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e Microbially-charged electrochemical
fuel were achieved in BES.

e No bias potential was applied for
microbially-charged  electrochemical
fuel.

e Bio-charged negalyte was tested in a
2,6-AQDS .|| [Fe(CN)s]* redox flow
cell.

e Coulombic efficiencies ca. 90% in the
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ARTICLE INFO ABSTRACT
Keywords: A Bioelectrochemical System (BES) is used for charging an electrochemical fuel to be used in a Redox Flow Cell
Bioelectrochemical systems (RFC), demonstrating the first proof of concept of a microbially-charged electrochemical fuel. Geobacter sulfur-

Redox flow cells

Energy conversion

Bioenergy

Microbially-charged electrochemical fuel

reducens, electroactive bacteria, was used to charge anthraquinone-2,6-disulfonate (2,6-AQDS) producing current
densities of ca. 200-500mA m~2 and maximum power densities of ca. 33 mW m™2. The microbially-charged
electrochemical fuel and potassium ferricyanide, K3[Fe(CN)g] were introduced in a RFC producing a potential
difference of 0.62 V, with a ca. 80% energy conversion efficiency. The use of a BES for charging the posilyte of a
RFC is now envisioned. The bio-conversion of waste biomass energy into electrochemical fuels (microbially-
charged electrochemical fuel for negalyte and posilyte) for later use in a RFC to produce electricity is a promising
approach of converting biomass into storable and easy to use energy.
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1. Introduction

For making renewable energy, such as solar electricity, dispatchable,
it is necessary to use energy storage systems [1]. Despite the advantage
of conventional batteries and supercapacitors to store and making
available energy with a very high round-trip-efficiency, their energy
density is still quite low when compared with the high-energy density
displayed by fuels. Redox Flow Cells (RFCs) are an electrochemical
storage technology where energy is stored in soluble redox pairs [1,2].
The soluble redox pairs introduced in external tanks and pumped into
the cell, where the redox reactions take place, is the feature that allows
setting power and energy capacity independently; power is determined
by the stack size and energy by the volume of the electrolytes. Also, the
design of RFCs offers fast diffusion of both redox pairs and charge car-
riers in the electrolyte [3].

The best known RFCs technologies use aqueous solutions of vana-
dium and sulphuric acid and are used for stationary applications
competing favorably with lithium based batteries [4,5]. Ion metals such
as vanadium [6,7], chromium [8], iron [9], zinc [10] and other simple
inorganic compounds and metal complexes [10,11] have been studied
for RFCs; recently introduced organic redox species are a step forward
for use in RFC since they can be produced from renewable sources, are
stable and show reversible redox reaction [12], good redox potential
windows, high flexibility, tunability and solubilities [13]. Among the
different choices for organic RFCs redox couples, quinones have recently
been proposed as promising for their low cost [12-15]. These com-
pounds exhibit reversible redox reactions: quinones are reduced to the
respective hydroquinones forms [16], and these redox reactions are
explored to charge and discharge RFCs [11], with inorganic compounds
such as bromide [17] or ferricyanide [18] as redox couples. Also, the
non-aqueous solvents are more expensive than water and may raise
safety and environmental issues [3].

Energy efficiencies of 90% were reported for vanadium RFCs [19,
20], lithium RFCs [21,22] or organic RFCs [23-25]. In the all-vanadium
RFCs, power density of 9000 000 mW m 2 was reported [26] while for
quinone-based RFCs this value is ca. 1 000 000 mW m~2[25,27] (Fig. 1).
The use of quinones in organic RFCs is safer than the use of metals, like
vanadium, that exhibit some toxicity [28,29]. Some studies reported the
use of anthraquinones in RFCs [30]; the first organic-inorganic aqueous
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RFC wused 9,10-anthraquinone-2,7-disulfonic acid and bromine
(Bry/HBr) as redox pairs [24]. This quinone was also used in the
development of a solar redox flow cell [31,32]; this device converts the
solar energy in storable electrochemical energy, easily converted in
electrical energy. 9,10-anthraquinone-2,6-disulfonic acid (2,6-AQDS)
and 4,5-dihydroxybenzene-1,3-disulfonic acid were studied as redox
species in RFC with bromine [25,33]; 2,6-AQDS coupled with potassium
ferricyanide, a fast redox couple can be used to operate a RFC.

