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Abstract

Objective Our study evaluated the performance of
different two-chambered microbial fuel cell (MFC)
prototypes, operated with variable distance between
electrodes and Nafion membrane and specific inocu-
lum concentration, applied for vinasse treatment.
Results The performance of the developed MFC
resulted in a maximum current density of
1200 mA m~? and power density of 800 mW m*
in a period of 61 days. MFC performed a chemical
oxygen demand removal at a rate ranging from 51 to
60%.
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Conclusions Taking our preliminary results into
consideration, we concluded that the MFC technology
presents itself as highly promising for the treatment of
vinasse.
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Introduction

The alarming increase in the growing demand for
energy sources, coupled with uncertainty regarding
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availability and price of oil, leads to the adoption of
practices for the development and exploitation of new
energy resources for a sustainable growth in society
(Yang et al. 2012; Hassan et al. 2014; Sa et al. 2014).
Among the biofuels obtained from renewable raw
materials, sugarcane ethanol is an example of one that
can make a substantial contribution in terms of amount
of residue produced—vinasse (Harde et al. 2014;
Moraes et al. 2014). In the crop year 2013/2014, the
total ethanol production reached 13.9 thousand m?
(Martinez et al. 2013; Cassman et al. 2018). However,
although this fuel is a renewable resource, approxi-
mately 9-14 L of vinasse is originated from each liter
of ethanol produced (Engin et al. 2018).

Vinasse has a complex composition, with low
biochemical oxygen demand (BODs), high chemical
oxygen demand (COD), low pH and, rich in organic
and mineral substances, predominantly potassium.
This can cause changes in the physical and chemical
properties of soils that receive frequent discharges of
this residue, resulting in harmful effects to agriculture
and biota in general (Potentini and Rodriguez-Malav-
era 2006; Santos et al. 2014; Sydney et al. 2014).
Vinasse can also be a significant source of greenhouse
gas emissions into the atmosphere, due to the aerobic
and anaerobic decomposition of organic matter that
occurs during its transport, temporary storage or even
disposal (Oliveira et al. 2013).

Since vinasse is rich in carbon and some potassium
and calcium salts, it can be an important substrate for
microbial growth, with great potential for biopro-
cesses (Campos et al. 2014). Recently, vinasse has
been described as a carbon source for the production of
biosurfactants (Lima and Souza 2013; Oliveira and
Garcia-Cruz 2013). Treatment of vinasse by anaerobic
digestion is a promising approach, since the by-
products of this process, methane (CH,) and other
gases, are produced in sufficient amount to generate
3.6-10.6 MW of electricity when the BOD of vinasse
assumes values between 17,000 and 50,000 mg L=
However, such process is not yet economically viable
(Higa et al. 2014). Christofoletti et al. (2013) reported
a number of applications of this residue (e.g.: fertiga-
tion, animal feed, biodigestion/biogas, combustion in
boilers, protein production). But, most of these large-
scale applications lack further studies and are costly.

In addition to the applications described, the use of
microbial fuel cells (MFCs) is a promising technology
applicable for vinasse biotreatment, since several
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substrates such as: hydrolyzed maize straw, domestic
wastewater, effluent paper processing, recycled paper
and organic matter from the aquatic sediment, are
complex substrates that have also been used in MFCs
for electric power generation and waste treatment
(Pant et al. 2010; Zhang et al. 2011; Hidalgo et al.
2014).

The MFCs typically comprise an anode compart-
ment and a cathodic compartment separated by a
proton conducting membrane. In the anode compart-
ment, the microorganisms oxidise the organic matter,
under anaerobic conditions, producing protons and
electrons (Peixoto et al. 2013; Jadhav et al. 2014). The
electrons pass through an external circuit, generating
electric current. The protons cross the membrane
towards the cathode. Finally, the electrons and protons
combine with the oxygen present at the cathode to
form water.

Many are the factors that influence the performance
of MFCs: nature of the materials used in the electrodes
and distance between them, substrates used, microbial
inoculum, reactor configuration, ionic strength, inter-
nal and external resistances, presence or absence of a
proton exchange membrane (PEM) and, the properties
of the catalysts (Franks and Nevin 2010; Higgins et al.
2011; Huang et al. 2011; Hou et al. 2012; Ozkaya et al.
2012; Mehdinia et al. 2014). However, an important
limitation in the generation of energy from MFCs are
the electrodes. Recently, many studies have been
focusing on the different possible materials used in the
electrodes and their configuration. Over the last
decade, a variety of electrodes have been extensively
explored for MFCs (Wei et al. 2011). Bacterial
adhesion, electron transfer and oxidation of substrates
are factors that depend directly on the performance of
the electrode (Alatraktchi et al. 2011).

The generation of electricity by MFC technology is
generally described according to the microbial com-
position of the biofilm on the anode, which plays an
important role in the decomposition process of the
substrate. However, rapid microbial growth can easily
block the pores of the materials used in the electrodes
and thus prevent the diffusion of the substrate.
Nevertheless, studies related to the importance of
biofilm formation are still limited. Furthermore, MFCs
have great potential for expanding current knowledge
on the phylogenetic and functional diversity of
complex microbial communities, especially when
combined with molecular approaches, including
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DNA barcoding and metagenomics (Chakraborty et al.
2014).

