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HIGHLIGHTS

Lowering imposed potential with re-inoculations allow efficient bioanodes.

Alkaline pH up to 9.6 does not affect the efficiency of the anodes.
Desulfuromonas acetexigens was detected as dominant species.

ABSTRACT

Microbial anodes were formed under polarisation at —0.2 V/SCE on smooth graphite plate electrodes with
paper mill effluents. Primary, secondary and tertiary biofilms were formed by a successive scratching and
re-inoculation procedure. The secondary and tertiary biofilms formed while decreasing the polarisation
potential allowed the anodes to provide current density of 6 A/m? at —0.4 V/SCE. In contrast, applying
—0.4 V/SCE initially to form the primary biofilms did not lead to the production of current. Consequently,
the scratching/re-inoculation procedure combined with progressive lowering of the applied potential
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1. Introduction

Strengthened environmental requirements and regulations
have forced the pulp and paper industries to reduce the consump-
tion of fresh water in papermaking processes. This trend has led to
process waters that are highly concentrated in organic matter,
requiring stronger treatment before the effluents can be rejected
or recycled (Mathuriya and Sharma, 2009). Paper industries have
consequently been searching for new effluent treatment technolo-
gies and, in this framework, microbial fuel cells (MFCs) might be a
promising technology (Huang and Logan, 2008a). MFCs produce
electrical energy from the oxidation of the organic matter
contained in wastes. They could thus reduce the amount of sludge

* Corresponding author. Tel.: +33 476154348; fax: +33 476154016.
E-mail address: francoise.ketep@ensiacet.fr (S.F. Ketep).

revealed an efficient new procedure that gave efficient microbial anodes able to work at low potential.
The observed progressive pH drift to alkaline values above 9 explained the open circuit potentials as
low as —0.6 V/SCE. The remarkable performance of the electrode at alkaline pH was attributed to the
presence of Desulfuromonas acetexigens as the single dominant species in the tertiary microbial anodes.

produced by biological treatment (Kim et al., 2007) and help to
supply some of the energy needed by the treatment plant. At
laboratory scale, MFCs have been shown to be able to treat efflu-
ents from various origins (Pant et al., 2009).

The objective of the present work was to design an optimal pro-
tocol for forming microbial anodes using an effluent coming from
the pulp and paper industry. It has been shown that inoculating
a reactor with a scraped-off biofilm collected from a running
MFC (Rabaey et al.,, 2004; Kim et al., 2005; Wang et al., 2010;
Harnisch et al., 2011; Cheng et al., 2011) or with the effluent from
a previous reactor (Huang and Logan, 2008b) improves the electro-
chemical performance of the new biofilms with respect to the
biofilms that were used as inoculum. Similarly, clean electrodes
inserted in a running MFC in the vicinity of an already active
biofilm anode have been shown to benefit from the presence of
the already formed microbial anode (Liu et al., 2008).

Our protocol consisted of forming a primary biofilm from an
inoculum source and then scratching the biofilm from the anode



surface to use it to inoculate a new electrochemical cell. It now
seems to be agreed that keeping the electrode polarised also
favours the formation of efficient electroactive biofilms (Aelterman
et al., 2008; Torres et al., 2009; Srikanth et al., 2010). An electrode
potential can produce a selective pressure for bacterial evolution
(Yi et al., 2009). The general target in designing microbial anodes
is to obtain the highest possible current at the lowest possible
potential. In this objective, it can be thought that polarising the
electrode at low potential should favour the formation of efficient
microbial anodes. This postulate has been validated by Torres et al.
who have shown that anodes formed under low potential select
the most efficient electrode-respiring bacteria (ERA). Anodes
formed at —0.15V vs. SHE produced up to 8 A/m?, while anodes
formed in identical conditions at +0.37V gave no more than
0.6 A/m? (Torres et al., 2009).

