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Abstract

Microbial fuel cells (MFCs) are bioelectrochemical devices that directly convert the chemical
energy stored in complex organic compounds into electricity, thanks to metabolic processes
of electroactive microorganisms. In order to improve their performance, a complete
understanding of the reactions that occur inside bioanodes is essential. Electrochemical
Impedance Spectroscopy (EIS) represents a powerful method for the investigation of these
biophysicochemical processes.

However, the larger part of EIS studies on MFCs proposed in the literature are often
misconducted, employing cell configurations or measurement conditions which do not
always allow obtaining reliable conclusions. In this work, EIS measurements, in three
electrode configuration, were recorded as a function of different external resistances, to
characterize and compare the impedance response of two different mixed-community
microbial bioanodes coming from the same freshwater sediment sample but enriched with
two different media, namely a general one and a Fe citrate one. In order to construct an
appropriate equivalent electrical model and to give a right physical interpretation of the
obtained results, focused control experiments in abiotic and starving conditions were
performed.

Three processes were found to govern the bioanode impedance: a substrate/products diffusion
process, a biofilm process and an electrode/electrolyte interfacial process. General-enriched
bioanodes showed a more efficient electron transfer mechanism, with faster biofilm and
diffusion time constants, lower resistance values and higher charge storage capacities. The
maximum power point of general enriched biofilms (51 mW/m?) occurred at an anode
potential of -0.4 V; on the contrary Fe citrate enrichment resulted in a maximum power
density of 26 mW/m?. These results were in accordance with cyclic voltammetry analysis,
that demonstrated a putative redox center of -0.4 V for general enrichment and -0.22 V for Fe
citrate one.
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1. Introduction

Electrochemical impedance spectroscopy (EIS) [1] is a well-established characterization
technique, widely used to analyze different electrochemical systems and devices [2-5]. It
imposes small potential perturbations to the system under study, thus representing a powerful
and non-intrusive method for the testing and the diagnosis of bioelectrochemical systems
(BES), including microbial fuel cells (MFCs) [6, 7]. MFCs are a promising biotechnological
approach able to directly convert the chemical energy stored in organic compounds into
electrical energy, thanks to oxidation reactions catalyzed by microorganisms [8, 9]. The
performance of these devices strongly depends on the bacterial composition of anodic biofilm
(bioanode). Indeed, only a particular kind of microorganisms, namely exoelectrogens or
anode-respiring bacteria, are able to transport the electrons outside their cell wall to reduce
external acceptors, like metal-oxide minerals in natural environments, or anode electrodes in
MFCs [10]. Understanding the bioelectrochemical reactions that govern bioanode system is
crucial to enhance MFC operation and performance, and EIS demonstrated to be an effective
tool in this analysis [6].

The majority of EIS studies on BES were conducted in whole cell configurations and in open
circuit (OC) conditions, rarely giving useful information about electroactive microbial
biofilms [11-14]. In fact, in order to investigate bioanodes’ limiting processes, EIS
measurements in 3-electrodes set-up and closed circuit conditions (i.e. at different anode
potentials) should be performed. Recently, some research groups started focusing EIS
analysis on the characterization of bioanode and biocathode separately, rather than
investigating the whole cell [15]. This approach permitted the investigation of several
features: the biofilm growth [16, 17], the electron transfer mechanisms in pure population
bioanodes [18], or different parameters that could affect the charge transfer resistance (pH
[19], electrode material [20], substrate and buffer concentrations [21]). However, in such
works, the anodic or cathodic biofilms are usually studied in common electrochemical cell,
instead of real operating MFCs [22], and the impedance characterization is always carried out
by imposing polarization voltages [16, 18]. Sevda and coworkers [23] suggested to analyze
the EIS response as a function of the external resistance, waiting for a cell potential steady
state rather than forcing a polarization voltage. Especially when dealing with mixed microbial
communities, whose Kinetics are linked to a large number of factors, is very important to
permit the biofilm stabilization. For this reason, performing EIS using the variable resistor
method allows a more reliable observation of the device performance, thanks to the biofilm
acclimation at a given potential.

