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Abstract: The decentralized production of bioelectricity as well as the bioremediation of contaminated
sediments might be achieved by the incorporation of an anode into anaerobic sediments and a cathode
suspended in the water column. In this context, a sediment microbial fuel cell microcosm was carried
out using different configurations of electrodes and types of materials (carbon and stainless steel).
The results showed a long-term continuous production of electricity (>300 days), with a maximum
voltage of approximately 100 mV reached after ~30 days of operation. A twofold increase of voltage
was noticed with a twofold increase of surface area (~30 mV to ~60 mV vs. 40 cm? to 80 cm?), while
a threefold increase was obtained after the substitution of a carbon anode by one of stainless steel
(~20 mV to ~65 mV vs. 40 cm? to 812 cm?). Cyclic voltammetry was used to evaluate sediment bacteria
electroactivity and to determine the kinetic parameters of redox reactions. The voltammetric results
showed that redox processes were limited by the diffusion step and corresponded to a quasi-reversible
electron charge transfer. These results are encouraging and give important information for the further
optimization of sediment microbial fuel cell performance towards the long-term operation of sediment
microbial fuel cell devices.
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1. Introduction

Electricity can be gathered from aquatic sediments (both freshwater and marine sediments) by
electroactive microorganisms growing on the surface of an anode [1,2]. Microorganisms in sediments
mediate several processes in the biogeochemical cycles of carbon, nitrogen, phosphorus, metals,
and sulphur [3], playing an important role in the dynamics and quality of aquatic ecosystems. Thus,
a rational and integrated management of contaminated sediments is required [4]. The interaction
with sediments can be engineered to provide artificial bioservices. One bioservice is the Sediment
Microbial Fuel Cell (SMFC) that consists of an anode buried in the anoxic sediment and a cathode
suspended in the aerobic water column connected by an external resistor [5,6]. Bacteria in a SMFC
mediate the transfer of electrons from carbon sources to the anode, thus generating an electric current.
SMEFCs can provide continuous low-level power and do not require maintenance or replacement
since power generation is not limited by the fuel supply; sediment organic matter is renewable (for
example, new organic matter arrives to the sediments through the sedimentation of dead algae) and
the electrodes of SMFCs are inert materials [6-8].

Currently, the main application described in the literature for SMFCs is as a long-term power
source for autonomous sensors and communication devices [8]. In addition, SMFCs have also been
explored as one type of new technology for removing organic matter from sediments [5,9,10] and for
controlling phosphorus solubilization in eutrophic lake sediments [11-13].
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Nevertheless, due to various limiting factors such as substrate mass transfer limitations and low
electric conductivity, especially in freshwater, internal resistances in SMFCs are, generally, higher
than those in microbial fuel cell (MFC) chambers [14,15]. This fact results in lower voltage and
power output from SMFCs, with the typical reported values for power density, both for marine
water and freshwater, varying from 0.18 to 81 mW-m~2 [5,16,17]. Moreover, several attempts
have been made to improve SMFC performance through optimizing external resistance [10],
improving sediment conductivity [18], using colloidal iron oxyhydroxide amendment [14], modifying
electrode materials [19-23], and changing electrode configurations and assembly [24,25]. In addition,
the amendment of sediments with new organic matter, such as glucose, plant rhizodeposits, or biomass
like chitin or cellulose can also increase power production [15,26]. However, few studies have focused
on the optimization of anodic material and structure.

Power generation in SMFCs also depends on the extracellular electron flow towards the anode
created by electrogenic bacteria during the oxidation of organic matter. Nevertheless, and contrary to
microbial fuel cell studies where indirect and direct electron transfer mechanisms of exoelectrogens and
electrotrophs are well investigated, in SMFCs the electron transfer mechanisms are not well known [6].

Therefore, in order to optimize the bioelectricity production process from benthic systems, the goal
of the present study was to assess the electron transfer mechanisms during a long term SMFC operation.
For that, a SMFC microcosm was constructed and changes to electrodes configuration and materials
were promoted.