Here, we tested an original procedure that combined the advan-
tages of both re-inoculation and polarisation at low potential.
Primary biofilms were formed from paper machine effluents. The
primary biofilms were then scratched and used as inocula to form
secondary biofilms and the operation was repeated for tertiary
biofilms. The applied potential was reduced from —0.2 V/SCE for
the formation of the primary biofilms to —0.4 V/SCE for the tertiary
biofilms. To the best of our knowledge, such an association of
scratching/re-inoculation steps with lowering potential is de-
scribed for the first time here. The interest of the procedure was
demonstrated by comparison with control experiments performed
with an applied potential of —0.4 V/SCE for the formation of the
primary biofilms, which did not succeed in producing current.

The successive biofilms were formed in the industrial effluent
(250 mL), which was filtered at 0.3 um to remove planktonic
microorganisms and supplemented with a synthetic medium
(200 mL) to correct nutriment deficiencies, optimize the conditions
for electroactive biofilm development, and stabilize the substrate
supplied. The synthetic medium contained small amounts of car-
bonate, ammonium and phosphate compounds, potassium chlo-
ride and acetate. The small amounts of carbonate, ammonium
and phosphate compounds did not have a significant buffer effect.
In this condition the pH of the bulk was controlled by the evolution
of the effluent itself.

Nitrogen and phosphate supplementation is commonly used to
enhance the treatments of pulp and paper effluents. Acetate,
provided by hydrolysis and acidogenesis of polysaccharides, is
frequently observed in these effluents.

2. Methods
2.1. Microbial inocula and synthetic medium

Effluent samples were collected from the water circuits of a
French newsprint production site. A first effluent sample was col-
lected directly from the filtrates of the paper machine and was
used as inoculum source for reactor A#1. A second sample
collected just after the primary clarification step of the waste water
treatment plant was used similarly for reactor B#1. Primary bio-
films were formed with 250 mL of effluent supplemented with
200 mL of synthetic medium that contained 23.8 mM NaHCOs,
28 mM NH4Cl, 5 mM NaH,PO4 (pH 7.0) previously sterilized by
autoclaving. 5 mM sodium acetate and 10 mM KCl were added to
the final solution (conductivity 3 mS/cm). The secondary and ter-
tiary biofilms were formed in identical mixtures but the effluent
was previously filtered at 0.3 um to remove planktonic bacteria.
The primary or secondary electroactive biofilms were detached
from the electrode surfaces by ultrasound in 30 mL of physiological
Ringer solution and this volume was used to inoculate the new
electrochemical cell.

2.2. Reactors and electrodes

The electrochemical cells (borosilicate glass) contained 450 mL
(primary biofilms) or 480 mL (secondary and tertiary biofilms) of
solution with around 200 mL of headspace. The lid and the reactor
body were sealed with a clamping ring. Working electrodes were
flat 2 cm x 5cm x 0.5 cm graphite plates (Goodfellow) screwed
onto 2 mm diameter, 12 cm long titanium rods (Alfa Aesar) that
ensured the electrical connection. Before use, the graphite elec-
trodes were cleaned by 1 h of immersion in 1 M HCl, 20 minutes’
rinsing with distilled water and 1 h of immersion in 1 M NaOH.
Auxiliary electrodes were 90% Platinum-10% Iridium grids (Herae-
us), cleaned by heating in a blue flame. Potentials were controlled
and expressed versus a saturated calomel electrode (SCE; potential
+0.24 V vs. SHE; Radiometer, Copenhagen). The reference electrode
was as close as possible to the anode surface (working electrode)
and the auxiliary electrode was in front of the anode, as far as pos-
sible from it.

2.3. Electrochemical experiments

Microbial anodes were formed at constant potential and charac-
terized by chronoamperometry (CA) using a conventional three-
electrode set-up and a multi-channel potentiostat (model VMP3,
software EC-Lab v 10.2, Bio-Logic SA). Current was recorded every
900 s and chronoamperometry was periodically suspended to re-
cord cyclic voltammetry (CV) curves at 1 mV/s. The potential scan
started at the potential imposed during CA to avoid damaging the
biofilm. The primary biofilms were formed with the paper machine
effluents in two parallel reactors (reactors A#1 and B#1) operated
in strictly identical experimental conditions. The successive
re-inoculations were then performed in strictly parallel ways
without cross mixing from one reactor to the other. Temperature
was maintained at 25 °C. Acetate (5 or 2.5 mM) was supplied
repetitively to characterize the biofilms’ maturation in optimal
and reproducible conditions. When mentioned, the medium was
gently sparged with N,. Coulombic efficiencies (CE) were calcu-
lated for each acetate addition as the ratio between the number
of coulombs transferred to the anode and the maximum possible
charge that the amount of added acetate could provide (8 electrons
per acetate molecule). COD was titrated before each acetate addi-
tion. After one week, the COD in the effluent decreased from
1000-1200 mg/L to 300-350 mg/L. This residual effluent COD
corresponded to non-biodegradable organic substances. The or-
ganic substrate provided by the industrial effluents was thus
considered negligible at this time and was not taken into account
for the CE calculation.

