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HIGHLIGHTS

» Low-cost increase of exoelectrogenic activity framaerobic sludge.

* Development of a new sediment-based MFC with siinegliconfiguration.

« The brush inoculated for 30 days in the new MFGe@s 0.9W/min an AC-
MFC.

« The new procedure has comparable performance te aoonplex techniques.
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ABSTRACT

BACKGROUND

Microbial Fuel Cells (MFCs) is a technology usedtitansform the chemical energy
present in substrates into electricity. The stgrtip of these systems, i.e. enriching the
anodic community in exoelectrogenic bacteria isallguong or requires expensive
equipment.

RESULTS

An easy and low-cost procedure based on sedimer@ MBs developed to select
microbial communities with exoelectrogenic activitgm anaerobic sludge of a waste
water treatment plant (WWTP). The configuration waessed on a simple vessel
working as a single chamber MFC with a cathodetahkess steel wool in the liquid
surface and a submerged graphite fibre brush adearlo 30 days of operation, a
biofilm with remarkable exoelectrogenic activity svgrown on the anode of the MFC.
This graphite fibre brush anode was able to suppV/nf when working in an air-
cathode MFC (AC-MFC) during 45 days of operation.

CONCLUSION

The presented procedure was demonstrated as assfudcelow-cost and low-
maintenance procedure to obtain exoelectrogenidvitgctand had comparable
performances to other more costly and complex iladicun procedures. The Sed-MFC
does not require potentiostat, external aeratitiming, membranes or an enriched

inoculum in exoelectrogenic biomass.

Keywords. anaerobic sludge, exoelectrogenic bacteria, miatoloel cell (MFC),

sediment MFC, stainless steel cathode.
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INTRODUCTION

Bioelectrochemistry is an emerging technology tansform the chemical energy
present in substrates into electricity (in microlbieel cells, MFC) or other products of
interest (in microbial electrolysis cells, MEC) mgi microorganisms as catalyst.
These microorganisms, known as exoelectrogensaatearespiring bacteria (ARB), are
able to bring electrons out of the microbial catidatransfer them to a solid anode
without any external chemical mediaftoARB comprise many bacteria genera, which
can be found in different natural environments framrine sediments to anaerobic

systems, aGeobacter®®, Shewanella*®*!

or Rhodoferax*2,

The starting-up of a bioelectrochemical system,argiching the anodic community in
ARB, usually takes weeks. The most common inocutamsists of using either the
liquid effluent or some scrapped biofilm from thenode of an existing
bioelectrochemical system. Another common startegpnique is controlling the anode
at a fixed potential: i.e. the anode inoculatechvaihaerobic sludge is immersed into a
substrate solution and poised at a certain potertiee choice of the optimal anode
potential is a controversial issde” An anode with a more positive potential would
theoretically result in a higher microbial diveysibecause different microorganisms
would obtain a high yield of energy transferringithelectrons to the anode. However,
lower anode potential would select those more sfized bacteria able to use a
minimal amount of energy to grow releasing eledrtman anode. In any case, working
at a fixed anode potential requires an expensivenpiostat, which can be particularly
costly if high amounts of ARB are needed. A cheay®ron would be using an MFC

with a selected external resistor resulting in airee potential range. Kim et &l.

studied several inoculation techniques using a smabk two-chamber MFC
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configuration. They were able to increase the pden 22 to 30 mW/rhusing ferric
iron-coated carbon electrodes. Liu ettlemonstrated that the performance of mixed
culture microbial biofilms could be improved by ansecutive, purely electrochemical
selection and biofilm acclimatization procedure. iTmeethod was shown to be very
efficient but it also required a multipotentiostat.

Despite these advances recently made, MFCs and M#(face significant challenges
for large-scale real-world applicatidAsFor example, when moving bioelectrochemical
systems into pilot or industrial scaf&!® the development of a low-cost and reliable
procedure to obtain ARB-enriched biofilms on largeodes will be essential. The
selected procedure should not require either ARiMg:kead cultures or expensive
equipment as for example potentiostats or seleati@mbranes. In this sense, the aim of
this study was to develop an efficient (simplifisdccessful and scalable) technique to
select ARB in a graphite fibre brush anode suitdbledifferent bioelectrochemical
systems (MFC or MEC). The developed method is basesediment/benthic MFC and
uses anaerobic sludge as inoculum. In short, ahleeMFC harvests energy from
natural environments by placing an electrode insndiment (anode) and connecting it
with an electrical circuit to another electrodetoale) situated on the overlying water
layer?>** This work proposes the adaptation of the benthiCNMoncept to a simplified
lab-configuration (hereafter named Sed-MFC). Inrshthe Sed-MFC configuration
consists of a single chamber MFC where the anodeush graphite, is buried into
settled anaerobic sludge meanwhile the cathod&ialess steel wool mesh, floats on
the upper layer of the cell, thus in contact wiie tmedium and the atmosphere. Then,