2. Materials and Methods

2.1. Sediment Sampling

The sediments were collected at Lake Furnas (Azores, Portugal) with a gravitational Uwitec-corer
that penetrated about 30 cm in the soft sediments. The sediments were immediately transported
to the laboratory (at 4 °C), where the upper 10 cm layer was sliced, mixed, and stored frozen until
usage. Sediments from Lake Furnas have a close relation with pumice deposits resulted from ancient
volcano eruptions, with the granulometric analysis showing a finer fraction composed by silt and clay.
These sediments had 78% =+ 1% water content and 10% =+ 1% organic matter content. More properties
of the sediments and water column of Lake Furnas can be found in Martins et al. [27].

2.2. Sediment Microbial Fuel Cell Start-up and Operation

A sediment microbial fuel cell (SMFC) microcosm was set-up to assess the electroactivity of
sediment bacteria (Figure 1). In brief, a 1 L open reactor was filled with ~400 g of sediment and
500 mL of tap water. The anode was buried in the sediments (between 3 cm and 4 cm depth) and the
cathode was submerged in the water (=1 cm above the water—sediment interface). Figure 1 shows
the experimental set-up used in the present work. As electrode material, two types of materials were
used: carbon Toray (4 cm x 5 cm), with proven capabilities to work as a SMFC anode [16], and a
low cost stainless steel scourer (Scotch-Brite, 3M, St. Paul, MN, USA), easily found in a grocery store.
The electrodes were connected via a 1000 () resistor during the first 33 days and via a 2000 ) resistor
thereafter. The voltage was recorded by a USB-9215A BNC connector datalogger (National Instruments,
Austin, TX, USA) and data acquisition software (Labview 6.0, National Instruments, Austin, TX, USA).
Different configurations of electrodes were tested according to Table 1.
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Figure 1. Sediment Microbial Fuel Cell (SMFC) experimental set-up; (A) one carbon Toray anode and

one carbon Toray cathode; (B) two carbon Toray anodes and one carbon Toray cathode; (C) one carbon
Toray anode and one stainless steel scourer cathode; and (D) one stainless steel scourer anode and one
carbon Toray cathode.

Table 1. Summary of electrode materials and configurations tested during the assay.

Operation Day Anode Material Anode Area/cm? Cathode Material ~ Cathode Area/cm?>  External Resistor/Q

1 carbon Toray 40 carbon Toray 40 1000

33 (a) carbon Toray 40 carbon Toray 40 2000
88 (b) carbon Toray 80 * carbon Toray 40 2000
185 (c) carbon Toray 80* stainless steel 812 2000
206 * (d) carbon Toray 40 stainless steel 812 2000
286 % (e) stainless steel 812 carbon Toray 40 2000

(@), (b), (c), (d), (e) correspond to the points indicated in Figure 2. * two carbon Toray electrodes in parallel with
40 cm? each. * addition of acetate to the water column. ® change of electrodes (the anode was placed in the water
column and the cathode was embedded in the sediments).

Current intensity (I) was calculated following the Ohm’s law, and the current density (j) was
calculated as j = I/ A, where A is the projected surface area of the anode electrode. The power density
(P) was calculated as the product of current intensity and voltage (V) divided by the surface area of the
anode (P = IV /A). For the polarization curve determination, the anode and cathode in the SMFC were
connected to a resistance box and the voltage was recorded for a series of resistances between 41 k()
to 50 Q). The internal resistance of the SMFC (Rint) was calculated from the slope of the polarization
curve in the region dominated by Ohmic losses [16]. The open circuit voltage (OCV) was measured at
infinite resistance.

2.3. Cyclic Voltammetry

The oxidation—reduction reactions at the surface of a working electrode (anode) was characterized
by cyclic voltammetry at day 35 of SMFC operation for the carbon Toray anode and at day 310
for stainless steel anode. This was intended to guarantee that both electrodes spent a similar time
embedded in sediments and had a stable current density production. The SMFC was used as an
electrochemical cell. The working electrode was the anode buried in sediments, the counter electrode
was the cathode submerged in the water column, and the reference electrode, a Saturated Calomel
Electrode (SCE), was situated near to the working electrode. The electrodes were connected to a
potentiostat (Model 2051, Amel Instruments, Milan, Italy). The response of current intensity (I) to
the potential (E), in an interval from —850 mV to 900 mV vs. SCE, was recorded directly from the
potentiostat output at a scan rate of 50 mV-s~!. A LabVIEW-based acquisition system via a universal
serial bus interface (USB, Intel, Santa Clara, CA, USA) was used to record the obtained data. The kinetic
parameters of the redox processes associated to oxidation peaks observed in cyclic voltammograms



