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Abstract

Microbial fuel cell (MFC) systems capable of both treating wastewaters and recovering
energy have the potential for successful scale-up as a low carbon technology. These systems utilize
microorganisms residing in biofilms as biocatalytic agents in the conversion of reduced substrates to
electrical energy. As such, it is important to understand how MFC anodic biofilms develop over time
and also how environmental parameters such as substrate type, temperature, carbon support

material, anode architecture and optimized applied potentials also affect electrogenic performance.

The type of substrate was found to have a large impact on the acclimation and performance of
electrogenic biofilms. Acetate produced the highest power density of 7.2 W m? and butyrate the
lowest at 0.29 W m>, but it was also found that biofilm acclimation to these different trophic
conditions also determined the MFC response to different substrate types i.e. both acetate and
butyrate substrates produced power densities of 1.07 and 1.0 W m? respectively in a sucrose

enriched reactor.

The use of MFCs for wastewater treatment in temperate regions requires the development of
reactor systems that are robust to seasonal fluctuations and are energy efficient. As such, system
performance was examined at three different operating temperatures (10°C, 20°C and 35°C). At
each temperature a maximum steady-state voltage of 0.49 V * 0.02V was achieved after an
operational period of 47 weeks, with the time to reach steady-state voltage being dependent on
acclimation temperature. The highest COD removal rates of 2.98g COD L™d* were produced in the
35°C reactor but coulombic efficiencies (CE) were found to be significantly higher at pyschrophilic
temperatures. Acclimation at different operating temperatures was found to a have a significant
effect on the dynamic selection of psychrophilic, psychrotolerant and mesophilic anode respiring
bacteria (ARB) and also influence the development of biofilm biomass, methanogenesis and
electrogenic activity. Although start-up times were inversely influenced by temperature the amount
of biomass accumulation increased with higher operational temperatures and this had a direct

impact on biocatalytic performance.

The three dimensional structure and porosity of different carbon anode materials affected
anodic performance by determining the levels of surface area available for biofilm growth and the
capacity for mass transfer to occur. Novel helical electrode configurations were used to look at the

effect of altering turbulent flows to increase mass transfer rates and carbon surface areas available



for electrogenic growth. The spiral with the highest amount of carbon veil and the smallest gap

produced the highest power production of 11.63 W m>.

Comparative studies of a logic controlled and un-controlled external load impedance showed
that control affected the biocatalyst development and hence MFC performance. The controlled MFC
better optimized the electrogenic anodic biofilm for power production, indicating that improved
power and substrate conversion can be achieved by ensuring sustainable current demand, applied

microbial selection pressures and near-optimal impedance for power transference.
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1. Introduction

1.1 Overview of Microbial Fuel Cell Technology

1.1.1 The global energy challenge

Even considering the current economic slow-down (following on from the 2007 banking crisis),
the rapid economic expansion of developing nations, as set out by the New Policies Scenario,
outlines that world energy demand is set to grow by an average of 1.2% per year: of this 93% will be
due to growth from non-OECD countries (Tanaka 2010) and it is predicted that 80-85% of this energy
demand will still be derived from fossil fuels. These figures include measures to curb CO, greenhouse
gas emissions, as set out by the Kyoto Protocol 1997, to levels of just 450 parts per million of CO,
equivalent which in itself would only look to maintain projected increases in global temperature to
2°C. Predictions from the IPCC fourth assessment report in 2007 however state that levels of 800
parts per million of CO, equivalent and world temperature rises of 1.1 - 6.4°C could occur by the
year 2100 (Intergovernmental et al. 2007). In order to achieve these targets it will be necessary to
impose both restrictions on carbon emissions and carbon penalties, the result of which will be an
economically driven progressive increase in the oil price over time. As of February 2012 the WTI
crude oil price is currently over $100 dollars a barrel, an increase of $40 dollars in 5 years. These
factors, together with requirements for energy security, have focused governmental thinking on the
need to develop alternative low carbon renewable energy sources. Technologies such as wind, solar,
hydro and wave are likely to meet the bulk of the UK government targets to achieve a 20% level of
electricity from renewable sources by 2020. However, no one solution is likely to be the answer to
replace fossil fuels in their entirety. Instead a number of different solutions will have to be found to
suit specific tasks and niche applications in order to find a best overall solution, and it is possible that
technologies based on bioelectrochemical fuel cell technology could play a part in this low carbon

renewable environment.