the Sed-MFC corresponds to an air cathode configura
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To the best of our knowledge, this is the firstaf a methodology based on benthic
MFC to obtain anodes with increased exoelectrogewiivity from raw anaerobic

sludge.

MATERIALSAND METHODS

Sed-MFC construction and operation

The proposed Sed-MFC consisted of a conventioaatiplvessel (1L) with an anode, a
cathode and an electrical wire connection (FigThe anode was a graphite fibre brush
(70 mm diameter x 70 mm length) made with fibres diddmeter 7.2 um (type
PANEX33 160K, ZOLTEK, Hungary) and titanium wirehd brush was thermally
treated at 440°C for 30 minutes to increase furthierobial adhesiof The cathode
was commercial SSW placed in the air/liquid inteefaand connected to a copper wire
over the water surface to avoid undesired coppersion that could affect MFC
performanc®. This low cost cathode provided high specific arghich balanced the
overpotential losses.

Acetate was selected as electron donor and 2-brhwaoesulfonate (BES) was added to
prevent methanogenesis. The cell inoculation casedri500 mL of anaerobic sludge,
125 mL of acetate solution, 0.38 mL of micronuttisalution and 100 mL of phosphate
buffer solution (PBS). Then, it was filled up witkeionized water up to 1000 mL. The
anaerobic sludge was obtained from an anaerobiestdig of an urban WWTP
(Manresa, Barcelona). The PBS stock solution ctetsisf (g/L): 80 NaCl, 2 KCI, 14.4
NaHPQ,, 2.4 KHPO, (0.1M, pH 7.4) The acetate solution was (g/L): 3BL.

NaCHCOO-3H0, 0.19 CaGl2H0, 1.2 MgSQ-7H0, 1.02 NHCI| and the
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micronutrient solution was (g/L): 1.5 Fe@H0, 0.15 HBO;, 0.03 CuS@ 5H,0, 0.18

Kl, 0.12 MnCb-H20, 0.06 NgM0O,- 2H,0, 0.12 ZnS@ 7H,0, 0.15 CoCl- 6H,0, 0.12
AICl3, 0.12 NiCk and 10 EDTA? The final concentration of acetate in the MFC was
1.4 g/L. 10mM of BES were added to suppress metj@amo activity as in other
worksZ9%0

The conductivity and the pH were corrected to beuad 10-15 mS/cm and 7.0-7.5
respectively. Cells were kept at room temperataeound 21°C) during all the
operational period. The SSW cathode was immerséfl iB0the liquid, and the other

50% exposed to the atmosphere. Then the circuito@®d connecting the titanium

wire from the brush and the copper wire from tleektvool through a 56Q resistance.

Air cathode MFC (AC-MFC) description

Power and polarisation curves could not be don8ed-MFCs due to their lack of
homogeneity (i.e. the liquid was not stirred). FHais reason, when these curves were
needed, the brush from the Sed-MFC was slightlsedinto remove all the non-attached
bacteria and was placed in a conventional AC-MF@ga fresh medium with the
desired initial acetate concentration.

The AC-MFC (Fig. 1) consisted of a 400 mL glassseésvith a lateral 7 cm diameter
aperture where the cathode was assembled. Thedeathas made with carbon cloth
coated with carbon powder and platinum suspensiorthe inner side, whereas the
outer side was coated with a polytetrafluoroethgl@ATFE, Teflon) solutiofi-3? The
anode was the carbon fibre brush coming from th@-MNEC. Both electrodes were

connected through a 5@Dresistance and voltage evolution was monitored.
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Thus, the Sed-MFC has the anode buried in anaestliige and a SSW-based cathode
while the AC-MFC has the enriched anode and a Beda@athode. The main goal of
the Sed-MFC is to enrich the anode in exoelectriogeacteria for its posterior use in

another MFC.