In this study the analysis of EIS response of two different mixed-community microbial
bioanodes is proposed. To the best of our knowledge, there are no works in the literature in
which this kind of comparison is carried out. In particular, based on the aforementioned
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considerations, the bioanode EIS measurements were performed in 3-electrodes configuration
as a function of the external resistances used during the polarization tests. This scheme was
particularly designed with the aim to better understand how the bioanode impedance varies
with respect to the polarization. In fact, by alternating the measure of cell voltages (both
anode and total cell) and impedance response under the same applied load condition, no
external perturbation is introduced to the system, thus allowing a real evaluation of the
bioanode behavior. A great care must be taken to interpret EIS experimental data coming
from microbial electrodes, because of the complexity of these biophysicochemical systems,
that involve mechanisms not yet well established. For this reason, impedance spectra were
recorded also in non-turnover (i.e. without the anodic organic substrate) and abiotic (i.e. in a
biofilm-free device) conditions, in order to choose an effective equivalent electrical circuit
(EEC) for the bioanode modeling, and to give a better interpretation of the obtained
impedance data. Furthermore, cyclic voltammetry (CV) measurements and biofilm imaging
were performed, to support the impedance characterization of mixed-community bioanodes.

2. Materials and methods

2.1 Inoculum enrichment and biofilm formation

A freshwater sediment sample (Bagnere creek, Valle D’Aosta, Italy) was enriched with two
different media under anaerobic conditions: a Ferric Citrate (FeC) medium and a General
(Gen) medium. In both enrichment methods, sodium acetate was used as electron donor and
carbon source. FeC medium consisted of: Fe(l11) citrate 13.70 g/L; NaHCOj3 2.50 g/L; NH,CI
1.50 g/L; NaH,PO,4 0.60 g/L; KCI 0.10 g/L; Na acetate 2.50 g/L; Wolfe’s Vitamin solution 10
mL/L (ATCC) and Wolfe’s trace mineral solution 10 mL/L (ATCC). Gen medium consisted
of: NH4CI 1.50 g/L; NaH,PO,4 2.45 g/L; Na,HPO, 4.28 g/L; KCI 0.10 g/L; Na acetate 2.50
g/L; Wolfe’s Vitamin solution 10 mL/L (ATCC) and Wolfe’s trace mineral solution 10 mL/L
(ATCC). The microbial cultures were subjected to 3 sequential enrichments for 21 days of
total growth.

Biofilm formation into the anodic chamber was carried out employing a low external
resistance (47 Q), resulting in a positive anode potential polarization.

2.2 Microbial fuel cell setup and operation

Experiments were conducted in two-chamber fuel cells (chamber volume 58 mL), described
in [24]. Briefly, a Cation Exchange Membrane (CEM, CMI-7000, Membranes International
Inc., USA) was used to separate the two compartments; anode and cathode electrodes
consisted of a carbon felt with an area of 38.5 cm? (Soft felt SIGRATHERM GFA5, SGL
Carbon, Germany); electrical contacts to the electrodes were made using graphite rods; an
Ag/AgCI reference electrode was inserted into the anodic chamber. A picture of the dual-
chamber MFC used is given in Fig. S1 of the Supporting Information (SI).
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The anolyte and the catholyte were continuously injected into the devices using multiple
channel syringe pumps (NE1600, New Era Instrument, USA), with a hydraulic retention time
of 5 days (0.5 mL/h). The anodic organic substrate and the nitrogen source consisted of 1 g/L
per day of sodium acetate and 0.31 g/L per day of ammonium chloride, respectively,
dissolved into a phosphate buffer solution (PBS: NaH,PO, 2.45 g/L; Na,HPO, 4.28 g/L; KCI
0.10 g/L) with 10 mL/L of Wolfe’s Vitamin solution (ATCC) and 10.00 mL/L Wolfe’s trace
mineral solution (ATCC). The cathode compartment was filled with potassium ferricyanide
(6.58 g/L) used as oxidant compound, dissolved into PBS.

For each enrichment method, two identical MFCs were prepared, thus conducting the
experiments in duplicate. All the study was carried out at ambient temperature ranging from
20 °C to 22 °C. A parallel abiotic test was performed under the same conditions.

