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ABSTRACT

With the current interest in alternative methodgmérgy production and increased
utilization of existing energy sources, microbiagff cells have become an important field of
research. Microbial fuel cells are devices whialvest electrons from microorganisms created
by their enzymatic oxidation of complex carbon srdies or consumed by their reduction of
chemical oxidants. Microbial fuel cells with phsymthetic biocathodes are of particular interest
due to their ability to simultaneously produce &iety and hydrocarbons while reducing carbon

dioxide.

Most species of microorganisms including many bétend yeasts require exogenous
electron transfer mediators in order to allow et@ctransfer with an electrode. While adding
such chemicals is simple enough at a lab scalélgers arise with chemical costs and
separation at a larger scale. The goal of thisareh was to develop electrodes composed of a
robust material which will eliminate the need fddad soluble electron mediators in a

photosynthetic biocathode microbial fuel cell.

Electrodes made from stainless steel 304L have be&ted in a conductive polymer
(polypyrrole) and an immobilized electron trangfediator (methylene blue) and tested
chemically for stability and in a microbial fuellcenvironment for use in bioanodes and
biocathodes. The use of these immobilized mediattire photosynthetic biocathode increased
the open circuit voltage of the cell from 0.17 M&@4 V and the short circuit current from 8
mA/m? to 64 mA/nf (normalized to the geometric surface area of thet®de) when compared
to using the same mediator in solution. The opgpafect was seen when using the electrodes

in a bioanode utilizingaccharomyces cerevisiae. The open circuit voltage decreased from 0.37



V to 0.31 V and the short circuit current decreasech 94 mA/nf to 24 mA/nf when
comparing the immobilized mediator to soluble meddi® The impact of the membrane and pH
of the anode and cathode solutions were quantinebwere found to have much less of an

effect on the internal resistance than the micidbors.
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1. INTRODUCTION

Carbon dioxide emissions have become a prominerdera in recent years due to the rising
level of atmospheric C£and concerns about associated global warminga result, methods
of carbon dioxide reduction have been of greataste Photosynthetic organisms are an
efficient means of reducing G@sing sunlight as the energy source. Microalgaé sis those
in theChlorella genus have been the subject of research for calibaite reduction, biofuel
production, and waste treatment among others. Narently, photosynthetic organisms such as
Chlorella vulgaris have been used as a unique biocathodes for mattoiel cells (Cao, 2009;

Powell, 2009).

Microbial fuel cells have been the subject of musrestigation primarily for their potential
use in treatment of organic wastewater, sourc@®wer for remote devices, and electricity
production tied to other bioproduct production.rekently proposed use of microbial fuel cells
has been in the generation of electricity couptethé reduction of C&and production of bio
oils associated with the growth of microalgae (Pgv©11). Other biocathodes have been

studied which use the reduction of oxygen or retis the electron accepting reaction.

Anodes in microbial fuel cells typically use biofié of bacteria grown on an electrode
which allow direct electron transfer during anaécayowth through various mechanisms.
Alternatively, some of the earlier microbial fu@licnvestigations used soluble electron
mediators which interact with growing cells andhster electrodes chemically to the electrode.
In order to use microbes which produce valuableroducts such as ethanol, electron mediators

are usually necessary, such as with the yessharomyces cerevisiae.
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The need for some form of immobilized mediatoresisthen such microbial fuel cells are
operated in continuous mode or on a large scaiehigh time the cost and separation of
mediators becomes a significant problem. In tret,paethods of immobilizing electron
mediators ranged from transition metal ions entedpp carbon (Park, 2003) and conductive
polymers doped with anionic redox compounds (F€08d0) to polymerized mediators on a

noble metal surface for biosensors (Prieto-Sim0042.

A second problem arises when considering the ggalnof microbial fuel cells. The
graphite electrodes which are typically used anesiglally weak and impractical for larger
systems. The best performing alternatives areenwigitals but these come with a prohibitively
high cost. Stainless steel has been shown to alorie in sea floor microbial fuel cells that
work because of the potential difference betweerattrobic and anaerobic zones of the sea floor
(Dumas, 2007). The performance of these systemsvgever, quite low and their mechanism

of action are not understood due to the mixed rbialaulture.

In this project, a method of immobilizing an electmediator on stainless steel (304L) has
been developed by first applying a layer of polyplg which allows the electrode surface to
remain electrically conductive at high potentialis allows for the electropolymerization of
redox dye mediators on the electrode surface. r@idting composite immobilized mediator
has been tested individually in a photosynthetocaihode using a pure culture of the
microalgaeClorella vulgaris and in a completely biological microbial fuel cedth a
Saccharomyces cerevisiae anode coupled to the aforementioned cathode.p&Hermance of
these systems has been compared to that reporteadvissil et al. (2009; 2011) in which the

same redox dye (methylene blue) and others wekassoluble electron mediators.



The following is an outline of the remaining chaptef this thesis. Chapter two, the
background, provides the literature review and mhéehind the experiments and research done.
The literature review covers topics relating to diféerent types of microbial fuel cells, electrode
types and electron transfer mechanisms, methodsalysis of microbial fuel cells and
electrodes, and MFC modelling. Finally, a moreadetl explanation of the project objectives is

given.

Chapter three gives a detailed description of #eeemental methods used for this work.
First is a brief description of the equipment uselkich is followed by the methods used for
growing the microbes, preparing and analyzing ebelets, and doing the electrochemical

analyses of the microbial fuel cell performance.

The fourth chapter is a discussion and presentafitime results of the experiments
performed. Microbial fuel cells with photosyntleetnicroalgae biocathodes along with both
chemical and biological anodes were compared witardnt electrode types. Several
electrochemical techniques used to analyse thenpesihce and a discussion of the effect of

MFC operation on growth rate are included.

Chapter five contains the conclusions and recomuaugorts derived from the research done
for this thesis. It describes the successes aluda of the new electrode materials used in these
novel microbial fuel cells and further work whicbutd be done to improve upon them and to

find more useful applications.



2. BACKGROUND

2.1 Microbial Fuel Cells

Microbial Fuel Cells (MFC) are an area of reseanbith has seen a lot of interest in the
past 10 years. They are seen as a promising tlgynior treatment of wastewater and

renewable energy generation.

MFCs use the electrochemical potential createdXation or reduction of substrates to
generate an electric current. Traditionally, calyicrobial anode is used in which bacteria
oxidise a substrate such as sugars, acetate, amiosgcontained in wastewater. In the absence
of oxygen, instead of the electrons from the salstoxidation going to oxygen, it is transferred
to an electrode. For many species, this requimedectron mediator for this to take place as they
cannot transfer electrons directly through thelkrwalls or membranes to an electrode. In these
cases, a chemical cathode is used. These cathsdesther a precious metal catalyst to reduce
oxygen at the cathode, much like chemical fuekomila more reversible chemical oxidizing

agent dissolved in a cathode chamber such as potatericyanide.

The anode and cathode are typically separatedtipneexchange membranes or proton
exchange membranes which allow positively charged to pass from the anode to the cathode
maintaining pH and electroneutrality. Any ionigationductive separator can be used as long as
it prevents mixing of the solutions but the ohnesistance of the separator significantly affects

the performance of the MFC.



Electron mediators are required for all but a feeces of bacteria in order to facilitate
transfer of electrons from microbe to electroddéede compounds, either by coming in contact
with the microbes or diffusing through the cell isabecome reduced by the transfer of electrons
from cellular electron transport molecules suchNA®H. The mediator compounds are
reversibly oxidized at the electrode surface, dgwlectrons to the cathode. Alternatively, some
bacteria, when grown as biofilms, do not requirelig®rs by one of three methods. First, they
may secrete compounds into the extracellular gateobiofilm which act as mediators, they
may contain cellular membrane proteins which ak&ctron conduction, or a few species

contain conductive pili (Logan, 2009).

2.1.1 Typesof Microbial Fuel Cells

Most microbial fuel cell research focuses on baat@anodes with chemical cathodes (Qiao,
2007). Research involving soluble mediators hanlextremely sparse in the past 5 years due
to the use of bacteria which produce a currentauitlexogenous mediators (Schréder , 2007;
Logan, 2009). Some research has still been dottealéctrodes which promote electron
transfer by immobilizing mediators or using nan@siland other extremely high surface area
materials (Qiao, 2007; Scott, 2007). Immobilizeedmtors have been shown to promote
electron transfer in microbes which otherwise capnoduce an electric current on their own

(Park, 2003).

A review of literature on bio-cathodes was done tuedpapers were mainly focused on
aerobic and nitrate reducing cathodes. More in&dion on biocathodes is presented in the

following sections.



2.1.2 Substrates and Potentials

Substrates from simple sugars and acetate to hamnuolesynthetic wastewater have been
used in microbial fuel cells. The most common sabes used when high electrical
performance is desired and aspects other than oidrgrowth are being studied are glucose and
acetate. These are grown anaerobically in ordeortapel the cells to utilise an electrode (and

subsequently the cathode) as the final electroeoc instead of dissolved oxygen.

The maximum theoretical potential (voltage) credig@ microbial fuel cell is dependent on
the substrate, its concentration, and the typatifatle. The theoretical potential of the anode
(with respect to a reference or to standard hydrageale) is calculated from the reference

potentials of the components of the reaction oiGlabs free energy of reaction:

—-AG,
o 2.1
E nF (2.1)

Combined with the Nernst equation and the readiastient (1), this can be used to

determine the theoretical potential at non-standardlitions:

—AG, RT
— _ 2.2
E e In(1D) (2.2)

The potentials of several half cell reactions ratéwo microbial fuel cells are shown in
Table 2.1 below. Potentials are reported at staihclanditions as well as typical conditions in a

microbial fuel cell (for example pH 7 instead of gl



Table 2.1. Half cell potentials of several substanc  es used in microbial fuel cells
calculated at standard conditions and at common mic robial fuel cell conditions.  %(Logan,
2006).

Compound Potential (vs. NHE)
Anode half reactions Standard Conditions MFC (pH7, Co,=C,cq)
Acetate/HCO; *® -0.187 -0.296
CeH1,06/CO, -1.26 -
Cathode half reactions

0,/H,0° 1.23 0.8
NOs/NO 0.96 -
Other

Methylene Blue 0.39 -0.06
Poly(methylene blue) - 0.11
NADH/NAD" -0.32 -
Fe(CN)g>"* - 0.45

2.1.3 Biocathodes

Aerobically grown bacteria produce a cathodic pté¢mhen grown on electrodes (You,
2009). Bacterial biofilms have been found to gata@loxygen reduction on the cathodic
electrodes of microbial fuel cells utilising elewts produced at the anode (Logan, 2009). Since
the potential of the electrode is higher than tbeptial for oxygen reduction in cells, it becomes
the preferential process and the cells will useelbetrons from the anode as well as other

carbon sources for energy.

Only one paper from other research groups has jéelished relating to cathodes based on
photosynthetic reduction of carbon dioxide (Cad)90 In that work, a mixed culture of
photosynthetic bacteria was used to reduce carlooide at the cathode. They showed that
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current can be generated through photosynthesasligfilm on the cathode without soluble

mediators. It is unknown whether microalgae apabée of the same.

2.1.4 Photosynthetic Cathodes and Growth Rates

Powell et al. (2010) investigated a photosyntheitbcathode based using the microalgae
Chlorella vulgaris to reduce carbon dioxide. The standard overatitien for photosynthesis is

the following:
6CO+12H +12é - CgH.Og (biomass) + 3 © (2.3)

where the Hand éare normally supplied by water molecules. Whealéarnative electron
donor is available, it may be utilized by the plsgtathetic pathways. This relies on two criteria
being met; first, the oxidation potential of théeahative electron donor must be lower than
water so that it is the preferential reaction, aadond, the alternative electron donor must be

able to interact with the cells.

