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Abstract

Biofilms of Geobacter sulfurreducens were grown on graphite and on dimensionally stable anodes (DSA) in medium that did not contain any
soluble electron acceptor. Several working electrodes were individually addressed and placed in the same reactor to compare their electrochemical
behaviour in exactly the same biochemical conditions. Under constant polarization at 0.20 V versus Ag/AgCl, the electrodes were able progressively
to oxidize acetate (5 mM), and average current densities around 5 A m~2 and 8 A m~2 were sustained for days on DSA and graphite, respectively.
Removing the biofilm from the electrodes led the current to zero, while changing the medium by fresh one did not disturb the current when contact
to air was avoided. This confirmed that the biofilm was fully responsible for the electro-catalysis of acetate oxidation and the current was not due
to the accumulation of compounds in the bulk. Cyclic voltammetries performed during chronoamperometry indicated that the oxidation started
above 0.05V versus Ag/AgCl. The difference in maximal current values obtained with DSA and graphite was not linked to the biofilm coverage
ratios, which were of the same order of magnitude in the range of 62-78%. On the contrary, the difference in maximal current values matched the

ratio of the average surface roughness of the materials, 5.6 wm and 3.2 wm for graphite and DSA, respectively.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Production of electrical current from electrodes placed in
microbial cultures was observed nearly a century ago [1].
Attempts to convert the chemical energy of organic matter
directly into electrical energy with microbial fuel cells (MFC)
were subsequently explored throughout the 20th century [2,3].
The first cells have generally coupled the microbial produc-
tion of reduced compounds that were further used as reactant
for abiotic electrochemical oxidation on the anode surface.
This type of fuel cell, which coupled problems related to
both microbial fermentation and abiotic electrochemical reac-
tion, were not successful in their day. The discovery at the
beginning of the 21st century of bacteria that can transfer the
electrons, issued from their metabolism, directly onto solid
anodes, represented a basic breakthrough [4-6] which has con-
siderably enhanced MFC power output [7]. Several reviews
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have been proposed in the recent flourishing literature on the
subject [8—10]. Bacteria isolated from natural consortia have
been demonstrated to be able to use an anode as unique elec-
tron acceptor without the need for artificial electron mediators.
Pure cultures of Geobacter sulfurreducens [11], Geobacter
metallireducens, Desulfuromonas acetoxidans [4], Rhodoferax
ferrireducens [5], Shewanella putrefaciens [6], Clostridium
butyricum [12], Aeromonas hydrophila [13], Desulfobulbus pro-
pionicus [9] can thus catalyze the electrochemical oxidation
of organic compounds such as acetate, glucose, lactate or
alcohols.

Numerous studies have aimed at improving electrode
materials, cell design and operating conditions to increase
MEC efficiency, mainly with natural microbial consortia [14].
Several types of graphite and carbon anodes have been tested
to enhance anode performance: carbon granules [15], carbon
cloth and foam [5,16], vitreous carbon [17,18], carbon modified
with manganese ions or neutral red [19]. Mn**t modified
woven graphite used in a one-compartment MFC with sewage
sludge led to 1.75Am~2 current density and 787.5 mW/m?>
power density [19]. The influence of the proton exchange



membrane (PEM) has been highlighted in an MFC fed with
wastewater. Power output was 28 mW/m? with the membrane,
while it reached 146 mW/m?> when it was removed. With
the addition of glucose, removing the PEM increased power
density from 262 mW/m? to 494 mW/m? [7]. The influence of
various operating parameters was assessed in a membrane-less
MEC: increasing the solution’s ionic strength from 100 mM to
400 mM by addition of NaCl resulted in power output increasing
from 720mW/m? to 1330 mW/m?. Power generation went
from 720 mW/m? to 1210 mW/m? by decreasing the distance
between anode and cathode from 4 cm to 2 cm [20].

Cyclic voltammetry (CV) has been carried out to advance
understanding of microbial electrocatalysis mechanisms, but
most of these studies investigated suspensions of microbial cells
[12,13,21-24] or freshly adherent micro-organisms [25]. CV on
mature biofilms has been more rarely reported [26].

Several studies have implemented constant potential
chronoamperometry with pure cultures to focus on the anode
process [6,11,21]. In such conditions, i.e. the working electrode
polarized at 0.20V versus Ag/AgCl, current density values of
0.07Am™2, 0.25Am™2 and 0.15 Am~2 have been sustained
with R. ferrireducens [5], G. metallireducens [4] and D. acetox-
idans [4] biofilms, respectively. G. sulfurreducens biofilms gave
the highest current densities in the range of 0.16-1.14 Am~2 on
graphite anodes [11].