Bioelectrochemical systems (BESs) are systems capable of converting
chemical energy into electricity or hydrogen/chemical products [34,
35]. A basic configuration of a BES is the Microbial Fuel Cell (MFC) that
generates electrons through the conversion of organic biodegradable
compounds by electroactive bacteria [36]. When these electrons migrate
from the anode to the cathode in a MFC, there is a direct production of
electricity [37,38]. In a broader sense, BESs include many more con-
figurations and have been demonstrated in several applications and
configurations, such as in energy production coupled to wastewater
treatment [39,40], synthesis of hydrogen in Microbial Electrolysis Cells
[41,42], synthesis of methane [43,44] or others biochemical products
(e.g. 1,3-propanediol) in Microbial Electrosynthesis Cells [45] or water
treatment such as in Microbial Desalination Cells [46]. BESs are ex-
pected to play an important role in small/on site applications such as
biosensors and automatisms [47,48], in situ bioremediation [49] and
wastewater treatment [50,51]. BESs are also promising as the core
technology in bioeletrorefineries including biofuels production [52].

One of the critical limitations of BESs is their low cell potential
output, which is not suitable for practical applications [53]. During the
initial development of BESs there was an exponential increase in power
densities. This trend ended around 2007 when power densities tended to
stabilize around 1000 mW m 2 [54-67] (Fig. 1). This tendency was due
to the initial focus on the optimization of configurations and electrode
materials, which, when optimized, led to the search for new applications
for this technology to the detriment of improvements in the generated
power. Nowadays, BES has been coupled with others electrochemical
devices, such as photo-driven coupling systems [68], or
energy-harvesting circuits and BESs coupled-power management sys-
tems [53] to improve cell potential without reversal.

BESs can also be used for charging redox pairs, which can be fed in a
RFC for efficiently converting the stored electrochemical energy

1000 000.000

maximums RFC

100 000.000 -

10 000.000

1000.000 -

100.000

>

10.000

Power density | mW m?
>
>

1.000 -
0.100 -

0.010 -
&

0.001

maximums quinone RFC

>>>>
> >

>> D>
D>
D> >

/\ MFC studies
[] MFC present study

1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

Time | Year

Fig. 1. Power densities reported for BESs (normalized to electrode-projected surface areas) and power density of MFC for the conversion of microbially-charged

electrochemical fuel (MFC of the present study) (adapted from Ref. [69]).
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(microbially-charged electrochemical fuel) into electricity. Several
redox pairs suitable for working in alkaline or in acid media and
exhibiting quasi continuous redox potentials and potential differences
are available [52]. This allows choosing the best suited redox pair and
operating conditions for a given microorganism that permits the elec-
trochemical conversion of these redox pairs in BESs and their use in
RFCs without bias potential applied. This flexibility is not observed in
Microbial Electrolysis Cells, where the electrode potentials and potential
difference are set from the beginning [54]. The bioelectrochemical
conversion of redox pairs in BES for electrical energy storage purposes
has not been explored, so far.

In this work 2,6-AQDS was converted in a MFC forming a
microbially-charged electrochemical fuel which, together with electro-
chemically charged posilyte potassium ferricyanide (III) (KsFe(CN)g),
were supplied to a RFC for producing electricity. This work also dem-
onstrates the feasibility of coupling a BES with a RFC for making a Mi-
crobial Redox Flow Cell (Fig. 2). This new approach is a proof of concept
of bioelectrochemical energy storage for easily producing electricity in a
RFC.