Powell et al. (2010) used methylene blue and 2-dwdp-naphthoquinone (HNQ) (2011) as
electron mediators. The standard reduction pakrr, for water oxidation is 1.23 V compared
to approximately 0.39 V (Ju, 1995) for methyleneebhlindicating that it would be used

preferentially.

These mediators were found to have an effect owtgroate. When used in a microbial fuel
cell configuration, the growth rate Gf vulgaris was much lower in the presence of methylene
blue. This was attributed to the reduction indhgunt of light reaching the organisms (Powell,
2011). HNQ, on the other hand, was found to natllight and actually increased growth rate

when used in a microbial fuel cell by a factor of (Powell, 2011).



CO, concentration was found to have a notable effegrowth rate (Powell, 2010).
Optimal growth rates were obtained when,@@xed with air between 5 and 10% was added to
the medium (either across the surface or bubblbtiss transfer was not found to be limiting in
any case because it was much faster than the ughtiadiggh microbial growth. The pH of the
medium was found to have minimal effects on thevtinpas som&hlorella species can utilise
CO; in either its native dissolved form or as HECOMany microalgae, however, can only utilise

the native CQform which favours lower pH media (Borowitzka, 893

One other use of photosynthetic reduction ok @Ca biocathode has been reported in
which photosynthetic bacteria were used (Cao, 2009}his case, no external electron mediator
was used and organisms were grown as a biofilinmerlectrode allowing either direct electron

transfer or natural cellular mediators.

2.2 MFC Electrodes

Electrode materials and structures for microbial ftells have been the subject of a

anode materials because research on cathodesast alkclusively been for chemical

reduction primarily using platinum.

Metals which catalytically oxidize microbial metdit@s have been used to generate
additional power in the anode as well as to imprineeelectron transfer from the microbes
themselves (Scott, 2007). Materials used includggten carbide (Rosenbaum, 2006) and
platinum. These materials catalyze electrochenaig@ation of metabolites only so were not

investigated further.



While most research to avoid the use of mediatassfbcused on a few species of bacteria
with the unusual trait of being able to transfexcéions directly to a non-catalytic electrode, that
approach precludes most organisms which produsefalyproduct. The polymer forms of
several redox dyes have been studied for the siagdplication of enzyme-based biosensors
(Silber, 1996) as solid surface electron mediat@ther surface-bound redox compounds have
been used successfully to facilitate electron feana microbial fuel cells using bacteria (Feng,

2010).

Several studies have been done using polyaniliA&l[Pand polypyrrole (pPy), electrically
conductive polymers, in combination with variousetsubstances to improve power generation
in microbial fuel cells (Feng, 2010; Qiao, 200PANI and pPy are conductive polymers which
help in electron transport and can partially eliatthe need for electron mediators. Their
structure can also allow the transport of smalleuoles to active catalyst sites. Composites
containing graphite, carbon nanotubes, carbon W&cétt, 2007), platinum black (Schroder,
2003), and anthraquinone-2,6-disulphonic disodiafh(3QDS) (Feng, 2010) have all been

used to increase power generation in microbial ¢eds.

Rosenbaum et al. (2006) have investigated the fusmgsten carbide as a catalyst for the
oxidation of microbial metabolites. Very high pavaensities have been achieved by usiag H
and formate producing bacteria. The formate andfare then oxidized at the tungsten carbide
anode surface. Similar power densities were aekigvith tungsten carbide as with platinum
anodes. Tungsten carbide has been studied aalgstatith similar properties to platinum for
the last 35 years. The oxidation of organic conmgisuformate and lactate) was found to have a

different mechanism for catalysis and was catalymedifferent tungsten compounds thaxn H
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was. They also found that significant corrosiorhaf tungsten carbide took place with ionic

buffers near neutral pH.

Another method of improving performance of microlbieel cells reported by Park et al. is
to immobilize various electron mediators on thegtae surface (Park, 2003). Neutral red was
found to have similar mediation potential immolglizon graphite as it does in solution. ¥n
and F&" were also found to significantly improve electtoansport when immobilized on
graphite electrodes. The highest power densitesg &chieved in a single chamber MFC with a

Mn** modified anode and Eemodified graphite cathode.

A form of graphite anode has been proposed whiclkaimost carbon anodes, could be
easily scaled up (Logan, 2007). Graphite fibreeeviiund in conductive titanium wires to form
a brush (similar to a circular kitchen brush) teega high surface area and open structure which
prevents biofouling. Much higher power densitiesevachieved than traditional carbon paper
electrodes. Ammonia treatment of carbon anodesalgasproposed which places a negative
charge on the anode to improve electron transgaphite fibre brush anodes have been used in

many subsequent microbial fuel cell studies.

Stainless steel electrodes were tested in a maraheell in place of the traditional carbon
electrodes (Dumas, 2007). Stainless steel wasiftaihave lower performance than carbon but
would be more easily scaled to larger geometriagther study is required into the performance
of stainless steel outside of ocean environmeatthough not the focus of the paper, Manohar
et al. (2009) showed that addition of stainlessldialls to a graphite anode decreased the cell

resistance. This could be purely a result of iasegl surface area.

Morozan et al. (2007) found that the structure @maiposition of carbon anodes had a

significant effect on the power generation potdntichey found that higher power densities
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were achieved when the anodes contained largerrasoticarbon nanotubes because of the

nanotubes higher biocompatibility compared to otbens of carbon.

Heijne et al. (2008) studied graphite, Pt, anahiiten anode electrodes. They found that the
electrode surface resistance was lowest with Phagitest with titanium. They also found that
increasing the surface area of graphite simplylbgtimg it with AbOs, the performance could

be significantly increased beyond that of platinum.

Finally, Zhang et al. combined PTFE with graphit¢h@ anode to achieve higher power
densities than otherwise achieved (Zhang, 200MeMPTFE is combined with fine graphite
particles, it forms a porous structure which creatéarge surface area. The PTFE is also very
hydrophobic which benefits electron transfer byaating microbial cells to the surface. When
PTFE content is too high, however, the electricalductivity decreases and power output is

reduced.

2.3 Polymerized Redox Dyes

A large number of enzymes involved in reducing arganatter depend on the coenzyme
pair NADH/NAD+. Due to their oxidation and reduarti properties and their reversible
potentials near that of NADH and their non-toxioperties, redox dyes have been investigated
as mediators for electron transfer between enzymascrobes and an electrode (Chi, 1994).
Many of these dyes have been shown to retain thdox activity upon electropolymerization on
an electrode (Karyakin, 1999; Prieto-Simoén, 2008he films are also efficient catalysts for
NADH oxidation similar to the monomers (Prieto-Sm@004) as shown by the large reduction

in NADH oxidation overpotential when compared tousmmodified electrode. Poly(methylene
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blue) has received much of the attention due ttaitsurable reversible potential and h

stability as compad to other dyes (Karyal, 1999).

Direct polymerization of the same mediator thatsed in soluble form is promising and |
been used for bio fuel cells and enzyme biosensbish rely on some of the same coenzyi
as most used in microbial metabol. Methylene blue retains its redox properties w
polymerized on a surface (Karya, 199) and has been used in the development of N,
dependent enzymigased biosensors (Pri-Simén, 20@4). Methylene blue has only be
polymerized on noble substratsch as precious metals and carbon materials beFanethe
above reasons, poly(methylene blue) has been igated for use in enzyme biosens.

Poly(methylene blue) has been proposed to havstthetures showin Figure2.1 below.

—nNn

Figure 2.1 . Structure of polymerized methylene blue proposed by Karyakin (1999) with
monomers joined at their nitrogen groups.

2.4 Polypyrrole/salicylate

Previous investigations habeen limited to the use gfassy carbon and noble me
substrates for the polymerizationredox dyes (Karyakin, 1999; Silber,%3). At the potential
required for polymerization of methylene blue active metal would preferentially oxidi:

preventing film formation.Pyrrole,which can be converted to an electronicatiyductive
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polymer (Vernitskaya, 1997), has been polymerizedtainless steel in solutions of nitrate or

other anions with varying efficiencies (Schirmeis&889).

Several studies have been done using conductiyengos in combination with various
other substances to improve power generation inaiial fuel cells (Qiao, 2007; Feng, 2010).
Other work into combining polypyrrole with possildkectron mediators for biocompounds have
mostly been with copolymers (Schuhmann, 1993; Wa@a@y1) or polypyrrole with reversible
redox ions as counter ions in the polypyrrole (G&@¥4; Feng, 2010). Electrically conductive
polymers have been shown to help with electrorsprart and can eliminate the need for electron

mediators on their own in some cases.

When Feng et al. (2010) used polypyrrole for a oba@l fuel cell electrode they used an
anionic electron mediator, AQDS, with a potentigdtjabove that of NADH as the counter ion in
polypyrrole as an electrode. The results showgiekat improvement in power generation with a
bacterial anode. Polypyrrole, as an electronicadlyductive polymer which can be relatively
stable in water and can be deposited on non-nobtalrsubstrates (Schirmeisen, 1989), appears

to be one of the most practical materials for treggaications.

Polypyrrole can be polymerized on non-noble mdtaisugh the use of certain anions as the
supporting electrolyte. There have been reporobfpyrrole being used as a corrosion
inhibitor on many different metals through two diént mechanisms (Martins, 2004). The first,
by ensuring a passive layer is always availablsupplying charge to the surface, is not useful
for microbial biocompatible electrodes. The secomthanism, which provides a complete
barrier blocking oxidation of the metal, allowsaten transport with a relatively low resistance
between polymer and metal. A diagram showing thyged, oxidized (conductive) form of

polypyrrole is shown in Figure 2.2.
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Figure 2.2 . Structure of oxidized (conductive)  polypyrrole doped with an anion denoted
by A". The polymer has a net charge of +1 for every thr ee monomer units with partial
positive charges on the nitrogen groups. Figure re produced based on Vernitskaya et al.
(1997).

Anions used for polypyrrole formion on normal metals are usually such that thesnfan
insoluble layer on the surface of the m (the anion usually acts as a ligamdjich is more
conductive than the metal oxide which would otheeabe formed. This prevents furtl
oxidation of themetal by blocking transport of ions away from theface which in turn allow
polymerization to be initiated. lons used in foistpurpose include malate, oxa (Martins,

2004), and salicylate (Petitjeal€99).

Polypyrrole is preferable to other cwctive polymers for use on nareble metals becau
of the relatively low potential required for itsidative polymerization compared to others s

as polythiophene and PANI.

2.5 Electrochemical | mpedance Spectroscopy

Electrochemicalmpedance Spectroscy (EIS) is a popular method used to analyse
components of the overpotentials of an electrocbahaell. The cell is modied as at

equivalent electrical circuit with common electriccuit elements as well as some unique to

Small sinusoidal excitations in potential are aggblio the system around the open circu

reference potential. The frequency of these etxoita is varied ovemany orders of magnitu
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and the resulting current is examined to deterrtheampedance and phase angle of the system

at different magnitudes of frequency.

A plot of the logarithm of the magnitude of the edance and the phase angle against the
logarithm of the frequency is called a Bodé platternatively, based on the magnitude and
phase angle of the impedance, real and imaginanpooents of impedance can be calculated.
In a Nyquist plot, the imaginary impedance is @dton the y axis with the real component on
the x axis. Both of these diagrams can be exanguoatitatively to determine the processes
limiting the potential of the system. Usually, hewer, a circuit is used to model the system and
the values of the circuit elements are chosen wiinod the same impedance spectra as the

electrochemical system (Orazem, 2008).