1.1.2 Wastewater treatment in the UK: energy burden or energy resource?
Wastewater treatment is a process that uses high amounts of energy, it is estimated that it takes
approximately 6.34 gigawatt hours of energy to treat 10 billion litres per day of sewage, almost 1%

of the average daily electricity consumption of England and Wales based on DECC regional electricity



consumption statistics (Anon 2005). This aerobic energy demand process is centered on the

requirement for mass transfer of oxygen from the air to the water phase. Whilst mechanical energy
is expended in supplying oxygen this process is limited by its efficiency of transfer to bacteria
present in the wastewater in aerobic systems. This is not the case in anaerobic processes where
hydrogen or electron transfer occurs directly and is therefore not subject to these mass transfer
limitations. However wastewater also has an intrinsic energetic value. This can be considered by
looking at sucrose as an example, as this contains 4.41 kWh of energy per kg but can also be viewed
as water pollutant having a chemical oxygen demand of 1.06 kg. Indeed it was estimated by Shizas
and Bagley (2004) that the energetic content of wastewater exceeds the energetic value to treat it
by 9.3 fold. It is this approach that has driven the current development of renewable energy
production from sewage processes via gasification, pyrolysis and anaerobic digestion (AD); as of
2005 — 2006, the amount of renewable energy generated on water industry sites was 493 gigawatt
hours or 6.4% of the total energy used to treat water and wastewater according to a recent
Parliamentary office for Science and Technology report (Anon 2007). However alternative
technologies such as Microbial Fuel Cells (MFC) could provide additional and complementary
treatment strategies by facilitating simultaneous treatment of wastewaters whilst also further
recovering additional energy. BES type systems have also been investigated as potential systems
that can enable the bioelectrochemical synthesis of important industrial chemicals/polymers that

would otherwise require fossil based materials (Rabaey and Rozendal 2010).

1.1.3 100 years: the development of MFC technology

The origins of MFC technology lie in the discovery of “bioelectricity” by Luigi Galvani and the
invention of early batteries by Alesandro Volta in late 18" Century Bologna. However it is now 100
years since M.C. Potter described the first actual MFC using E.coli as a biocatalyst to generate
electricity. Since this point, MFC technology advanced sporadically with Cohen et al (1931)
expanding the range of bacteria that could be demonstrated to exhibit low levels of electrogenic
activity to include Bacillus.dysenteriae, Corynebacterium.diphileriae, Bacillus.subtilis and
Proteus.vulgaris; and in 1962 Davis and Yarbrough (1962) then linked the metabolic activity of
microorganisms growing on a low potential anode to the collection of electrons at a high potential
cathode. The discovery of exocellular respiratory processes and the use of exogenous synthetic
mediators in the 1980’s led to further advances in MFC understanding (Allen and Bennetto 1993),
this work also showed that it may be possible to apply these reactors as practical large scale

systems. It was subsequently discovered that MFCs did not require mediators (Kim et al. 2002) and
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that wastewater may be used as a fuel and also treated at the same time (Liu et al. 2004). Since this
period there has been a rapid development of improved MFCs system architectures that has led to a
steep rise in maximum power outputs (Logan 2010). MFCs, or more specifically Bioelectrochemical
systems (BES), over the last 10 years are now producing power densities increases of 5-6 orders-of-
magnitude through improvements in the physical and chemical characteristics associated with these
MFC designs and developments involving material technology. Although MFCs could be used as a
stand-alone energy-generating system, the technology seems more suited as a polishing step and
energy recovery system associated with the treatment of anaerobic sludge fermentation (Aelterman
et al. 2006). These systems now have the potential to be scaled up as an environmentally
sustainable technology. Suitable applications include not only wastewater treatment and
subsequent bioenergy recovery but also hydrogen production through the use of Microbial
Electrolysis Cells (MEC) and the bioelectrosynthesis of value added chemicals such as butanol,

succinate and polyhydroxybutyrate (PHB) (Rabaey and Rozendal 2010).

