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Abstract

A procedure was proposed to mimic marine microtial cell (MFC) in liquid phase. A graphite
anode and a stainless steel cathode which havepoeeen, separately, to be efficient in MFC
were investigated. A closed anodic compartmentinasulated with sediments, filled with
deoxygenated seawater and fed with milk to rectivesediment’s sulphide concentration. A
stainless steel cathode, immersed in aerated serawaed the marine biofilm formed on its
surface to catalyze oxygen reduction. The cell ennted with a 0.02 Rgraphite anode
supplied around 0.10 W/nfor 45 days. A power of 0.02 Wfmwas obtained after the anode
replacement by a 0.06%mstainless steel electrode. The cell lost its cipée make a motor turn
after one day of operation, but recovered itsdtficiency after a few days in open circuit. The
evolution of the kinetic properties of stainlesses$twas identified as responsible for the power
limitation.

Keywords: Microbial fuel cell; Stainless steel; Sedimentspédance spectroscopy

1. Introduction

Microorganisms contained in different natural eamments are able to form biofilms on
electrode surfaces and oxidize organic matter usiaglectrode as direct electron acceptor,
without the presence of any artificial mediatorckébial fuel cells (MFCs) take advantage of
this property to harvest electricity from a widega of organic waste or renewable biomass.
They offer promising advantages with respect tadsiad abiotic fuel cells: naturally grown
microorganisms replace the expensive catalystdnextjin traditional fuel cells; bacteria adapt to
different organic matters and can work in “dirtydtaral and industrial environments such as
wastewater or sediments ([Lovley, 2006a] and [LpvBO06b]). The literature on this topic has
been exhaustively reviewed from the point of vidweither microbial mechanisms and ecology
(JAngenent et al., 2004], [Logan and Regan, 200@] frabaey and Verstraete, 2005]), or
engineering and technological aspects ([Logan.e2@06], [Lovley, 2006a] and [Lovley,
2006Db]).



Environmental MFCs were first implemented in maseeiments with graphite anodes. The
power supplied were around 0.02 \W/im field conditions (Tender et al., 2002) whereas
laboratory sediment fuel cells reached 0.01 Y(Reimers et al., 2001). Power has been
increased up to 0.10 Wby improving the anode material, using (anthragné1,6-disulfonic
acid)-modified graphite or graphite powder compeedssith manganese and nickel salts (Lowy
et al., 2006) as mediators. In wastewater treatmlants, MFCs have demonstrated the ability to
produce simultaneously energy (0.49 \fYimnd enhance the degradation of organic matter (Li
and Logan, 2004). Higher power values have bearheshwith optimal procedures. Power
densities up to 4.31 W/mvere obtained with high biomass concentration iedech cultures from
potato processing sludge fed with glucose ([Raleaey., 2003] and [Rabaey et al., 2004]).

Most of the environmental MFC studies have focubedanodic part and avoided limitation from
the cathode, by using platinum-based catalystexggen reduction, or adding hexacyanoferrate
as final electron acceptor. These systems araezftitor laboratory cells but would not be
sustainable for large-scale pilots. A few studiealtiwith microbial-catalyzed cathode processes
([Park et al., 2005] and [Rhoads et al., 2005]) lrevious work (Bergel et al., 2005), we
demonstrated that a biofilm formed in seawater stamless steel cathode catalyzes oxygen
reduction in a hydrogen PEM fuel cell. The biofibavered stainless steel cathode was able to
sustain 0.06 W/fmwith a current density of 1890 mA#m

The purpose of this work was to design a MFC pyg@twith such a biofilm stainless steel
cathode, and graphite or stainless steel as aksileg stainless steel for both electrodes would
be an important advantage with the view to scal@dpstrial MFC, because of the commercial
availability of this material, which would allow signing volumetric electrodes with high
mechanical properties and good long-term behavithu. cathode must be implemented in
aerated seawater and the anode in sediment, asadgndone for benthic MFCs. Nevertheless,
the practical problems linked to experimenting clisein the field with the anode embedded in
deep submarine sediments (Dumas et al., 2007) aveided here by using a laboratory model
that mimicked sediments/seawater environments. &tpgrimental model has already been used
with success in the domain of microbial corrosiamd it may propose a suitable solution to
develop marine MFCs before testing them in seasagdns.