The purpose of the present work was to assess the capacity
of dimensionally stable anode (DSA) to grow effective electro-
chemically active biofilms and to compare them with graphite
anodes, which are commonly used in literature. DSA electrodes
are made of a titanium base covered by metal oxides (iridium
and tantalum oxides in our case). They have revealed remarkable
electrocatalytic properties in many industrial processes such as
chlorine, oxygen or hydrogen evolution as well as organic oxi-
dations [27]. They are very stable electrodes even in aggressive
media, and are industrially produced in form of plates, nets,
meshes, expanded metals, etc. They can be packed more com-
pactly than massive and bulky graphite electrodes, which is a
preponderant advantage when increasing the surface area is the
key parameter. If they revealed effective in growing electrochem-
ically active biofilms, they would be excellent candidates for
scaling up industrial MFC pilots. It may be noted that DSA has
already been used successfully in a microbial-catalyzed deni-
trifying process, but the nitrate-reducing micro-organisms were
grown on graphite cathode, and DSA only played the role of an
abiotic auxiliary electrode [28]. DSA has also been used suc-
cessfully to grow electrochemically active biofilms in garden
compost [29].

With the view to work in rather standard conditions, si-
milar experiments as presented in Ref. [11] were repeated
here: pure cultures of G. sulfurreducens were grown with
acetate as electron donor in a medium where the anodes,
polarized at 0.20V versus Ag/AgCl, were the sole elec-
tron acceptors. The reactors were equipped with several
individually addressed working electrodes. This technique,
which was implemented here for the first time on micro-
bial electrochemistry, avoided the discrepancies that may be
induced by the biochemical conditions. It should be now

more systematically used when comparing different electrode
materials.

2. Experimental
2.1. Media and growth conditions

G. sulfurreducens strain PCA (ATCC 51573) was purchased
from DSMZ (Deutsche Sammlung von Mikroorganismen und
Zellkulturen). The growth medium contained (per litre): 0.1 g
KCl, 1.5g NH4Cl, 2.5g NaHCO3, 0.6g NaH,PO4, 0.82¢g
acetate, 10 mL vitamin mix (ATCC MD-VS), and 10 mL trace
mineral mix (ATCC MD-TMS). The medium was autoclaved
and completed with a filtered (0.2 wm) solution of sodium
fumarate for a final concentration of 8 g/L.

Incubations were done at 30 °C during 5 days in the incu-
bation medium. The number of planktonic cells was evaluated
through the absorbance at 620 nm. Absorbance was transformed
into cell forming units per millilitre (CFU mL~!) using the cali-
bration formula:

[CFUmML™'] = ODg20nm x 472, 067 (1)

established with measurements in Petri dishes under a N»/CO,
atmosphere.

The reactor medium, used in the electrochemical reactor,
was the same as the incubation medium, except that it lacked
sodium fumarate and contained sodium acetate at a final con-
centration of 0.41 g/L (5 mM). After its transfer into the reactor,
this reactor medium was flushed with N,—CO, (80-20%) to
remove oxygen for at least an hour, the flow was then reduced
during the experiments. Cells (5%, v/v) were then injected
into the electrochemical reactor when the optical density at
620 nm in the incubation medium was around 0.3 (i.e. around
142,000 CFU mL~1).

2.2. Electrodes and reactor

The electrochemical reactor contained approximately 2 L. of
reactor medium with a 0.5 L headspace (total volume=2.5L).
The top of the reactor comprised seven sampling ports, and
the body two inlet and outlet ports. The junction between
the top and the body of reactor was sealed with a clam-
ping ring. Sampling ports were sealed with butyl stoppers.
Each electrode was drilled, tapped and a titanium wire was
screwed into them to ensure the electrical connection. The
titanium wires were shielded with thermoretractable sheaths
and were introduced from the top through a holed seal in
the sampling port. The electrodes were 5cm x 2.5cm x 0.5 cm
sheets of graphite (Goodfellow), and 5cm x 2.5cm x 0.1 cm,
45cm x2.5cm x 0.1cm or 2.5¢cm x 1 cm x 0.1 cm sheets of
dimensionally stable anodes (DSA, ECS International Electro-
chemical Services).