2.3 Electrochemical characterization

Cell voltage across the external resistor and anodic potentials were continuously monitored
using a data acquisition system (Agilent 34972A). At the end of biofilm acclimation phase
(about 2 weeks, as reported below), polarization curves were obtained applying different
external loads (8.2 kQ, 6.8 kQ, 4.7 kQ, 2.2 kQ, 1.5 kQ, 1 kQ, 0.68 kQ and 0.33 kQ) and
measuring total cell voltage and anode voltage after stabilization. An additional point was
measured at OC. To achieve steady electrochemical conditions, the cells were held at one
resistance for approximately 1 day before switching to the next resistance value.

For each polarization condition, anode impedance spectra were recorded over a frequency
range of 3 kHz - 3 mHz, with an AC signal having an amplitude of 25 mV, using a multi-
channel VSP potentiostat (BioLogic) in a 3-electrodes configuration (anode as working
electrode, cathode as counter electrode, Ag/AgCl into the anodic chamber as reference
electrode). Additionally, EIS tests were carried out in abiotic and non-turnover conditions, in
order to give a better interpretation of the obtained EIS experimental data.

After the polarization and EIS tests, CV was performed using the same potentiostat. The scan
rate was 1 mV/s, at potentials ranging from -0.6 V to 0.2 V vs Ag/AgCl, and measurements
were performed in turnover and non-turnover conditions. First derivatives of CV curves were
calculated to obtain the putative electron transfer redox center [25, 26].

2.4  Bioanode imaging

Fluorescent microscopy (Nikon ECLIPSE Ni, Japan) was employed to characterize the
biofilm distribution within the electrode. Prior to imaging analysis, anodes were stained using
a LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen, CA). Briefly, carbon felt
samples were washed in sterile PBS to eliminate the original medium, stained for 20 min, and
then re-washed in sterile PBS twice to eliminate excess dye. Imaging analysis was performed
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using NIS Elements Image Software; in particular, the automated spot count feature was used
to estimate the number of live and dead microorganisms.

3. Results and discussion

3.1  Bioanodes acclimation phase

The freshwater sediment sample was enriched with the two chemical enrichment methods,
namely FeC and Gen, based on series of anaerobic liquid cultures with acetate as electron
donor. Difference between the two media consisted in the presence of Iron (I11) Citrate in the
FeC enrichment: this iron compound simulated the metal-oxide minerals that exoelectrogens
used as electron acceptors in natural environments [27]. After 3 weeks of growth, the
different enriched consortia were inoculated into the anode compartments of MFCs and
voltage and current were acquired during the biofilm formation, as shown in Fig. 1. A low-
value external load of 47 Q was used for biofilm formation. This acclimation method has
been demonstrated to improve start-up and current generation of MFCs [28-30]. Once
acclimated to the low resistances, the biofilms could sustain current generation even at larger
anode potentials. In particular, this acclimation resulted in a positive anode potential
polarization, as observed in Fig. 1. Gen-enriched bioanodes exhibited a faster start-up time
compared to FeC-enriched ones. Specifically, after a 5 days start-up period, a steady state
current density of 74 + 4 mA/m? and an anode potential of 0.173 + 0.012 V vs Ag/AgCl were
obtained. On the contrary, FeC-enriched MFCs generated a lower current density of 50 + 3
mA/m?, with a start-up time of 10 days and a more positive anode potential of 0.224 + 0.015
V.

3.2 Polarization curves

Polarization tests were performed after the 2 weeks of stable current production. The
bioanodes polarization curves obtained by using the variable resistor method are shown in
Fig. 2. General enrichment resulted in better performances in terms of the maximum power
density (Pmax) and short circuit current density (lsc) produced. The maximum power point
(MPP) for both kinds of MFC occurred under an external resistance of 1 kQ. The P,y related
to Gen-enriched bioanodes was the double of FeC ones, being 51 + 11 mW/m? and 26 + 1
mW/m? respectively. As shown in Fig 2b, the anode potential corresponding to the MPP was
different for the two enrichment methods: about -0.4 V vs Ag/AgCl for Gen-enriched
bioanodes and -0.3 V vs Ag/AgCI for FeC ones.