2. M ethods

2.1. Microbial fuel cdll

The marine microbial fuel cell prototype was setiup station in Genoa harbour close to the
sea. The 20 x 30 cm stainless steel cathode (UNB5&3 Cr, 19.9%; Ni, 17.8%; Mo, 6.0%; N,
0.2%; C, 0.01%; Fe, complement) was plunged irt®@l aquarium of seawater continuously
renewed (6 I/h) and thermostatically maintaine@=atC. A zinc electrode placed in the cathodic
compartment was coupled with the stainless ste¢bbde to help the cathodic biofilm
development during the preparation phase. Duripgements, it was used in some cases as a
pseudo-reference electrode. Anodes were eitherr@@hitk sheets of graphite (200 tm
Goodfellow) or 3 mm-thick sheets of stainless s(e®S S31254, 600 ctr- Outokumpu). The
anode was dipped in a closed 35 | tank that coatibamound 0.2 | marine sediments collected at
15 m under the water surface completed with seawateotton mesh ensured ionic connection
between the anode and cathode compartments. Aetfianing of experiments, oxygen was



eliminated from the anode tank by the additionudpkite (NaSQO;) in excess. During the
sediments preparation, milk was added every 2day8 and was stopped when sulphite
concentration reached a value close to the coratéoririn natural marine sediments (300—
400 ppm). Milk was also added during the experimevith the graphite anode. Cathode and
anode were connected through an electrical motaitbrelectrical resistances varying fronf)l
to 33 k2.

2.2. Electrochemical monitoring

The voltage drop between anode and cathadlg énd the cathode potenti&d) with respect to

a silver/silver chloride (Ag/AgCl) reference elexte were measured every hour. At open circuit,
both anode and cathode potentials were measurbdesgpect to the reference electrode. The
data acquisition system consisted of a PCI-6034&i¢Nal Instrument) acquisition card
monitored via a Labview6 graphic interface. Whetticated, an electrical motor was used, which
turned a propeller. The motor internal resistanas 86Q2, and the propeller turned when the
system provided at least 0.15 V, i.e. to turn thappller, the system must sustain at least 6 mA.

2.3. Analytical methods

Energy dispersive spectroscopy (EDS) was perforomestainless steel samples with a SiLi
energy dispersive probe (Link Analytical mod E55#6m the EDAX Company.
Mott—Schottky tests were performed with a frequeresponse analyzer (Schlumberger 1255)
coupled with a potentiostat (Schlumberger 1286)addeements were carried out at 1592 Hz
with amplitude of 10 mV and integration time of @;lpotential was scanned starting from
—0.50 V to0 0.00 V vs. Ag/AgCI by steps of 50 mVatbtess steel electrodes are covered by a
passive layer composed of metallic oxides thatskeas conductive features. The charge
distribution at the stainless steel/electrolyteiface was determined by measuring the
capacitance of the passive laygras a function of electrode potentiabccording to the Mott—
Schottky relationship (L’'Hostis et al., 2003).

3. Results and discussion

3.1. Graphite anode

The 35 | anode tank was inoculated with 0.2 | masadiments collected at 15 m under the water
surface, and filled with seawater. Oxygen was étistinated by the addition of sulphite
(N&SG;) in excess. The oxidation of sulphide to sulphur

(1)

HS—S+H"+2¢

has a crucial importance in controlling the eledh@mical phenomena that can occur in
sediments. In the framework of microbial corrosithrg concentration of sulphide is one of the
key parameter to be monitored. Sulphide has alen believed to play a key role in benthic
MFCs, as they produce an important part of theeturdue to electrochemical oxidation on the



anode ([Lovley, 2006a], [Lovley, 2006b], [Orfeiat, 2006] and [Ryckelinck et al., 2005]). For
this reason, the sulphide concentration was foctsegl to obtain an environment in the anode
compartment as close as possible to the conditossdiments. Sulphate reducing bacteria are
known to convert the sulphate ions contained invager to sulphide (HS Jorgensen, 1977) and
they use efficiently milk as nutrient. Consequentiylk was added in the anode tank to promote
the activity of sulphate reducing bacteria in cating sulphate to sulphite. Milk was added
approximately every 2 days, and feeding was stopgesh sulphite concentration reached a
value similar to the concentration in natural marsediments, in the range 300—400 ppm, when
the concentration of sulphide in the tank was ctos@e natural concentration in sediments and
the pH close to 6.5-6.7, the medium was consideree ready for implementing in the
microbial fuel cell (MFC). This experimental modhed revealed to be efficient to reproduce in
the laboratory the microbial corrosion of steekst thccurs in natural marine sediments (Mollica,
2000).