Before each experiment, graphite electrodes were washed
for an hour in 1IN HCI, and another hour in 1IN NaOH
to remove possible biomass contamination. DSA were elec-
trolysed at 200 A m2for5hin0.1M H>S0Oy4. Counter electrode



Table 1
Operating parameters and main results from the five reactors

Reactor Name Surface 10% of maximum Day of maximum Maximum current Stability days (75% of maximum
number area (cm?) current density current density density (A m~2) current density)
(day)
1 DSA.1.1 12.5 34 5.7 4.8 4—38
DSA.1.2 11.5 3.6 5.7 5 5—>8
2 GR.2.1 12.5 0.5 3 7.8 1—5
GR.2.2 12.5 0.5 2 8 (saturation) 1—5
3 GR.3.1 125 14 5 8 27
DSA.3.1 12.5 2 5 5.3 37
4 DSA.4 2.5 5.4 14.7 8.3 10.7—
5 DSA.S 2.5 5 15.6 8.4 10.8—

was a platinum grid made up with 0.5 mm diameter wires (90%
Pt—10% Ir, Platecxis). The platinum grid was cleaned by means
of red-hot heating flame. The Ag/AgCl reference electrode was
made with a 1.5 mm diameter silver wire dipped into a HNO3
solution and then immediately transferred into saturated KCI.

2.3. Electrochemical measurements

Electrochemical experiments were carried out using one to
three working electrodes (graphite or DSA) dipped in the same
reactor and connected to the same auxiliary (platinum grid)
and reference electrodes through a multi-potentiostat (model
VMP1 or VMP2, software EC-Lab v.8.3, Bio-Logic SA). A sil-
ver/silver chloride (Ag/AgCl) electrode was used as reference,
and all potential were expressed with respect to this reference
throughout the paper. The potential of the reference electrode in
the reactor medium was around E(ag/agct =0.31 V/SHE. Each
working electrode was monitored independently by means of
an N-STAT device (Bio-Logic SA). Control samples of elec-
trode materials were sometimes placed in the reactor but not
connected to the electrochemical set-up. The working elec-
trodes were maintained at 0.20V and current was recorded
every 300s. Acquisition was suspended periodically to per-
form cyclic voltammetries (CVs) at 2mVs~! or 10mVs~!.
At the end of experiments, electrode surfaces were observed
by epifluorescence microscopy. In some cases, the biofilm
was removed from the electrode surface by scratching it
with paper wet with ethanol, the electrode was then rinsed
with distilled water and replaced in the reactor medium for
performing CV.

2.4. Microscopy methods

2.4.1. Epifluorescence microscopy

At the end of experiment, electrodes were removed from the
reactor, stained with a solution of 0.03% orange acridine (A6014,
Sigma) for 10 min, then rinsed with distilled water and air dried.
Unless otherwise stated, pictures were taken using a Carl Zeiss
Axiotech 100 microscope equipped for epifluorescence with
HBO 50/ac mercury light source and Zeiss 09 filter (excitor AP
450-490, reflector FT 510, barrier filter LP 520). Image acqui-
sition and processing was achieved with a monochrome digital
camera (Evolution VF) and the software Image-Pro Plus v.5.

2.4.2. Scanning electron microscopy

Scanning electron microscopy was accomplished on clean
electrodes after pre-treatment (protocol described in Section
2.2). Image acquisition was effected with a SEM LEO 435 VP
(diaphragms used were 30 pm, 50 pm and 700 pm). Data were
analysed using LEO UIF software.

2.4.3. Surface roughness analysis

The surface morphology and roughness of the clean elec-
trodes (protocol described in Section 2.2) were characterized
using a white light interferometer Zygo New View 100 OMP-
0348K monitored with a MetroPro software. The measurements
were carried out with a sampling distance of 100 wm from the
coupon surface for both electrode materials. Surface topogra-
phies with features up to 100 wm high can be determined with
a vertical resolution down to 0.1 nm. The method was used to
characterize the average roughness (R,) of the surfaces.