2. Experimental
2.1. Chemicals and materials

The chemicals used in this study were of analytical grade from Sigma
Aldrich; the water used was purified using a Milli-Q® Integral Water
Purification system. The 9,10-anthraquinone-2,6-disulfonic acid (2,6-
AQDS; Cy4HgNag0gS2) was used as purchased. The proton exchange
membrane Nafion™ NM 117 and carbon felt electrodes were acquired
from Quintech.

2.2. Bacteria’s strains and culture conditions

Geobacter sulfurreducens (DSM 12127) was cultivated at 30 °C and
150 rpm until exponential growth phase in the Geobacter medium 826
(adapted from DSMZ). This medium was prepared with
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1.50 g L™ NH,4C, 0.60 g L™! NayHPO4, 0.10 gL KCl, 10mLL ™! of the
trace element solution and 1 mLL ™! selenite-tungstate solution. The
trace element and the selenite-tungstate solutions were from stock so-
lutions prepared and reserved in sterile glass bottles at 4 °C. The trace
element solution contains: 1.50 gL~ nitrilotriacetic acid, 3.00gL™!
MgS04-7H,0, 0.50gL~! MnSO,47H,0, 1.00gL~! NaCl, 0.10gL™}
FeSO4-7H0, 0.18 g L1 C0S04-7H,0, 0.10 gL ™! CaCl-2H,0, 0.18 gL™?
ZnS047H20, 0.01gL™! CuSO45H,0, 0.02gL~! KAI(SO4)--12H,0,
0.01 gL' H3BO3, 0.01 gL' NayMoO4-2H,0, 0.03gL ™! NiCly-6H,0,
0.0003 gL ™! NaySeO3-5H0. The selenite-tungstate solution was pre-
pared with 0.50 g L™ NaOH, 0.003 g L ! Na,SeO3-5H,0 and 0.004 g L™
NayWO4-2H50. The medium was boiled and cooled down with ice until
room temperature while deaerated with a stream of N»:CO2 (80%:20%).
After cooling down, 2.5 gL~} of NaHCO3 was dissolved in the medium,
with the gas mixture flowing, for buffering it at pH 6.8.

Then the medium was divided in culture bottles (50 mL each) and
covered with rubber caps and aluminum caps. Afterwards, the head-
space of the culture bottles was flushed with N3:CO» (80%:20%) gas
mixture for removing the headspace air; the pressure was controlled
using a manifold system connected to a vacuum and compressor sys-
tems. Finally, the medium was autoclaved (121 °C, 21 min).

Before inoculation with 10% of G. sulfurreducens, 5mLL™! of the
trace vitamin solution was added to the culture bottles. The vitamin
solution was prepared and stored as the others stock solutions and
contains 4.00mgL~! biotin, 4.00mgL~! folic acid, 20.00mgL™!
pyridoxine-HCI, 10.00mgL™" thiamine-HCLH,0, 10.00mgL™! ribo-
flavin, 10.00 mg L~! nicotinic acid, 10.00 mg Lt D-Ca-pantothenate,
0.20mgL™! vitamin B12, 10.00mgL~' p-aminobenzoic acid,
10.00 mg L~ ! lipoic acid. G. sulfurreducens is capable to oxidize different
organic compounds like acetate, fumarate, or others carbon sources [57,
59,70]. Na-acetate and Nay.fumarate were also added. Na-acetate served
as carbon source and electron donor and Na,-fumarate served as elec-
tron receptor [60,61]. The Na-acetate and Nay-fumarate were previously
prepared, filtered with a sterilized filter (0.22 ym) and stored at 4 °C in
sterile conditions and were used as final concentration of 1.64 gL and
8 gL ! in the culture bottles, respectively.
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Fig. 2. Diagram of the proposed Microbial Redox Flow Cell: BES (at the left) for the direct charge of the negalyte (2,6-AQDS -> 2,6-AQDSH), coupled with a RFC
(2,6-AQDS || [Fe(CN)6]4'). On the right hand side, a second BES (in grey, not reported) is set for charging the posilyte of the RFC.
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2.3. MFCs setup and experimental conditions

MFCs made of transparent acrylic were used, as represented in Fig. 2.
The anode and cathode chambers were built with a volume of 50 cm®
each. Between the chambers, a Nafion™ 117 proton exchange mem-
brane was tightened. The membrane was previously regenerated with
10% H3SO4, during 3hat 40 °C and rinsed several times with Milli-Q
water. Two carbon felt electrodes (0.1 x 4 cm?) were electrically con-
nected to two electrical wires held using carbon cement (Leit-C, Sigma
Aldrich). They were connected using a resistor (500 Q).