Chemical analyses and monitoring
Acetate was analysed by gas chromatography (Agilechnologies, 7820-A) using a
flame ionization detector (FID) and helium as a@arrgas. The voltage across the
external resistance in the Sed-MFC and AC-MFC wasitared using a 16-bit data
acquisition card (Advantech PCI-1716, Taiwan) catee to a personal computer with
software developed in LabWindows CVI 2010 for datguisition and monitoring. Cell
intensity and power were calculated according OHawvis(equations 1, 2).

I= VI Re (eq. 1)

P=V-| (eq. 2)
where V is the voltage drop in the resistance R4)is the external resistanc)( | is
the current intensity (A) and P is the power (Whjtehsity, as well as power, was
normalized with respect to the projected catho@a &r comparison purposes for both
Sed-MFC and AC-MFC. The cathodic projected areaseveezound 6.4- I m? and
3.9:10° m® for the stainless steel wool and the platinum-@datarbon cloth,
respectively. Power and polarization curves wettaiobd with a multi-resistance board
which allowed changing the external resistance betw25 and 47000Q. A 10
minutes period was used for the voltage stabibratt each resistance. Coulombic
efficiency (CE), i.e. fraction of electrons recos@ras current versus that in the initial

organic matter, was calculated as equation 3.
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CE= e (eq. 3)

where t is time (s), F is Faraday's constant (96@8%ol-€), b is the stoichiometric
number of electrons produced per mol of substr@ten¢l-e/mol acetate)AS is the

substrate consumption (mol/L) ang the liquid volume (L).

Electrochemical analyses

Low-scan cyclic voltammetry (LSCV) was performedings a pAutolab type I
potentiostat in three-electrode mode in the AC-MFGe anode was used as working
electrode and the cathode as the auxiliary oneAgiAgCl, KCI 3M electrode (+210
mV vs. SHE) was used as reference electrode. Thieraywas under open circuit
conditions for one hour just before the LSCV strieSCV was recorded at 0.1 mV/s

from the anode open circuit potential -0.50 V, 18 ¥ vs. Ag/AgCI.

Scanning Electron Microscopy

Samples of graphite fibre brush were collected &red with a solution of 2.5%
glutaraldehyde and 2% paraformaldehyde. Samplese wiszated with osmium
tetraoxide, dehydrated with ethanol and dried #ical point with carbon dioxide
(BAL-TEC CPDO030; Bal-Tec). Then, the samples warated with few nanometers of
Au-C (E5000 Sputter Coater, BIO-RAD, California, A)So increase signal detection

and visualized on a Scanning Electron Microscop&a@Hi S-70, Japan).

RESULTSAND DISCUSSION

Sed-MFC development and performance
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Anaerobic WWTP sludge was inoculated in three idahSed-MFCs with an external
resistance of 56@. Fig. 2a shows the voltage profiles obtained dummore than 30
days. The initial voltage around 150 mV decreasadnd the first days of operation
due to the acclimatization period. Moreover, realcdhkygen presence in the water and
the sediments also favoured this initial slow resao After approximately 4 days, the
voltage increased linearly (around 0.6 mV/h) whield to an increase in intensity,
indicating the development of exoelectrogenic dstivThis linear increase period
reached fairly high voltage values, up to 300 m\@40A/nf and 0.3 W/rf). A constant
water loss was observed due to evaporation, whigh detrimental for the Sed-MFC
operation, since low water levels prevented theeobrcontact between the cathode and
the medium (i.e. the cathode surface in contach wvater decreased). To avoid
complete substrate depletion and ensure good dob&teveen the water and the
cathode, fresh medium was periodically added cgusmme oxygen diffusion and
partial ARB inhibition. The systems recovered th&orking voltage some days after
the medium addition.

These Sed-MFCs also allow inoculating at differexternal resistance and thus
providing different external conditions that caduie the growth of different microbial
communities in the anode. For example, Fig. 2b shihe voltage profiles obtained in
another experiment with three cells under the sapeeational conditions except for the
different external resistances used. As can berobdgethe potential increases when the
external load increases, in agreement with therétieal background. In this case, the
cells with higher external resistances gave sinui@awver results (around 0.17 mW).

The time needed to develop a significant amounexaelectrogenic biofilm is an

essential parameter for the design of Sed-MFCghiBoaim, five graphite fibre brushes

10
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were developed in Sed-MFCs for different time pasioEach brush was transferred
directly to an AC-MFC, where power density curvesrevdetermined (Figure 3). After
these evaluations, it was concluded that a 30-dagrational period ensured an
acceptable biofilm development.