3. Results and discussion

The electrodes (pre-treated as described in Section 2.2) were
placed in reactors containing 2 L (reactors 1-3) or 0.5 L (reactors
4 and 5) sterile reactor medium and were individually polar-
ized at 0.20V versus Ag/AgCl. The reactors were inoculated
(5%, vIv) with G. sulfurreducens previously grown in incuba-
tion medium for 5 days at 30 °C. Cyclic voltamogramms (CV)
were recorded just before inoculation and then periodically du-
ring the experiment. Five experiments were carried out follow-
ing the same procedure. A few coupons that were not polarized
were also set in some reactors. All electrodes showed the same
general shape of current evolution, as represented in Fig. 1: an
initial lag period followed by sigmoid increase and final stabil-
isation. The parameters describing the curves were gathered in
Table 1: the day when 10% of maximum current density was
reached, the day when current density achieved its maximum
value, maximum current density and current stability, i.e. the
period when current density remained higher than 75% of its
maximum value.

3.1. DSA and graphite anodes under chronoamperometry

The two dimensionally stable anodes (DSA) implemented
in reactor 1 exhibited exactly the same evolutions in current
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Fig. 1. Evolution of the current density with time on DSA and graphite elec-
trodes exposed to Geobacter sulfurreducens culture and polarized at +0.20 V vs.
Ag/AgCl. Injection of 5% (v/v) of bacteria; medium containing 5 mM acetate as
electron donor and no electron acceptor; stars (*) indicate the interruptions for
CV recording. (A) Reactor 1 with two DSA electrodes (l: DSA1.1; ¢: DSA1.2),
bacteria inoculated at day 0. (B) Reactor 2 with two graphite electrodes (GR2.1
and GR2.2), bacteria inoculated at day 0. The acetate consumption (mmol) was
derived from current integration. (C) Reactor 3 with a DSA and a graphite
electrode (M: GR3.1; €7 : DSA3.1), bacteria inoculated at day 0.12 (i.e. 3 h).

density versus time (Fig. 1A) although they were individually
addressed. The current started to increase a few days after ino-
culation, reaching an average plateau around 4.4 A m~2, which
remained stable for more than 2 days, with maximum peaks up
to 4.8 Am~2,

Two graphite anodes were tested in the same way in reactor
2. Current density began to increase after only 1 day of culture,

reaching a maximum value in the range 7.5-8 A m~? after 2 or
3 days for both electrodes (Fig. 1B). This maximum value was
limited for electrode GR2.2 because of the saturation threshold
of the electronic set-up at 10 mA. Current density was stable for
4 days and dropped dramatically on day 5. It has been demon-
strated in the same conditions that G. sulfurreducens oxidizes
acetate to CO; with eight electrons exchanged:

CH3CO0™ +4H,0 — 8e~ +2HCO3;~ +9H* (2)

transferring directly these electrons to the anode [11].

Assuming the same reaction pathway, the number of mole of
acetate consumed by electrochemical reaction was derived from
the integration of the current supplied by the two electrodes, as
reported in Fig. 1B. Current integration indicated that around
9 mmol acetate should be consumed at day 5, which suggests
that the current decrease starting at this date was due to acetate
depletion. According to current integration, the 10 mmol acetate
that were contained initially in the reactor (5 mM in 2 L. medium)
should be completely consumed at day 5.6, exactly when cur-
rent fell to zero. Addition of 5mM acetate to the medium,
made the current density fast increase close to maximum value,
confirming that the current decrease was due to the complete
consumption of acetate. These results are consistent with the
high coulombic efficiency of G. sulfurreducens in catalysing
the electrochemical oxidation of acetate, as already reported
(98.6%) [11]. It must be noted that the current decrease was
sudden and sharp; it did not reveal the gradual decrease propor-
tional to the concentration of reactant that would be expected
for a common batch electrolysis. Such behaviour has already
been observed with microbial electrocatalysis [11]. It should be
drawn that the rate of microbial electrocatalysis is not controlled
by a common electrochemical kinetics, but rather by a kinetics
related to the metabolic processes of the adherent cells, which
should not be directly proportional to the concentration of the
substrate (here acetate).

The differences in current densities obtained with graphite
and DSA electrodes were confirmed by implementing in the
same reactor two electrodes of different materials (reactor 3,
Fig. 1C). The graphite anode led to higher current, around
8 Am~2, while DSA sustained around 5.3 Am~2. As observed
by comparing reactors 1 and 2, the growth phase confirmed to
be faster on graphite.