Anode and cathode containers were washed with chloramine and
rinsed several times with Milli-Q water to remove sources of microbial
contamination, and the MFCs were assembled in a laminar flux cham-
ber. Geobacter medium and bacteria G. sulfurreducens (10%) were
introduced in the anode chamber using sterile syringes. Cathode
chamber was filled with 20 mM of anthraquinone-2,6-disulfonic acid
disodium salt 97% (2,6-AQDS) prepared in buffer solution (0.1 M so-
dium phosphate buffer solution, pH 7). The MFCs in the end was flushed
with a gas mixture of N3:CO2 (80%:20%) using sterile filters to guar-
antee anaerobic conditions.

Two MFC experiments were run. In both cases the anode chamber
was stirred using a stirring plate and the MFC were kept at room tem-
perature. In the first experiment (MFC A), the 2,6-AQDS reduction was
identified by visual color change, as seen in previous report [71]. The
MEC operated in three consecutive time series stages (series I, II, III) to
assess the biofilm’s capacity for bioelectricity production while
observing the color change of the redox conversion (reduction of 2,
6-AQDS). The 2,6-AQDS solution was refreshed when the color red
was persistent for more than 24 h and the current density decreased. In
MEC A experiment, Na-acetate (20 mM) was added at the instant zero
and every 3 days to minimize carbon source limitations, so that the
maximum current densities could be reached.

In the second experiment (MFC B), two MFCs (MFC B1 and MFC B2)
were operated in parallel as duplicates in order to estimate Coulombic
efficiency of MFC operation and to quantify the 2,6-AQDSH; concen-
trations in the end of the experiment.

UV-Vis spectrophotometry analyses were performed as follows:
samples were taken from the anode chamber to evaluate the microbial
growth by optical density at 600 nm (ODgg) at the initial and at final
time of the experiment and read in a spectrophotometer DR 2800 (Hach
Lange, Diisseldorf, Germany). Acetate consumption over time was
measured to calculate Coulombic efficiency of the system. The concen-
tration of acetate present in the anode chamber of MFCs was analyzed by
High-Performance Liquid Chromatography (Jasco, Japan) using a UV
detector (210 nm) and a Chrompack column (6.5 x 30 mmz) at 60°C,
where sulphuric acid (0.5 mol L) as mobile phase was used at a flow
rate of 0.6 mL min .

The electrochemical fuel (microbially-charged electrochemical fuel)
reduced in the cathode chamber was collected at the end of the trials,
and immediately introduced in a serum vial previously washed with Ny
(100%) and moved to an anaerobic chamber for UV-Vis Spectropho-
tometry analyses, as described in the UV-Vis Spectrophotometry sec-
tion. All experiments were performed sheltered to minimize light
induced redox reactions. In the end of all assays, the polarization and
power curves were performed.

2.4. MEFCs electrochemical characterization

The open circuit potential (OCP) of the MFCs was measured using a
multimeter (HP Hewlett Packard 34401A multimeter). It should be
emphasized that no bias potential was applied during these experiments.
The potential difference between the anode and cathode was recorded
using an Ecograph T data logger (RSG 30 Endress + Hauser B-V.,
Naarden). The polarization and power curves were performed using a
series of resistances ranging between 31 kQ and 10 Q [47]. The
maximum power density is calculated as indicated in literature [37].