2.4. Microbial community analysis

Microbial populations were analysed using 16SrDNA amplifica-
tion followed by Denaturing Gradient Gel Electrophoresis (DGGE).
Biofilms were scratched from the electrodes and bacterial DNA was
extracted and stored at —80 °C before analysis. 16S rRNA gene frag-
ments were amplified from extracted DNA using a nested PCR
approach as described by Haichar et al. (2008). Briefly, the first
PCR amplification step was performed using universal bacterial
primers fD1 (5'-AGAGTTTGATCCTGGCTCAG-3’, position 8-27 of
the E. coli rrs gene), and S17 (5'-GTTACCTTGTTACGACTT-3’), posi-
tion 1492-1509 of the E. coli rrs gene). For the second PCR step,
PCR products were amplified using primers 375f-GC (Muyzer
et al., 1993) and S10 (Table S1) to generate 584 bp products for
DGGE analysis. Products were checked by electrophoresis in 2%
agarose gels.

Denaturing gradient gel electrophoresis (DGGE) fingerprinting
of PCR products was carried out using the Dcode Universal



Mutation Detection System (BIO-Rad Laboratories, France) accord-
ing to (Haichar et al., 2008). Certain bands of interest were excised
and DNA was eluted and amplified. PCR products were sequenced
at Genome express (Meylan, France) and sequences were analysed
by the BLASTN search tool (Altschul et al., 1990) to determine
sequence homology and to search for similar sequences in the
GenBank database.

3. Results and discussion

3.1. Primary, secondary and tertiary biofilms formed at lower applied
potential

Two primary biofilms were formed in parallel on graphite elec-
trodes polarised at —0.2 V/SCE and immersed in 250 mL effluent
from a papermaking unit mixed with 200 mL of low-concentration
synthetic medium. The effluent collected from the filtrate of the
paper machine water was used in reactor A#1 and the clarified
waste water in reactor B#1 (Fig. 1A). The current increased after
an initial lag period of a few days as commonly observed for the
formation of electroactive biofilm on polarised electrodes. The
current then decreased due to acetate depletion and successive
additions of 5 mM acetate generated similar current peaks, which
indicated that, from the point of view of electrochemical catalysis,
the biofilms reached maturity with only two acetate additions. The
two inoculum samples (effluent from the paper machine or after
clarification) did not lead to any significant difference. Considering
the second to fourth acetate additions, the maximum current den-
sities provided were 5.5 A/m? on average (6 measurements from
3.8 to 6.8 A/m?) and Coulombic efficiencies were from 11% to
22%. The low Coulombic efficiencies could have been predicted
by considering the experimental set-up chosen: a working elec-
trode of small surface area (10 cm?) in a large volume of solution
(450 mL). From a general point of view, these operating conditions
minimize the effects of the variation in composition of the bulk
solution due to the electrochemical reactions. A small surface area
of the working electrode is optimal from the standpoint of electro-
chemical analysis but it obviously does not promote high coulom-
bic efficiencies, particularly when homogeneous reactions occur, as
was the case here.

