

To sum up, efficient EA biofilms developed on the five
graphite grades. Significant current densities disparities were
observed from one graphite grade to another despite them
having similar hydrophilia and electrical resistance. The main
differences between grades was the surface roughness (Sa and
Sku) but no obvious correlation was found between roughness
parameters and steady state current densities. In conclusion, even
when the major physico-chemical parameters are restricted to
narrow ranges, the grade of industrial graphites reveals here
to affect significantly the current provided by the bioanodes
formed on the different materials. It is strongly suspected that
these differences are mainly related to the production processes
of the material grades. Experimental tests remain consequently
necessary to check the capability of industrial graphite materials
to drive the formation of efficient bioanodes.

Graphite Selection Considering Cost of Investment

and Mechanical Strength
Apart from the physico-chemical characteristics of the materials,
the investment cost of graphite is also an important indicator of
the economic competitiveness of bioanodes applications.

In order to design an economically sustainable MEC, the
anode material must be cheap and readily available. Wei et al.
compared the bulk price for common electrode materials and
stated that graphite was up to 50 times cheaper than CF or carbon
fiber brushes (Wei et al., 2011).

Among the 5 grades of graphite tested, G1, G2, and G3 are the
least expensive and are in the same range of price when G4 and
G5 are significantly more expensive (up to twice as expensive for
G5). Considering that anode materials account for 75% of an up-
scaled MEC total material cost (Aiken et al., 2019), using a low-
end graphite such as G1, G2, or G3 with a price twice as low as
G5 would decrease up-scaled MECs investment costs by almost
40%. A case study about investment costs for the implementation
of MECs in domestic wastewater treatment plants by Escapa
et al. (2012) proposes a scenario in which a 108,300 m² bioanode
produces a current density of 2.5 A/m², which is the same order
of magnitude of the average current densities produced by the
G3 bioanodes. As an example, in this scenario, using an electrode
material costing about 50 e/m² instead of 100 e/m² would
reduce the anode material cost by about 5 million euros.

Considering steady state current density and price, G2 and
G3 have the best price-performance ratio. The main difference
between those two graphite grades is their production process,
which influences their mechanical strength. G3 graphite is
produced through isostatic pressure as opposed to G2 that is
produced through extruding. The isostatic pressure technique
allows producing graphite with higher mechanical strength,
making G3 compressive strength almost 1.5 times higher than
G2. Overall, G3 is the most suited graphite grade to use as
bioanode material in the context of an up-scaled MEC as its
performance/price ratio is excellent and its mechanic strength is
the highest among all graphite grades in the same price range.
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FIGURE 1 | Chronoamperometries (CA) for dWW-fed graphite bioanodes. The reactors were initially conducted in batch mode for 10 days and were then switched to

recirculating mode (dashed line) in closed loop with a 2 L tank of hydrolyzed dWW that is renewed at day 17 (dashed arrow). Duplicates were conducted for each

electrode graphite grade.

TABLE 4 | Steady state current densities and maximal current densities obtained with the 5 grades of graphite.

G1 G2 G3 G4 G5

Steady state current

density (A/m²)

Run 1 Run 2 1.7 ± 0.3 1.3 ± 0.4 2.0 ± 0.3 1.9 ± 0.2 2.8 ± 0.4 1.9 ± 0.2 1.8 ± 0.2 1.5 ± 0.2 1.2 ± 0.3 1.1 ± 0.2

Mean value 1.5 2.0 2.3 1.6 1.1

The current values are given for each run and the mean value is calculated on the line underneath.
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Comparison of the G3 Grade of Graphite
With Classical CF and CC Electrodes
Bio-Electrochemical Experiments
CF and CC are among the most commonly used anode materials
in bioelectrochemical systems (Santoro et al., 2017; Yu et al.,
2017) because they offer a porous 3-dimensional structures
that can lead to efficient bioanodes in environments with low
suspended solids and poor COD load. In order to validate the
selection of G3 graphite grade, this material was compared to CC
and CF in term of steady state current density. Bioanodes were
formed in duplicates with G3 graphite plates, CF, and CC at the
same time and using the same batch of AS and dWW to ensure
strictly comparable results. The current densities recorded during
the 24 days of the CA are displayed on Figure 2 (left).

In the batch period, graphite and felt electrodes had similar
behaviors with a current rise happening around the 5th−7th day.
With the CC electrodes, no significant current rise was observed
during the batch period.

When recirculation was started, the current kept rising for
around 5 days with graphite and started to stabilize with CF. The
current started to rise with CC. A steady state was achieved on
the 13th day for graphite and CF and on the 18th day for CC. The
current density value for the stationary phase was evaluated in
the same way as in section Physico-Chemical Surface Properties
of the Different Grades of Graphite. The values obtained are
displayed in theTable 5. CF gave themost reproducible CAs, with
an equal steady state current value on both runs (<3% difference
between runs based on the average steady state current density
value given in the Table 5). Difference between the two runs with
the G3 graphite grade is 23%. CC was the less reproducible with
33% difference when steady state current density was reached.