Energies 2019, 12, 481 40f 13

obtained at 50 mV-s~! were assessed by running different cyclic voltametries with different scan rates
(from 5mV-s~! to 1000 mV-s~1). The reversibility of the electronic transfer was calculated by analyzing
the dependence of the peak potential on the scan rate; when a peak potential is dependent on scan
rate, it indicates an irreversible process, and when the peak potential is independent on scan rate,
it indicates a reversible process [28]. Also, the linearity of the Randles—Sevcik equation was evaluated.

2.4. Principal Component Analysis (PCA)

The multivariate statistical method PCA was used to examine relationships in a data set. The PCA
method was implemented according to Gabriel [29] and Martins et al. [27]. Eigenvalues and eigenvectors
were extracted from the covariance matrix of the original variables to illustrate associations among variables
that otherwise might be hidden. The complete dataset used in this study was a two-way table of six
columns with the variables anode area, maximum voltage (max V), OCV, maximum current density (max j),
maximum power density (max P), and internal resistance (Rint) and three rows with the observations
obtained for the SMFC configuration with only one carbon Toray anode, two carbon Toray anodes,
and one stainless steel anode. All mathematical and statistical computations were made using XLSTAT
2019.1.1.56159 (Addinsoft, Paris, France).

3. Results

3.1. Sediment Microbial Fuel Cell Microcosm

The voltage was measured along the operation time of the SMFC assay and is depicted in Figure 2.
The results showed a continuous production of bioelectricity for a long period (~200 days) without the
addition of external sources of organic matter (Figure 2).
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Figure 2. Variation of voltage over SMFC operation; (a) change of external resistance; (b) introduction of
new carbon Toray anode in sediments; (c) cathode switch from carbon Toray to stainless steel electrode;
(d) addition of acetate in the water column; (e) switch of electrodes, the cathode was introduced in the

sediments (as a new anode) and the anode was placed in the water column (in order to be used as a
new cathode).

The voltage increased during the first 40 days of SMFC operation, reaching a maximum voltage
around 100 mV (Figure 2). Afterwards, voltage started to decrease to around 30 mV. This decrease
was probably due to the depletion of easily biodegradable compounds in the sediment around the
anode. After the introduction of a new anode (of the same material and with a similar surface area) in
the sediments (b), voltage rose again, reaching values around 70 mV. On the other hand, the addition
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of acetate (d) as a new carbon source did not result in an increase of voltage, but rather a decrease.
This result was probably due to the increase of oxygen consumption rate in the water column, which
might limit the availability of oxygen to serve as a terminal electron acceptor [30]. The replacement of a
carbon Toray cathode to stainless steel cathode (c) did not result in an effective change in voltage, since
voltage maintained the same trend of decay. The voltage only started increasing again (until ~65 mV)
when both electrodes in the SMFC were switched (i.e., the stainless steel electrode was introduced in
the sediments and the carbon Toray electrode was placed in the water column).

Regarding current density, the external resistance changed and the introduction of a stainless
steel electrode with a higher surface area resulted in a decrease of current density values. Also, power
density values were very low during all experiments, with the maximum value (1.42 mW-m~?2) reached
at day 40.

During the stable phase of power generation, polarization and power curves were obtained
by varying the external resistance from 71 kQ to 50 Q) (Figure 3). Current densities varied between
0.042 4 0.003 mA-m~2 for the stainless steel scourer anode and 18.75 + 1.41 mA-m~2 for the carbon
Toray anode. The OCV was higher for the SMFC with one carbon Toray anode and cathode
(352 £ 2.64 mV) than for the configuration with two carbon Toray anodes in parallel and a stainless
steel scourer cathode (157 £+ 1.18 mV). The SMFC OCV with the stainless steel scourer anode and carbon
Toray cathode was 254 £ 1.91 mV.
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Figure 3. Power and polarization curves obtained during SMFC operation with (A) a carbon Toray
anode and cathode (determined at day 34); (B) SEFMC with two carbon Toray anodes and a stainless
steel scourer cathode (determined at day 130); and (C) SMFC with stainless steel scourer anode and a
carbon Toray cathode (determined at day 310).