The primary biofilms were removed from the anode surfaces
and used to inoculate two new electrochemical reactors filled with
250 mL of filtered effluents and 200 mL of synthetic medium. Elec-
trodes were polarised at -0.2 V/SCE (Fig. 1, reactors A#2 and B#2).
The initial lag period was reduced in comparison to the primary
biofilms and performances until day 8 were similar to those of
the primary biofilms. At day 8, two effects were studied simulta-
neously: acetate addition was reduced from 5 to 2.5 mM in both
reactors, and reactor B#2 was placed under continuous nitrogen
bubbling. The reduction of acetate concentration did not decrease
the current density, indicating that substrate was not limiting. In
contrast, nitrogen bubbling in reactor B#2 had a clear effect on
CE, which increased to 47%, while reactor B#1 remained at 21%.
Nitrogen bubbling clearly stabilized the CE at higher values. Nitro-
gen established anoxic conditions, which prevented the oxidation
of acetate by aerobic bacteria in the bulk, resulting in lower
competition against the anode respiring bacteria.

From day 11, the applied potential was changed to —0.3 and
then —0.4 V/SCE. The performance of both electrodes remained
stable with a current density of 7.5+ 1 A/m? and CE of 40 + 2%
for reactor B#2 under N, bubbling and a current density of
4.5 +0.5 A/m? and CE 26 + 2% for reactor A#2 not subjected to N..

Secondary biofilms were used to inoculate third electrochemi-
cal reactors with a potential of —0.4 V/SCE applied from the start
(Fig. 1, #3). Acetate concentration was brought back to 5 mM and

N, was continuously bubbled into both reactors (A#3 and B#3).
Both tertiary electrodes showed remarkable performance; they
provided current densities in the 4.5 to 6.8 A/m? range (8 measure-
ments) at a potential as low as —0.4 V/SCE. After a 5-day deficiency
of substrate, one anode showed a remarkable robustness by imme-
diately recovering the same level of current when the substrate
was provided again. However, in similar conditions the second
anode recovered only around 50% of the current.

Finally, the formation of the two primary biofilms was at-
tempted with the optimal conditions defined here, i.e. an applied
potential of —0.4 V/SCE and continuous nitrogen bubbling. For
the formation of primary biofilms, the 250 mL effluent samples,
which served as inoculum sources, were obviously not filtered.
No significant current was recorded after 28 days of polarisation
and 4 successive additions of 5 mM acetate (results not shown).
Current density was always lower than 0.03 A/m? for both experi-
ments. The potential of —0.4 V/SCE was consequently too low to
allow microbial anodes to form directly from the raw effluents.

In summary, forming primary biofilms directly at —0.4 V/SCE
did not produce current. Using primary biofilms formed at
—0.2 V/SCE as inocula led to secondary biofilms that provided
significant current when the potential was decrease to —0.4V/
SCE. Finally, it was possible to form tertiary biofilms directly at
—0.4 V/SCE using the secondary biofilms as inocula.

3.2. Analysis of the catalytic cyclic voltammetry (CV)

So-called catalytic voltammetry is voltammetry recorded when
the substrate is present at a significant concentration in solution.
The quality of the tertiary microbial anodes formed at —0.4 V/SCE
can be assessed from the cyclic voltammetry (CV) curves recorded
at day 11, when the current was maximal (CV1, Fig. 2, A#3 and
B#3). On each CV curve, the current densities measured at
—0.4 V/SCE (6.2 and 4.1 A/m? for reactors A#3 and B#3, respec-
tively) were similar to the current densities obtained during
chronoamperometry (6.8 and 4.5 A/m? for reactors A#3 and
B#3). The scan rate of 1 mV/s was consequently low enough to rep-
resent the stationary characteristics of the electrode. The voltam-
mograms recorded in the absence of substrate (CV2, Fig. 2)
confirmed that the current was due to acetate oxidation. The two
CV1 plotted in Fig. 2 corresponded to the highest and lowest values
of current (6.8 and 4.5 A/m?) recorded during the first two weeks
of polarisation They exhibited some difference in electrochemical
kinetics: the best anode (A#3) was able to provide up to 13 A/m?
at 0.0 V/SCE (average of the values measured on the oxidation
and reduction scans), while the other (B#3) reached only 5 A/m?
at the same potential. Nevertheless, both anodes exhibited inter-
esting performance at potential values as low as —0.4 V/SCE.