The G3 graphite grade gave the highest steady state current
with an average of 3.1 A/m². It is about 50% higher than steady
state current densities obtained with CF and CC, which were 2.0
and 2.1 A/m², respectively.

When the steady state current was established on the different
bioanodes (day 24), turnover CV were recorded with stable
soluble COD concentrations (Figure 2, right). The shape of the
turnover CV is characteristic of bioanodes oxidizing volatile
fatty acids present in soluble COD (mainly acetate, formate,
butyrate and propionate (Barker et al., 1999), at neutral pH
(Pocaznoi et al., 2012b; Cercado-Quezada et al., 2013). The half-
wave potentials are in the range of −0.4 to −0.3 V/SCE for G3
graphite,−0.22 V/SCE for CF, and in the range of−0.35 to−0.2
V/SCE for CC.

Current density showed a plateau value of 2.4 A/m² for CF, 3.2
A/m² for graphite, and 2.2 A/m² for CC, very similar to steady
state current densities recorded on the CAs.

Microbial Electrode Colonization
Figure 3 displays the SEM observation of the 3 bioanode
materials before and after biofilm colonization, i.e., at day 0 and
after day 24 of the bioanode formation.

Before colonization (Figure 3, 1a), G3 graphite surface
topography is not smooth and present some topographic peaks
and valleys, in accordance with the roughness measurements

(Table 2). The CF structure seems quite open, with a fiber
diameter of about 20µm (Figure 3, 1b). Inter-fiber spaces are
variable between 10 and 500µm. The fiber diameter of CC is
about 10µm (half the size of CF fibers). The fibers are tightly
woven which makes inter-fiber spaces difficult to evaluate. On a
bacterial scale, cloth porosity is almost non-existent.

After 24 days, a continuous biofilm with homogeneous visual
appearance has developed on the G3 graphite surface (Figure 3,
2a). This biofilm seemed thicker than those developed on CF and
CC because no more peaks or valleys can be observed by SEM on
the graphite surface. On CF, biofilm was mainly located on the
external fibers and did not cover the whole surface of the fibers
nor all the volume of porosity between the fibers (Figure 3, 2b).
The biofilm established on the CC electrode had fully covered the
surface area of the electrode (Figure 3, 3b). However, its thickness
was estimated at only 15µm, because visually the topography of
the CC under the biofilm layer was still visible.

Overall, the biofilm colonization is important on the three
materials, with however a seemingly smaller biofilm density on
CF. This certainly explains why the current densities obtained are
in the same range. Theoretically, CF has a higher specific surface
area than CC and the G3 graphite. The current densities should
consequently have been higher on this material. Nevertheless,
the biofilm only developed on the external fibers and did not
penetrate inside the felt. Felt did not perform better than 2D
materials such as cloth or graphite in real dWW. The poor
infiltration of EA biofilm into the macro porosity of CF has
already been highlighted (Blanchet et al., 2016).

Bacterial Population Ecology of EA Biofilms
Microbial population analysis was performed on the biofilms
removed from the three types of electrodes as well as on dWW
and AS used, respectively, as electrolyte and inoculum to form
the bioanodes.

The three biofilms showed similar bacterial classes, with some
variation in the relative abundance rate (Figure 4). On the one
hand, the class ofDeltaproteobacteriawas systematically enriched
in all biofilms formed on the electrodes (82% onG3 graphite, 39%
on CF, and 61% on CC) regardless of the nature of the electrode
material while this class of bacteria was only present at 0.06% in
activated sludge and even not detected in dWW. On the other
hand, a higher percentage of Betaproteobacteria is present on CF
(11%) and CC (9%) than on graphite (<1%). This bacterial class
is largely represented in AS and dWW but is depleted to the
benefit of Betaproteobacteria on the graphite electrode.

For Mateo et al. (2018) biofilms grown on various carbon
materials (carbon paper, carbon foam, and carbon cloth) showed
the same microbial population. The performance gap between
the electrodes came from the variation of specific surface area
between the materials.

The proportion of Deltaproteobacteria in biofilms coincided
well with the current density generated, i.e., the more
efficient the bioanodes are, the higher the relative abundance
of Deltaproteobacteria. At the family level, 99% of those
Deltaproteobacteria belong to Geobacteracae. Many studies
conducted on bioanodes inoculated with soils, activated sludge or
marine sediments come to the same conclusion that EA biofilms
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FIGURE 2 | (Left) Chronoamperometries for dWW-fed bioanodes formed on G3 graphite, CF, and CC electrodes. For the first 10 days the reactors are conducted in

batch mode and are then switched to recirculating mode (dashed line) with a 2 L tank of hydrolyzed dWW that is renewed at day 17 (dashed arrow). (Right) Cyclic

voltammetries performed in dWW with a stable COD concentration under turnover conditions at 1 mV/s, at the beginning of the experiment (dashed line) and after 24

days of experiment (full and dotted lines). Duplicates were conducted for each electrode material.

are especially enriched in species from the Geobacteraceae
family (Bond et al., 2002; Cercado-Quezada et al., 2013;
Blanchet et al., 2015). Among Geobacteraceae, some species have
been isolated (sulfureducens, metallireduscens, and others. . . )

(Koch and Harnisch, 2016), which are now used as model EA
bacteria (Reguera et al., 2005; Kumar et al., 2016).