3.3  EIS analysis

3.3.1 Anode impedance spectra
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The impedance of bioanodes was evaluated under stable potential conditions as a function of
the different applied external loads (from OC to 0.33 kQ). The Nyquist plots in Fig. 3 show
how impedance varies with a change in anode polarization. More specifically, the total
impedance decreased as the external resistance decreased until the MPP is reached (at 1 kQ)
and then started to increase again. The internal resistance values at MPP did not match with
the external resistance applied, contrarily to what happen in abiotic condition, as discussed
below (Section 3.3.2). This points to the fact that the MPP observed in power density-
potential curves might actually not be due to an internal/external resistance matching, but to a
reduced internal impedance, or in other words, to a more efficient performance of the
biofilms at this rate of charge flow (current). Moreover, by comparing the spectra in Fig. 3a
and Fig 3b, it can be observed how the two enrichment methods are different from each
other: FeC-enriched bioanodes exhibited larger impedance values with respect to the Gen-
enriched ones.

Usually, in EIS studies on MFCs, impedance spectra were represented with Nyquist plot,
since it provides an immediate visualization of the total internal resistance values of the
analyzed system [21, 22, 31]. On the contrary, Bode plots display magnitude and phase of the
impedance as a function of frequency, allowing the analysis of the time constants related to
the system under study. In particular, the phase shift is extremely important to identify the
processes that govern the electrochemical response and to select an appropriate
biophysicochemical model to fit EIS data. Fig. 4 reports the Bode plots related to the two
enrichment methods under different polarization conditions (OC, 8.2 kQ, 4.7 kQ and 1 kQ).
The separation between a high frequency peak (1 - 5 Hz) and a low frequency one (10 - 100
mHz) can be appreciated. This distinction is more visible in OC conditions and in the FeC-
enriched bioanodes. However, as will become clearer below (Section 3.3.2), the low
frequency feature is actually related to two different processes.

3.3.2 Electrical model and interpretation
An extremely important part of EIS analysis is the correct physical interpretation of the
obtained results. Generally, more than one equivalent electrical circuit could fit experimental
data: therefore, systematic changes in experimental conditions are essential to verify the
validity of the electrical model to which the EIS results are compared. Therefore, in this
study, impedance spectra were recorded also in abiotic and non-turnover conditions.

The results related to abiotic conditions are reported in Fig. 5 (Bode plots) and in Fig. S2 of
the SI (Nyquist plot). Two different processes are visible, a high frequency one which can be
associated to the charge transfer at the anode/solution interface and a low frequency one,
which is associated to the diffusion of species in the electrolyte. It has to be highlighted that
the latter is characterized by a potential dependence, while the former remains constant for all
the potential conditions. Based on these considerations, the impedance data of the abiotic test
were fitted through the equivalent circuit proposed in Fig. 6a, composed by an ohmic
resistance in series with a Warburg diffusion element and a Voigt element; Table S1 reports
the fitting values. Firstly, Rs is a series resistance related to the electrolyte solution in which
the anode is immersed; Rs is not dependent on the polarization, with values of about 1 Q (not
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reported in Table S1). The high frequency interfacial process is modeled through the parallel
combination of the charge transfer resistance R; and the Helmholtz layer capacitance C; (here
fitted with a constant phase element, CPE [7, 32], characterized by an exponent of about 0.9).
Both parameters exhibit no appreciable dependence on the potential (see Table S1), with an
associated time constant of about 220 ms, as calculated through the formula:

T, = R Gy (1)

On the other hand, Warburg diffusion element is given by [15]:

Zy = \/%tanh(,/ja)rd) 2)

where Ry and z4 are the diffusion resistance and time constant, respectively. In accordance
with the experimental data, a substantial decrement of both values is observed while reducing
the external polarization resistance (as reported in Table S1), implying a significant
dependency on the polarization condition. Finally, in this abiotic condition, the total internal
resistance, given by the sum of Rs, Ry and Ry, roughly equates the external load resistance for
all the measured polarization points.