Journal of Power Sources 445 (2020) 227307

The Coulombic efficiency (ne,, %) is the recovery of electrons,
defined as the fraction (or percentage) of electrons recovered as current
versus the organic matter depletion; the oxidation of the substrate oc-
curs with the removal of electrons, with the moles defined of each
substrate based on writing out a half reaction [65]. The Coulombic ef-
ficiency is described by equation (1):

t
M/Idt
0

v =y, aC

where the integral of the current (I) over a period of time (dt) is deter-
mined; M is the molecular mass of the substrate (g L’l) (Na-acetate), F is
the Faraday’s constant, Vu, is the volume of liquid in the anode
compartment (L), z is the number of electrons exchanged per mol of
substrate and AC is the change of substrate concentration (g L™1) over
the batch cycle.

2.5. Cyclic Voltammetry

Cyclic Voltammetry (CV) of culture medium of G. sulfurreducens was
performed using MFC as electrochemical cell. A three electrode
configuration was settled, with Ag/AgCl (3 M) as reference electrode,
carbon felt electrode as working electrode, and 0.1 M KCl in the opposite
chamber with an electrode of carbon felt as counter electrode. A
Nafion™ 117 proton exchange membrane was used and a scan rate of
20mV s~ was executed.

The 2,6-AQDS (1 mM in 0.1 M sodium phosphate buffer solution, pH
7) and the K3Fe(CN)g (1 mM in 0.1 M sodium phosphate buffer solution,
pH 7) were also studied by CV using an electrochemical cell in a three
electrode configuration with Ag/AgCl (3M) as reference electrode,
glassy carbon (working electrode) and platinum/titanium (counter-
electrode). All electrochemical experiments were made with a poten-
tiostat (Ec-Lab Potentiostat, BioLogic Scientific Instruments) and all
solutions were deaerated with Ny (100%), prior to experiments. All re-
sults were converted to normal hydrogen electrode reference (NHE).

2.6. UV-Vis Spectrophotometry

UV-Vis Spectrophotometry was used to estimate the concentration
of 2,6-AQDS (oxidized form) present in the cathode chamber of MFCs.
The 2,6-AQDS concentration is normally quantified within 250-350 nm
wavelength [66,72,73]; in this work it was quantified at 330 nm. A
standard curve was obtained by measuring the absorbance of reference
solutions with concentrations ranging between 0.10 mM and 0.75 mM
(obtained by dilution of a stock solution of 1 mM 2,6-AQDS). All the
samples were analyzed inside an anaerobic chamber using a GENESYS™
20 Visible Spectrophotometer using a 10 mm quartz cell. The concen-
tration of 2,6-AQDS was quantified at the end of the experiments with
MEFCs and the concentration of the microbially-charged electrochemical
fuel was estimated. The dilutions required for the quantification were
performed inside an anaerobic chamber.

2.7. RFC experimental setup and operation

A RFC with 16 cm? active membrane area was assembled in a flow-
through configuration. Nafion NM 117 proton exchange membrane
was used for separating the anode from the cathode. The carbon felt
GFD4.6 EA from SGL was thermal treated at 400 °C for 6 h based on
previous literature [74,75]. The bipolar plates were made of graphite
(RCGBPPO1) from RoyCarbon, China. Contacts to the current collectors
were made with nickel-coated copper plates. Charging/discharging
studies were carried out using a ZENNIUM (Zahner Elektrik, Germany)
electrochemical workstation in a two-electrode galvanostatic configu-
ration. On the anode side, the microbially-charged electrochemical fuel
(2,6-AQDSH3) was placed in a hotplate stirrer that was used at 50 °C
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with 1100 rpm; on the cathode side, no temperature or agitation was
applied. The supporting electrolyte was 0.1 M sodium phosphate buffer
solution, pH 7. Watson Marlow 323 pump was used to maintain an
electrolyte flow rate of 20 mL min~! during the cycling measurements.
Both reservoirs were argon purged before and during test to minimize
oxidation of species. Cycling measurements were conducted at default
current densities of 37.5 A cm ™2 The Coulombic, potential and energy
efficiencies of the RFC were determined as described in the literature
[76].

