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contemporary microbial reduction of inorganic compounds
(05, NO3, SO32, etc.) at the cathode, with simultaneous flow of
electrons through an external circuit [4,5]. In a membraneless
MFC, the same microbial communities may colonize both
anode and cathode and a multitude of chemical substances
are potentially involved in the bio-electrochemical processes
catalyzing the current flow [6,7].

Introduction

World interest in renewable energies strongly supports
research of new sources, such as simple and cost effective
Microbial Fuel Cells (MFCs). This relatively new technology
explores the possibility of obtaining electricity from microbial
digestion of organic substances at the anode [1-3] and the
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The simplified structure of the membraneless (single
chamber) MFC may offer great advantage in term of costs.
Therefore, the mechanisms of the (bio) electrochemical/(bio)
chemical reactions that occur at the electrode interface and in
the solution deserve to be exhaustively investigated. The use
of microelectrodes could help to reach the goal.

Microelectrodes of various dimensions and purpose were
successfully applied in the past, in fields different from MFCs,
to study the activity of microbial communities and biofilm
metabolism [8—11].

The electro-activity of cathodic and anodic biofilms
causing microbial corrosion of metals was also industrially
exploited in electrochemical sensors, despite the involved
electrochemical mechanism has not yet been exhaustively
clarified [12,13].

More recent works demonstrated the great potentiality of
using three-electrodes compact microcells for the analysis of
different parameters inside anodic biofilms. Nevertheless, to
the best of our knowledge, measurements were performed
mostly for two chamber microbial fuel cells and only on anode
biofilms. Microelectrodes and microcells were used to mea-
sure pH and redox potential [14] or flavin concentration [15],
via potentiometric and square-wave voltammetric methods.
Due to their compact design, those microcells are suitable for
studying living biofilms on polarized surfaces. Physico-
chemical parameters variation was demonstrated up to a
few hundreds of micrometers from the anode surface using
biofilms appositely grown under potentiostatic polarization,
in a deareated (by nitrogen gas) feeding solution [14,16].

Recent studies [17,18] recognized that microbes like Sul-
phate Reducing Bacteria (SRB) can settle on the water side of
an open air biocathode of single chamber MFCs [19] using
sulphur as cyclic carrier of electrons to oxygen, in synergy
with the process of direct oxygen reduction to water. The
concomitant direct and mediated oxygen reduction permits
the development of fully operative membraneless MFCs,
although both cathode and anode are exposed to the same
initial microbial pool.

In the present work, the role of the cathodic electro-active
biofilm in membraneless single chamber MFCs is investigated
using four home-made microelectrodes: pH, sulphur

concentration, conductivity and redox potential. Size, shape
and placement of the electrodes were defined to reach cath-
ode recessed locations. Construction, calibration and suit-
ability of the four different types of microelectrodes are
discussed.

The above parameters were chosen because expected to
have relevant influence on the MFC performance.

Experimental
MEFC setup

A Pyrex bottle of 125 mL was equipped with a large Pyrex
flange on one side, to accommodate the open-air cathode.
Two smaller openings were present on the opposite side. One
of the openings was used as inlet to insert the anode. On top of
the bottle, a hermetic plastic screw cap was used to prevent
contact of the electrolyte with air (Fig. 1A).

Wastewater effluent collected from a digestate of a biogas
plant was used as medium and natural inoculum of the MFCs.
The digestate is characterized by strong pH buffering power
(pH typically around 8.4), initial high COD (Chemical Oxygen
Demand, up to 2000 mg L~* of O,) and low BOD (Biological
Oxygen Demand). Sodium acetate was then used as fuel for
bacterial metabolism to reach a concentration of 3 gL' at the
beginning of each experiment. During experiments, sodium
acetate was periodically added as a marked decrease of the
power productivity was evident (3 g L~ doses).

Anodes were made of 2 x 5 cm carbon cloth (SAATI C1),
without any pre-treatment or additional layers on the surface.
Carbon cloth was electrically connected to a plastic-insulated
copper wire by a carbon-based conductive paste (TIMCAL Li-
Quid 101). The connection was insulated by at least 5 layers
of high-viscosity epoxy resin (MAPEI Epojet). The anode was
mounted in the lower opening by a rubber plug. Electrical
connection was tested for internal resistance and fluid con-
tact/leakage by prolonged exposure to distilled water.