In the case of only one carbon Toray anode, the maximum power density was similar to
the maximum power density obtained in the microcosm (~1.4 & 0.11 mW-m~2). For the other
configurations, the values were considerably lower (0.32 & 0.024 mW-m~2 in the situation of two
carbon Toray anodes, and 0.03 & 0.002 mW-m 2 for the stainless steel scourer anode and a carbon
Toray cathode). Moreover, the shape of the polarization curves suggested high activation losses on the
SMFC configuration with two carbon Toray anodes. For the other two configurations, the polarization
curves did not show this initial sharp decrease of voltage for low current densities. The results of the
polarization curve also indicate that the optimum resistance, i.e., the resistance for which the maximum
power density was obtained, was around 2100 Q) for the situation with only one carbon anode and
700 ) for the configuration with the two carbon anodes. For the SMFC with a stainless steel scourer
anode, the best resistor was around 5000 (). Based on the slope of the polarization curve in the area
dominated by ohmic losses, it was observed that the internal resistance of the system with the stainless
steel anode (2374 £ 178 (3) and carbon cathode was much higher than the internal resistance of the
systems with a carbon anode (120 £ 9 ) and two carbon anodes (55 £ 4 ().
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3.2. Cyclic Voltammetry Assessments

Cyclic voltammetric experiments were carried out at 50 mV-s~! with the different anode
configurations tested in the SMFC microcosms. Figure 4 presents the cyclic voltammograms of carbon
Toray and stainless steel as working electrodes in the microcosm environment (i.e., the working and
reference electrodes inserted in sediments, the counter electrode submerged in the water column.

A) Carbon Toray anode B) Stainless steel anode
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Figure 4. Cyclic voltammograms of carbon Toray (A) and stainless steel (B) in the SMFC recorded at
50 mV-s~1.

In the voltammograms of carbon Toray and stainless steel anodes it is possible to observe an
increase of the overall current intensities for the potential region between -0.50 V and 0.95 V vs. SCE.
With carbon Toray, two oxidation peaks were observed during the positive sweep at 0.435 V (peak A1)
and 0.960 V (peak A2) vs. SCE, and two reduction peaks were observed during the negative sweep at
—0.370 V (peak A3) and 0.203 V (peak A4) vs. SCE, respectively. The corresponding current intensities
for the peaks A1, A2, A3, and A4 were, respectively, 4.05 + 0.35 mA, 5.77 £ 0.21 mA, —4.21 £ 0.24 mA,
and —1.20 & 0.13 mA (Figure 4A). The stainless steel anode exhibited an oxidation wave between
0.18 V and 0.86 V vs. SCE with two moderate current intensities highlighted at 0.185 V and 0.60 V vs.
SCE with 2.77 £ 0.45 mA and 4.95 &+ 0.75 mA, respectively (Peak B1 and B2), which can be attributed to
the successive oxidation processes, suggesting that the different redox species present in the sediments
contributed to the current intensities. In the reverse scan, two reduction peaks were observed at
—0.620 V and —0.248 V vs. SCE with —5.34 + 0.10 mA and —2.85 &+ 0.08 mA, respectively (Peak B3
and B4). In both voltammograms the redox reactions appear to be quasi-reversible behavior. The global
shape of the voltammograms also reveals a high internal resistance, which was already expected since
the anodes were not in aqueous solution but introduced in sediments with low ionic conductivity.

The kinetic study of the oxidation peaks (A1, A2, B1, and B2) assessed by cyclic voltammetry at
different sweep scan rates (from 5 mV-s~! to 1000 mV-s~!) are depicted in Figures 5 and 6.
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Figure 5. The log (I/mA) vs. log (v/V-s~1)(A) and Epvs. log (v/V-s~1) (0) curves for the distinguished
oxidation peaks in the SMFC with the carbon Toray anode (peak Al and peak A2) and with the stainless
steel anode (peak B1 and peak B2).