3. Results and discussion

3.1. Electric current generation during quinone reduction — first
experiment in MFC A

The MFCs were assembled to study the bioelectrochemical conver-
sion of 2,6-AQDS (20 mM 2,6-AQDS) to the reduced form (2,6-AQDSH)
using G. sulfurreducens as electroactive bacteria. Fig. 3 shows the MFC
assembled and the color change from yellow (2,6-AQDS) at the begin-
ning to dark red (microbially-charged electrochemical fuel, 2,6-
AQDSH3) at the end.

The current density over time of the first MFC A experiment (external
resistance load of 500 Q) is plotted in Fig. 4; after 2,6-AQDS being
reduced, the solution was removed from the MFC using a syringe and a
fresh solution of 2,6-AQDS reintroduced for running the next series.

At pH 7, the redox reaction for all MFCs are [44,77]:

C,H;0; +2H,0=2C0, + 7TH" + 8¢~ EL = 0.28Vyug @
CisHgNa, 055, +2e™ + 2H" =C4,HgNa, 05 S, E), = —0.184Vyue
@

Na-acetate was added during the electrochemical conversion of the
quinone in order to avoid carbon source limitations and promote the
maximum current densities. Fresh 2,6-AQDS was added at the beginning
of each time series in order to take advantage of the anodic biofilm
established at the surface of the electrode and to promote a low acti-
vation potential needed for the bioelectrochemical conversion of the
fuel.

In the first day (series I), the observed lag phase (the adaptation
phase necessary for the G. sulfurreducens to grow as anode biofilm, [78])
was followed by an increase of the current density up to 520 mA m ™2,
obtained in the second day of operation (38 h). For series II and III, the
respective maximum current densities were 450mA m~2 and
414 mA m 2. The current density decreased after reaching the maximum
as a result of the Na-acetate consumption and quinone reduction. The
MFC current density decreased slowly over time (from series I to III) due
to the increase of MFC internal resistance, which is normal in long op-
erations due to membrane fouling and to changes in anode medium
mineral composition [78].

To analyze the MFC A performance, polarization and power curves
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Fig. 4. Current density (mA m~?) over time (h) for the bioelectrochemical
reduction of 2,6-AQDS in MFC A operated in series; (; ) corresponds to
the removal of the exhausted 2,6-AQDS.

were determined at the end of each series (Fig. 5). The OCP was deter-
mined at the stable phase of power generation for series I (129 mV),
series II (207 mV) and series III (193 mV).

The power curves show that, for series I, the highest power density
achieved was 15.4 mW m ™2 with a current density of 358 mA m~2; for
series II the maximum power density of 32.6 mW m ™2 was achieved,
with a current density of 521 mA m™~2; and for series III the maximum
power density was 1.98 mW m~2 with a current density of 84.2 mA m~2.

The polarization curves show an initial phase where activation losses
predominate, followed by a region dominated by ohmic losses; the in-
ternal resistances were estimated from the slope of the curve in this
region [37]. Internal resistance of 219 Q for series I, 325 Q for series II
and 648 Q for series III were estimated, showing an ohmic resistance
increase. From Fig. 5 it can be concluded that the power efficiency was
higher for series II.

3.2. Electric current generation during quinone reduction — second
experiment in MFCs B1 and B2

The current density over time for an external resistance load of 500 Q
in the MFCs B1 and B2 are shown in Fig. 6.