The simplest circuit commonly used to model antedele/electrolyte system is a Randles
cell, which contains a resistor, due to the restaf solution and the electrode, and a parallel
combination of a capacitor and resistor which are @ the charge transfer resistance from the
electrolyte to the electrode and the associatetlddayer capacitance. The charge transfer
resistance varies with current density (often medeising the Butler-Volmer equation) so EIS
experiments are often done at the open circuitnpiatieor other potentials which are being used

for further experiments.

When the electrode in an electrochemical systemoiishomogenous (either the surface
properties are not uniform or the geometry is ghel the surface concentrations vary across the
electrode), the double layer capacitance is usuapiaced with a constant phase element (CPE).

A CPE is similar to a capacitor but the dependerficke admittance on frequency is not linear.

While the admittance of a capacitor is represehtedC, a CPE’s admittance is represented by

(ja))“Q . Q is analogous to capacitance, C, but cannweidveed as the true capacitance of the
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system as can be seen by the difference in uniis ifCunits of S-s and Q is in units of '§. dt

has been suggested that the true capacitancedutatad by:C = Q'

max

wherea ., is the

frequency at which the imaginary component of thpadance is at a maximum.

The circuit models above neglect one of the thypeally described overpotentials in
electrochemical cells, the mass transfer or comagon overpotential. When there is a
concentration gradient near the electrode dueetdirtiited rate of diffusion of reactants, the
concentrations at the electrode surface are diffél@n those in the bulk electrolyte. According

to the Nernst equation,

E=E°'+Eln& (2.4)
nF R

The potential varies with the concentration of teats at the electrode surface, not the bulk

concentration. The difference between the potebéised on the bulk electrolyte concentrations

and those actually observed is called the concamiraverpotential.

The simplest circuit element used to describe giffa effects is the Warburg impedance. A

Warburg impedance is at a constant phase angl&’oédardless of frequency with a magnitude
of 20! w"'? whereo is the Warburg constant. Physically, a Warburgadance represents
semi-infinite diffusion in the electrolyte. The Warg coefficient depends on the
concentrations, diffusion coefficients, and stabchetry of the redox reaction according to
equation 2.5 (Bard, 2000).

o= RT 1 4 1 (2.5)
nZF ZA\/E Dé/ch DIJ-\;IZC;
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Where n is the number of electrons transferredgmetion, F is Faraday’s constant, A is the
area of the electrode,Jand Lk are the diffusion coefficients of the reactantd & andCg

are their bulk concentrations.

When diffusion is occurring through a limited dsfan layer outside of which the bulk
electrolyte is at constant concentrations, the thapee element used is ‘porous bounded
Warburg’, or ‘O’ element. At high frequenciesstthe same as the Warburg element, but at
lower frequencies, the imaginary component of ingme@ begins to decrease and eventually

goes to zero. The impedance of the ‘O’ elemegivien by equation 2.6 (Orazem 2008).

Yoo jw

z=( 1 ]tant{B\/j_a)) (2.6)

Where Y is related to the Warburg coefficient Izyy:i and B is related to the

J2Y,

o)
diffusion coefficient and diffusion layer thicknelsg B=—= . This element is of particular

JD

interest in rotating disk electrode (RDE) experitseand for electrode coatings, where the

diffusion layer thickness is finite.
2.6 Microbial Fuel Cell Analysisand Modelling

Simple models for microbial fuel cells consist ofagtifying internal resistances by various
methods. More advanced models have attemptecdethgbthe physical processes in the
microbial fuel cell including electrochemical kirest, mass transfer, and microbial growth in one

or more dimensions.
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2.6.1 Components of microbial fuel cell resistances

The ohmic resistance consists of the resistaneéetdron conduction through the circuit as
well as ion conduction through electrolyte and meank in an electrochemical cell or fuel cell.
Usually the ionic portion of the resistance congtis the majority of the overall ohmic
resistance. Phosphate or carbonate buffers ai@atlypused to decrease the resistance of the
electrolyte (Fan, 2007). The resistance in thetedgyte is inversely proportional to the
concentration of the buffer solution but variesn®n different ions. In two chamber microbial

fuel cells, the membrane is the primary componétii@ ohmic resistance.

The anode polarization or activation resistanca imicrobial fuel cell is the resistance to the
reduction involving microbial fuel cells or mediadat the electrode surface. Most microbial
fuel cells which use an oxygen reduction cathdde cathode activation resistance is much
higher than that of the anode (Fan, 2008). Thigatain resistance for microbial fuel cells is
usually linear with current density at typical ogimg conditions. When biofilms are present,
the activation resistance has been found to beoptiopal to the electrode surface area (Fan,

2008).

The microbial metabolism resistance is the interaesistance due to the limited rate at
which substrate can be oxidized. In many lower grogkensity microbial fuel cells, this is the
primary limitation. If the substrate or biomassicentration is limiting, the current will not
increase significantly with decreased voltage. fdséstance will be proportional to anode

volume as well as biomass and substrate concemtrati

The mass transfer resistance is a common limitati@memical fuel cells (O’Hayre, 2006)

but is less commonly encountered in microbial ftedls. When the electrode reaction is

19



relatively fast and current densities are higmspeort of charge from the electrolyte to the
electrode can cause a concentration gradient. Wioelelling such systems that are stirred it is
often treated as a bulk solution with constant eatration and a thin diffusion-only layer near
the electrode surface (Picioreanu, 2007; Marcu7R0This diffusion layer with a
concentration gradient can also arise in systemaghioh a biofilm is formed on the surface

which prevents convective mixing in that region.

A simple non-dimensional model for the flux to dectrode and corresponding current

current density are given in equations 2.7 andQ:Blayre, 2006).

J =D Cwa;co 2.7)
j:nFD% (2.8)

Where D is the diffusion coefficient, C is the centration, and is the diffusion layer.

2.6.2 Electrochemical Techniques

Several electrochemical methods have been usaddyg siicrobial fuel cells (MFC). Slow
potential sweeps are used to generate polarizatiores. Cyclic voltammetry is commonly used
to determine oxidation potentials for microbial at@alism in biofilm-based cells.
Electrochemical impedance spectroscopy (EIS) harm heed recently to study the components
of the internal resistances in a cell. Other @samon techniques have been attempted with

varying levels of success.

Most researchers use potential sweeps to geneskisge-current (cell polarization curves)

(Schroder, 2003) and power-current curves and tierohéene the maximum power output of the
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cell (Logan, 2006). Maximum power output has bgleown to occur when;R= Rex(Manohar,

2008).

Ohmic losses in MFCs have been successfully detexnising the current interruption
technigue and by other techniques such as impedguredroscopy (Manohar, 2008; Qiao,
2007). These techniques can be used to qualitatietermine whether ohmic losses,

polarization resistance, or mass transport lossesrahte based on the shape of the curves.

Cyclic voltammetry (CV) has also been used extalgiin the analysis of MFCs (Manohatr,
2009; Schrader, 2003; Logan, 2006). CV is gengraded to determine the electrochemical
activity of microbial cultures in the anolyte sobrt. It has been used successfully to determine
the mechanism of direct electron transfer from pocganisms in a biofilm to an electrode

(Fricke, 2006).

The use of electrochemical impedance spectrosdel8) {n the analysis of microbial fuel
cells has only become common in the last threesy@danohar, 2008; Manohar, 2009; Qiao,
2007). By doing EIS measurements and fitting gofenaircuit (one-time constant model,
OTCM), the solution resistance, polarization resise, and electrode capacitance can be
determined as well as the individual polarizatiesistances of the two half cells (Manohar,
2008). Using Ohm’s law and measurements for thieckls, the membrane resistance can also
be determined for two chamber MFCs (Manohar, 20@8) performing EIS measurements at
several potentials, more information can be deteechiabout the overpotentials and the
dependence of internal resistance on current. Mzatameters have shown a good fit to the EIS
data but no EIS studies have been found for casekich mass transfer effects were studied

likely due to the natural fluctuations present ower low frequencies required.
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Differential pulse voltammetry has been proposedrealternative to CV in studying
oxidative potentials of different systems (Mars2008). For systems which take a long time to
reach their pseudo-steady state potential, thisogdetan reduce the amount of time for the
experiments. No reported uses of differential @wisltammetry for MFCs were found in

literature.

A unique and powerful method to determine varicusgonents of the internal resistance
was done by Fan et al. (2008). They assumed eanpanent of the resistance was proportional
to some experimental parameter (ie. Surface afg)arying the parameter and measuring the
polarization curve, one can determine the specditribution of that resistance. They use this

method to find anode, cathode, membrane and elgietn@sistances.

2.6.3 Polarization and Power Curves

Polarization or voltage-current curves have bectiaestandard method of presenting
microbial fuel cell performance (Logan, 2006) athis case with chemical fuel cells. Not only
does this show the maximum current and open civaliage of the cell, but it shows
characteristics of the voltage-current behaviouictvigive an indication of the types of internal

resistances which are predominant.

There is considerable variation in the techniquesraethods of reporting these curves.
First, some authors do a short potential sweepwihies not allow the system to reach steady
state at any one voltage or current (often leatbrayer reporting of performance), while others
use a fixed voltage or resistance until steadessateached. Additionally, current is usually

reported as a density normalized to chamber volonsdectrode area. Electrode areas, however
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are not consistent as some reports use the georsatface area of porous structured carbon

materials while others report based on true surdaea.
2.6.4 Modelling

Although microbial fuel cells have been studieceesively in the lab by many researchers,
very few attempts have been made to develop matieahmodels of these systems. The
simplest electrochemical models used to fit thégoerance of microbial fuel cells are based on
the surface reaction kinetics, electrolyte (ohmésjistance, and mass transfer effects. It is the
same technique used for chemical fuel cells (O’'ldag2006) and is useful mainly for
comparisons and not for obtaining absolute valdiesp parameters. Such models also only

work for predicting and modelling steady state ¢bous.

These simple models depict the potential as a fomaf current density (i), equilibrium
potential, activation resistance, electrolyte tasise, and concentration or mass transfer
resistance. The thermodynamic potential is repiteseby the symbol € The activation
overpotential is represented by the tear @ In i), the electrolyte overpotential bysR and the
mass transfer overpotential byn i /(i_-i). Overall, the equation depicting the performaote
the microbial fuel cell is shown in equation 2.8r(the case of a reversible cathode; O’Hayre,

2006).

E=E°—(a+blni)—Rgi—cln <i ' i) (2.9
-

Where a, b, and c are constants determined expatiathe R, is the overall ohmic
resistance of the electrolyte, electrodes, and manea) and,iis the mass transfer limited current

density. E° and a can be combined when fittingxperimental data. In the case of a non-
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reversible cathode, the activation terms can bebawed into one so that a and b represent the

terms for the combined anode and cathode.

The first transient physical model, which was fayatem with an added soluble mediator
compound and freely suspended cells, was publish&895 by Zhang and Halme (1995). It
was a transient model which considered only thesrbatances and reactions but not mass
transfer effects. It assumed the entire chambsrwedl mixed and that the cathode was at a

constant potential.

Other, more complex, models specific to microbiglfcells was published more than ten
years later by Picioreanu et al. (2007) and otfMescus, 2007). Their models were focused on
modelling the biofilm growth and current generatiommicrobial fuel cells with a diffusion layer
near the electrode and in the biofilm. The fifsth@se models was solved numerically in 1, 2,
and 3 dimensions for the anode side only. Picianest al. (2008) later combined their MFC
model with a previously published anaerobic digesthodel for the oxidation of glucose by

bacteria.