By colonizing the porous felt electrode with microbial biofilm, a new interface is created at
the electrode/electrolyte boundary. To take into account this feature, the equivalent circuit
used to fit the anode impedance was modified by adding the R,-C, pair, accounting for the
biofilm charge transfer resistance and double layer capacitance. This EEC, shown in Fig. 6b,
refers to a normal turnover condition, and it is similar to that proposed for the first time by
Jung et al. [19] to describe a mixed-community biofilm. By exploiting this circuit, the
impedance spectra measured under different polarization conditions were fitted: the result of
this procedure is reported in Fig. 3 and Fig. 4 superimposed to the experimental data and the
corresponding fitting parameters are summarized in Tables 1 and 2. Analogously to the
abiotic condition, Ry values were similar in all the measurements of both enrichments (0.7 -
0.8 Q, not reported in Tables 1 and 2), and not dependent on the polarization. Concerning the
process at the interface between the electrolyte and electrode (R;-C; couple), this
phenomenon was the fastest one, as evidenced by the time constants values, calculated
through equation (1). In this case, CPE exponents lie in the range 0.9 - 1. There was no
dependence on anode polarization, since throughout the polarization profile the resistance and
capacitance for this process did not change much and remained within the same range for
each enrichment. To confirm this hypothesis, results from biotic (turnover), abiotic and non-
turnover condition tests were compared (Fig. 7). The interfacial process was present in all the
tested conditions, at the same frequency and with similar values of capacitance, ranging from
0.3 to 0.6 mF/cm? (Tables 1, 2 and S1) This large double layer capacitance originated from
the high porosity of carbon felt material, that increases the surface area and the roughness of
the electrode. The low frequency process is related to the biofilm. It is the slowest of all the
charge transfer mechanisms, as evidenced by the time constant values 1, reported in Tables 1
and 2 (calculated similarly to t;). This process was dependent on the applied external
resistance. The time constant was highest at open circuit condition and reduced until the
maximum power point. Delving deeper into the capacitance (also in this case modeled
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through CPEs with exponents in the range 0.8 — 0.95) and resistance values, revealed a
variation of the resistance during polarization, while the capacitance remained more or less
the same for a specific enrichment. Similarly to z,, the change in resistance followed the trend
of maximum power point: it decreased until the MPP and then increased again as the external
load was beyond the MPP resistance. Very large values (0.7 - 3.3 mF/cm?) were obtained for
the capacitance C; related to both bioanodes. These large biofilm double layer capacitance
values were in accordance with those obtained in previous works [17, 19, 31] and can be
attributed to the biofilm property of charge storage body or conductive matrix. Finally, the
Warburg element represents the diffusion of the substrate (acetate) from the anolyte to the
biofilm and of the products (H" and HCO3) from the biofilm to the electrolyte. Consistent
time constants, zy were obtained for each enrichment under different conditions of
polarization. Diffusion contribution should be observable at very low frequencies (in the 1 —
100 mHz range). However, its characteristic time constants are in the same range of 1, thus
limiting the visual detection of the diffusion in the Bode/Nyquist plots. This diffusion
phenomenon was indeed masked by the large biofilm capacitance C, in accordance to what
was observed by ter Heijne and coworkers for capacitance values of about 1 mF/cm? [21]. It
is worth noting that the aforementioned interpretation for the Warburg diffusion element is
reinforced by the fact that this element was not present in the data fitted from experiments
conducted in non-turnover conditions (Fig. 6c).

3.3.3 Comparison of different enrichment methods

The two mixed-community biofilms presented a different impedance behavior. As observed
in Tables 1 and 2, FeC-enriched bioanodes showed slower processes and higher resistances
values if compared to Gen-enriched ones. FeC enrichment is characterized by ~4 times
slower z4 than general one, 14 + 2 s and 3.2 + 0.5 s respectively. This difference can be
attributed to the fact that general-enriched bioanode exhibited a more dense/active microbial
population (as discussed below, Section 3.6). This would lead to a higher consumption rate of
substrate, resulting in the creation of a steeper diffusion gradient for acetate, and thus in faster
74 and lower Ry values.

Concerning the biofilm process, Gen-enriched bioanodes presented a R, value of about 76 Q
at MPP, ~3 times lower than FeC ones (about 240 Q). Also biofilm double layer capacitance
(C,) was different between the two enrichments: 3.3 — 1.6 mF/cm? for general bioanodes and
1.2 - 0.7 mF/cm? for FeC. These capacitances values are dependent on the structure of
biofilm and how electroactive the biofilm is.