Considering all of the above, MFC technology is
now regarded as a renewable energy generation
system to tackle the existing energy demand and
pollution problems in an integrated and sustainable
approach. Despite all progress in MFC research, this
still faces many challenges. A comprehensive under-
standing of the various factors that compromise their
full performance is imperative, since losses of elec-
trons during the MFC operation are a major obstacle
that limits the output power (Mohan et al. 2014).

Regarding the use of vinasse, there are no reports on
the use of this technology. Thus, the main objective of
this study was to present a sustainable MFC for the
reduction of the vinasse organic matter and its
conversion into bioenergy.

Materials and methods
MEC description and operation

The dual chamber MFC prototype (Fig. 1), made of
polyvinyl chloride (PVC), consisted of two compart-
ments with equal dimensions, physically separated by
a PEM (Nafion Membrane 117, DuPont Co., USA),
sealed with a silicone rubber. Once assembled, the
prototype was sterilised by immersion in a 30%
chlorine (bleach) solution for 30 min, followed by
several rinsing steps with sterile distilled water.

The volume of each chamber was 50 mL with
45 mL of liquid volume. The electrodes, carbon cloth

(F)

Bcecmx3cm=9 cmz), were connected to an exter-
nal resistance using stainless steel. The circuit was
closed with a fixed resistance of 1 kQ, determined
after performance assessment. MFC prototypes were
constructed, one with a 3 cm distance between the
electrodes and the PEM; and another with no distance
between the electrodes and the PEM.

The anode chamber was filled by vinasse supplied
by the Brazilian Sugarcane Industry (Sao Martinho,
Iracema), with an average COD concentration of
24.000 mg O, L_l, conductivity of
15.69 & 20 S cm ™' and pH 4.5 & 0.2. The microbial
inoculum, with undefined composition, of vinasse
anaerobic digestion inoculum from an upflow anaer-
obic sludge blanket reactor (UASBR), was added to
the previously mentioned vinasse in the anode cham-
ber, at a 10-30% concentration.

The cathode chamber was filled with synthetic
medium (PBS: 80 gL™' NaCl, 2gL™" KClI,
11.5 g L™" Na,HPO,, 2 g L™' KH,PO,).

The MFC was maintained at 30 °C for 61 days. All
the experiments were done in triplicate and, a control
experiment, also done in triplicate, was performed
with a similar MFC apparatus. The control MFC was
operated simultaneously with the same conditions
described above, except the use of the inoculum in the
cathode chamber where there was only vinasse.

From the two prototypes tested, the one with the
best performance results was then used to analyse its
performance at a new inoculum concentration of 20
and 30%.
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Fig. 1 Microbial fuel cell prototype: (A) anode chamber, (B) Nafion Membrane 117, (C) cathode chamber, (D, D', E, E') electrodes in
different positions, (F) fixed resistance of 1 k2, (G) microbial filter, and (H) aquarium pump
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Analytical methods
Current density measurements

MFC power output was monitored by measuring the
voltage across a known resistance. Voltage measure-
ments for long-term assays were collected daily using
a manual multimeter. The current intensity (i) was
determined according to the Ohm’s law and the
current density (I) was determined as I = i/A, where A
is the projected surface area of the anode electrode.

The power density (P) was determined as the
product of current intensity and voltage divided by the
surface area of the anode (P = i-V/A).

Chemical oxygen demand (COD) and sugar
concentrations

COD was measured in accordance with the standard
methods (Sydney et al. 2014). The sugar concentra-
tions (sucrose, fructose and glucose) in the samples
were analyzed using high performance liquid chro-
matography with an Aminex HPX-87C column
(300 x 7.8 mm, Bio-Rad Laboratories) and, a system
composed by a 510 pump, a refraction index differ-
ential detector and a data processor with register
(Waters, USA). The samples were eluted with Milli-Q
water at 0.6 mL min~' flow rate, and the temperature
of the column was maintained at 72 °C.

Results and discussion

Vinasse profile

The MFC prototype was operated in one batch cycle,
with a 10% inoculum, to investigated the vinasse COD

reduction and electricity generation (performed in
three independent experiments). The main goal was to
evaluate the influence of distances between electrodes
and inoculum concentration in the MFC performance.
Table 1 shows the variation of vinasse, pH and
conductivity, during the experiment.

Depending of the electrode distance, the COD
removal in the anodic compartment varied. After
61-64 days of MFC prototype operation, it ranged
51-54.5%, when the MFC was operated with elec-
trodes distant from the PEM, and it ranged 60-62%
when the MFC was operated with electrodes close to
the PEM.

The consumption profile of the sugars that compose
the synthetic vinasse during the process was also
analysed (Table 2A, B). The time of consumption of
the monosaccharides (glucose and fructose) occurred
between the 7th and the 14th day, while the consump-
tion of sucrose occurred between the 8th and the 21st
day.