The current densities obtained here were among the highest re-
ported in the literature for comparable conditions. Obviously, high-
er values have been reported (for a review see Liu et al., 2010) but
most of them have been obtained at higher temperature (40 °C,
whereas experiments were performed here at 25°C) or with
three-dimensional electrodes (felts, brushes, granule beds, porous
structures, etc.). For example, up to 30.8 A/m? (Chen et al., 2011)
has been reached on three-dimensional fibre electrodes taking
advantage of the optimal porosity of the electrode structure. Nev-
ertheless, this current density expressed with respect to the pro-
jected surface area cannot be straightforwardly compared to the
current density obtained here on smooth electrode surfaces. For in-
stance, up to 66 A/m? has been reported with electroactive biofilms
formed around ultra-microelectrodes (Pocaznoi et al., 2012). In this
case, the particular electrochemical properties of the ultra-micro-
electrodes were responsible for the high current density obtained,
but the same biofilms developed on conventional macro-sized
electrodes gave current density of only 7 A/m? The maxima
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Fig. 1. Current density (lines, right Y-axis) and coulombic efficiencies (dots, left Y-axis) recorded during the formation of the primary, secondary and tertiary anodes, with
additions of 5 mM acetate. The initial source of microorganisms was the paper machine wastewater (reactors A, left column) or the same effluent after clarification (reactors
B, right column); (#1) primary biofilms at —0.2 V/SCE; (#2) secondary biofilms initially at —0.2 V/SCE, potential changes are indicated on the X-axis, N, sparging was started
in reactor B#2 on day 8; acetate additions of 2.5 mM from day 8; (#3) tertiary biofilms at —0.4 V/SCE under N, sparging in both reactors from the beginning.

obtained here, in the range 4.5 to 6.8 A/m? at —0.4 V/SCE (5 to
13 A/m? at 0.0 V/SCE) on flat graphite electrodes without any sur-
face treatment and without enhanced roughness can be attributed
to the remarkable electroactivity of the biofilms formed.
Comparison of the CV of the tertiary anode with the CV of the
secondary biofilm formed at —0.2 V/SCE (CVs, Fig. 2) emphasized
the improved quality of the tertiary anode. The secondary anode
exhibited an open circuit potential of only —0.48 V/SCE, while the
tertiary anode open circuit potential was —0.6 V/SCE. In conse-
quence the secondary anode polarised at —0.2 V in reactor B#2

was able to produce less than 2 A/m? at —0.4 V/SCE on day 8. Pro-
gressive reduction of the applied potential allowed this biofilm to
produce up to 6 A/m2. The procedure described here, of re-inocu-
lating and concomitantly lowering the applied potential, clearly
improved the electrochemical quality of the microbial anodes.

3.3. pH evolution

During the polarisation experiments, the pH of the media al-
ways varied towards higher values. For example, the pH evolution
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Fig. 2. Cyclic voltammograms at 1 mV/s with the tertiary electrodes: CV1 was recorded at day 11, and CV2 at day 15 as indicated in Fig. 1 (reactors A#3 and B#3). CVs were

recorded at day 8 with the secondary biofilm formed at —0.2 V/SCE in reactor B#2.

during the secondary biofilm formation illustrated this general
trend: the pH rose in similar way in both reactors from day 1 to
day 5 (from 7.5 to 8.4 or 8.7 in reactors A and B, respectively). Then
the pH reached higher values in reactor B, in which N, bubbling
was started at day 8 (pH of 9.6 in B against 8.9 in A without N, bub-
bling). The pH changed to alkaline values during each experiment
and nitrogen bubbling increased the alkalinisation rate. The alka-
linisation cannot be explained by the electrochemical reactions.
Actually, the anode biofilm oxidised acetate into carbon dioxide

CH5CO0™ + 2H,0 — 8e™ +2C0, + 7H* (1)
which hydrolysed into hydrogen carbonate:

2C0; +2H,0 — 2HCO; +2H" (2)
Combining Eqgs. (1) and (2) leads to

CH;C00™ + 4H,0 — 8e™ + 2HCO; + 9H" 3)

9 protons were produced per 8 electrons. In comparison, the
cathode achieving the reduction of water in anoxic conditions

8H,0 + 8¢~ — 4H, + 8OH™ 4)
or the reduction of oxygen in non-anoxic conditions
20, +4H,0 + 8¢~ — 80OH™ (5)

produced 8 hydroxyl ions per 8 electrons. The electrochemical
reactions globally contributed to a slight acidification of the med-
ium (1 proton produced per 8 electrons). Consequently, alkalinisa-
tion of the bulk was not linked to the electrochemical reactions.