The closed anode tank was immersed in an open bhgre seawater was continuously renewed
(cathode basin). Anode and cathode were indivigymkpared. The 10 x 20 cm graphite anode
was kept at open circuit for 4 days in the anodé.tis potential remained stable around

—0.40 V vs. Ag/AgCI. At the same time, a 20 x 30 stiaunless steel cathode was set-up in the
seawater cathode basin and coupled through ®8istance to a zinc electrode also immerged
in the seawater basin. The zinc electrode spontehedissolves in seawater:

(2)

Zn"t + 2 — Zn Eg" = —0.98 V vs. Ag/AgCl

and ensures a negative potential value on the dattiat maintained active,@duction. These
conditions promote the formation of electrocheniycattive biofilm on the cathode that have
been revealed to be remarkably efficient for oxygeuction (Bergel et al., 2005). The cathode
potential increased from around —0.60 V to 0.00sVAQ/AgQCI in 3.5 days. Resistance was then
lowered to 282 and potential went to —0.10 V vs. Ag/AgCl. Thehmatic current increased from
around 3 mA to 19 mA (300 mA/mwith respect to the projected surface area otétleode),

which confirmed the usual formation of an aeroléctochemically active biofilm (Bergel et al.,
2005).

After the preparation phase, the microbial fuel wels started by disconnecting the stainless steel
cathode from the zinc electrode, and connectingthphite anode and the stainless steel cathode
through the electric motor that runs a propellew® remained stable around 3 mW for the first
25 days, which represented 0.15 Winith respect to the anode projected surface &figa {A).

At least 0.10 W/rhwas sustained for 45 days. Moreover, the propeliered along the two

month length of the experiment, except for days7land 18. Anode and cathode potentials were
monitored each vs. an Ag/AgCl reference electrsdejn the anode tank and in the cathode
basin, respectively. Potential monitoring (Fig. HApwed that decreases in power were due to a
drastic deficiency of the cathode, whose potentggreased from around 0.20 V vs. Ag/AgCI to
—0.40 V vs. Ag/AgCI. Nevertheless, the cathodedlypiecovered on its own. Microscopic
observations indicated that these transient deeseasre probably due to an anomalous
development in the seawater basin of grazing osgasmibriozoa) that consumed the biofilm on
the stainless steel surface. To our knowledgepttublem has never been evoked before, but it
may take a high importance with the view to devedoph stainless steel cathodes in large-scale
marine MFCs.
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Fig. 1. MFC with graphite anode and stainless steel cathadows indicate addition of milk in
the anodic tank. (A) Power (mW) supplied vs. tirdays) during motor running. (B) Potential (V
vs. Ag/AgCl) of the graphite anode (0.02:rtp)) and stainless steel cathode (0.0 (m)) when
connected through the propeller @%



Fig. 1B also shows that small decreases in anode effigieece corrected by the addition of
around 10 ml milk on days 4, 12, 30 and 39. Anaaéations were due in this case to substrate
depletion in the tank. This addition of substratantained the efficiency of the anode.

On day 42, when power was around 2.2 m\W, the eléetr were transiently disconnected and
connected to a potentiostat with an auxiliary etete and an Ag/AgCl reference to record
current—potential curves of both anode and cathblde.open circuit potential of the graphite
anode was —0.33 V vs. Ag/AgCl and the maximum curv® mA obtained at 0.00 V vs.
Ag/AgCI corresponded to 3500 mA#rtFig. 2). The current—potential curves confirmieatthe
cell was limited by the lower efficiency of the isil@ss steel cathode. Its open circuit potential
was lower than previously obtained in similar caiotis, around up to +0.20 V vs. SCE, i.e.
0.21 V vs. Ag/AgCl, and it did not sustain the emtrdensity previously reached up to