Another experiment was designed to determine if $sel-MFC could be further
simplified. Ensuring microbial adhesion is essératra thus, a thermal treatment of the
graphite fibres was initially performed. Thermakatments are recommended to
enhance microbial adhesion since i) solvents anoridants (from the anode
manufacturing) are washout from the anode surfadeiipactive area is increased due
to microfractures generatioh but this treatment increases the constructioriscob
MFC. Considering that our Sed-MFC architecture wdferent from other reported
MFC (volume, distance between electrodes and eldesr surface are higher), an
experiment was performed to study if the positiffea of the thermal treatment was
significant in the Sed-MFC configuration. Thenhartmally treated graphite fibre brush
and an untreated brush were inoculated in a Sed-MFQ@5 days. After this period,
both anodes were placed in two different AC-MFCg. B shows the power and
polarisation curves obtained with both brushes. iaimum powers reached by the
untreated and treated graphite fibre brush werem®¥&w’ and 903mW/m
respectively. The thermal treatment resulted inordy three times higher power but
also in a significant internal resistance decre&6&) for the untreated brush versus
151 Q for the treated brush. Therefore, these result®borate the better performance
of the thermally treated brush and hence this rtreat is recommended for the Sed-
MFC. In this sense, the SEM microphotographies. (#uj for treated fibres corroborate

the good colonization of the brush anode.

11
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From Sed-MFC to AC-MFC

The extent of exoelectrogenic activity obtainedtle Sed-MFC was evaluated by
moving an anodic brush which had been placed iredNFC for 30 days into a
conventional AC-MFC under the same operational itmmd (Fig. 5a).The first cycle
(from day O to 14) corresponds to an acclimatiooleywhereas the results from the
second cycle (from 14 to 17.5 days) onwards weeadly promising. A high coulombic
efficiency (51%) was achieved, the voltage reach®@ mV and the cycle length was
2.5 days. The experimental voltage ranged betw@éna®d 450 mV and an average
coulombic efficiency of 55% was obtained. Then,yomhe cycle was needed to adapt
the anode brush from the Sed-MFC to an AC-MFC dmeraThe AC-MFC system
performance was very satisfactory, achieving maxinualues up to 0.134 AfmP =
0.07 W/nf) with a reasonably fair coulombic efficiency.

The exoelectrogenic activity was also evaluateduph LSCV by comparing an anodic
brush obtained from a Sed-MFC and stabilized irA@MFC for 48 hours to a non-
inoculated brush (Fig. 5b). The inoculated brushilaied one order of magnitude
higher exoelectrogenic activity than the obtainethwhe non-inoculated brush, which
showed negligible activity. The inoculated anodevetd one typical oxidation peak at -
0.25 V vs Ag/AgCl. The value of the anode potengaling half of the maximum
current density, known asy& was around -0.37 V, which is in agreement witd th
results found for acetate-fé&eobacter pure culture systents.The LSCV also showed
a high capacitive current for the inoculated anouhelicating the presence of a

conductive biofilm attached to the anode surf4ce.

12
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Comparison with other works

The proposed inoculation procedure is based oningaa graphite fibre brush in a
Sed-MFC with an anaerobic sludge blanket during®gs. Anaerobic WWTP sludge is
a good candidate for inoculation because it is daspbtain and contains a high
diversity of bacterial communities, including elechemically active strains of
bacteria®> The Sed-MFC methodology has several advantages reitpect to other
MFC configurations. No external aeration is reqairas the cathode is directly exposed
to air resulting in significant aeration savingseTinternal resistance is minimised
because the electrodes can be located nearby. ydtens has low maintenance
requirements, as only the level of liquid must hpesvised with low periodicity.
Neither stirring nor proton exchange membrane (P&id)required which decreases the
operational costs. The main purpose of the PEMyiavoid oxygen entering to the
anode. With the proposed configuration, the amafnbxygen in contact with the
sludge blanket is negligible, particularly takingta account that the system is not
stirred. Moreover, if some oxygen entered, it wolddconsumed in the upper layer of
the blanket, maintaining the lower layer (where bhash is placed) under the required
anaerobic conditions.