Zeng et al. (2010) presented a model of a micrdbllcell which follows the general
modelling approach used for hydrogen PEM fuel cdliss an electrochemical model with the
incorporation of Monod kinetics for substrate oxida and an oxygen reduction cathode. The
model doesn’t consider mass transfer effects eaelectrode. The researchers did extensive
measurements on a lab-scale MFC and fit paramtéh® model so that it accurately predicted

the performance of the cell.

Ganguli et al. (2008) found some important paramnsed@d reaction mechanisms for a yeast-
catalyzed microbial fuel cell with methylene bluedrator. They developed a model of the RDE

system with a two step reaction, mediator reduddioa yeast reduction/substrate oxidation. The

24



model with mediator reduction being the limitingstwas found to fit the experimental data and
rate constants for the reaction were determindte miechanism they found for the

yeast/mediator system is shown in Equations 2.802ahl (Ganguli, 2008).

ku

M+YRSMR+Y (2.10)
kg

Y+ SRSYR+§ (2.11)

Where M is the mediator, Y is the yeast cells, Biéssubstrate, superscripts of R represent
the reduced form and a lack of superscript reptedée oxidized form. The mediator/electrode

(surface) reaction was found to be reversible is1¢hse and therefore not rate limiting.

2.7 Detailed Objectives

The objectives of this research project were osliyrto evaluate the use of alternative
electrode materials, primarily involving base metuch as steel, in the novel type of microbial
fuel cell investigated previously by the researcbug of Dr. Hill (Powell, 2009; Powell, 2011).
When the possibility of creating electrodes whicbgtude the use of soluble electron mediators
arose, the focus of the research shifted to thegermals in combination with different electrode
supports. The goal for the microbial fuel cell esiments was to compare and evaluate the
performance of these systems to the traditionatahial fuel cell setup involving soluble
mediators and graphite electrodes, both in the Inphetosynthetic biocathode, as well as a
coupled microbial fuel cell with a traditional areodtilising yeast. A schematic diagram of the

interaction of microbes, mediators, electrodeseladtrolytes is shown in Figure 2.3.
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Figure 2.3. Diagram of a microbial fuel cellwitha  yeast bioanode and algae biocathode.
A represents algae cells, Y represents yeast cells  with superscripts ‘R’ representing the
reduced state for those cells. S is the yeast subs  trate (glucose) and M is the mediator

compound, either attached to the electrode or in so lution depending on the experiment.
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3. EXPERIMENTAL

3.1 Equipment

For all electrochemical experiments and polymeiarest, potentiostats from Gamry
Instruments were used. For electrochemical impeslamasurements, a Gamry G-750
potentiostat was used which is capable of measatifiggquencies up to 100 kHz. The software
used to control the EIS experiments was EIS300 ™tklehemical Impedance Spectroscopy
Software. For all other electrochemical experimeatGamry Reference 600 potentiostat was
used along with the PHE200™ Physical ElectrocheyniSbftware. These programs are

operated from within the Gamry Framework 5.6 Softwa

Analysis of electrochemical results (EIS, CV, ewere analysed using the Gamry Echem
Analyst software which is able to fit equivalentceiit models to EIS data and find CV peaks and

other important parameters as well as exporting ttaMicrosoft Excel for plotting.

Stirring was performed with Hanna instruments [sites.

3.2 Methylene Blue Polymerization

Methylene blue was first polymerized on non-oxid@gsubstrates: platinum, gold, and
glassy carbon. This is an electrochemical oxigapimcess wherein the methylene blue in
solution is polymerized at the positively chargadace of the working electrode. The standard
method for performing this reaction is by cyclitng tpotential of the electrode from below the

reversible redox potential up to a potential higbwgh for the oxidative polymerization to take
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place. With each successive sweep, more polynaapssited. Aside from creating more
adherent films than potentiostatic methods, thitho also allows visualization of the polymer
growth by observing the increase in the size ofréversible polymer oxidation peak with each

potential sweep.

The setup is a typical three electrode cell with\orking electrode, platinum mesh counter
electrode, and saturated calomel reference elexplated in the solution and connected to a
Gamry Reference 600 potentiostat which performsagel control and current measurements. A

25 mL three electrode cell was used with the glassigon working electrode of 0.0707 Tm

Electrodes were polished with diamond paste angrpssively finer alumina using an

electrode polishing kit to give a mirror surface.

Initially, solutions of methylene blue, sodium biardas a buffer), potassium nitrate, and
potassium hydroxide (to adjust pH) are preparatiealesired pH and species concentrations.
Methylene blue concentrations of 0.5 to 4 mmol/revesed and pH values between 7 and 11
were examined. Nitrate and borate concentratid®slomol/L and 0.025 mol/L were used,
respectively for all experiments. Due to variation literature parameters, peak potentials of
between 0.8 and 1.1g¢swere tested. Cyclic voltammograms were run fotdl25 cycles
depending on when the monomer oxidation peak heapgeared and the polymer peak stopped

increasing.

For all further experiments after optimization,wes of 1 mmol/L methylene blue, 9.5 pH,
and a 1.05 VYce peak potential were used. The cyclic voltammeitag performed at a rate of

100 mV/s with a minimum potential of -0.5s%
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3.3 Stainless steel electrode preparation

Stainless steel 304L rods were obtained from Stete{8askatoon, Canada). These rods
were cut to the lengths needed and had a diame®e8® mm (1/4 in). For the experimental
preparation and optimization of the composite filsteel rods were coated in epoxy and only
the end was polished. Polishing was performedamyging with 600 grit sandpaper followed by
alumina to give a mirror finish. This exposed gade a consistent surface area of 0.32 cm
After sanding, the end was thoroughly rinsed withtane to remove any metal particles and

water limiting oxidation of the steel surface.
3.4 Polypyrrole synthesis

Polypyrrole synthesis, when needed as a surfadengpas performed by
electropolymerization at constant current (galvaéaiosally) or constant potential
(potentiostatically). When polymerized on non-reobletal substrates, a doping ion which is a
ligand must be used to limit oxidation of the methile the polymer is being formed. The
metal-ligand forms a very thin insoluble layer whidocks metal ions from dissolving but still

allows oxidation of pyrrole at the surface.

Doping ions for polypyrrole used with stainlessesiaclude oxalate, salicylate, and nitrate,
all of which were tested experimentally. Threectrlade cells were used. For the optimization
experiments with 0.32 chelectrodes, a 25 mL cell was used with saturaséshtel reference
and platinum counter electrodes. Current was otlatt and potential was measured with a
Gamry Reference 600 in galvanostat mode. Forodyipyrrole syntheses, the cell was purged

with nitrogen to prevent oxidation of the pyrrotesolution by oxygen in the air.
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The solution for polypyrrole synthesis consiste® @5 mol/L pyrrole in water with 0.1
mol/L doping ion and just enough phosphoric acicetduce the pH to the desired level (which
was varied between 3 and 6). The galvanostatibodetvas used for all experiments for a
duration which gave the lowest final potential (apgmately corresponding to the most
conductive film). A current density of 6 mA/émwas found to be optimum in this respect and
was used for all further experiments. The polyzedron time used was 180 seconds as this was

the average point when the minimum potential wéneaed.

3.5 Composite electrodes and microbial fuel cell electrode preparation

Deposition of poly(methylene blue) on polypyrrolassperformed in the same way as on
bare electrodes as described in section 3.2. dhdting cyclic voltammogram characteristics
were more difficult to discern but the current peakuld be seen increasing and desired
resulting properties were achieved. Due to themal for methylene blue monomers adsorbing
to the polypyrrole in addition to the polymer forthe electrodes were soaked in water for at

least 1 hour before any further use.

In order to use the composite electrodes for miatdhel cell experiments, a higher surface
area was needed. In this case, the stainlessrateelvere polished as described earlier, but not
coated in epoxy. The rods were immersed in a loagow three electrode cell along with the
saturated calomel reference and counter electrodthis case, graphite rods were used as

counter electrodes because of their higher sudeea and similar geometry to the steel.
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0 mm 50
Figure 3.1 . Microbial fuel cell electrode preparation cell. A graphite rod (a) is used as the

counter electrode, stainless steel (b) as the worki  ng electrode onto which the polymer
layers are deposited, and a saturat ed calomel (c) reference.

A diagram of the setup used for the microbial fuedl electrode preparation is show!
Figure 3.1.This cell was used for both the poyrrole deposition as well as for poly(methyle
blue). The steel rods were immer®% cm into solution giving an approximate total sugacee

of 11 cnf. All current values were adjusted based on previodstermined current densiti

31



3.6 ElISanalysis of electrode coatings

Coatings were analysed for stability when storeél@ttrolyte solutions using
electrochemical impedance spectroscopy. Betwesdings the electrodes were immersed in a
phosphate buffer solution with a pH of 7.0 and aggihate concentration of 50 mmol/L. For
EIS measurements, the electrodes were placed3ma Zhree electrode cell with SCE

reference and platinum counter electrodes in theessolution used for storage.

A Gamry potentiostat was used for the EIS measun&me potentiostatic EIS mode with a
DC voltage of 0 V and an AC voltage magnitude ohi\d. A frequency range of 100 kHz to

0.1 Hz was used for all EIS experiments.

The model described earlier (section Modelling2.6vds implemented in the Gamry Echem
analyst software so that the data could be fihéorhodel. The Simplex method was used for
data fitting with initial estimates of parametetues obtained by observing the Nyquist plot of
the impedance data. Values qffRnd capacitance were recorded for comparisons and

calculations.

3.7 NADH catalysis measur ement

In order to confirm that poly(methylene blue) aditeto the electrode and is still active, the
current obtained from CVs in different concentrati@f NADH was measured. Solutions of
NADH in water were prepared at concentrations df,, 5, and 7 mmol/L. At each of these
concentrations, the electrode was immersed indhgign in a 25 mL three electrode cell with
SCE reference and platinum counter electrodeslicQyaltammetry was performed between
+0.4 Vsceand -0.6 \éce The peak oxidation currents were determined wigéhGamry Echem

software for comparison.
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3.8 Algae culturefor microbial fuel cell biocathodes

Chlorella vulgaris was obtained from Carolina Biological Supply arakvgtored in a
refrigerator until used. Bold’s Basic medium (JamE978), a standard used for growing green
microalgae, was used as the growth medium forestattitures as well as for microbial fuel cell

experiments. The contents of the medium are showable 3.1.

Table 3.1. Bold's Basic medium nutrients and minera Is.

Nutrients Conc. (mg/L)

NH,CI 75
MgSOy 7H,0 50
KoHPO, 100
KH,POy 150
CaCb 25
NacCl 25
Na-EDTA 50
Trace Elements

FeSQ-7H,0 4.98
H3BO;3 11.42
ZnSQO, 8.82
MoO; 0.71
Co(NOy), 61,0 0.49
MnCl, 1.44
CuSQ-5H0 1.57

The media was prepared in one litre batches amidiztd before being used.

The starter cultures were grown in flasks at roemgerature under fluorescent plant
growth lights providing approximately 4000 Ix offit intensity. Timers were used to control
the lights to be on for 16 hours out of every Hectrochemical experiments were done during

the light phase unless otherwise specified.
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Cultures were stirred only enough to keep the ¢sdi® precipitating with magnetic stirrers.
For the starter cultures, no @8upplementation was provided and no other gasses blown

into the flasks.