Cathodes were 3 x 3 cm carbon cloth (SAATI C1) obtained
with the procedure described in Ref. [20] by the addition of: a)
one layer of carbon (TIMCAL ENSACO 350G) + Nafion® ink on

Fig. 1 — Images of a single chamber MFC: a) image of the glass cell, equipped with electrodes and microelectrode; b) sketch of
the experimental equipment with the electrical connections to the voltmeter and to the external resistance R. (A = Anode;

C = Cathode; M = Microelectrode).
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the internal surface (Micro Porous Layer, MPL and b) one layer
of carbon (TIMCAL ENSACO 350G) + Teflon® ink on the
external surface (Gas Diffusion Layer, GDL, in contact with
air). The geometrical surface area exposed to the solution was
a circle with a diameter of 2 cm.

Two sets of MFCs were used, as described in Table 1. The
difference was only the composition of the external (GDL)
layer of the cathode. One type of cathode had a GDL con-
taining carbon powder (TIMCAL ENSACO 350G) and 140%u,w
Teflon®. The other type was prepared utilizing carbon powder
(TIMCAL ENSACO 350G) and 80%.,+ Teflon®. The cathode was
connected (Fig. 1B) to the anode via an external resistance
(R = 100Q, Fig. 1B). All experiments were performed in a
thermostated chamber at 25 + 3 °C.

Microsensors construction and calibration

All electrochemical microsensors were built by embedding
metallic wires in micropipette tips using epoxy resin (MAPEI
Epojet). The edge of the tip was polished with fine emery paper
(1200 grit). Exposed metallic surface was electrochemically
cleaned via repeated galvanostatic hydrogen/oxygen alternate
evolution. The tip was then mounted on a Teflon tube and
mechanically bent as needed for in-vivo measurements (Fig. 2).

Finally, the unmasked metallic surface was modified in
agreement with established procedures available in the open
literature and specific for each type of sensor.

Redox microsensor

The redox sensor was a potentiometric-type, Pt-based sensor,
according to the procedure described in Refs. [21,22]. It con-
sisted of a Pt wire (Goodfellow, 99,99%, diameter of 50 pm)
electrically connected by an electro-welded copper wire. The
interstice between the platinum wire and the micropipette
was filled up with epoxy resin to prevent any electrical
leakage. The appearance of the tip is shown in Fig. 3A.The
redox measurements were performed by directly dipping the
as-embedded Pt microelectrode in the test solution.

Conductivity microsensor

A conductivity cell normally consists of two parallel plates of
platinized Platinum (high surface area platinum black) at a
fixed distance. This design ensures linearity of the electro-
chemical answer and avoids polarization effects in the ionic
double layer at the electrode surface. The conductivity
microsensor was built by coating separately two Pt wires
(Goodfellow, 99,99%, 50 um diameter) with epoxy resin

Fig. 2 — Particular of the microsensor for conductivity
measurements, with the two metallic wires and the bent
tip to approach the cathode.

(insulator). After curing, the two wires were embedded in the
micropipette tip by using the same resin. The tip was polished
as above reported. The exposed surface is shown in Fig. 1B.
Actually, the two Pt surfaces are not parallel as they should
ideally be, while the metal surface is smooth and coplanar.
Therefore, signal saturation and strong matrix effects can
affect measurement. Calibration against a commercial con-
ductivity cell was attempted. Monotonic response was ob-
tained: as the conductivity of the calibration solution was
increased by KCl addition, an increased signal was obtained
from the micro conductivity cell. Although no direct correla-
tion was found between the actual conductivity and the

Table 1 — : MFCs setup and denomination.

MFC Anode Cathode Cathode Cathode
Denomination Material® Base material® MPLP GDL

Al CcC CcC C + 40% Nafion C + 80% Nafion
A2 cC CC C + 40% Nafion C + 80% Nafion
B1 CcC CcC C + 40% Nafion C + 140% Nafion
B2 CcC CC C + 40% Nafion C + 140% Nafion
B3 CC CcC C + 40% Nafion C + 140% Nafion

& CC: Carbon Cloth SAATI C1.
b C: Carbon Powder TIMCAL ENSACO 350G.
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Fig. 3 — Optical images of the tips of: A) the redox
microsensor; B) the conductivity microsensor; C) the pH
microsensor with Sb oxide layer; D) sulphide microsensor
with Ag,S ad-layer.