On the contrary, the values of Helmholtz layer capacitance (C;) were quite similar for both
the enrichments, due to the fact that the anode electrode surface/geometry and the anolyte
were the same. The interfacial resistance R; changed between the two enrichments: this
variation can be associated with the fact that the two enrichments resulted in different
microbial activity. It was evident from imaging analysis that FeC-enriched bioanode
presented a higher percentage of dead/inactive bacteria covering the interface between the
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electrolyte and the electrode (Fig. 10). This could result in a generally higher resistance
related to the interfacial process, as can be seen from the data reported in Tables 1 and 2.

3.4  Cyclic voltammetry

After polarization tests, a 1 kQ external load was applied to all the devices. A stable current
production was measured for 1 week, and then cyclic voltammetry measurements were
performed. This technique is useful to study and characterize the electron transfer interactions
between microorganisms or microbial biofilms and anode electrodes [33, 34]. We utilized CV
to confirm the different electrochemical behaviors observed through EIS analysis.

The turnover voltammogram of Gen-enriched biofilms (reported in Fig. 8a) shows a
sigmoidal catalytic shape, characteristic of acetate oxidation by microorganisms using
conduction-based electron transfer [33, 35-37]. The first derivative of a sigmoidal function is
a peak-shaped curve that can be used as a tool to identify the redox center contributing to
current generation. As shown in the inset of Fig 8a, the putative electron transfer site of
general enriched bioanode is centered at -0.4 VV vs Ag/AgCI. This potential is very close to
the formal potential of outer membrane cytochromes of G. sulfurreducens, namely -0.190 V
vs standard hydrogen electrode (corresponding to -0.387 vs Ag/AgCl) [38].

The FeC-enriched bioanodes exhibit distinct turnover voltammograms (shown in Fig. 8b),
revealing the presence of a redox system with a reduction peak at -0.315 V and an oxidation
peak at -0.115 V vs Ag/AgCl (midpoint potential E equal to -0.215 V vs Ag/AgCl). This
midpoint potential is consistent with that of phenazines, which serve as electron shuttles to
alternate terminal acceptors and can be produced by a diverse range of bacteria [39]. The
most studied phenazine is pyocyanin, it is secreted by Pseudomonas spp. and was previously
detected on carbon electrodes in aqueous solution [40, 41]. This particular peaks-shaped
curve indicated a non steady-state condition between diffusion and electron transfer, where
the rate of diffusion does not match the rate of electron transfer. This results is in accordance
with EIS data: FeC-enriched bioanodes exhibited a diffusion time constant larger than biofilm
charge transfer one (see Table 2). On the contrary, Gen-enriched biofilms showed a faster
diffusion process, allowing a steady state condition and therefore a sigmoidal shaped
voltammogram.

Fig. 8 also shows the non-turnover response of bioanodes. In starving conditions the catalytic
wave for both biofilms disappeared, demonstrating that the catalytic current was generated by
microbial acetate oxidation.

3.5  Electrochemical kinetics analysis: Butler-Volmer-Monod model

In order to gain insights on the kinetics of the two different biofilms, polarization curves were
fitted with Butler-Volmer-Monod (BVM) model [42]. This model describes the biochemical
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substrate oxidation (Monod general enzyme Kkinetics) and the electron transfer from the
microorganism to the electrode (Butler—\Volmer relationship). According to the BVM model,
the current density can be expressed as:

F
. 1—e RT"!
I = Iy A-a)F

F
—_ K
Kie™ RT "+Kye RT"+(~M41)

©)

where F is the Faraday constant, R is the gas constant, T is the absolute temperature, # is the
anodic overpotential, Ky is the substrate affinity constant or the so-called Michaelis—Menten
constant, and S is the substrate concentration. Fig. 9 reports the experimental data as well as
the curves obtained by the BVM model, from which the following parameters can be
extracted: a is the transfer coefficient, Inax IS the maximum obtainable current density, and K;
and K, are the kinetics parameters. o values equal to 0.50 and 0.78 were obtained for the
Gen-enriched and FeC-enriched biofilms, respectively: these values are related to the Butler-
Volmer electrochemical rate constant, and are usually in the range 0.40 — 0.80 in the case of
bioelectrochemical reactions [43, 44]. Concerning the K; parameter, its value was found to be
0 for Gen-enriched bioanode. Such a value implies an extremely fast electron transfer
mechanism, if compared to the biochemical reaction (substrate oxidation). In this condition,
the BVM model behaves like the Nernst-Monod model [45]. On the contrary, FeC
enrichment exhibits a K; value of 2.3: these results are in accordance with EIS and CV
analyses, i.e. FeC-enriched biofilms are characterized by a less efficient electron transfer
mechanism. Finally, K, was found to be larger than one for both enrichments (10.5 and 20.2
for Gen and FeC enrichment, respectively), as expected for microorganisms that degrade
organic substrates to survive [42].