3.2. Medium changing experiments

Experiments 4 and 5 were carried out in a 0.5 L reactor with
only one 2.5 cm? DSA electrode in each reactor, following the
same general procedure. In the experiment 4 (Fig. 2A), the cur-
rent density increased to 4.3 Am~2 and was around 2.3 A m~>
at the end of day 9. The electrode was then removed from the
reactor and placed in a new one, previously filled with fresh
deoxygenated medium (N2/CO>). No new inoculation was done.
As previously reported [11], current fell to a basal level but
restored rapidly. In this second reactor, the current increased
to 7.4 Am~2 after 1 day, then stabilising at values higher than
8 Am~2. Stirring for 1 day with a magnetic barrel did not have
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Fig. 2. Evolution of the current density with time on DSA electrodes polarized
at +0.20V vs. Ag/AgCl exposed to G. sulfurreducens culture, and effect of
medium renewal by a fresh one (with 5 mM acetate as electron donor and no
electron acceptor). (A) Electrode was taken out of the reactor 4 and placed in
a fresh medium. Air—contact was not avoided. (B) Electrode was kept in the
reactor 5 under N»/CO; atmosphere during the medium replacement.

any effect on the current value, indicating that mass transfer of
acetate in the solution was not a rate limiting step.

In experiment 5, when the current was stabilised around
6 Am~2 (Fig. 2B), the reactor was purged keeping it below
the N»/CO; atmosphere. It was immediately refilled with fresh
medium that had previously been deoxygenated so as to avoid
contact with air. In this case, the current was not disturbed by the
change in medium. The sharp current decrease that was observed
in the previous experiment should consequently be due to tran-
sient introduction of air into the reactor. This last experiment
also pushed away the assumption that hydrogen resulting from
water electrolysis on the auxiliary electrode might oxidize on
the biofilm-covered anode, and so increase artificially the cur-
rent measured [30]. Moreover, all experiments were performed
here under continuous N»/CO, bubbling in order to avoid this
possible artefact due to hydrogen cycling.

In reactors 4 and 5, the current densities obtained in the fresh
media were always higher than the ones obtained in previous
experiments. It may be explained by the occurrence of anta-
gonist phenomena: (i) the increase of biofilm effectiveness with
time, due to the increase of the number of active cells or to
higher electron transfer rates, (ii) the depletion of acetate and
(ii1) accumulation of products and metabolites in the bulk that
may inhibit the active cells. Before medium renewal, the slow
decrease in acetate concentration and possible accumulation of
inhibiting compounds may be more or less balanced by the
slow increase in biofilm effectiveness. This resulted in a cur-

rent density plateau. The medium renewal restored the acetate
concentration at the initial value of 5 mM and may also remove
possible inhibiting compounds, the intrinsic effectiveness of the
biofilm was no longer masked by the operating conditions and
it was consequently able to supply maximal current values.

3.3. Cyclic voltammetry (CV) on DSA and graphite anodes

CV performed at 10mVs~!' on the graphite electrode
(GR2.2, Fig. 3A) at day O just before bacteria injection in
the reactor 2 showed a clear redox peaks around —0.44V
(—0.13 V/SHE). Their height proportional to scan rate (data not
shown) indicated a redox system due to adsorbed compounds,
certainly coming from the culture medium. CV performed at
10mV s~! on day 0.8 (i.e. 19h) during current increase, when
the electrode sustained 2.5 A m_z, revealed two new redox cou-
plesat —0.075 V and +0.150 V (0.235 V/SHE and 0.460 V/SHE,
respectively). It has been proved that several outer membrane
cytochromes play a key role in the direct electron transfer of
G. sulfurreducens to solid electrodes [31]. The cytochrome ¢
OmcS has been demonstrated to be involved in the electron
transfer to solid electrodes [31] but, to our knowledge, its redox
potential has not been determined yet. A redox potential of
—0.167 V/SHE has been reported for another G. sulfurreducens
periplasmic and extracellular cytochrome involved in the Fe(III)
reduction [32]. Even if this redox potential has been determined
by titration in quite different conditions, the values found here,
with more than 400 mV difference, did likely not correspond
to this cytochrome. The genome of G. sulfurreducens encodes
111 c-type cytochromes, which represents a significantly higher
number than for all other micro-organisms whose sequence is
available [33]. The peak observed here could thus be related to
another c-type cytochrome or to redox proteins also involved in
the electron transfer chain, as already demonstrated [34].