measured signal, the response of the microsensor qualita-
tively corresponded to the trend of the actual conductivity.
Therefore, measured conductivities have been expressed in
arbitrary units.

pH microsensor
Commercial pH “microsensors” have sensing diameters in the
millimeter range. It was chosen to build a pH microsensor
from a gold wire (Goodfellow, 99,99%, annealed. 50 pm diam-
eter), coated with a thin layer of Sb,0s. (Fig. 1C). Electrode-
position of antimony oxide was carried out in a solution of
SbCl; (0.05 M SbCls, 0.2 M tartaric acid, 0.1 M Nitric acid) [23].
Pulsed square wave galvanostatic electrodeposition was per-
formed (1 s at —3 A cm™2, 9 s at cell-off). At the end of the
electrodeposition, the microsensor tip was repeatedly rinsed
with distilled water. A layer of Nafion was deposited on Sb
oxide to increase the selectivity and durability of the micro-
sensor [24], and to decrease the possible influence of solution
redox potential.

Calibration of pH microsensors (Fig. 4A) was performed in
distilled water on different days just to check the stability of
the sensor with time. As a matrix effect was observed while
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Fig. 4 — Calibration graphs of two microsensors: A) pH
microsensor, with the experimental points (®) and the
interpolated second-order polynomial (solid line);

B) Sulphide microsensor, with experimental points (O)
and the interpolation linear regression.

calibrating in wastewater solution, a Nafion layer was
deposited by adsorption on the Sb,03 coating. This procedure
allowed pH microsensors to be stable for at least two weeks. It
is known that Sb oxide microsensors are stable in a limited pH
range, approximately between pH 5 and 11 (although different
ranges are reported in the literature, depending on the prep-
aration method [23]). The calibration pH was chosen in this
interval. pHs outside this range could damage the micro-
sensor. As a matter of fact, a pH between 5 and 11 is typical of
solution bulk, as reported in a previous work with the same
type of MFCs [25]. Interpolation of the calibration curves by
linear regression around pH 8, gave a slope of 56.5 + 4.5 mV.
The need for extending measurement down to pH ~6, forced
us to use a calibration interpolation with a 2nd order poly-
nomial function, since the calibration plot was not linear in
such wide range of pH.

Sulphide microsensor

A wire of Ag (Goodfellow, 99,99%, diameter of 200 pm) was
welded to a copper wire and embedded as above reported. The
S~? microelectrode was then constructed following the
experimental procedure described in Refs. [26,27]. A layer of
Ag,S was electrochemically grown on the surface of Ag by
constant potential electro-erosion in a saturated Na,S solu-
tion with a three-electrode configuration. The working po-
tential was 480 mV (vs. SCE), according to Eftekhari and
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Zhejiang [26,27]. Ag,S is highly insoluble in water (ks =107°°),
and the solubility equilibrium depending on the S~2 concen-
tration. The optical microscope image of the Ag,S/Ag surface
is shown in Fig. 3D. Calibration of the microsensor was carried
out by measuring its electrode potential (vs. SCE) in a solution
at different S~ concentrations, using 337 Amel mV/pH-meter
and the standard additions method of 0.1 M Na,S. A typical
calibration curve is reported in Fig. 4B, showing an average
slope, the first day, of about 37 mV (a value slightly higher than
the theoretical 30 mV). Linear plots are obtained in very nar-
row concentration intervals. With aging (days), slopes remain
unchanged, but the line is shifted and the intercept changes.
Accordingly, calibration was performed each day just prior to
in-cell measurements.

Electrochemical measurements

Power calculation

Several possible sources of measurement inaccuracy might
arise in a complex and manifold system like microbial fuel
cells. The first scrutinized parameter is the electrical power
generated by each MFC.

Electrons flowing from the anode to the cathode generate
an electric current (I) at a potential difference (E) across an
electrical resistance (R) of 100 Q. E was recorded every 10 min,
using a multichannel Data Logger (Graphtec midi LOGGER
GL820). The generated power (P) was calculated by the equa-
tion P = EI = E%R and the power density was obtained by
normalizing it to the geometric surface area (m? of the
cathode.

Microelectrode measurements

Microelectrode measurements were conducted using a
manual XYZ micromanipulator. MFCs were fixed on the
translation stage and the microsensors were immersed in the
cell solution and positioned at a given initial distance from the
cathode surface. Due to the design of MFCs, accessible dis-
tances from the cathode were in the range 0-20 mm. The
signal at 20 mm was taken as representative of the bulk so-
lution. The manual stage allowed movements in steps of at
least 100 um.