Starter cultures were incubated for at least twekséefore being used to inoculate the

microbial fuel cell biocathode. By this time, th@tures were a uniform, bright green colour.

The biocathode was first operated alone with a atelmanode. Two one litre bottles were
joined by a 5 cfhNafion-112 proton exchange membrane which had pesriously activated
with 4 M sulphuric acid and stored in water. Lwdsre placed on the bottles to prevent outside
air from mixing into them. Electrodes were insdrtierough holes in the lids and held in place
by rubber stoppers, which also provided an airtsggal. Each bottle was cleaned in an ultrasonic
bath and rinsed with ethanol for sterilization wefase. 500 mL of the Bold’'s medium was

added to the cathode bottle and inoculated witlia@mately 50 mL of starter culture.

A bubbler was used in the cathode which supplied® mixed with air at a flow rate of
200 mL/min. Pre-calibrated gas flow meters wemdus mix the industrial grade G@ith air.

The bottles were placed on stir plates with andesticontinuously.

For the biocathode experiments, the anode wasl filiéh 500 mL of 20 mmol/L potassium
ferrocyanide. Due to the gradual shift in potdrafahis reducing agent, a saturated calomel
reference electrode was used in the anode to meettsipotential against while the ferrocyanide

still acts as an electron donor.
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3.9 Yeast Growth and Microbial Fuel Cell Bioanode

Saccharomyces cerevisiae was used as a bioanode in a microbial fuel ceh giucose used
as the substrate. The medium used was an expdgobiical) medium used by Wall et al.

(1992), the contents of which are shown in Tabk 3.

These citrate concentrations give a pH of approteiyal.1. The substrate was sterilized
before use by boiling for 1.5 hours. Final culturgere observed under a microscope to ensure

bacterial contamination had not occurred.

Inoculation of the bioanode was done directly viftd dried yeast. Any electrodes being
used were inserted at the time of inoculation &edanode chamber remained closed and airtight
during growth to ensure anaerobic conditions. iagnetic stirrer was adjusted to a speed
which prevented excessive settling of yeast céflewever, due to the design of the cell, settling

was unavoidable in the bridging section betweerdarand cathode.

Table 3.2. Yeast substrate used for bioanode studie  s.

Minerals Conc. (g/L)
NH.CI 2.50
Na,HPO, 291
KH,PO, 3.00
MgSO, 0.25
CaCl, 0.08
Buffer

Citric acid 5.30
Trisodium citrate 2.50
Nutrients

Yeast extract 3.00
Substrate

Glucose 20to 50
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Measurements of performance including open cifgoiéntial, voltage-current behaviour,
and response times were carried out in the stayqrtaase of growth, which is achieved after
approximately 24 hours with the glucose concemnatiused here. This was the point at which
the potential reached a maximum and allowed m@eodkicible voltage and current generation

behaviour.

The physical setup of the microbial fuel cell désed in this and the previous section is

shown in Figure 3.2.
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Figure 3.2. Microbial fuel cell apparatus showingt  he anode (a), cathode (b), working
electrode (c), reference electrode (d), Nafion-112  membrane (e), and CO , bubbler (f).

3.10 Microbial Fuel Cell Analysis Procedures

Microbial fuel cell setups were analysed by meagyutheir open circuit potentials, transient

response times, steady state polarization curvesyalues obtained from them. Components of
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the internal resistance were analysed electroctaini@s shown below. Additionally, some

basic cell culture characteristics were measuret as substrate pH and cell concentration.

3.10.1 Cell Growth and Biomass Concentraitons

Cell growth rates were not measured directly, algiobiomass concentration was found to
stabilize two to three days after algae cultureiutation. Biomass concentrations were
measured before microbial fuel cell experiments afiter they were completed. For the
concentrations measurements before MFC operatibml5of solution was removed and
centrifuged for 5 minutes. The centrifuged celtravleft to dry at room temperature for 48
hours and weighed again and the biomass concemtrediculated. The measurements after
completion of experiments were done by the saméaoddbut the entire solution was weighed

and centrifuged due to the significant weight @& Hiofilm.

3.10.2 Open Circuit Voltages

Open circuit voltages were measured with a potstataising the open circuit voltage
experiment. The working electrode leads were coteakto the cathode electrode and the
counter and reference leads to the anode electiblae experiments were set to have a duration

of 3600 s and the final, stable reading was talseih@ OCV.

3.10.3 Measuring and Plotting Polarization Curves

Polarization curves were plotted with steady stateent and voltages. Some authors do a
short potential sweep which does not allow theanirto reach steady state which artificially
increases the current values. Instead, multipterg@l steps were done and held for times

determined to give 95% of the steady state cufsattion 4.2.4). These final current values are
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divided by the exposed (geometric) electrode sertaea to give current densities and reported

in mA/m?.

3.10.4 Measuring Internal Resistances

There have been many different methods used toureasicrobial fuel cell internal
resistances. In this research, a new method wastodifferentiate the anode and cathode
internal resistances from the ohmic resistancetaltiee electrolyte and membrane. Reference
electrodes were placed in each chamber near #spective working electrodes. Voltage
current curves are recorded as before but in #es,cthe voltage between the reference
electrodes and the anode are recorded as welt alloivs determination of the potential across
the electrolyte and membrane (between the twoerber electrodes), potential of the anode
(with respect to a reference and disregarding liberelyte resistance), and the same for the

cathode by simple subtraction.
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4. RESULTSAND DIsCUSSION

4.1 Formation and Evaluation of Metal-based | mmobilized M ediator Electrodes

While most research to avoid mediators have focosea few species of bacteria with the
unusual trait of being able to transfer electroinsatly to a non-catalytic electrode, those
organisms mean that the only product is electraitgt no useful products can be produced
(without genetic manipulation). The polymer forofsseveral redox dyes have been studied for
the similar application of enzyme-based biosenasersolid surface electron mediators (Silber,
1996). Other surface-bound redox compounds hage bsed successfully to facilitate electron

transfer in microbial fuel cells using bacteriarige2010).

Polypyrrole was selected as a conductive polymgarlaecause it is relatively stable in
agueous solutions, is stable in the potential ramggquired for mediator polymerization and

microbial fuel cell operation, and can be electigperized directly on an electrode surface.

Methylene blue has been chosen as a polymerizaddgator because it is one of the most
stable of the polymerized redox dyes (Karyakin,2)%nd retains similar redox potentials after
polymerization. It was also used in soluble fomthe microbial fuel cell which this work takes
inspiration from (Powell, 2011) and has favouraieldox potential compared to NADH. Neutral
red was also investigated but not found to havedeable redox potentials once polymerized.

The redox peaks on the CV were 0.5 V lower thaséhor methylene blue.

Stainless steels, nickel, and carbon steel werstigated as non-noble metal electrode

substrates on which to form layers of polypyrrdiert poly(methylene blue). Several counter

39



ions and preparation methods were attempted irr ¢odget stable, adherent immobilized
mediator films. Ultimately stainless steel 304Lswaund to be the only suitable metal of the
ones investigated and was used for microbial fatlexperiments. A diagram showing the

charge transfer in such electrode films is showfigure 4.1.
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Figure 4.1. Expected electron transfer mechanism be  tween microbial cells and composite
immobilized mediator electrode with polypyrrole and poly(methylene blue).

4.1.1 Conductive Polypyrrole Used to Block Oxidation of Metal Surfaces

Polymerized mediators cannot be deposited directlio base metals or alloys because the
metal oxidizes at lower potentials than the oxiapolymerization. In case of iron, this causes
a large current due to continuous dissolution @f into solution. With stainless steel (304L),
metal is initially oxidized but a passive film ofetal oxides soon prevents current from flowing
also preventing oxidation of mediator at the metaface. Such a passive film would also

prevent electron transfer from the mediator todleetrode itself.

40



Polypyrrole is one of the most stable conductivigmpers and can be formed by
electropolymerization. It is in the conductiverfoin the oxidized (black) state when subjected
to potentials above -0.%¢e so long as it does not become over oxidized. \Be5V, the
doping anions leave the polymer and it becomesceiand insulating. Overoxidation,

somewhere above 1.25%: causes degradation of the films.

Polypyrrole was selected as an interface betweesttinless steel electrode and the
polymerized mediator because it is stable in athefconditions used. The synthesis parameters

for polypyrrole affect its stability, structure,doonductivity.

4.1.2 Formation of Conductive Polypyrrole on Base Metal Alloys

In order to use a polypyrrole coated electrodenmcobial fuel cell, a uniform, conductive
coating with good stability needed to be obtain€uh stainless steels, only certain doping ions
can be used in order to prevent oxidation of tkeldgtself from being the dominant process

during electropolymerization.

Three anions which have been shown to work asdpend ion for polypyrrole formation
on steels were tested: nitrate (in the potassiuti®an), oxalate (oxalic acid), and salicylate

(sodium salt). Polypyrrole is typically formedlatv pH values, between 2 and 6.

For all tests, pyrrole was polymerized galvanossdly (constant current) on the electrodes.
The first indication of the level of success is shape of the resulting voltage-time plot. If the
potentially quickly peaks then continues to deaee#®e film is conductive and the increased
surface area of the film lowers the overpotentgjuired for polymerization. If the potential

begins to increase, it means either that the flmat as conductive or not adhering to the metal
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surface. Alternatively, if the potential does petk in the first few seconds, it is likely thag th

metal is oxidizing in preference to pyrrole polymation.

Table 4.1. Success of different anions as the count  er ion during pyrrole polymerization.

Metal Anion

Nitrate Oxalate Salicylate
Nickel X X X
S.S. 304L v X v
Carbon Steel X X x*

*visible polypyrrole layer formed but was not
uniform and not conductive

The preceding table (4.1) shows the different corations of metal electrode and anion
used and whether or not they were successful, aséute formation of a uniform, visible film,
and the chronopotentiometric plot (voltage-timet pith a constant applied current). Nickel
proved unsuccessful in all attempts. Although semible polypyrrole could be applied on
carbon steel, it was not uniform and spots of o could be seen between areas of the
polymer. Polymerization was successful on 304inktas with two anions, nitrate and

salicylate, which were investigated further.

Figure 4.2 shows some of the voltage-time plotstarcessful and unsuccessful
polymerizations. Based on these plots, the optpogimerization time was determined to be the
point at which the potential reached a minimum befeeginning to increase. In the case of

salicylate and stainless steel 304L, this was b&twlé0 and 200 seconds.

Various pH values for the synthesis solution wesgetd to determine which gave the most

consistent, uniform polypyrrole coatings as showFRigure 4.2. pH values of 3.2, 4, 5, and 6
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were initially used. Using 6 did not give any bis polypyrrole and 4 gave the most uniform
coating. Ultimately, a pH of 4.5 was found to gthie best results in terms of decreasing voltage

on the choronopotentiometry experiment and a umifcoating.
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Figure 4.2. Chronopotentiometry plots for depositio n of polypyrrole on stainless steel
304L from solutions of different pH (shown as label s). Atvalues of 3.2 and 4.0, the
polymer forms more easily and is more conductive th an at higher values.

Impedance spectroscopy measurements were donadormoé the successful polypyrrole
electrodes, as well as for the poly(methylene ibhatypyrrole electrodes produced later. It was
found that consistent charge transfer resistanc#8®to 150 ohms were achieved for bare

polypyrrole when the chronopotentiometry plot iredexd a successful polymerization.
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The current density used for polymerization was&/mf. Polymerization could not be
initiated to produce a continuous film with lowemcentrations or lower current densities due to
preferential oxidation of the steel. However, witlee current density and pyrrole concentrations
were high enough, the initial film formed quicklgaugh to inhibit further oxidation of the steel.
After the initiation of the film, the potential relaed a steady value of approximately 0.8 V which
depends strongly on the current density and pycofeentration. The solution used for

electropolymerization is shown in Table 4.2.