In order to confirm that the electrochemical reactions were not
responsible for alkalinisation, experiments were performed in the
absence of electrodes. The pH of the effluent/synthetic medium
(250/200 mL) mixture was monitored in three parallel reactors
that did not contain electrodes, under three different conditions:
(i) without stirring and without N, bubbling; (ii) with mechanical
stirring and without N, bubbling, and (iii) with N, bubbling and
without stirring.

5 mM acetate was added at days 0, 5, 8 and 12 to remain close
to the operating conditions of the polarisation experiments. The
initial pH of 7.0 rose to alkaline values in each of the 3 reactors
and stabilized after 15 days at 7.7 + 0.1, 8.05 +0.05 and 8.9 + 0.1
(average values between days 12 and 15) in reactors (i-iii), respec-
tively. It was thus confirmed that alkalinisation was not due to the

electrochemical reactions but occurred spontaneously in the efflu-
ent. Such a spontaneous pH drift has rarely been reported in the
literature because studies have generally used buffered conditions.
In contrast, alkalinisation was evidenced here because only mini-
mal supplementation was used, which did not mask the real
behaviour of the effluent during operation. The phosphate concen-
tration of 2.2 mM of added phosphate in the (250/200 mL) mixture
could not have a significant buffer effect and could not maintain
the pH at its initial neutral value.

The progressive pH drift to alkaline values observed under
nitrogen bubbling and, to a lesser extent, mechanical stirring, are
explained by the extraction of carbon dioxide from the solution.
Removing carbon dioxide from the solution shifted the acid-base
equilibrium of carbonate species:

CO, + H,0 < H,CO53 — HCO; + H™ pKal =6.3 (6)

HCO; +H,0 « CO; +H;0" pKa2 =103 (7)

towards alkalinisation. Obviously, N, bubbling was more effi-
cient that simple mechanical stirring with a magnetic barrel be-
cause N, bubbling further reduced the partial CO, pressure
compared to stirring under atmospheric conditions.

Generally, bacteria require pH close to neutrality for optimal
growth (Jadhav and Ghangrekar, 2009; Gil et al., 2003). In this
work, pH reached values up to 9.5 at the end of the experiments
with continuous N, bubbling. Given the high current density ob-
tained, it can be concluded that the microbial anodes were well
suited to effluent alkalinisation. Actually, high pH values increase
the standard potential of acetate, which is —0.63 V/SCE at pH 9.0.
The maximal Gibb’s energy available for bacterial growth is pro-
portional to the difference between electrode potential and the
formal potential of the electron donor. The open circuit potential
around —0.60 V/SCE observed on CV curves (Fig. 2), only 30 mV
above the formal potential of acetate oxidation, was a first mark
of the high electrocatalytic ability of the anode respiring bacteria
present in the biofilm. Moreover, under the applied potential of
—0.4 V/SCE they were able to grow and transfer electrons to the
electrode by exploiting a potential drop of only 230 mV.

A few studies have observed that MFCs can provide high current
under alkaline conditions (Rozendal et al., 2008; Fan et al., 2007).
An air-cathode MFC has been shown to tolerate a feed electrolyte
having a pH of up to 10, the highest current being reached at pH 9
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Fig. 3. Evolution of DGGE profiles based on 16S rRNA genes PCR-amplified from bacteria forming primary, secondary and tertiary biofilms.

(He et al., 2008). Puig et al. (2010) have suggested that pH 9.5 may
be considered optimal for an MFC to generate current from urban
wastewaters (Puig et al., 2010). Zhuang et al. have shown that
microorganisms can oxidise organic matter under highly alkaline
conditions up to pH 10 in an air-cathode two-chamber MFC
(Zhuang et al., 2010). According to the results described in the
present work, studies using unbuffered media should be favoured
now because of their interest for operating microbial fuel cells
without adding large amounts of buffering compounds.