To conclude, G3 graphite out-performed the two other
materials by 50% in term of steady state current density.
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TABLE 5 | Average current density obtained in steady state on CF, CC, and G3 graphite.

G3 graphite Felt Cloth

Steady state current density (A/m²) Run 1 Run 2 2.7 ± 0.5 3.4 ± 0.2 2.0 ± 0.2 2.0 ± 0.3 2.4 ± 0.2 1.7 ± 0.2

Average 3.1 2.0 2.1

Given for each replicate and averaged on both replicates.

FIGURE 3 | SEM images of G3 graphite, CF, and CC electrode materials before and after biofilm colonization in a dWW-fed reactor.

FIGURE 4 | Relative abundance of major bacterial classes identified in the activated sludge, the domestic wastewater and in biofilms developed after 24 days on G3,

CF, and CC.
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This performance gap could be justified by two factors.
On the one hand, graphite resistivity is about 200 times
lower than those of felt and cloth (González-García et al.,
1999). This possibly led to more EA bacteria, especially the
Geobacteracae family, colonizing the electrode and greater
current density obtained with G3 graphite. To our knowledge,
the direct correlation between extracellular electron transfer
(EET) efficiency and support material electrical resistivity has
yet to be demonstrated. This is mainly because producing
materials with different resistivities but otherwise identical
characteristics is challenging. Nevertheless, many studies have
stated that a low electrical resistivity for the support material
is necessary to obtain high current densities from bioanodes
(Yu et al., 2017; Zhang et al., 2018).

3D pictures of EA biofilms revealed that anchoring to the
surface seemed to be constituted of dispersed “pillars,” the whole
biofilm not being in direct contact with the electrode (Erable
and Bergel, 2009). It has also been suggested that EA biofilm
formed with Geobacter sulfurreducens transfer electrons to the
electrode not uniformly through the whole surface area but
through patches where pioneering adherent cells play the role
of “electrochemical gate” between the biofilm and the electrode
surface (Dumas et al., 2008). Pons et al. (2011) stated that
extremely high current densities (up to 280 A/m²) could be
achieved locally in EA biofilms, especially with isolated bacteria
and small colonies, when dense microbial colonies provided
lower current densities. All these observations converge toward
an electron transfer model that relies on the passage of high local
current density through small patches rather than the passage
of the average current density through the entire surface. Those
high current points are the main EET zones, which means a large
quantity of electrons is transferred through a small surface area.
In such a context, the resistivity of the electrode could be a major
rate-limiting cause because the higher is the local current, the
higher is the potential drop opposed to the current.

On the other hand, CF and CC have hydrophobic surfaces
(water contact angles, respectively 120 and 110◦; Wang et al.,
2007; Guo et al., 2014) while G3 graphite has a strongly
hydrophilic surface (contact angle 50◦). As discussed in section
Electrical Resistivity, hydrophilic surfaces are beneficial for EA
biofilms and the current density differences observed between
CF, CC, and G3 graphite might also be linked to the significant
difference between their hydrophilic properties.

CONCLUSION

Even if the five grades of graphite tested all had close
properties in term of electrical resistivity, surface roughness and
hydrophobicity, the grade of the synthetic graphite really makes
a strong impact on the current densities obtained. Among the
graphite grades tested, G3 produced the highest steady state
current (2.3 A/m²), giving it the best performance/mechanical
strength/price ratio of all the graphite grades tested. The

differences exist, they are self-evident. But the reasons why one
grade more than another is able to initiate the formation of a
high-performance bioanode are still unclear and are undoubtedly
conditioned by the elaboration protocols of synthetic graphite
grades. Themain fact to keep inmind is that the grade of graphite
is something significantly impacting and that we can no longer
talk about a synthetic graphite electrode as a common, universally
comparable material. The predictions or observations made
today on the basis of graphite bioanodes cannot be generalized
to all graphite electrodes. Even at this detailed stage of graphite
grade, the use of an electrode material and its comparison with
another material inevitably requires experimental tests.

Steady state current density obtained with G3 was 50%
higher than with CF and CC, which are commonly used
3D carbon materials for bioanodes. Bacterial communities
and surface colonization were roughly similar on the G3
graphite grade, CF and CC, with a high enrichment in
EA bacteria of the genus Geobacter even more important
on G3. The electrical resistivity of G3, 200 times lower
than those of CC and CF plus its strongly hydrophilic
surface, could explain an intensification of the EET within the
biofilm and the improved current densities obtained with G3.
The influence of anode material resistivity on EA bacterial
communities, EET mechanisms, and the physical structure of
biofilms on electrodes will be an interesting research path for
the future, especially considering very intense local electrons
flow (current) as discussed with the example of “electron
transfer gates.”

For the future, the standardized bio-electrochemical test
protocol described in this study for the anodic materials
comparison can be greatly useful to benchmark other materials
as potential efficient dWW-fed bioanode support materials.
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