Table 4.2. Pyrrole solution used for polymerization on stainless steel.

Compound Concentration (mol/L)

Phosphate ~1x107°
Salicylate 0.1
Pyrrole 0.25
pH 4.5

Polymerization was attempted on carbon steel alsasalickel with nitrate, salicylate, and
oxalate anions. Tests were done potentiostaticallyder to determine whether the initiation of
complete coverage films could be achieved. Apatentials attempted, little or no polymer was
visible. In the case of carbon steel, current wontrease indicating the oxidation of the metal
was faster than polymerization. In the case dfeliccurrent would go to zero which indicates
that a passive film is formed before polymerizatam be initiated. In all cases, the metals were

sanded and polished with alumina and ethanol befgperiments began.
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4.1.3 Formation of Poly(methylene blue) on Polypyrrole Coated Steel

Initially, methylene blue polymerization was perfegd on non-reactive substrates (glassy
carbon, gold, and platinum) by the cyclic voltammeééechnique as reported in literature (shown
in Figure 4.3). The irreversible oxidation takémsge near 1 Yceto create the polymer form of
methylene blue. The reversible oxidation and rédogeaks of the monomer are preserved in
the polymer centered around -0.28c¥shifting positive to -0.15 Mg for the polymer. Several
parameters, pH, counter ion, concentration, switgipiotential, were varied to optimize the
polymerization with a glassy carbon working eled&o The optimum was found to be a solution
of pH 9.5 at 1 mM methylene blue with nitrate supipg electrolyte and a maximum potential
of 1.05 Vsce Optimum films were considered to be those wittaerow polymer oxidation peak

which continues to grow with further voltage sweeps
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Figure 4.3. Cyclic voltammogram of poly(methylene b lue) formation on a platinum
electrode. Sweep rate used was 100 mV/s for 25 cyc les. Solution used for synthesis is
shown in Table 4.3. Cycling limits are 1.0V  scg and -0.5 V gce.
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At several of the solution compositions, no polyization was possible. Only at high pH

values and with nitrate in the solution was a pdytayer observed after the voltage sweeps.

Stability when stored in water was moderate wittal deactivation time, based on CV
oxidation peak, of a few days (less than the 2 weegorted previously (Karyakin, 1999).
Methylene blue polymerized on graphite rods (whielre a somewhat porous structure) shows a
much longer stability time, with little decreasecimarge transfer resistance (measured by

impedance spectroscopy) after 2 weeks.

The optimal methylene blue polymerization solutt@mposition is shown in Table 4.3.

Table 4.3. Methylene blue synthesis solution compos ition.

Compound Concentration (mol/L)
Potassium (K") 0.175

Nitrate (NO3’) 0.1

Borate (BO;*) 25x 107

Methylene blue 1x10°

pH 9.5

The optimum values for peak potential, methyleneldoncentration, and pH found from
the non-reactive electrode optimization were usedife composite films with polypyrrole. It
was found that on polypyrrole-based electrodespgtenum number of cycles is between 8 and

12, after which the current peaks on the cyclitcammogram no longer increase.

A cyclic voltammogram of the polymerization of mgtgne blue on a polypyrrole coated
electrode is shown in Figure 4.4. The peaks thraih fare much broader than on the smooth non-

reactive electrode (Karyakin, 1999) due to the ostiucture of the polypyrrole and its own
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redox activity. The high background current albscures the peak corresponding to monomer
oxidation beyond the first potential sweep. It a0 observed that if the lower switching
potential was too low (below -0.5g¥) the poly(methylene blue) peak would not appedin wi
successive potential sweeps. This is due to ceirenf polypyrrole to its reduced non-doped

state which has been found to be non-conductivenjiékaya, 1997).
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Figure 4.4. Cyclic voltammogram of poly(methylene b lue) formation on a polypyrrole
coated stainless steel 304L electrode. Sweep rate  used was 100 mV/s for 8 cycles.
Solution used for synthesis is shown in Table 4.3. Cycling limits are 1.05V sce and -0.5
\/SCE-

As with methylene blue on non-reactive electrotles.evidence for actual polymerization
as opposed to simple adsorption is shown by tweaspf the cyclic voltammogram. The first
is the formation of a peak at a more positive piathan that of the monomer, see Figure 4.4.
Adsorbed methylene blue shows an oxidation pe#ikeasame potential as that of the monomer

(Ju, 1995). The second is the oxidation peakestitching potential of 1.05 V with no
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corresponding reduction peak. In addition, thehylene blue would not likely remain on the

surface for the amount of time found in the staptiests due to diffusion.

Attempts were made to polymerize methylene blueatly on the surface of non-noble
metals such as stainless steel, nickel, and tianidowever, in all cases, the oxidation of the
metal at potentials near 1 V was rapid and preveaty polymerization of methylene blue. The
formation of polypyrrole takes place at a low enopgtential and with a high enough rate to

form a boundary which blocks the oxidation and @isson of metal ions.

4.1.4 Measurement of Film Impedance and itsuse in Evaluating Film

Perfor mance

Ferloni et al. (1996) proposed equivalent circubidels and fitting procedures for the
impedance of the electrically conductive polymeuk/pyrrole and polythiophene. The model
has been used for the composite polymer sincertieepses are largely the same except for a
much smaller charge transfer resistance. The abpntcircuit used is shown in Figure 4.5. The
first two sections are typical for any realistie&rochemical cell with Ru being the ohmic
resistance and the constant phase element withatbe of G, and parallel resistance
representing the charge transfer at the electrodadary. The Warburg impedance in parallel
with a resistance represents diffusion of chargeties through the polymer film. The final

capacitance represents the overall redox chargectgf the film.
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Figure 4.5. EIS equivalent circuit model used to de  termine charge transfer and other
resistances of composite electrodes. R, is the ohmic resistance, C 4 is the double layer
capacitance with R  being the curresponding resistance, Z  is the Warburg impedance
for diffusion through the film and R | is the associated resistance, and C | is the
capacitance representing the amount of reactive com pound in the film.

The parameter compared for all films is the chargesfer resistance, which corresponds

approximately to the width of the high frequency arthe complex plane plot (Figure 4.6).
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Figure 4.6. Comparison of complex plane impedance s  pectrum of bare polypyrrole on
stainless steel and polypyrrole/poly(methylene blue ) composite. Impedance was
measured at 0 V sce with a 10 mV amplitude between 100 kHz and 0.1 Hz.
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Figure 4.6 shows the impedance of the compositeddmpared to a bare polypyrrole film
using potentiostatic EIS at Os¥= The impedance depends strongly on the DC volagiethus

0 V was used for all experiments since it is nbarreversible potential of methylene blue.

4.1.5 Degradation of Filmsin Aqueous Solutions

In order to evaluate the stability of the filmsaqueous solution, electrodes were aged in
phosphate solutions and impedance spectra weredestperiodically. The charge transfer
resistance was measured by fitting the data teiticait model described previously. Charge
transfer resistance was measured over time anthtleeor its doubling is reported. The

impedance is also compared to bare polypyrrolerageaence.

Figure 4.7 shows the increase in charge trans$ésteaice with time for the composite
polypyrrole/methylene blue films with two differepblypyrrole counter ions. The doubling
times for the charge transfer resistances wereoliéstfor the polypyrrole with nitrate and 67
hours for that with salicylate anion. Two samplemsg nitrate are shown to demonstrate the

repeatability of the test and of the material dilitgb
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Figure 4.7. Change in the relative charge transfer  resistance, as measured by EIS, of
films with two different anions over time when stor ed in 50 mM pH 7 phosphate buffer.

4.1.6 Comparison of the Use of Different Doping lonsin Polypyrrole

Various factors determine the stability of polymferin agueous solution including the
choice of anion (Wang, 2001). Two factors havenbdentified which can potentially influence
the loss of activity due to ion loss. lons ard l@ken the positively charged groups on the
polymer are reduced so an ion that causes sloweactien of the polymer is more stable.
Additionally, larger anions are less mobile whiasaas a barrier to further reduction of the

polymer while maintaining electro-neutrality.

Polypyrrole formation on stainless steel has béemve to be more efficient in nitrate than
other solutions (Schirmeisen, 1989) so initiallyratie was used as the dopant. The stability in
nitrate was very limited, as shown by the chargadfer resistance doubling time of only 16

hours seen in Figure 4.7.

51



Salicylate was chosen because it is a larger amioch is only moderately soluble in
neutral and acidic solutions and is relatively kalAs well, polypyrrole has been grown
previously on steel in the presence of salicyl®tijean, 1999). The charge transfer resistance
starts out at approximately the same value wititdate and nitrate anions within experimental
variability. The resistance quickly increases viathe for nitrate but much more slowly for
salicylate-based polypyrrole. The doubling timetfe charge transfer resistance was 67 hours
for salicylate, a factor of 4 increase over thahwiitrate. The relative charge transfer resistanc
compared to the initial charge transfer resistarscghown in Figure 4.7 for nitrate and

salicylate.

4.1.7 NADH Oxidation asa Method of Confirming Bioelectrochemical

Activity

Interest in poly(methylene blue) has been largelky  its catalysis of NADH oxidation for
use in biosensors or other devices relying on NAd2dendent enzymes. In order to determine
whether the poly(methylene blue) films on polypyerooated stainless steel also promote
NADH oxidation, cyclic voltammograms were performaetween +0.4 Yceand -0.6 \éce

The resulting peak heights are shown in Figure 4.8.

52



225

220

215

210 f

Oxidation peak (mA)

205 f

200

0 1 2 3 4 5 6 7 8

NADH concentration (mmol/L)

Figure 4.8. Confirmation of NADH oxidation on media  tor-modified steel electrode.
Oxidation peaks are from cyclic voltammetry scans a t varying concentrations of NADH
and at a 20 mV/s scan rate.

Even with no NADH present, the background peakeniron the CV was over 200 mA.
The background current was due to oxidation ofntle¢hylene blue itself as well as capacitive
and redox effects of the polypyrrole which wereasen on the poly(methylene blue) formation
CV (Figure 4.4). The oxidation peak height wasiidtio increase slightly with addition of

NADH. The increase appeared to be linear up toa@mately 3 mM NADH after which the

slope decreased as seen in Figure 4.8.

The high background current and slow response timitsthe electrode films being studied
would make them less suitable for biosensor apjptica than thin films without a background
current. However, in applications such as bio @gdls in which a high steady state current is

desired, these films may be more applicable.
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4.2 Photosynthetic Biocathodes with Immobilized M ediator Electr odes

The second phase of the research, after the demeltpand analysis of electrode coatings,
involved testing the electrode materials previousyeloped in a microbial fuel cell
environment. One of the primary goals of this aesk was to use CQeducing cathodes
utilizing Chlorella vulgaris with improved electrodes. The central methodsl usesvaluate
performance were to measure the open circuit paleartd the cell polarization curves. The
former gives an indication of the efficiency of imcrobes in converting their substrate to
energy. The polarization curves, plots of thedyesiate current versus potential across the cell
between the open circuit and short circuit, giveralication of overall performance potential
and internal resistance. The effect of microhigl fcell operation on the growth Ghlorella

vulgaris has been examined previously by Powell (2010).

4.2.1 Microbial Fuel Cell Operation

The biocathode microbial fuel cell was operatedhwaitthemical anode consisting of 20
mmol/L potassium ferrocyanide. Due to the unstgolential of the anode solution, potentials
were measured with respect to a saturated calafezlence electrode in order to give consistent,

comparable results.