The maximum current density was reached at 200 h (285.5 mA m 2
for MFC B1 and at 27 h (422 mA m’z) for MFC B2. The characteristic
color change suggesting the reduction of 2,6-AQDS (from a yellow to a
dark red color) was observed in both devices. The current generation
achieved during the conversion of organic molecules (acetate, glucose,
etc.) in batch or fed-batch MFC systems is typically low [51], as a
consequence of the bacterial growth and other competitive processes
[37]1. Here, the current density produced in MFC B2 was faster than in

Fig. 3. MFC with G. sulfurreducens (anode) and 2,6-AQDS (cathode) at instant zero (a) and at the end of the assay (b).
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MEFC B1, and the highest current density was observed in the initial
hours. As the current generation is directly proportional to the anode
biofilm growth [59], the result obtained was expected as the measured
optical density (ODggp) in MFC B1 increased from 0.093 to 0.287
whereas in MFC B2 the initial cell concentration was higher and ODggo
increased from 0.358 to 0.423. Notwithstanding the slower start-up of
MFC B1, both cells evolved to reach similar current densities, evidencing
that a lower inoculum concentration do not impair the establishment of
a proper electroactive biofilm.

The polarization and the power curves were determined at the end of
the MFCB1 and MFCB2 (Fig. S1). The OCP of 65 mV was recorded at the
stable phase of the power generation; internal resistances as low as
0.38 Q and 0.23 Q were estimated for MFC B1 and MFC B2, respectively,
from the slop of the polarization curve (Fig. S1a). These values were
smaller than the ones observed in the experiment with MFC A operated
in series. The highest power density obtained for MFC B1 was 3 mW m 2
(100 mA m_z) and for MFC B2 was 4 mW m 2 (138 mA m_z) (Fig. S1b).

The Coulombic efficiency was estimated in MFC B1 and MFC B2,
resulting in 20.0% and 20.2%, for the 320h, respectively. The
Coulombic efficiency obtained was smaller than the one obtained in a
previous work with G. sulfurreducens and Na-acetate as carbon source
[62]. The lower value of Coulombic efficiency in the current work could

be related to the smaller fraction of electrons from the reaction that were
transferred to the anode [62,79]. The smaller area of the electrodes and
volume of the reactor may have influenced this result. An improvement
in the Coulombic efficiency could be reached with optimization pro-
cedures [80,81]. But for the proof-of-concept a model organism,
G. sulfurreducens was seen as the best electroactive bacteria [82], and
acetate as a simple carbon source.

BESs have been largely used to generate and store energy in the form
of hydrogen with the consumption of organic compounds, however the
application of potential is required [83]. One of the biggest achieve-
ments in the BES under assessment in the present work (in both exper-
iments) is that no bias potential was applied. This proves that
electroactive bacteria in a MFC are able to promote the conversion of the
redox pair 2,6-AQDS/2,6-AQDSHj,, as a microbially-charged electro-
chemical fuel. Optimization procedures, new materials or physical de-
signs reactors could help reduce the period of time for this oxidations
reactions in MFCs [32,80,81].

After 320h the microbially-charged electrochemical fuel was
removed for analysis. The final 2,6-AQDSH; concentration was calcu-
lated as the difference between the initial (20 mM) and the final con-
centrations of 2,6-AQDS (oxidized form) (15.61 mM at MFC B1 and
16.7 mM at MFC B2). The reduction of 2,6-AQDS to 2,6-AQDSH, was
also confirmed by the visual color change [71] from yellow to dark red,
as seen in Fig. 3 for MFC A.

3.3. RFCs results

Cyclic Voltammetry of 1 mM 2,6-AQDS (electrochemically reduced)
and 1 mM [Fe(CN)g] 3 at 20mV s~ ! were performed to confirm the RFC
potential using the selected redox pair. It was confirmed that the redox
pairs are electrochemically reversible and the redox potentials are as
expected from previous reports [84,85] (Fig. 7).

The microbially-charged electrochemical fuel (2,6-AQDSH>) from
MFC B2 and MFC A operated in series (series II) was used in a RFC as
negalyte, with potassium hexacyanoferrate (III) as posilyte. The dis-
charging redox reactions are:

C14HsNa, 058, =C,;HgNa, 05, + 2H" + 2¢~ E%, =0.184Vyye

3)

[Fe(CN),]*™ +e = [Fe(CN),]* E°, =0.436Vyue 4)
The charging-discharging curves obtained with microbially-charged
electrochemical fuel from MFC B2, the Coulombic, potential and energy

efficiencies and energy capacity for 3.75mA cm™2 of current density
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Fig. 7. Cyclic voltammograms at 20mVs™! for 1 mM 2,6-AQDS (orange color,
left) and 1 mM potassium hexacyanoferrate (III) (green color, right), at pH 7.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

(Fig. 8).