500 mA/ntf (Bergel et al., 2005). On the contrary, the anmdelel, which allowed sustaining
0.15 W/nf for around one month, certainly overestimatedoier that can be supplied by
natural sediment, because of milk addition. Workmgquid medium rather than in solid
sediments may also be another cause of the higkmpdensity, because of enhanced mass
transfer. Generally, values obtained in literatuith sediments have been reported close to
0.01 W/nf (Reimers et al., 2001), 0.02 WHifTender et al., 2002) or up to 0.10 Whwith
graphite anode modified with electrochemical mexg{Lowy et al., 2006). Nevertheless, the
milk addition was required in order to get the sidie concentrations in the experimental model
of the same order of magnitude than in sedimertanHs to this condition, the model revealed to
be efficient in maintaining the potential of theode close to values recorded in natural
sediments, around —0.4 V vs. Ag/AgCI ([Orfei et 2D06], [Reimers et al., 2006] and
[Ryckelinck et al., 2005]). It will so be furthesed to test stainless steel anodes.
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Fig. 2. Polarization curves obtained with a graphite an@d@2 nf; (o)) and a stainless steel
cathode (0.06 f (m)). The anode and cathode surface areas werediffére current was
consequently reported in mA instead of current igns



3.2. Power generation with a stainless steel anode

The anode tank was refilled with fresh seawatersaatiment inoculum and prepared following
the procedure described above. A 20 x 30 cm sksrdeel anode was placed in the closed anode
tank and left in open circuit. The stainless ste¢hode was coupled to a zinc electrode until day
13 to form the cathodic biofilm. At day 13, theluade was disconnected from the zinc electrode
and coupled to the anode through the electricabmdte propeller started to turn but stopped
after one complete day of operation. After six diagsk in open circuit, polarization curves were
plotted on day 20 by connecting the electrodesutineelectric resistances of different values
(Fig. 3). The motor was connected again to thearedl turned for more than an hour. It remained
connected all day and new polarization curves werged on day 21. Electrodes were then left
on open circuit for four days, and the last poktitn curves were plotted on day 25. Current
density values were calculated with respect totiogected electrode surface area of 0.G6on
both anode and cathode. All cathodic curves weaglynealentical, meaning that cathode
behaviour was not influenced by the motor operafidre open circuit potential values in the
range 0.30-0.35 V vs. Ag/AgCIl demonstrated an &ffecatalysis of oxygen reduction by the
biofilm. The current values obtained, around 100/mat 0.00 V vs. Ag/AgCl, were of the

same order of magnitude as that obtained elsevihsimilar quiescent conditions (250 mA/m

at —0.10 V vs. SCE (Bergel et al., 2005)).
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Fig. 3. Characterization of the MFC with stainless steeld®e and cathode at day 20 &fter
open circuit; day 21A) after one day connection to the motor; day @bafter four days in open
circuit. (A) Current density (mA/A) vs. potential (V vs. Ag/AgCl). Black and whitersigols
represent cathode and anode curves, respectiBI.ower density (mW/f and potential drop
(AV) vs. current density (mA/M Black and white symbols represent power andrpiatedrop
values, respectively.



In contrast, the anode features were markedly @&ffielcy the motor operation. After one day of
motor connection the polarization curve slope desed (day 21). The anode could no longer
sustain more than 70 mAfmwhich was not sufficient for the propeller tortuActually, to be in
action, the propeller required a current of 6 mé, & current density of 100 mAdrim this

context. The polarization curve plotted at day Bévged that the anode had recovered its full
capacity to provide current after four days in op&auit (motor disconnected). Loss/recovery of
its power capacity was fully reversible. The maximpower density supplied by the MFC at day
25 was around 0.02 W/mvith approximatively 85 mA/Mm(Fig. 3B). The reversible limitation in
power supplied cannot be attributed to the tranglepletion of the substrate in the vicinity of
the anode surface, as in similar conditions thelgta anode supplied continuously at least

0.1 W/nf for 45 days.

3.3. Further investigations with stainless steel anodes

At day 35, two small clean stainless steel eleetso@.5 crhsurface area each, were added into
the anode tank. One was left in open circuit wthikesecond was continuously polarized at
—0.10 V vs. Ag/AgCl, value of the anode potentidlere high current densities were obtained
(Fig. 3). The current was periodically recorded] agported in Fig. 4A on a log(vs. logf)

scale. The initial biofilm-covered anode (0.08)mvhich had been in the same tank since the
beginning of the tests and was repeatedly usedriergte motor rotation, was also periodically
polarized at —0.10 V vs. Ag/AgCIl as follows:

— after 3, 7, 10.5, 25 and 48 h from the beginmhtis experiment, the electrode was polarized
for only 10 min, and the current was recorded atethd of each short polarization,

— after 48 h, polarization was applied continuously
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Fig. 4. Evolution of current density (mA/fwith a new clean electrode (2.5 9molarized at
—-100 mV vs. Ag/AgCl &); biofilm-covered electrode polarized intermittigrto) and
continuously after 48 tm(); interpolation of resultSmfe ) i = 840 xt %% (= =)
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The small clean electrode placed under constaatigation gave a linear current decrease in
log—log scale from around 1500 mAdi 100 mA/r, that fitted a relationship % (the line
in Fig. 4A corresponds tio= 840 xt™* i expressed in mA/ft in hours). On the contrary, the
initial electrode, with only 10 min of periodicablarization, gave a constant current density
around 125 mA/m After 48 h, the initial electrode was polarizeshtinuously and exhibited a
continuous current decrease, in agreement witli tieelationship (the line in Fig. 4A



corresponds to= 180 x { — 46)°> i expressed in mA/fmt in hours). The constant value of
current density that was recorded during successieemittent polarizations with the initial
biofilm-covered electrode confirmed that there wassignificant modification in the medium
composition, and particularly no substrate deptetioreover, when the small electrode that
was continuously polarized was briefly moved inesrtb renew the medium around it, no
variation in current was registered. Substrateetepl should be described by an exponential law
such as = A x exp(—B x t) that would give linear evolutionarlog() vs.t representation, but
this was not the case, as shown in Fig. 4B. Asna@guence, the current density decrease that
was observed only under constant polarization wastty dependent on modifications of the
electrode properties. The values of the currensities obtained with the temporarily polarized
electrode, which has been immersed in the anodicfta 35 days, were smaller than the values
measured on the continuously polarized clean eléetrThet™%° evolution seems consistent with
an evolution of the kinetic features of the eled&rdthat may be due to the thickening of the
passive layer (Evans, 1948).

In the literature, graphite anodes embedded imsealis have been reported to show sulphur

deposits due to the electrochemical oxidation gflede (Eq. (1)), leading thnhrhombohedrlc
crystal state ([Berner, 1963] and [Ryckelinck et 2005]). This deposit may mask a part of the
active surface area and thus result in decreabmglectrode effectiveness. Nevertheless,
sulphide deposits have generally been observedlaftger operation times, 120 (Orfei et al.,
2006) or 224 days (Tender et al., 2002), while tieeeanode lost its efficiency after only one day
operation. The small stainless steel electroded@f that was put in the anode tank on day 35
was kept under constant polarization at —0.10 VAggAQCI during four days, while a similar
control coupon was kept in open potential. Theagfcomposition of both electrodes was
analyzed by EDS. The same quantity of sulphur wasgmt in both samples. Sulphur
precipitation was consequently not enhanced by dayrpolarization at —0.10 V vs. Ag/AgCI.
This confirmed that sulphur deposit that may oauthe anode surface during cell operation
cannot explain the decrease in efficiency.

Two other stainless steel electrodes, 15 sunface area each, were placed in the anode fank o
the microbial fuel cell and continuously polariZed three weeks at, —0.45 V vs. Ag/AgCl and
—0.15 V vs. Ag/AgCI, respectively. As shown in F&, the value of —0.45 V vs. Ag/AgCl was
close to the open circuit potential in this envirant, while —0.15 V vs. Ag/AgCl corresponded
to an operating potential value where the cell hed high current densities. The surface of
stainless steel is known to be covered by a lalyexides and hydroxides that gives the material
its passive properties. The composition and feataf¢he oxide layer depends on many different
parameters such as the nature of the steel, cotigposf the medium, operating parameters, etc.
Its conductive properties can vary to a great extem full conductivity to p-type or n-type
semi-conductor. The capacity of the passive |&¢eof both stainless steel electrodes was
measured by impedance spectroscopy as a functithre gfotential. The measurements at single
frequency (1592 Hz) for each potentlal value tonky@ few seconds and were assumed not to