Reported configurations in the literattfreropose an initial polarisation period where a
certain potential is applied to the cell in orderenhance ARB growth on the anode.
This external voltage is reported to increase tHRBAgrowth at the expense of
increasing the cost. However, the proposed Sed-Mib&S not consider the polarisation
period since the objective is to develop an effiti@.e. simplified, successful and
scalable) procedure to obtain anodic microbial camitres with exoelectrogenic

activity using anaerobic sludge. The total costhef cell materials is practically due to

13
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the titanium wire (around 166€/m, 0.5 mm diameitantum) used to build the anode
brush. Table 1 compares the performance of theepted procedure with other reported
works. This comparison is not a straightforwarduéssince a wide range of reactor
types, volumes, inoculum sources and substratefoanel in the literature. In our case,
we compare the experimental results obtained iritstebatch with the AC-MFC when
the anodic brush was transferred. In this studpaaimum power of 0.9 W/M(Fig. 4)
was reached, which is a fairly good result for @cter volume of 400mL. Wang et l.
presented a selection strategy able to reach alpower output of this study in about
the same time, 35 days, and using a similar reaciame, 480 mL. However they used
a potentiostat, what increases considerably thé afothe inoculation process. Other
studies where inoculation time was high, such agahoet af°, obtained very high
power output, nevertheless the volume was much rlowdich obviously reduces
power losses. Kim et al°,who worked with a similar reactor volume of 620nstated
that 50 hours were needed for inoculation whenrahéesludge was used as inoculum;
however, power output was thirty times lower thae bne observed in this study.
Finally, Wang et af° also presented a work where inoculation time wery Vast (60
hours) and power output was of the same order @niae as ours. However, the
inoculum was coming from a previous working MEC lwian already enriched
exoelectrogenic environment that could have expddtte inoculation process.

Thus, our system, in comparison with others, seémgrovide a fair amount of
exoelectrogenic activity in a relatively high rearcvolume when starting up from a
poor ARB environment like anaerobic sludge fromaaaerobic digester in a reasonable

time frame.

14
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CONCLUSIONS

A simplified and efficient procedure to increase #xoelectrogenic activity of anodic

microbial communities from anaerobic WWTP sludges wigveloped. The Sed-MFC

configuration was demonstrated as a successful-ctst/ and low-maintenance

procedure to obtain exoelectrogenic activity. Thede graphite fibre brush developed
in a Sed-MFC for 30 days provided good results simmived comparable performances
to other more costly and complex inoculation praced. The Sed-MFC does not

require potentiostat, external aeration, stirrimgntembranes. The electrodes can be
located nearby decreasing the internal resistamck the anaerobic sludge blanket

allows maintaining strict anaerobic conditionshe ainode.
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1 Tables
2
3 Table 1. Comparison of different procedures aiming at insegbexoelectrogenic
4 activity.
This
References [36] [28] [16] [14]
study
Volume (mL) 420 26 620 480 400
Internal
N.D. 8 N.D. 91.84 133
resistance (€2)
Maximum
0.23 2.4 0.008-0.03 0.45 0.9
power (W/m?)
Air
Reactor type H-type Cube air cathode H-type Cube-type
cathode
Inoculum Anaerobic Anaerobic Anaerobic
Previous MEC Previous MFC
origin sludge sludge sludge
Cathode
Platinum CoTMMPP Platinum Ferricyanide Platinum
catalyst
Substrate Acetate Acetate Acetate Glucose Acetate
Polarization
No No No Yes No
period
Inoculation
60 hours >6 month 50 hours 35 days 30 days
time
5
6
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Fig. 1. Schematic representations (Left) and pictures (fRighthe Sed-MFC (Top) and

the AC-MFC (Bottom)
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Fig. 2. a) Monitored voltage across 380esistance for three different Sed-MFC with
identical inoculation. b) Experimental profiles thiree different Sed-MFC with

different external resistances. Arrows indicatesstaie addition.
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Fig. 3. Power curves in AC-MFC of anodes developed in S&EMwith different

inoculation periods.
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Fig. 4. a) Power (white symbols) and polarization (blackbgls) curves for thermally
treated (circles) and untreated (triangles) grapfitire brush. b) and ¢) SEM photos of

a colonized treated fibre.
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Fig. 5. a) Experimental voltage profiles (line) and Coulbemefficiencies (dots) for
each batch cycle of an AC-MFC using an anode binstulated for 30 days in a Sed-
MFC. b) LSCV of an anode brush in an AC-MFC, 48rsaafter being removed from a

Sed-MFC (black) and anode brush without bacterayg
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