The Coulombic efficiency for the 10 cycles was ca. 100% and the
potential efficiency was ca. 85%; the energy efficiency was ca. 85%
(Fig. 8b). These results were achieved by starting at the discharged
mode, with a microbially-charged electrochemical fuel from MFC B2.
The same discharge test with the RFC for the microbially-charged
electrochemical fuel obtained in the MFC A series II was performed,
however problems with assembling the cell (e.g. precipitation of the
quinone in negalyte electrode) were assisted (data not show). The results
from the Fig. 8 that used 2,6-AQDSH, as negalytes from a MFC operated
in batch cycles (Fig. 8) suggested that a complete batch cycle to convert
the microbially-charged electrochemical fuel is more efficient for the
reduction of the quinone, and this is implicit in the results of the battery
discharge curves. These charge-discharge curves show that microbially-
charged electrochemical fuel detain the redox potential and the chem-
ical properties of a redox pair of a RFC, achieving high Coulombic and
energy efficiencies. Coulombic and energies efficiencies achieved in
Fig. 8, are in the same range of RFC efficiencies with 2,6-AQDS used as
negalyte [25]. In this proof-of-concept, the RFCs were operated with at
current density of 3.75 mA cm ™2, whereas high-performance RFCs reach
0.1-0.5A cm 2 @ 80% of round-trip-efficiency [86].

Even though the RFC did not reach the cell potentials seen in some
aqueous organic RFC, it was still possible to reach energy efficiencies
superior to ca. 80%, even using a lower concentration of quinone
(0.02 M) than the one usually reported in literature (a maximum solu-
bility of 0.5M and cycling performance at 0.2M concentration of 2,6
AQDS [29]). The concentration of 20 mM 2,6-AQDS was selected for the
MREFC, since its solubility at room temperature in water is Ho0 < 3%,
solubility (10 mgmL™! Hy0). The use of new redox pairs, displaying
higher energy density, such as 2,7-AQDS [87] and POM [88], should
now be initiated; this last system allows energy densities up to 150 Wh
L.

4. Conclusion

MFCs were used to reduce 2,6-AQDS to 2,6-AQDSH> to be used as a
microbially-charged electrochemical fuel in a Redox Flow Cell. The
reduction of 2,6-AQDS was confirmed by UV-Vis Spectrophotometry
and CV, obtaining a maximum of 15 mM of microbially-charged elec-
trochemical fuel. The 2,6-AQDS was bio-reduced to 2,6-AQDSH, with a
maximum current density in the range of 400-500mAm2 and a
maximum power density of ca. 33 mW m ™2 in MFC operated in series.
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Fig. 8. Charge-discharge curves versus time (a), Coulombic (black square),
potential (black triangle) and energy efficiencies (black circle) versus the cycle
number (b) in the RFC at current density of 3.75 mA cm 2 and (¢) capacity for
10 cycles for RFC with 2,6-AQDSH, from the MFC B2.

It was demonstrated that the microbially-charged electrochemical
fuel developed in the MFC can be used as negative redox pair of the 2,6-
AQDS|| [Fe(CN)6]4' in a RFC, promoting energy efficiencies ca. 80%. The
research team is now developing the bio-charging of the positive redox
pair, [Fe(CN)e]*, aiming at the development of a feasible technology for
converting bio-energy into storable electrochemical energy-that we
designated Microbial Redox Flow Cell. Microbially-charged electro-
chemical fuels using electroactive bacteria is advantageous compared
with converting bio-energy into hydrogen; actually, a microbially redox
flow cell can be charged unbiased while microbially water splitting is a
biased process [89].
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