disturb the passive layer. Varlatlons({rﬂ are reported in Fig. 5 as a function of the pognti
according to the Mott—Schottky relationship. Figsh®ws that the electrode polarized at —0.45 V
gave a rather flat slope indicating that the ox&er behaves like a conductor. When the sample
was polarized at —0.15 V, the positive slope ofdteve indicated that the oxide layer on
stainless steel behaves like an n-type semiconducto
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Formation of an n-type semi-conducting layer isnagtrimental to the occurrence of an anodic
process. Since the anode potential increased froomd —0.45 V vs. Ag/AgCl at open circuit to
around —0.15 V or more when the cell was in operatit resulted in the modification of the
oxide layer from a conductive behaviour towardypetproperties, which caused the power
supply to decrease. When the cell was left at @oenit, the oxide layer partially recovered
conductive properties, enabling the efficiencytd tell to be restored (Fig. 3A).

These results obtained in a complex natural enment were coherent with a previous study
carried out in biochemical synthetic seawater (Lsh®et al., 2003). The so-called “biochemical
synthetic seawater” was chemical synthetic seaveaigplemented with glucose and the enzyme
glucose oxidase, which catalyzes the reductionssiodved oxygen to hydrogen peroxide in the
presence of glucose. The hydrogen peroxide produsoedlated in some extend the
electrochemical effects of natural marine biofil(fiBupont et al., 1998] and [Scotto et al.,
1996]). In this medium, the open circuit potentidktainless steel AlSI 316 L has been shown to
increase from +0.20 to +0.35 V vs. SCE simultanBotasthe evolution of the passive layer to n-
type semi-conductive properties (L'Hostis et al02).

The experiments conducted with constant and pe@bgiolarizations and Mott—Schottky
measurements suggested that oxide layer evolutemrasponsible for the behaviour of the
anode. It should be concluded that stainless stewlt suitable in the anode process of marine
fuel cells if the potential of the anode may bdtshito high values far from the open circuit
potential.

As shown on Fig. 2, the biofilm-covered cathodeshrevealed less effective than obtained
previously (Bergel et al., 2005). The presenceratigpg protozoa in the seawater tank may
drastically affect cathode biofilm. The maximum mavwhat could be supplied by the MFC



prototype in optimal conditions may be assessecblbpling the graphite performances with the
cathode features that were reported previouslyg@est al., 2005). Coupling this cathode

(25 mA at 0.08 V/AgAQCI) to the graphite anode frime study presented here (Fig. 2, 25 mA at
-0.20 V/AgAgCl) would result in power supplied upQ.35 W/nf with a 0.02 rfranode.

4. Conclusions

An experimental model, coming from the domain cdenobic biocorrosion, was adapted here to
design a lab MFC working in conditions close toigezht/seawater environments. The lab MFC
can be implemented with only low quantity of sedntin@.2 1) and allows multiplying
experimental attempts in well controlled conditiofke power density obtained cannot be
straightforwardly compared to field results, maihcause of milk addition and the liquid
condition in the anode tank (instead of compacinsedts). Nevertheless, the anode behaviour in
terms of open circuit potential was similar to whas been observed with benthic MFCs.
Moreover, the microbial population present in thede compartment revealed able to adapt to
the milk consumption easily. The fact that seawhéeteria adapted easily to milk in a MFC, let
think that sediments could be efficient inoculumsiésign MFC suitable for the treatment of
dairy wastes. Indeed, the carbon concentratioriry dvastes is around three times higher than
in domestic wastewater (Moletta and Torrijos, 19%9nay open a promising track to design
efficient MFC that produces electricity from daimastes and simultaneously enhances their
treatment. Work is now in progress in this directwith higher surface/volume ratios to increase
the transformation ratios.

The model set-up allowed maintaining 0.10 \Wauring 45 days with a graphite anode, and it
led to identify the cause of limitation of the silaiss steel anodes. Actually, stainless steel
showed correct kinetics features to support elebmically active biofilms ofeobacter
sulfurreducens in oxidation (Dumas et al., 2008). The detrimeetadlution of the semi-
conducting properties observed here may consequaattrongly dependent on the nature of the
solution. This work should initiate further invegtions on the evolution of the kinetics features
of stainless steel with respect to the culture meakfore to conclude definitively on the
suitability or not of stainless steel as anode QM
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