All measurements were conducted under open circuit
conditions by disconnecting the electric resistance. As no net
current flows and no chemicals are directly formed on the
electrode surface, it is reasonable to consider the diffusion
contribution of electrochemically producing species
negligible.

Redox microsensor measurements were obtained as the
potential difference between a commercial saturated calomel
reference electrode (SCE, +224 mV vs. RHE) and the Pt redox
sensor. The potential difference was measured by a high-
internal-resistance voltmeter (337 Amel mV/pH-meter).
Measured values are mixed redox potentials, as a result of
the potentials of all active redox-couples in the solution. It is
known that redox couples not reacting on a Pt electrode
(irreversible couples and/or kinetically hindered reactions,
like most organic compounds), are unable to equilibrate with
the Pt surface [22] These couples do not establish a unique
redox potential on Pt and do not contribute to the measured
potential. Accordingly, independently of the nature of the

electroactive redox couples, the value of the measured redox
potential is the result of changes in the sole Pt-affine redox
couples. Redox microsensors cannot be applied for the
analytical detection of single compounds, which is not the
aim of the present paper.

The conductivity microsensor showed difficulties to obtain of
a calibration curve and in turn a real micro-conductivity
profile. Nonetheless, monotonic increase of the signal with
increasing conductivity of calibrating solutions allows to carry
out comparative evaluations of conductivity variations inside
MFCs. The value of the microelectrode conductivity is there-
fore reported as-measured, in arbitrary-units.

The pH microsensor is based on the capability of some
electron-conducting transition metal oxides (Sb, Ir, Ru, Co,
etc.) to change their surface charge, as a function of the con-
centration of H" ions in solution. For these oxides, H' ions act
as potential-determining-ions (pdi). Adsorption (or chemical re-
action) of H* with oxygen atoms from oxide lattice modifies
the surface charge of the electrode and in turn the potential of
the conducting matrix, as exemplified by the following
reaction:

MO,H, + aH" — MOHZT, (1)

where M is the metal atom on the solid oxide surface, and a
is the number of protons exchanged. The uptake of protons is
reversible and potential changes have Nernstian-like depen-
dence on pH. Calibration of the sensor in this work was per-
formed by determining an experimental curve, correlating the
microsensor signal (mV) with the actual pH of a solution as
measured with a standard glass electrode (Metrohm
6.0262.100 Ecotrode Plus). Solution pH was modified with the
standard additions method. The interpolation function is a
second order polynomial (pH = ax’+bx + ¢, where x is the
microelectrode signal, solid line in Fig. 4A), from which it is
possible to obtain the pH of unknown samples.

Sulphide (S~%) measurements were performed by dipping
the Ag,S-based microsensor in the testing solutions and
recording its potential against a reference electrode (SCE). The
sulphide concentration was achieved by calculation from
calibration plots.

Results and discussion
Power production trends

The potential difference across an external resistance of 100
ohm was recorded for at least 25 days of MFC operation. Power
density vs. time plots are reported in Fig. 5. Black triangles (A)
on the abscissa represent the additions of 3g L ! of acetate to
the cells.

MFCs start with no power production until a rapid increase
is observed. The time at which the increase occurs, depends on
the MFC type. Al and A2 reach arather stable maximum within
three days. Then, the power decreases quickly down to zero as
acetate is consumed [17]. As acetate is supplied again, power
returns to a maximum value. Al and A2 MFCs develop prompt
and stable power density in the range 300—500 mW m 2,
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MFCs. On the x-axis, the additions of the 3 g L™* acetate
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Fig. 6 — Redox profiles and trends of the five MFCs.
Numbers on each series refer to the age (days) of the profile
recording.

A significantly different behavior is observed between
MFCs equipped with low (A series) and high (B series) Teflon
loaded cathodes, but that will be subject of a future paper. Two
of the three MFCs with high Teflon® loads were unable to
produce any appreciable electron transfer, even if acetate was
metabolized (as evidenced by COD measurement not reported
here) and a visible biofilm developed. The B3 MFC was able to
develop electrogenic biofilms only after 15 days and two more
additions of acetate. In all cases of higher Teflon® loads, the
generated power was always lower than that for A1 and A2
MEFCs.