3.6 Biofilms comparison through imaging

Morphological characterization of microbial biofilm on the anode surface was performed
using fluorescence microscopy after live/dead staining. This type of analysis is useful to
elucidate biofilm distribution, density, heterogeneity and thickness [15].

As shown in Fig 10, in Gen enrichment as well as FeC enrichment the biofilm covers the
carbon fibers of the felt; however, there is no formation of a denser mat covering the upper
layer of the electrodic material (i.e. the layer exposed to the electrolyte). For this reason it
was impossible to measure a real thickness of the biofilm to associate this characteristic to the
behavior observed with EIS analysis [6].

Nonetheless, colonization of the entire 3D volume of the electrode was evaluated acquiring
different z-stacks starting from the upper layer of the material and moving towards the lower
one (total felt thickness equal to 500 um). The measurement indicated that Gen-enriched
biofilm covers almost all the thickness of the carbon felt material (428 um + 31, average +
standard deviation). On the contrary, the biofilm of ferric citrate enriched MFCs has a limited
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3D distribution through the electrode (325 um £ 38, average + standard deviation). This
observation suggests that, despite the possible different ability and mechanisms of electron
transfer that characterize the two mixed community, the Gen-enriched one can perform
electron transfer to a wider distance along the electrode.

Another important feature observed is related to the balance between green colored
microorganisms (live) and red ones (dead). In Gen-enriched bioanodes the ratio between
live/dead microorganisms is 2.9 + 0.5 (average * standard deviation) while, in the case of
FeC-enriched bioanodes it decreases to 1.4 + 0.4 (average + standard deviation). The better
distribution through the anodic electrode in general enrichment together with the higher ratio
of live/dead microorganisms contribute to the creation of a stepper diffusion gradient of
acetate, resulting in a faster zq and lower R4 values as aforementioned.

4. Conclusion

In this study, EIS analysis was performed to compare two mixed-community bioanodes, and
to recognize the different processes occurring inside the anodic compartment of MFCs and
their dependence on the diverse microbial communities.

The bioanode EIS measurements were performed in 3-electrode configuration as a function
of the external resistance used during the polarization tests. A robust experimental set-up was
developed to investigate and compare the two mixed-community bioanodes through
impedance spectroscopy. Abiotic and non-turnover tests successfully helped to obtain an
effective physical interpretation of the electrical processes occurring at biofilm/electrode
level. The appropriate equivalent electrical circuit used to fit experimental data was
composed by three time constants: a substrate/products diffusion process, a biofilm process
and an electrode/electrolyte interfacial process.

Bioanodes impedance response, as function of different external loads, followed the trend of
polarization curves, with lowest values at MPP for both enrichments. Moreover, the two
biofilms showed a different impedance behavior. FeC-enriched bioanodes resulted in a less
efficient electron transfer mechanisms, with diffusion limitations. More specifically, at MPP,
Gen-enriched bioanodes exhibited a tq ~4 times faster, a biofilm resistance ~3 times lower
and a biofilm double layer capacitance ~2 times higher than FeC-enriched ones. Also the
interfacial phenomenon was dependent on the different microbial communities; in particular
FeC-enriched biofilms showed higher resistance values than Gen-enriched one, indicating a
more difficult charge transfer process at electrode/electrolyte interface.

These impedance results were confirmed by CV, kinetics analysis and biofilm imaging. The
classical sigmoidal voltammogram of direct electron transfer mechanism, with a midpoint
potential of -0.4 V, was obtained only for Gen-enriched bioanodes. From the analysis of
polarization curves fitted with Butler-Volmer-Monod model, this biofilms exhibited an
extremely fast electron transfer kinetic. Finally, a better coverage of carbon fibers and a
higher percentage of live and active microorganisms resulted from imaging analysis.
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Tables

Table 1. Parameters extracted from fitting of the impedance spectra recorded during
polarization test for the Gen-enriched bioanode shown in Fig. 3a. For each parameter, the
maximum variation observed between the two MFCs was 7%.