These results confirm the presence of a microbial
load in the anode chamber. The microbial composition
of the inoculum was not determined for this research,
but according to previous studies (Christofoletti et al.
2013), it is mainly bacterial, with low alpha diversity,
the main genus being Lactobacillus, but high percent-
age of microbial denitrifiers, with many unknown
species with a high potential of being novel taxa
developed by the adaptation to the anaerobic and
extreme conditions usually found in UASBR.

Bioelectricity generation
Effect of electrodes on MFC performance

During the MFCs operation, current and power density
were recorded. Initially, the effect of the distance

Table 1 Profile of vinasse and MFC chambers before and after experiment

Vinasse In nature Anode vinasse + inoculum Cathode
pH (initial) 4.54 5.53 6.95
pH (final) electrodes close PEM 4.46 4.65 5.43
pH (final) electrodes away PEM 4.48 4.89 6.02
Conductivity (initial) (mS cm™ Y 15.69 12.33 12.76
Conductivity (final) electrodes close PEM (mS cm™h 15.34 10.82 6.54
Conductivity (final) electrodes away PEM (mS cm™ Y 15.34 12.34 3.22
Temperature (°C) constant 30 30 30
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Table 2 Variation of sugar

Y Time (days)
concentration analysed at

Glucose (g L™ l)

Fructose (g L_l) Sucrose (g L_l)

the electrodes near (A) and
the electrodes far from

(B) the Nafion membrane
117 14

A)

B) 0

0.08 0.06 3.10
0.04 0.03 2.30
0.01 0.01 1.56
- - 0.02
0.08 0.06 3.10
0.06 0.03 2.90
0.04 0.01 2.20
- 0.97
- 0.09
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Fig. 2 Medium values of microbial fuel cells performance with
electrodes in direct contact with the Nafion Membrane 117.
Graphic a represents the power density (mW m~2), and b the
current density (mA m2)

between the electrodes and the PEM was evaluated.
With this purpose, a set of MFC had the electrodes
adhered to the PEM and another set, had the electrodes
at a distance of 3 cm from the PEM. The inoculum
concentration was maintained at 10% in the anode
chamber.

Considering the results obtained in our experi-
ments, the best performance of MFCs occurred when
the electrodes were closer (Fig.2). This result is
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Fig. 3 Medium values of microbial fuel cells performance with
electrodes at a distance of 3.0 cm from the Nafion Membrane
117. Graphic a represents the power density (mW m~?), and
b the current density (mA m?)

consistent with the concept of fuel cell (FC; Associ-
ation and Washington 1995) and also with other
studies that used MFC to treat different residues
(Santoro et al. 2014; Sharaf and Orhan 2014).
Electrochemical monitoring of the MFC indicated
best power density higher than 800 mW m?, and of
33.61 mW m? for the control. In comparison to the
results obtained with the more distant electrodes of the
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Fig. 4 Medium values of microbial fuel cells performance with
electrodes in direct contact with the Membrane Nafion 117 and
with 20% inoculum concentration in the anode chamber.
Graphic a represents the power density (mW m~2), and b the
current density (mA m™2)

membrane (Fig. 3), the power density was two times
higher, whereas the current density was approximately
0.7% lower than the one obtained in the best studied
condition.

Effect of inoculum concentration

The effect of different inoculum concentrations, on the
anode compartment of the MFC, was evaluated. For
the MFC with the electrodes compacted to the PEM,
the increase of the inoculum concentration promoted a
negative effect in relation to the measures of COD,
power density and, current density.

The COD measured at the end of the experiment at
MEFCs with inoculum concentrations of 20 and 30%,
was 22.4 and 18.1%, respectively. The power density
and current density measurements showed a linear
decrease and an inverse relationship with inoculum
concentration which increase along the time (Figs. 4,
5). Considering that, under anaerobic conditions the
metabolism of organic matter triggers the formation of
acids, this can result in microbial selection and
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Fig. 5 Medium values of microbial fuel cells performance with
electrodes in direct contact with Nafion Membrane 117 and 30%
inoculum concentration in the anode chamber. Graphic a repre-
sents the power density (mW m~2) and, b the current density
(mA m™?)

inhibition (Gacitda et al. 2018). Also, the reduced
availability of easily metabolised organic matter can
trigger a competition between the microorganisms, as
well as the rapid formation of biofilm in the electrode
and the PEM, reducing the efficiency in the transfer-
ence of protons and electrons (Ullery and Logan 2015;
Heidrich et al. 2018).

Conclusion

Taking our preliminary results into consideration, we
concluded that the MFC technology presents itself as
highly promising for the treatment of vinasse. Fur-
thermore, the MFC prototype was done in PVC having
a low cost and allowing for this research to be done
more easily. However, further studies on the config-
uration and operation of the MFC are required for a
higher number of cycles and scale-up. In addition, to
further complement the knowledge on this technology,
the microbial community that forms the biofilm in the
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anodic chamber should be characterised and
identified.
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