Redox microsensor

Fig. 6 shows the redox potential trends of the five MFCs. The
span of the X-axis is set from 0 to 10 mm, because signal
variations were found within 10 mm from the electrode sur-
face. Values at 10 mm can be taken as representative of the
solution bulk. Labels next to each curve represent the number
of days at which the redox potential was recorded. A great
difference in redox potential is again evident between the A
and B series.
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Unproductive MFCs (B1, B2) show flat and practically con-
stant profiles, with no visible difference approaching the
cathode surface. The mean value of the redox potential
changes with time, becoming generally more positive as ace-
tate is consumed.

Productive MFCs (Fig. 6; A1l and A2) have quite different
trends. At start-up, redox profiles are flat and low, but after
only one day of operation an increase of the redox potential is
observed near the electrode surface. Away from the electrode
surface, the redox potential remains unchanged. As the ace-
tate is oxidized, the redox value of the bulk increases, moving
upwards from day 13 (just before the addition of the third
acetate dose) to day 24. At that point, the depletion of acetate
causes a drop in the power production (Fig. 5). Close to the
electrode surface, redox potentials increase with time, settling
between —200 and —100 mV (vs. SCE).

In Fig. 6, B3 MFC exhibits flat redox profiles, whose mean
value increases with time, as for B1 and B2 MFCs. On day 22,
after the 3rd acetate addition, a transition occurs similar to
that of A1 and A2 MFCs in the first days. This can be con-
nected to the transition from unproductive to productive
MEFC (Fig. 5).

Close scrutiny of the Fig. 6, allows to detect significant
variations in the redox potential within 2—6 mm from the
cathode surface. This variable distance delimitates two zones
with distinct redox behavior: 1) a bulk zone, where acetate
depletion governs the redox potential and 2) a zone near the
cathode surface, where oxygen depletion plays a fundamental
role.

As previously mentioned, the potential of a Pt electrode is
determined by electrochemically active redox couples in the
solution. At near-neutral pH, the standard redox potential of
02/H,0 is ca. +570 mV (vs. SCE). Oxygen-saturated solutions
definitely tend to increase their redox potential, due to the fact
that the sensing surface equilibrates slowly with the 0,/H,0
redox couple. Platinum is not completely reversible towards
this couple, so equilibration is somewhat incomplete. As a
consequence, the redox potential cannot be used for direct
determination of oxygen concentration via the Nernst equa-
tion. Sodium acetate oxidation to CO, has a redox potential
close to —500 mV (vs. SCE, at neutral pH). The reaction is
kinetically hindered on platinum. Consequently, its contri-
bution to the redox potential is negligible.

This was experimentally confirmed by adding acetate in
another productive operating MFC, and monitoring the bulk
redox potential as a function of time with a commercial redox
sensor (experiment not reported here). As a consequence of
acetate addition, the redox potential remained high and un-
changed. After a few hours, the redox potential decreased to
—300 mV, typical of well-fed productive MFCs. This control
experiment demonstrated that low redox potentials are due to
redox intermediate couples produced by the metabolism of
bacteria degrading acetate, and not by the equilibrium of
direct acetate oxidation on Pt.

Redox potential trends can be consequently correlated to
the productivity of the MFC that is dependent on oxygen and
acetate availability. Near the cathode, the redox potential
moves upward with time as the MFC becomes productive,
leading to the transformation of the cathode into a biocathode
[17,18]. Bio-electrocatalysis of oxygen reduction shifts the

potential towards the thermodynamic oxygen redox poten-
tial. Conversely, a higher concentration of acetate metabolites
decreases the redox potential on increasing the distance from
the electrode surface.

In Fig. 5, day 24 is in the period of prolonged acetate
depletion. On day 24, the redox trends for A1 and A2 MFCs
indicate that the bulk value is higher than the value near the
cathode. This fact should not be attributed to the presence of
oxygen in the bulk solution (the highest oxygen concentration
is supposed to be in the proximity of the cathode surface) but
to the complete depletion of the reduced form of the redox
mediators produced by acetate oxidation.

Power production close to zero in B1 and B2 MFCs is related
to the absence of transition of the redox potential near the
electrode, as well as a net separation of two zones, where
oxygen or acetate biochemistry prevails.