Using carbon Toray as the SMFC anode, the slope value of the log I vs. log v curves in the entire
scan rate region for peaks Al and A2 were, respectively, 0.53 and 0.48. The change of anodes did
not promote significant changes in current density. For both peaks Al and A2, the relation between
E and log v (Figure 5) showed that the peak potential was dependent of the sweep rate, revealing
an irreversible electron charge transfer [28]. Similar results were obtained with the stainless steel
anode (peaks Bl and B2). However, as was mentioned before, the peaks were not well defined.
Nevertheless, it was possible to observe more defined peaks at lower scan rates, corresponding to
irreversible processes, where the diffusion is the main limitation step of the electron transfer (Figure 6).
Furthermore, the results obtained with the kinetic study, namely the quasi-reversibility of the electron
charge process, were in agreement with the expected results corresponding to the shape of the
voltammograms at 50 mV-s~!. In addition, Figure 6 shows that the Randles—Sevcik equation was
not linear for all scan rates. This fact indicates the quasi-reversibility of the electrochemical processes,
suggesting that in the SMFC the electron transfer mechanisms could be controlled by diffusional
species [31].
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Figure 6. Curves of peak current intensity Ip vs. square root of scan rate (v'/2) for the distinguished
oxidation peaks in the SMFC with the carbon Toray anode (peak Al and peak A2) and with the stainless
steel anode (peak Bl and peak B2).

3.3. Principle Component Analysis

To interpret the relationships between the different variables, a PCA analysis with extracted
principal components (PCs) was conducted. Two PCs with eigenvalues >1 were retained and captured
100% of the input variance using three observations and six variables. A PCA biplot for PC1 vs. PC2
(Figure 7) demonstrated that the different electrochemical variables, drawn as vectors, occupy different
regions of the plot and exhibit well-defined patterns. PC1 explained 70% of the total variance and
had positive loadings for all variables except for internal resistance and anode area. PC2 explained
the other 30% of the original variability and had negative loadings only on maximum power density.
Another important observation is that the three observations for the different anode configurations are
spread in the plot of the PCA analysis, confirming that the obtained values did not have correlation
between each other. The carbon Toray configuration clustered closer to the maximum power density,
while the configuration with two carbon Toray anodes did not cluster with any variable. The stainless
steel configuration clustered with the area of the electrode and with the internal resistance. This fact
is in line with the observations made in Figures 2 and 3, where it was verified that the stainless steel
configuration presented higher internal resistance.
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Figure 7. Principle component analysis (PCA) biplots of bioelectrochemical parameters.
4. Discussion

This work evaluated the bioelectroactivity of sediment bacteria and suggested that the primary routes
involved in electron transfer were mainly indirect. This fact was verified by the slope (~0.5) of the log I vs.
log v curves and the non-linearity of the Randles—Sevcik equation (Figures 5 and 6), which showed that
the oxidation processes were mainly limited by diffusion [16,28]. In addition, no lag phases of electricity
production were observed after the switch of the electrodes during the microcosm experiment (Figure 2).
These achievements might indicate that sediment electroactive bacteria could prefer a mediated electron
transfer over a direct electron transfer mechanism. In addition, Ewing et al. [21] also found that during a
long-term SMFC operation, the presence or absence of an electroactive biofilm on the electrodes did not
affect the power performance. However, Ryckelynck et al. [32] attributed the voltage generation without
lag phases to the abiotic oxidation of inorganic electron donors at the anode. Also, Mitov et al. [33] showed
that during long-term SMFC operation (i.e., after reaching a steady-state), the evaluated parameters (open
circuit voltage, power density, current density, and internal resistance) tend to have high repeatability
and reproducibility.

From this work, it is also important to note the high internal resistance of the stainless steel anode
(almost 20x higher) compared to the internal resistance of the system with a carbon anode. Internal
resistance is an important factor in SMFC performance, and its presence will undoubtedly consume
part of the voltage and reduce the output power [20]. Besides, it appears that internal resistance was
dependent on anode material and surface area, because in the present study, the different set-ups
presented similar conditions of ionic strength and electrolyte pH (tap water as electrolyte and pH
around 7.7) [34]. Another explanation for the higher internal resistance of the stainless steel anode
could be the corrosion and passivation phenomena that might have occurred on the surface of the
electrode. This phenomenon might have influenced the biofilm adhesion to the electrode material.
In addition, a slow corrosion progress of the stainless steel anode was reported before [35]. However,
the corrosion or other changes associated with stainless steel was also related to the improvement of
cathode performance in a microbial electrolysis cell [36]. Thus, further research into stainless steel
corrosion and its impacts on current generation in SMFCs is needed.