The fluorescent plant growth lights were situatéd:81 above the cell cultures giving a
measured light intensity of 4000 Ix at the levettd# glass surface. The same types of lights
were found to have a spectrum with peaks at wagéhsof 450 nm and 670 nm (Powell, 2009).
The maximum growth rate f&@hlorella sp. was found to occur at intensities between 4000 and
20000 Ix (Borowitzka, 1988). This compares to aimam intensity from sunlight of

approximately 100000 Ix.

54



When the cathode was inoculated with the stargaeatulture, the solution was initially a
uniform transparent pale green colour. As grovahtiued in the microbial fuel cell, the
solution became a darker green. A biofilm couldseen forming on the surface of the electrode.
Biofilm formation in microbial fuel cells is typidig due to the enhanced growth caused by the
interaction of the microbes with the electrode,ahhivas observed fd&e. vulgaris by Powell et
al. (2011). Open circuit potentials were also sedme higher after the formation of these

biofilms.

When examined under a microscope, the matrix bgqthe cells together, typically
consisting of carbohydrates, was visible. Largmarof the cells were relatively immobile due
to the gel-like consistency of the biofilm. Theracellular matrix was a slightly green colour,

likely from dead cells.

4.2.2 Biocathode Open Circuit Potentials

The open circuit potentials were measured acrasbititathode microbial fuel cell between
the electrode in the biocathode and the refereleotrede in the ferrocyanide anode using the

Gamry Reference 600 potentiostat.

The open circuit potential was not directly asstadawith light phase growth as can be seen
by Figure 4.9, which shows the open circuit pordcross the transition from light to dark
cycle, and back to light. Only a very small chaimgthe OCV of approximately 5 mV is seen,
which indicates that either the cellular compouwtisch create the reductive environment take a

long time to be depleted or are created in the ghdse of growth.
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Increased C@concentrations, from atmospheric to 8%, causecased open circuit
potentials but this is associated with increaseavr rate and therefore higher cell

concentrations rather than the £@elf.
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Figure 4.9. Open circuit voltage of  C. vulgaris cathode microbial fuel cell across the
transition from light to dark and dark to light cyc les. A voltage drop of approximately 5
mV is seen when switching to the dark cycle.

The reproducibility of the steady state open cirpotential was acceptable. Among 4

experiments done with supplemental Cte open circuit voltage varied between 0.17 ¥ an

0.24 Vv (0.17, 0.20, 0.24, and 0.24).
4.2.3 CO, Effect

Most Chlorella species can only utilize dissolved €@ its native form and not in the

HCOs; or CQ* forms (Borowitzka, 1988). This favours lower pelwes since OH- ions are
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being removed in going from the HG@o the CQ form; more than 50% of the total dissolved
carbonate is in the G@orm below a pH of 6.3, the first pKa for carboaicid. Powell et al.
reported thaChlorella vulgaris grows well everywhere between 5 and 7 pH. A grsiptwing
the proportions of each carbonate form as a funaifqH is shown in Figure 4.10. Lower pH

values also lower the probability of bacterial @nination.
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Figure 4.10. Distribution of carbonate forms from d issolved CO ; as a function of pH
calculated by the Henderson—Hasselbalch equation wi  th pK , values of 6.33 and 10.33

Since the addition of 8% CQends to lower the pH below 5, the solution wagntagned at

5 by addition of small amounts of sodium bicarbenat

4.2.4 Transient responsesto step changes

The transient response time of the microbial fedllwas measured using potential steps at
different cell voltages. Step times of four howese used to determine response times and set
up a model to determine the time taken to reach 86#te final (4 hour) steady state. An

example of the step change is shown in Figure 4FLk.this case, the step is from 370 mV
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(open circuit) to 270 mV. The initial current i6 @A and the final current is 1.Q@A.

Therefore, the 95% of steady state is the timehathwthe current reaches 2.8A ((1-
0.95)*(26-1.09)+1.09), which in this case is 1090 s
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Figure 4.11. Response to a step change in voltage o f biocathode/bioanode MFC with
composite pPy/Poly(MB) anode and cathode electrodes . Voltage was stepped from open
circuit (approximately 370 mV) to 270 mV.

3500 4000

These were done at difference cell voltages tordete the step time required for a
complete polarization curve where the final curr@ngéach step is 95% of its steady state value
An example of this is shown in Figure 4.12. Eagtve is consistent enough (with faster
response times at lower voltages) to calculatettarization curve with a relatively high degree

of certainty (see section 4.2.7 for experimentaeuntainty). The response times for 95% of
steady state achieved here were all between 18D8&00. Fitting the data to typical first and

second order response models was attempted, bfit Wees not optimal and the data had very

little scatter so model fitting was found to notrecessary.
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Figure 4.12. Transient view of polarization (voltag  e-current measurement) tests with
bioanode and biocathode. Each voltage step is held for a duration determined to give
95% of the steady state current.

The response times observed here are much longeréported previously using soluble
mediators. Mitra et al. (2010) got response timils a C. vulgaris cathode of between 750 and
5000 seconds. The lower average response timesslikely due to the ability of the
immobilized mediator on the electrode to store ghand its slow rate of charge transport

through the polymer layer. Conversely, the solubéliator only needs to come in contact with

the graphite electrode for charge transfer to fd&ee.

4.2.5 Measuring Voltage-Current Relationships and Performance

Comparisons were done between three types of ethxgrin the algae biocathode with a
chemical anode shown in Figure 4.13. Current dgrsicalculated by dividing current by the
geometric surface area of the electrode immerseaditer. The bare graphite electrode with no

mediator, as expected, allowed almost no curremegeion, at less than 1 mA7short circuit
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current. Graphite with polymerized mediator showaeth better results with a short circuit
current of 8 mA/m (the x intercept on voltage-current curves). Tomposite immobilized
mediator electrode on stainless steel showed amtgéer short circuit current at 65 mA7m
Powell et al. (2009) were able to get a short dircurrent of approximately 24 mA/fmwith

soluble mediators in a similar setup. Attemptsejoroduce this result were not successful.
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Figure 4.13. Polarization curve with bio-cathode an  d chemical anode with different
cathodic electrodes being compared.

The method used to construct polarization curvestaaet the potential to certain values
until the current had reached 95% of steady stetterohined by fitting process response
equations to the curve as explained in the prevsegtion. The steady state current is recorded
for each potential between the OCP and the shauitiwhich is then converted to a current

density before being plotted as in the previouarig
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4.2.6 Comparisonsto other valuesin literature

Two other research groups have developed micréinghicells with photosynthetic
biocathodes (Powell, 2009; Cao, 2009). Since thes¢he most similar to the system being
studied in this work, their performance was comgadcethat of the MFC being presented here.
The following table shows some of the performartaracteristics measured or calculated from
those papers compared to the present work as selaresult from an aerobic (oxygen

reducing) cathode (Bergel, 2005).

Table 4.4. Performance of different types of biocat  hodes reported in literature.

Aerobic
Complete MFCs Chemical Anodes Cathode
Comparison Cao, Powell, Powell,
Parameter Present 2009 2011 Present 2009 Bergel, 2005
Open Circuit Voltage (V)  0.37+0.05 0.7 0.27 0.21+0.04 0.07 0.2 (vs.SCE)
Power Density (mA/m?) 7+2 750* 1 0.740.1 - 270

*not directly comparable because true surface area was not used (geometric surface area of
graphite felt)

As can be seen here, the maximum power densitsgmiugensity, and open circuit voltage
are lower than in aerobic biocathodes or cathodagyyphotosynthetic bacteria, but higher than

usingChlorella vulgaris with soluble mediators.

4.2.7 Measuring experimental uncertainty in polarization curves

Uncertainty was measured by repeating the sameipatian curve measurement on
different days with different electrodes, since @exments with different electrodes are being
compared. The average of three measurements lersaad plotted with error bars used to

represent the maximum and minimum of the three oreasents in Figure 4.14.
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Figure 4.14. Polarization curve with bioanode (solu  ble mediator) with error bars. Data
points are the average of three separate polarizati  on curves on consecutive days and the
bars are the range of the three measurements.

A second method was also used to calculate than@eiin the current measurements during
polarization curve measurements. Samples were takat different times and different days.
A total of 14 sample points were used to calcwatgance. The standard error of the sample

was calculated using equation 4.1.

[
N
_ 1 _ 4.1
S = m;(xi—x)z (4.1)

Where in this case, N is the number of samples {ldje the current measurements, and s
is the sample standard deviation. The standar@tiew for the current during biocathode

measurements was found to be 1.8 mA/m

Uncertainty was also gauged by looking at the w@rnan the open circuit potentials of the

biocathode microbial fuel cell. As seen in sectda?.2, the voltages were in the range of 0.17 to
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0.24 V. The samples using the coupled bioanodéamdthode microbial fuel cell had all five
experiments showing an open circuit voltage betw®2 V and 0.37 V as discussed in section

4.3.

The likely causes of experimental variation arediierent growth patterns of the biomass
and the bio-fouling of the membrane with cells. dAnally, the immobilized mediator
electrodes showed some variability due to sligffedences in the steel surface, electrode

placement, and ageing of the pyrrole.
4.3 Microbial Fuel Cell with Coupled Bioanode and Biocathode

A coupled microbial fuel cell with bioanode and ¢athode was operated and examined
with different electrode types, surface areas,Gatbdode volumes. Figure 4.15 shows the
voltage, current, and power characteristics of erohial fuel cell withSaccharomyces
cerevisiae in the anode an@hlorella vulgarisin the cathode (used for all further experiments).
For that first experiment, a composite immobilizeddiator steel electrode (polypyrrole and
poly(mehthylene blue) on 304L stainless steel) wsed in the cathode and a graphite electrode
with soluble mediator was used in the anode. $ha@vs a much larger maximum current and
power density than achieved with any other ele&roohfiguration and similar volumes
including using a soluble mediator in both chameported by Powell et al. (2011). Figure
4.15 shows the power density normalized to theaserfirea of one electrode and cell voltage
both as a function of current density for this petBoth electrodes were immersed 6 cm into the

solution and had an exposed surface area of 1123 cm

The error bars show the relative standard deviatfaurrent measurements between

different polarization curves run on the same seMalues of standard deviation were
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calculated previously and applied to each of thiedeng figures by normalizing the standard

deviation based on the magnitude of the short itiozurent.

The open circuit potentials of the completely bgial cell were also reasonably
reproducible, with the 5 separate experimental (tmg/hich polarization curves were obtained)

showed open circuit cell voltages between 0.27 ¥ @87 V.
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Figure 4.15. Polarization and power curves for bioa  node/biocathode microbial fuel cell
with soluble mediator graphite anode and immobilize d mediator steel cathode along with
fit to basic model. Error bars show the relative s  tandard deviation of current
measurements.

The anodes were also tested with immobilized medsteel electrodes. The same
electrodes were used in the anode and cathodereshking voltage, current, and power
relationships are shown in Figure 4.16. Immobdineediators have not been shown to be

effective previously with yeast anodes though themome discrepancy between different

authors regarding the role of mediators in suclesys (Liu, 2010).
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Figure 4.16. Polarization and power curves for micr  obial fuel cell with bioanode and
biocathode each with an immobilized mediator steel electrode. Electrochemical
resistance model fit lines shown. Error bars show the relative standard deviation of
current measurements.
It can be seen that the use of these immobilizediatwrs drastically decreases the power
and current produced when used in the anode. Maxipower is decreased by a factor of 4.5

and short circuit current by a factor of 3.5. Op@nouit potential (y intercept) is slightly lower

with the immobilized mediator anode but not sigrafitly so.