Conductivity microsensor

Conductivity profiles, collected in each cell on day 8, are re-
ported in Fig. 7. Conductivity is in arbitrary units (a.u.) and
only relative variations are discussed. The profiles can be
unambiguously attributed to the increase of conductivity as
the biofilm develops and the MFC produces power. The in-
crease in conductivity starts at distances less than 3—6 mm for
A1 and A2 MFCs. B1 and B2 do not show relevant changes of
conductivity compared with the bulk solution. B3 shows a
spike of increased conductivity only at distances less than
1 mm. Bulk conductivity is comparable for all MFCs, proving
that the difference in cell productivity is not due to variation of
ohmic resistance in the electrolyte bulk. Conversely, the
diffusion of species near the electrode is probably hindered as
pH profiles indicate (Fig. 8). As a consequence, a higher con-
centration of metabolites/ions is produced and/or accumu-
lated inside this zone, with remarkable increase in average
conductivity. This mechanism occurs in power producing
MFCs only.

However, it should be noted that conductivity measure-
ments may be affected by deformations of the electric field on
approaching the cathode. This phenomenon should occur in
both productive and unproductive MFCs. Conversely, unpro-
ductive MFCs show a flat conductivity profile, demonstrating
the irrelevance of this inconvenience.
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Fig. 7 — Conductivity measurements of the five MFCs.
Labels on the series refer to the specific MFC.
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pH microsensor

Fig. 8 shows the pH profiles of the five MFCs. pH changes are
visible for the two MFCs producing power. Diffusion of pro-
tons (or other pH-determining species) appears hindered near
the electrode surface. As a consequence, dramatic changes in
PH occur as the cathode surface is approached. pH is
approximately 8.5—9 in the bulk, a typical value for the used
wastewater. At 3—6 mm from the cathode surface, pH drops to
neutral or slightly acidic values. Bearing in mind oxygen
reduction expected to occur on the cathode:

0, + 4e~ + 2H" — 20H" @)

itis clear that the recorded pH variation goes in the opposite
direction. This would be understandable if other possible
competitive reactions would proceed in the operating MFCs. It
was previously reported that chemical or biologically assisted
precipitation of carbonates can modify the expected pH in this
type of MFC [25]. XRD analysis conducted on some deposit
found in the water-side of the cathode at the end of experi-
ments revealed the presence of this compound.

With respect to unproductive MFCs, no carbonates covered
the cathode surface despite acetate depletion, and CO, was
produced by non-electroactive bacteria. All pH profiles were
flat, corresponding to the bulk value. pH microsensors based
on Sb oxides might be sensitive to the solution redox poten-
tial. This can be excluded in our work as pH changes always
towards a more acidic environment near the cathode surface.
Redox potential instead, varies in a more complex way and
changes can be positive or negative. The two measurements
represent two uncorrelated variables. This goal was achieved
by the application of a coating of Proton exchanging ionomer
(Nafion) on the SbO tip of the pH sensor [23].

Sulphide microsensor

Sulphide concentration profiles on different days are shown in
Fig. 9. The Sulphide concentration is at sub-millimolar level,
with variations from cell to cell. As a general rule, higher
sulphide concentration in solution corresponds to MFCs with
high power production, even after decrease of the power
productivity (Al and A2). A low productivity of the cell is
denoted by a lower sulphide concentration (B3). Moreover, the
sulphide concentration increases as the cathode surface is
approached. Changes in trends may be a reflection of the
complex sulphur cycle [18] adopted by the microbial com-
munity. Sulphide concentration is thus a balance of produc-
tion, consumption and chemical redox processes involving
sulphur species in the electrode proximity [28]. In all cases,
variation of the sulphide concentration is confined to the
3—8 mm range.

As reported in section 2.2.4., silver sulphide microelectrode
showed a calibration line with a more than Nernstian slope.
This might indicate an imperfect Ag,S membrane and a

4-A1(8.3mV)

[S%] I log [S2/ mol L]
)

B3 (8.3mV)

A2 (71.2mV)

-6 T T T i
0 2 4 6 8 10

Distance /| mm

Fig. 9 — Sulphide concentration measurements of the five
cells: A1 MFC (A); B3 MFC (x) and A2 MFC (®).
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possible redox interference. However, sulphides increase
monotonically near the cathode (Fig. 9), which is not the case
of redox trends (Fig. 6).