Furthermore, the variation of output power with the external resistance can be attributed to
polarization losses (i.e., activation, ohmic, and concentration) across the SMFC [37]. Interestingly,
in two of the four electrode configurations tested, the initial decrease of the slope of the polarization
curves, usually due to activation losses, were not observed. This result might indicate that in those cases,
the anodes already presented a mature biofilm or, more probably, a well-established route for electron
transfer inside the sediments. For example, recent works have shown that cable bacteria can facilitate
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the electron transfer from reduced to oxic zones both in marine and freshwater sediments [38-41].
In some cases, nitrate can substitute the oxygen and serve as the electron acceptor as well [42].
In addition, the tested electrode configurations that presented activation losses were the ones where
the anodes spent less time buried in the sediments. Another explanation for the lower performance
of the SMFC over time might be the cathodic reduction of oxygen. Asensio et al. [43] identified the
cathodic reduction of oxygen as a bottleneck of the MFC performance with stainless steel electrodes
and not with carbon felt.

Regarding the decreases of voltage over time, it might be attributed to mass transfer limitations,
since all soluble organic carbon near the anode would be consumed [25,44], but also to the increase of
internal resistance. Cathode biofouling, absence of bulk fluid velocity fluctuations, and mass transfer
limitations may contribute to the increase of internal resistance [1,25,45]. It was also found that the
improvements in current were temporary, indicating that the SMFCs need to be further optimized
for long-term steady power performance [46]. Long-term operation studies are still scarce, but the
data from these studies can be valuable for the development of renewable power sources for remote
environmental monitoring [21].

The maximum power density obtained in the present work (1.4 mW-m~2) was low when
compared with the values found in the literature for similar setups. In freshwater environments,
the maximum power densities observed for SMFCs with plane graphite disks [33], felt graphite [47],
carbon paper [16], and granular activated carbon [35] as cathodes were 35.3 mW-m~2, 4 mW-m~?,
2 mW-m~2, and 3.5 mW-m~2, respectively, while a maximum power density from an SMFC with
rotating Pt cathode [15] reached 49 mW-m~2. Nevertheless, these values are all low when compared to
value from MFCs using carbon felt as the anode and cathode: 1062 mW-m~2 [43]. Evidently, differences
in maximum power densities can be explained not only in terms of the electrode materials but also
because of the SMFC configurations, source, and type of inoculum, type and content of the organic
matter present in sediments, and operation conditions.

Therefore, and due to the low amount of bioenergy recovery from these systems, we should also
look for other potential applications of SMFCs. For example, it is well known that electroactive bacteria
play an important role in the iron cycle [13]. In eutrophic lakes, the sediments have a high concentration
of phosphorus bounded to iron oxides [48]. Thus, an SMFC might compete with the phosphorus
dissolution process. By introducing the electrodes in sediments, we are creating a new route for the
electrons. Martins et al. [25] already showed that in sediments impacted by the operation of a SMFC
(along 50 days), the metal bound P fraction increased 3% and the organic P fraction decreased close
to 10%. Another example of the application is the bioremediation of contaminated sediments by
hydrocarbons [49]. For example, Bellagamba et al. [50] showed that the application of low-voltage
electrolysis (2 V) accelerated (up to 3 times) the biodegradation of hydrocarbons from crude oil in
marine sediments.

5. Conclusions

In conclusion, the increase of anode surface area resulted in an increase of bioelectricity production:
a two-fold increase by duplicating the carbon Toray anode and a three-fold increase by substituting
the carbon Toray anode by one of stainless steel. By contrast, the replacement of the carbon Toray
cathode by the stainless steel cathode and the addition of acetate to the water column did not result
in a significant change in the current density trend. The cyclic voltammetric results verified that
the electron transfer process was mainly limited by diffusion, indicating the prevalence of indirect
processes for electron transfer. Finally, MFC technology applied to benthic systems is presented as an
interesting opportunity for ecosystem valorization, especially in eutrophic aquatic systems.
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