Polarization R1 Cy T R, C 7) Rq T4 X

resistance () () (mF) (s) Q) (mF) (s) (Q) (s) (-10°)
oC 16.2 187 030 2861.0 1287 36834 81 383 6.03
8200 165 204 034 3571 619 2210 7.3 326 1412
4700 139 202 028 1770 622 1101 71 322 293
2200 128 200 026 805 63.2 5.09 7.0 299 551
1000 11.0 206 023 757 63.0 4.76 6.8 277 590
330 9.9 21.3 021 1002 9838 9.88 79 339 370

Table 2. Parameters extracted from fitting of the impedance spectra recorded during
polarization test for the FeC-enriched bioanode shown in Fig. 3b. For each parameter, the
maximum variation observed between the two MFCs was 5%.

Polarization R C, 71 R» C, 1'2 Rqg T4 X

resistance () () (mF) (s) @ mF) () Q) (s) (- 10®)
ocC 46.3 261 121 31062 365 11345 16.1 16.36 5.86
8200 409 274 112 5009 284 1425 155 1595 8.8
4700 424 263 111 3358 36.2 1214 152 14.75 5.87
2200 459 250 115 295.0 46.4 13.67 144 1256 2.66
1000 400 259 103 2405 443 10.67 133 1216 4.84
680 412 236 097 317.3 393 1247 150 1423 413
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Figure captions

Fig. 1. MFCs acclimation phase: anodic potential (left axis, closed symbols) and current
density production (right axis, open symbols) as a function of the time. The maximum
variation observed at each point for a pair of MFCs with the same enrichment was 7%.

Fig. 2. a) Anode potential (left axis, closed symbols) and power density (right axis, open
symbols) as a function of current density. b) Bioanodes power density as a function of anode
potential. Each point is the average of data obtained from two MFCs inoculated with the
same enrichment.

Fig. 3. Typical impedance response (Nyquist plot) of the two different bioanodes as a
function of the external polarization resistance: a) General enrichment; b) Fe citrate
enrichment. The points are experimental data, while the lines are related to the fitting
procedure performed through the use of the EEC shown in Fig. 6b. The open symbols refer to
measurements acquired at 3000, 300, 30, 3, 0.3, 0.03 and 0.003 Hz.

Fig. 4. Typical impedance response (Bode plots) of the two different bioanodes as a function
of the external polarization resistance: a) General enrichment; b) Fe citrate enrichment. The
points are experimental data, while the lines are related to the fitting procedure performed
through the use of the EEC shown in Fig. 6b.

Fig. 5. Impedance response (Bode plots) of abiotic anode as a function of external resistance.
The points are experimental data, while the lines are related to the fitting procedure
performed through the use of the EEC shown in Fig. 6a.

Fig. 6. Equivalent electrical circuits used for the fit of EIS data: a) abiotic anode; b) turnover
bioanode; ¢) non-turnover bioanode

Fig. 7. Impedance spectra (Bode plots) of Gen-enriched bioanode in turnover and non-
turnover conditions and of abiotic anode measured at 1 kQ. The black arrow indicates the
interfacial process.

Fig. 8. Cyclic voltammograms of the different bioanodes recorded at the scan rate of 1 mV/s
in turnover and non-turnover conditions. (a) General-enriched biofilm. The inset shows the
first derivative of the turnover CV, where E' indicates the putative electron transfer site
centered at -0.4 V. (b) FeC-enriched biofilm. E' centered at -0.215 V indicates the arithmetic
average of the oxidation and reduction peaks.

Fig. 9. Polarization curves of the two different bioanodes and relative fitting using the Butler-
Volmer-Monod model.

Fig. 10. Biofilm fluorescence imaging of live/dead staining. (a) Gen-enriched biofilm, Max
Intensity Projection (MaxIP) merge of green (live organisms) and red (dead organisms)
channels. (b) Automated spot count relative to green channel. (¢) Automated spot count
relative to red channel. (d) FeC-enriched biofilm, MaxIP merge of green and red channels. (e)
Automated spot count relative to green channel. (f) Automated spot count relative to red
channel.
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