Microsensor measurements and power production

As expected, unproductive MFCs generally exhibit flat profiles,
with no significant variations of each parameter between the
proximity of the cathode surface and the bulk. On the other
hand, productive MFCs exhibit parameter variations at a def-
inite distance from the electrode surface. With the utilization
of microsensors, this distance was determined to be in the
range 3—6 mm from the cathode surface. Neglecting polari-
zation effects (since microelectrode measurements are made
in open-circuit conditions), contribution of microbial meta-
bolic activity inside the biofilm (biocathode) over a discrete
and relatively wide volume region close to the electrode sur-
face (3—6 mm thickness) can be assumed.

Power starts as a thin biofilm is formed on the cathode, and
increases with the increase of the biofilm thickness. It is thus
reasonable to presume that electron exchange between bac-
teria and electrode should be catalyzed by external (extracel-
lular) mediators, imposed by the long range interactions
needed to cross up to 6 mm thick biofilm. The measured bio-
film in the MFCs are thicker if compared with those reported
in the open literature [30,31]. However, thicker biofilms were
expected, due to the batch and recessed conditions at the
cathode surface.

A1l and A2 MFCs, with lower Teflon® content, were more
productive in terms of power and exhibited a characteristic
profile over time.

Combining the information coming from the four param-
eters (redox potential, pH, conductivity and sulphides con-
centration) measured at different times, several conclusions
about the behavior of operating Microbial Fuel cells can be put
forward.

First, pH generally decreases near the electrode, showing
that the diffusion of pH-determining ions is hindered inside
the biofilm as previously demonstrated [29]. Even if oxygen is
the final electron acceptor, more complex reactions develop
on the biocathode, whose final result is the decrease of pH [17].

From the recorded sulphide profiles, the difference detec-
ted between the concentration inside and outside the biofilm
(Fig. 4) confirms a possible role of sulphur compounds in the
microbial activity near the cathode.

Conductivity measurements support the finding that bio-
films don't cause ohmic drops. On the contrary, they increase
the conductivity because of accumulation of chemical species
including ions. This statement holds true for early stage bio-
films (one month growth) in particular, as the concentration of
carbonates and by-products is too low to cause massive
biofouling. While biofilms increase conductivity and decrease
diffusion, eventual loss in MFC power generation can be due to
transport hindrances of reactants and/or products. Diffu-
sional limitation of ions in biofilms could lead to high-surface
electrodes producing as much power as lower surface area
electrodes, because of the limited interface between biofilm
and reagents [17,29].

With respect to redox potential measurements, it is
apparent that they could give access to other correlations

between biofilm formation and power production, if it is
assumed that only oxygen (or its mediators used by the
cathodic bacteria) and acetate (or its mediators used by the
anodic bacteria) can contribute to the redox potential value.
Thus, redox potential profiles estimate the presence of these
two groups of redox couples in MFCs. The diffusion-limiting
property of biofilms produces two distinct zones: a) the bulk
solution, in which redox potential can be decreased by the
presence of acetate metabolites (and absence of oxygen),
and b) the cathodic biofilm volume, in which the presence of
oxygen (and absence of acetate) moves the redox potential
upwards. In the case of A1l and A2 MFCs, the redox potential
near the electrode settles to a constant value, demon-
strating that oxygen diffusion does not limit the reaction
through the entire one-month experiment. Oxygen avail-
ability for cathodic biological reactions remains high.
Conversely, bulk redox potential moves in accordance with
power production, demonstrating the strict connection of

these two parameters, both correlated to acetate
availability.
Conclusions

Conventional home made microelectrodes were built-up and
used to measure the variation of fundamental physico-
chemical parameters into biofilms grown on the cathode
surface of microbial fuel cells. Redox potential, pH, conduc-
tivity and sulphide concentration were measured as a func-
tion of both the distance from the cathode surface, and of the
duration of the experiment. Microsensors response appears to
be strictly correlated with the power density of MFCs.

Sulphide variations inside biofilms confirm a role of the
sulphur cycle.

The persistence of a high pH gradient (between 8.5 and 6)
within a few millimeters from the cathode surface, demon-
strates diffusion limitations inside the biofilm of productive
MEFCs.

At the same time, diffusion limitations cause build-up of
ions and consequent increase of conductivity inside the
biofilm.

The inner part of the biofilm responds to oxygen and ions
concentration, while the outer part to acetate metabolites.

Finally, it is possible to estimate the thickness of biofilms
by a close analysis of the overall microelectrode responses.
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