4.3.1 Open Circuit Voltages of Coupled MFC

The open circuit potentials of the MFC with biocadke and bioanode increased with time as
the biomass concentration increased and as thénbioirmed on the electrode. Figure 4.17
shows the increase of open circuit potential ofNteC as the cells begin to interact with the
electrode. This shows that the open circuit paaémiot just the current generation, is limited by

the cell concentration and development of the Imofi

65



400

350 |
IS X444 T
00000000000"’ F4e0000t0000000000000
.Q.QO

300 | ¢
= *
E
o 250 F *
o0
£
o
>
= 200 .0
g R
2 150 |,
] -
]

100 |

50

0

0 2 4 6 8 10 12 14 16 18 20

Time (h}

Figure 4.17. Evolution of the open circuit voltage of a biocathode/bioanode microbial fuel
cell after inoculation with a starter culture of C. vulgaris in the cathode and a dry culture
of S. cerevisiae in the anode.

4.3.2 Summary of Different Electrodes Used in the MFC

The primary electrodes being tested are the cortgmsmobilized mediator electrodes
which, as described in the previous chapters, asedon 304L stainless steel with layers of
polypyrrole and poly(methylene blue) depositeditent. These electrodes were compared to
graphite electrodes with soluble mediators in thasy bioanodes and, in addition to these, with

no mediator and immobilized mediator on graphitalgae biocathodes.
4.3.3 Model Fitting to Polarization Curve Data

A one dimensional physical model was previouslyppsed to model the processes in the
MFC with partial differential equations but it wemind to have too many flaws to be justifiably

applied to such a system and many of the parametarkl not have been obtainable. Instead,
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in order to show fit lines on the polarization gwver (power density versus current density)
curves, a simple electrochemical resistance maskd €or chemical fuel cells was used without
the mass transfer term, shown in equation 4.2 (@r&l&2006) and explained further in Chapter

2.

E = E°— (a+ b ni) — Rqi (4.2)
E is the cell potential, #s the equilibrium potential, ‘a’ and ‘b’ are tesrfor the activation
resistance, while ‘I’ is the current density. Exades of this fit being used are shown in Figure
4.15 and Figure 4.16. The mass transfer term &as bliminated as there is no indication of

mass transfer limitation in this or other similaicrobial fuel cells.
4.3.4 Evaluation of Anode and Cathode using Reference Electrodes

The relative impact of the anode and cathode omveeall internal resistance can be
determined by placing a reference electrode ircélieand recording the polarization curve while
simultaneously measuring the voltage between tbdarlectrode and the reference electrode
with a multimeter. The voltage of the cathode wehbpect to the reference is then determined by
subtracting the anode potential (with respect ¢ordierence) from the overall cell voltage at

each current.

Figure 4.18 shows a polarization curve with theage current relationships plotted
separately for the anode and cathode. Each istezgbwith respect to the reference electrode.
The cathode shows more of an activation overpaksitice the slope of the line is higher near

the zero-current intercept than the rest of theeur
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Figure 4.18. Polarization curves showing the potent ials of the anode and cathode
separately. A reference electrode is placed in the anode and voltages are taken between
each electrode and the reference. The cathode curv e will include electrolyte resistance
in this figure.

If the reference electrode is placed in the anadeshown in Figure 4.18, the cathode
voltage curve will include the voltage drop dughite membrane and electrolyte resistance.
Conversely, the reference electrode can be plactticathode and the reverse will be true. In
order to separate the impact of the membrane fhandf the anode and cathode, two reference

electrodes can be used.
4.3.5 Internal Resistance Components

Through the use of reference electrodes and mailsiphultaneous potential measurements,
it is possible to determine several different comgads of the internal resistance of a microbial
fuel cell. While some authors (Bretschger, 2018)ehused a single reference electrode in the
anode or cathode and measured the potential-cugkationships of each chamber this way, as
in the previous section of this report, more uséaftdrmation can be obtained with a reference
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electrode in each chamber. The potential of tleelamwith respect to a reference in the anode
chamber gives the polarization characteristichefanode alone. The same holds for a reference
electrode in the cathode. The remaining pote(ti@asured either across the two references or
by subtracting the potentials of the anode andockgtirom the overall cell potential) is the
membrane or liquid junction potential and, wherrent is flowing, the voltage loss due to

ohmic resistances. The membrane or liquid jungbiotential is due to the difference in the
mobility of ions on either side of the membrane #raldifference in pH. Ohmic resistances

exist primarily across the membrane itself but &tsa smaller extent in the anode and cathode
solutions depending on their ionic concentratiohbe effect on the overall resistances in the
microbial fuel cell of each component is shown igufe 4.19. Voltages are with respect to the

short circuit point so the slope of each line repres the internal resistance of that component.
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Figure 4.19. Resistance of anode, cathode, and elec  trolyte with bio-anode and bio-
cathode with immobilized mediator electrodes used f or each. The negative slope of each
line corresponds to the internal resistance of the given component at that current.
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Further, a graph showing the potential across thebmane at different currents shows a
linear slope indicating change in voltage due sodhmic resistance and the membrane or liquid
junction potential (Figure 4.20). Liquid junctipotentials are due to different mobilities of
anions and cations across a membrane or othedljgnction. The primary membrane potential
here, however, is due to the difference in pH atbhe membrane. The effect of this difference
in pH can be calculated using the Nernst equat®iven the pH of 4.1 in the anode and an
average pH of 5 in the cathode, this contribut&sm¥ to the membrane potential (see

Appendix A for calculation).

0.04

0.03 |

0.02 }
)
¢ 001 |
©
e}
’ ° g
s -0.01 }
<
=
=
$ -002 } V=0.20121-0_0401
° R?=0.9812
[-%

-0.03 F

-0.04 |

*
-0.05
Current (LA)

Figure 4.20. Plot of voltage across the membrane an  d electrolyte in the MFC and a best fit
line. Liquid junction (membrane) potential is show n at the zero current intercept and the
slope represents the iR drop due to the ohmic resis tance in the solution and the
membrane.

Since the y-intercept (zero current membrane patigmns -40 mV, 13 mV can be attributed

to liquid junction potentials and experimental erro
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5. CONCLUSIONSAND RECOMMENDATIONS

5.1 Conclusions

Creating stable, immobilized electron transfer ratms which are biocompatible presents a
significant challenge. Electrically conductive yayrrole coatings have been deposited on
stainless steel 304L with several different dopongs. The coatings with salicylate ions were
found to be stable in aqueous solutions for useianobial fuel cells. Methylene blue, which
has been shown to mediate electron transfer withgicells and immobilized enzymes, was
polymerized on polypyrrole coated steel. Thesepmsite coatings were shown to facilitate the
oxidation of NADH by cyclic voltammetry. These cpasite coatings were studied using
electrochemical impedance spectroscopy and fouhdie much lower charge transfer

resistances than polypyrrole alone indicating tb@yld be suitable for microbial fuel cells.

A microbial fuel cell with a photosynthetic biocatle using C@as the electron acceptor
has been operated successfully with several diffezlectrode/mediator combinations. The
cathode relied on the microalg@alorella vulgaris for photosynthesis. The composite
polypyrrole/poly(methylene blue) mediators wererfddo offer higher electrical performance in
these biocathodes than soluble mediators, immebilmediators on graphite, and mediatorless

systems.

A completely biological fuel cell was operated wétlbioanode based &accharomyces
cerevisiae metabolizing glucose along with the aforementiobedathode. The performance of

the bioanode with the composite immobilized mediatas found to be lower than when using
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soluble mediators in combination with graphite &fedes. This indicates that interaction
between the yeast cells and the electrode is limiteen the mediator is unable to fully diffuse
into the cells. The complete bioanode/biocathodeCNhad better performance than previous
systems when a soluble mediator anode was comhiiteéin immobilized mediator cathode

with power density increased by a factor of 7 coragdo a soluble mediator system.

Growth rates were not found to be significantlyeated by microbial fuel cell operation,
although when soluble mediators are used, the groate of the algae is decreased due to

blockage of the light.

5.2 Recommendations

There is a large knowledge gap remaining regardiogathodes in general but specifically
with photosynthetic cathodes. In the case of lhdas, mechanisms of electron transfer from
cells to electrodes have been studied by cyclitammnetry among other techniques, whereas
this has not been determined for photosyntheticarkds. Likewise, while many different types
of bacteria and fungi have been found to genera@nadic current with or without mediators,
very few photosynthetic species have been studiethfs purpose. Other species of
cyanobacteria and microalgae should be examinecattiodic current generation both with
immobilized mediator electrodes and in the absehceediators. Species which do not require
electron mediators could be studied by CV when graw a biofilm to determine charge transfer

mechanisms.

The effect of microbial fuel cell operation on gtbvand morphology, specifically with
these immobilized mediator electrodes, should zemémxed using more more frequent biomass

concentration measurements. The impact of the &ssrmon power generation could be

72



examined by doing experiments with the biomasergldl out of the solution and with no

biomass present.

Since the composite mediator electrodes were fooipeérform better than soluble
mediators in photosynthetic biocathodes, they shbaltested in bioanodes using different
bacteria with different cell membrane proteins &l &s the effect on growth of microbial fuel

cell operation and any toxic effects of the eledtro

Cell and electrode geometry optimization was n@rapted. Performance and economics
of these MFCs would be greatly increased with lsigiface area electrodes and optimized
membrane/bridge geometries. Parallel flat pladeteddes and steel wool/mesh are two
promising electrode geometries requiring furtheestigation. Beyond the basic surface area to
volume and weight ratios, issues regarding flow axags transfer limitations could then become

issues worthy of investigation as well.

Although polypyrrole has been shown to be biocorbpatnd give desirable surface
characteristics, other conductive coatings coulthbbestigated to support the actual mediator
layer. In this research, however, the performamtie mediator on bare graphite was rather

disappointing indicating a synergistic effect bedqwehe polypyrrole and methylene blue layers.
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APPENDIX A. CALCULATION OF THEORETICAL POTENTIALS

Calculation of CO,/glucose reduction half cell reaction potential
Glucose half-cell reduction reaction:
6 CO+ 12 H + 12 é . CgH1,06 (biomass) + 3 @

Gibbs free energies of formation:

CO -394.4 kJ/mol
H* 0 kJ/mol
e 0 kJ/mol
O, 0 kJ/mol

CeH120s  -910.6 kd/mol

Calculation ofAG®, and B
NG’ = 6 (-394.4 kJ/mol) — (-910 kJ/mol)
AG, = -1456 kJ/mol

Calculation of E from

AG°
E° =
nF

o _ —1456000 j/mol
T (12)(96485 C/mol)

E°=-126V
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Calculation of potential acrossa membrane dueto a pH difference
Nernst equation:
E = E°——In(ID)

For pH differences, Hconcentrations are taken into consideration aadeths ignored:

— RT H;node
Eyr =~ n (gt
cathode

— _RT Hinode
EpH T nF log <H:athode> ln(lO)

RT
Epy = —In(10) — (log(H040) — log (HZ,thoae))

(8.3145 Jmol™*K~1)(298 K)

Epy = —2.303 (1)(96485 Cmol—1)

(pHcathode - pHanode)

EpH = 0.0591 ApH(anode—cathode)

For the microbial fuel cell, the pH of the anod@i8 lower than the cathode (4.1 and 5)

EpH = 0.0591 ApH(anode—cathode)
EpH = 0.0591 (-0.9)

E,y = —0.053V
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