As the current increased during chronoamperometry, a high
oxidation current appeared on the CV, which increased and
logically masked the peak at —0.075 V. Fig. 3B reports CV per-
formed at 2mV s~! on the graphite electrode at day 2 when
the electrode (GR2.1) sustained 6.9 A m~2. At the end of the
experiment, the biofilm was removed from the electrode and
put back to the reactor, any oxidation process disappeared. As
it has already been shown in a different way [11] the biofilm-
driven catalysis was responsible for the whole oxidation reaction
and neither planktonic cells nor metabolites were involved in
this oxidation process. On the contrary, the reduction reaction,
which occurred on both the biofilm-covered and the cleaned
electrodes, was certainly due to the reduction of a metabo-
lite produced during electrolysis. In literature, similar oxidation
signals have already been observed with biofilms formed in dif-
ferent MFC. A biofilm-covered electrode, formed in a MFC con-
taining potato-processing sludge, revealed redox peaks centred
at0.18 V versus Ag/AgCl when placed in cell-free media, show-
ing that the redox couple was embedded within the biofilm [25].
Similarly, a MFC inoculated with domestic wastewater and fed
with acetate revealed peaks around —0.30V versus Ag/AgCl,
which disappeared on CVs carried out in the same solution after
biofilm removal from the anode surface [26].
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Fig. 3. Cyclic voltammetries performed during the chronoamperometry experi-
ments. (A) Reactor 2: graphite GR2.2 at 10 mV s~! before bacteria injection (Hl)
(day 0) and after bacteria injection (7 ) (day 0.8, i.e. 19 h). Current density sus-
tained on day 0.8~ 2.5 A m~2. (B) Reactor 2: graphite GR2.1 at 2mV s~ ! with
biofilm (") on day 2 and after cleaning () on day 8. Current density sustained
on day 2226.9 Am~2. CV with the biofilm covered electrode was stopped at
a lower upper limit because of the saturation threshold of the potentiostat. (C)
Reactor 3: DSA3.1 at 2mV s—! with a biofilm aged of 2 days (a), 5 days (b), 7
days (c) and after biofilm was removed (d). Biofilm sustained (a) 2.5 A m~2; (b)
52Am~2;(c) 2.8 Am™2.

Fig. 3C depicts the CV performed in reactor 3 at 2mV s~!
on the DSA electrode at days 2, 5, 7, and at the end of the ex-
periment with the cleaned electrode dipped again in the reactor
medium. The cleaned electrode revealed the common charac-
teristic behaviour of DSA with the charge and discharge of
the oxide surface species, without any contribution from dis-
solved species [35]. In the presence of the biofilm, the scans

revealed a superimposed faradic behaviour, which logically fol-
lowed evolution in current values that were sustained during
chronoamperometry: high current on CV performed at days 2
and 5 and alow current on CV atday 7. As in the case of graphite,
the presence of the biofilm was responsible for the whole faradic
process. CV performed at 10mV s~! with DSA did not reveal
any redox peak, as was the case with graphite, certainly because
of the high charge—discharge basic current. Graphite seems con-
sequently more suitable to carry out analytical studies with the
objective to decipher electron transfer pathways. The present
work indicated that performing CV during biofilm formation
under chronoamperometry may be a promising way in this objec-
tive, mainly during the first phase of biofilm growth, as the
catalytic effect when increasing tends to mask the small peaks
due to adsorbed species.

The different experiments revealed the same behaviour of
the biofilms in CVs. Oxidation on DSA started at around 0.05 V
and showed a plateau from around 0.35 V. Oxidation started at
identical potential values on graphite, with a peak observed at
—0.075 V at the beginning of biofilm formation. CV performed
in suspension of G. sulfurreducens cells have reported in litera-
ture, which exhibited an oxidation peak at fairly lower potential
values, around —0.20 V versus Ag/AgCl [36]. Nevertheless in
this study, cells were suspended in solution and they were grown
with Fe(IIl) as electron acceptor instead of fumarate as done
here. It may be suggested that the electrochemical features of G.
sulfurreducens may be pretty versatile, depending on the ope-
rating conditions (composition of the culture medium, nature of
the electron acceptor, CV recorded with biofilm-coated electrode
or with cell suspension, etc.).

3.4. Assessment of coverage ratios

DSA control coupons that were not connected were placed in
reactors 2 and 3. A typical picture obtained by epifluorescence
microscopy is reported in Fig. 4. The numerical post-treatment
was performed by choosing a threshold in light intensity that
divided images into two classes: highly fluorescent areas that
reveal bacterial colonization (in white on the post-treated pic-
tures), and low light zones (black in the post-treated pictures)
that correspond to non-colonized areas. The biofilm coverage
ratio was defined as the ratio of the white area with respect to
the total area analysed. The error on the biofilm coverage ratio
was assessed by varying the threshold of light intensity, while
keeping a representative post-treated image with a visual aspect
close to the initial picture. It was only +2%. Pictures were taken
on five different spots on each electrode, and an average coverage
ratio was extracted with a standard deviation of 2.5%.