3.4. Evolution of microbial community in primary, secondary and
tertiary biofilms analysed by DGGE and non-turnover CV

DGGE analyses of microbial communities showed a drastic
selection from the primary to tertiary biofilms with Geobacter
metallireducens, Desulfuromonas sp. and Geobacter sulfureduccens

as dominant species (Fig. 3). These bacteria are classically known
to have anode respiring properties. They are able to implement
the most efficient electron transfer pathways by direct electron
transfer to the electrode without the need for a diffusible redox
mediator (Logan, 2009). The potential of —0.2 V/SCE was conse-
quently low enough to select to the most efficient anode respiring
bacteria (Torres et al., 2009). No significant difference was
observed between the two effluent samples before and after the
clarification step.

The secondary biofilms showed remarkable modifications of the
microbial populations with respect to the primary ones. Most
Geobacter species no longer appeared among the dominant species
(only Geobacter sulfurreducens remained in reactor A#2), while
other species identified as Bacteriodetes and Clostridium sp.
emerged in reactor B#2. These species have already been identified
in electroactive biofilms formed from activated sludge (Torres
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Fig. 4. Non-turn-over CVs performed at 1 mV/s recorded at the end of each polarisation period for reactors A and B.

et al., 2009) and marine environments (Erable et al., 2009). From
the secondary biofilms, a common band appeared which was pres-
ent for both electrodes. This band corresponded to Desulfuromonas
acetexigens, a bacterium described in 1994 as an obligate anaerobic
sulphur-reducing eubacterium that exclusively used acetate as en-
ergy and carbon source (Finster et al., 1994). In the tertiary bio-
films, Geobacter sp. were no longer detected and Desulfuromonas
acetexigens was the single dominating species in both biofilms.

The negative selection of Geobacter sp. with re-inoculation was
confirmed by the non-turnover CV recorded on primary, secondary
and tertiary biofilms at the end of polarisation (Fig. 4). So-called
non-turnover CVs are recorded when the substrate is depleted.
They thus give a comprehensive view of the redox compounds con-
tained in the biofilms that can be addressed by the electrode (Fricke
et al., 2008; Harnisch and Freguia, 2012). The strong peaks around
—0.4 V/SCE (—0.16 V/SHE) can be attributed to Geobacter sp. by
comparison to the CV curves reported in the literature with pure
culture of Geobacter sulfurreducens (Marsili et al., 2008). These
peaks decreased from the primary to the secondary electrodes
and disappeared completely from the tertiary electrodes. The low
potential of —0.4 V/SCE to which the secondary biofilms were ex-
posed (from day 11) and at which the tertiary biofilms were formed,
was doubtless responsible for the vanishing of the Geobacter species
from the microbial communities. Moreover, Geobacter sp. are
known to have optimal growth around pH 6.8 (Fricke et al., 2008;
Marsili et al., 2008) and the high pH values observed here would
also have hindered their development. The electrochemical and
DGGE analyses converged in showing that Geobacter disappeared
from primary to secondary biofilms. This suggested that Desulfuro-
monas acetexigens was probably the bacterium responsible for the
high current density obtained here with the tertiary electrodes at
low potential and alkaline pH. Nevertheless, the numerical abun-
dance of bacteria in biofilms is not, a priori, correlated with the
capacities of the predominant species for high power production
(Kiely et al., 2011). Therefore, isolation and electrochemical testing
of the isolate are needed to confirm this hypothesis.

4. Conclusions

The electroactive biofilms formed by successive scratching and
re-inoculation steps while lowering applied potential provided

high current density (6 A/m? on smooth electrode surfaces) at
low potential (—0.4 V/SCE) and alkaline pH (around 9), which is
of great interest for operating microbial fuel cells from pulp and
paper effluents without adding buffering compounds. Such bio-
films could not be formed by applying low potential from the first
step of primary biofilm formation. To our knowledge, this is the
first time that such a procedure has been used and it may explain
why Desulfuromonas acetexigens has not been identified before in
electroactive biofilms.
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