The DSA control coupons (not connected) showed scattered
bacteria (Fig. 4) and small colonies with average coverage ratios
of 12% (reactor 2, not shown) and 8% (reactor 3, Fig. 4).
A control coupon of graphite in reactor 3 showed the same
scattered bacteria and small colonies with a coverage ratio of
7.4%. The raw pictures revealed light grey areas due to parasite
fluorescence, which was probably induced by mushroom-like
exopolymer structures that grew above the surface, as particu-
larly visible on Fig. 4. The numerical treatment revealed very



Fig. 4. Microscopic pictures of G. sulfurreducens biofilm on control DSA coupon (DSA 3.2) not connected; magnification 500x and numerical post-treatment.

White: biofilm-covered surface area (8%), black: free electrode surface area.

efficient in “cleaning” the image from these super-structures,
leading to an assessment of the actual coverage ratio.

In the absence of electron acceptor in the reactor medium, the
presence of colonies on the surface of not connected coupons
was unexpected. It may be assumed that the low coloniza-
tion observed on the control coupons may be due to the deta-
chment of cells from the anodes contained in the reactor and/or
to a basal growth that was maintained by the residual amount
of fumarate contained in the inoculum volume. Recording
absorbance of the medium as a function of time in reactor
3 indicated a slow continuous growth of planktonic biomass
(Fig. 5). Nevertheless, the amount of planktonic cells, around
35,000 CFU mL~! at the maximum, remained low, confirming
that it was only a residual growth. This residual growth diverted
a part of the metabolic process from the electron transfer to the
electrode.

The connected anodes showed dense biofilms settled on the
whole surface area, as shown in Fig. 6 (DSA1.1 and DSA1.2
from reactor 1, which produced 4.8 A m2and5Am2, respec-
tively). The bacteria formed dense aggregates around 10-20 pm
diameter and developed colonization on the whole surface with
polymer matrix rising above the focal plan. Defining a strict fron-
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Fig. 5. Evolution of CFUmL™! with time in reactor 3. Absorbance measure-
ments were performed at 620 nm.

tier between colonized and non-colonized areas was less easy,
because there were fluorescent cells at several planes above the
surface level where the image was focalised, and parasitic fluo-
rescence also resulted from basal adsorption of the staining dye
on the biofilm matrix. The assessed error in choosing the light
threshold was here of £7% instead of £2% for non-connected
coupons and a standard deviation of 5%. The anode DSAI.1
showed a coverage ratio of 87% when treated at magnification
100x (Fig. 6A). Magnification 500x lead to a more detailed
view and allowed the numerical treatment to make a better dis-
tinction between residual light and the fluorescent due to the cell
on the electrode surface. The coverage ratio was thus 62% for
DSAL.1 (Fig. 6B) and 78% for DSA1.2 (picture not shown). The
biofilm formed on a graphite electrode from reactor 2 that sus-
tained 8 A m~? at the end of the experiment had a coverage ratio
of 75% and was similar in morphology to the biofilms formed on
DSA electrodes. The preponderant part of the biofilm, stained
with orange acridine, was green fluorescent (DNA) showing that
most part of the bacteria was no longer active, which is logical as
the biofilm spent many hours in aerobic condition when analysis
were performed.

As a conclusion, the similar biofilm coverage ratios that were
obtained on both DSA and graphite anodes cannot explain the
significant differences in the current densities that provided
both electrodes. In the bibliography, establishing correlations
between the current density values and biofilm morphologies
or coverage ratios is still in its infancy. The protein quantity
contained in the biofilm is an interesting parameter to be cor-
related with current density [11,30] but it requires scratching
the biofilm and cannot give an indication on biofilm coverage
ratio. SEM has the great advantage to give detailed pictures, but
biofilms have to undergo several dehydrating and preparation
steps, which may induce significant modifications in the biofilm
structure [7,11]. Here a simpler technique was proposed, which
only required a classic microscope, and appeared to give correct
assessment of biofilm coverage ratios. Confocal laser scanning
microscopy (CLSM) could also be used to perform this method
and it seems to be the most elegant technique with the view to



Fig. 6. Epifluorescence microscopy pictures of G. sulfurreducens biofilm on DSA electrodes polarized at +0.20 V vs. Ag/AgClinreactor 1 (DSA1.1) biofilm sustained
4.8Am2. (A) Magnification 100x, biofilm-covered surface area 87%. (B) Magnification 500 x, biofilm-covered surface area 62%.

investigate in situ biofilm morphology and coverage ratios [30]
or even to evaluate biofilm thickness [37].

3.5. Morphology of electrode surfaces

Fig. 7 shows SEM pictures of graphite and DSA electrodes
(magnification 2500x). Graphite and DSA appeared as rough
materials with heterogeneities which seem slightly smaller on
graphite. The fine roughness profiles were determined thanks to
a light interferometer. The amplitude between the highest and
the lowest points of the electrode surface was around 74 wm for
graphite and 35 wm for DSA. Average roughness (R,) was equal
to 5.6 pm for graphite and 3.2 um for DSA. The graphite used
here was 1.75 times rougher than the DSA surface, while the

current density values (expressed with respect to the geometric
surface areas) at 0.20 V were 1.6 times higher for graphite than
DSA (around 8 A m—2 against 5 A m_z).

It is known that roughness has a crucial effect on bacterial
adhesion. Flint et al. [38] reported that adhesion is favoured
by entrapment when surface roughness is close to the diameter
of bacterial cells. Fouling could consequently be prevented by
smoothing the surface roughness from 0.9 pm to lower values
[39]. Scheuerman et al. concluded that the presence of irregu-
larities increased the quantity of Pseudomonas aeruginosa and
adherent Pseudomonas fluorescens on silicone samples, but that
a roughness higher than 10 wm had no additional effect [40].
The roughness of the materials presented here were in the order
of magnitude of the bacterial dimensions known to be 2-3 um

Fig. 7. Scanning electron microscopy (SEM), magnification 2500x on clean electrodes of (A) graphite and (B) DSA.



by 0.5 wm [41]. So, when the material roughness is higher, the
number of adhered cells per biofilm covered projected surface
area might be increased. Therefore it is coherent that the ratio
in current densities between graphite and DSA was controlled
by the ratio of material roughness. It may be concluded that the
higher efficiency of graphite was mainly explained by the higher
surface roughness of the surface than by better kinetic properties
of the material.

4. Conclusions

Biofilms of G. sulfurreducens developed on graphite and
DSA electrodes revealed able to sustain high current den-
sities up to 8Am 2 and 5Am 2, respectively, which was
higher than reported before. Actually, the experiments reported
elsewhere, which were not aimed at reaching maximal cur-
rents, have certainly been stopped before reaching the maximal
values [11]. A numerical treatment of the pictures obtained by
epifluorescence microscopy was proposed to estimate in sifu
biofilm coverage ratios. This was the first time that a sim-
ple method was proposed to assess the ratio of the surface
area covered by the biofilm. Indirect measurements have been
proposed (e.g. measuring amount of protein) which requires
scratching the biofilm and did not give indication on biofilm
coverage. From the practical point of view of current pro-
duction, the surface coverage ratio is a key parameter, which
can be used to assess easily the maximum current density, by
simple extrapolation to 100% coverage. This method showed
here that the coverage ratios obtained with mature biofilms
were very similar for graphite and DSA electrodes that were
implemented in identical conditions. It was consequently con-
cluded that the differences in the maximal current density values
between graphite and DSA were mainly controlled by the surface
roughness.

Because of their technological advantages and the capa-
city they demonstrated here to grow electrochemically active
biofilms, DSA electrodes should constitute a suitable mate-
rial for scaling up microbial fuel cells. Current densities up to
8 Am~2 were reached in optimal conditions, i.e. renewing the
reactor medium. Optimizing the DSA for MFCs should now
progress in increasing their roughness. According to the propor-
tional relationship observed here between roughness values and
maximal currents, it may be reasonably hoped that increasing
the roughness to 10 wm (limit from which bacterial adhesion
was no more affected [40]) should multiply the current by a fac-
tor of 3. The similarity between graphite and DSA in terms of
maximal current values suggests that the maximal current may
be rather independent from their surface composition. Never-
theless, it may be interesting to compare DSA made up with
different oxides with the view to shorten the initial growth phase,
a feature for which DSA seemed slightly less effective than
graphite.
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