1.1.4 Bioelectrochemical Systems (BES)

1.1.4.1 Overview

These systems are characterized by a capability, under pH neutral ambient conditions, to
biologically catalyze the conversion of chemical energy in reduced organic material to electrical
energy in the form of electrons that can then be harvested via an anode. Whilst MFCs involved in
energy generation are the archetypal microbial BES and have attracted the majority of recent
research efforts, a number of BES applications relating to systems with cathodic catalytic capabilities
have recently been described. These systems share similar architectures when compared to MFCs,
utilizing a microbial anode to biocatalyze substrate oxidation they are able to harness the reductive
energy in the cathode for the production of energy rich chemicals i.e. H,, CH; and H,0,, reductive
remediative processes and even act as desalination cells. These applications have been termed
MECs, MRCs and MDCs respectively, or generically termed MXCs (Harnisch and Schroder 2010).
Although applicable to all these systems the anodic work carried out in this thesis was based on MFC

architecture.

1.1.4.2 Principle of operation
Bio-electrochemical systems utilize micro-organisms to catalyze the anaerobic oxidation of

organic materials into useful energy carriers or products such as electricity, hydrogen and peroxide.






Figure 1-1. Schematic drawing of the basic features and operation of an MFC system

Tubular microbial fuel cells used as part of this project are particularly suited to operational scale-up.
They are composed of an internal anodic chamber through which the waste material/electrolyte can
flow; the electrical circuit is completed via an external air cathode. The anode operates under anoxic
conditions and acts to accept electrons directly from microorganisms, via reduced products of
metabolism or through electron transfer mediators. These electrons then flow from the anode to
the cathode whilst protons migrate through a cation-exchange membrane to the cathodic chamber
to complete the electrical circuit. In the cathode, oxygen is reduced at the terminal electron

acceptor as illustrated by the electrode reactions for e.g. a glucose fed system.

Anode: CeH1,0¢ + 6H,0 — 6CO, + 24H" + 24¢’

Equation 1

Cathode: 24H" + 24¢e + 60, >12H,0

Equation 2

Theoretical AG =—2840 kl/mol

1.1.5 Miicrobial Anodic Catabolism

1.1.5.1 Thermodynamic overview
The total voltage (V) or electromotive force (E..¢) in @ MFC can be defined as the potential

difference that exists between the anodic (Esnoge) and cathodic (Ecamode) €lectrodes
Eemf (V) = Eca':hode (V) - Eanode (V)
Equation 3

The likelihood of any given reaction occurring can be evaluated by looking at the Gibbs Free
Energy change (AG) (Bard and Faulkner 2001). In MFC systems electrical energy will be generated

when energetically favorable conditions prevail, i.e. when AG<O0.

Also the maximum work (W) an MFC system can carry out can be related to E.¢and the total

amount of charge (Q) transferred in the reaction.

Winax = Eemf- Q

Equation 4



The total charge (Coulombs) can thus be related to the number of electrons transferred in the

reaction (n) and the Faraday constant (F = 96,485 C mol™)
Eemf- Q=N . F. Eqrt
Equation 5

As the work done is related to the change in Gibbs Free Energy, the following equation can be

arranged as (Logan et al. 2006) :-
Eemf-n.F='AG
Equation 6

Thus the E.s of any given reaction can be calculated according to the Nernst equation based on
standard E°.¢ values (1 atmosphere pressure, 298K temperature, 1M concentrations) for a reaction

AA+BB=CC+DD

o 7 (AP
Bk nFl{[C]C[D]”}

Equation 7

It can be seen that using acetate as an anodic substrate enables a thermodynamically favourable

reaction to occur providing a suitable external load is present in the cell circuit.

Anode: CO, +7H" +8e” == CH;CO0~ + 4H,0 Efanode) = -280mV
Equation 8
Cathode: 4H *(,;; + O,y = 2H,0 Ejcathode).=_820mV
Equation 9
Overall: CH;CO0 ™ +0, = 2C0O, +3H" Efemp = 1.1V
Equation 10

AGY = -849 k) mol*



1.1.5.2 The bacterial biocatalytic process

Key to environmental biotechnology in the context of MFC anode biofilms is the ability to
manage mixed microbial communities so that they can effectively act as biocatalysts in the oxidation
of (waste) substrates, whilst also harvesting electrical energy in the form of electrons. The ecology of
anodic bacterial communities will be determined by the ability of the microorganisms to maximize
growth rates, achieve cellular division and establish robust biofilms in the engineered environment.
In environments where the availability of electron acceptors are limited bacteria can generate
energy via fermentative metabolism but this process is energetically less favourable than respiration.
In the latter case, electrons from the oxidation process are not used directly for energy generation
but are instead used to create proton gradients across cell membranes using ATPase synthase
complexes to regenerate the energy carrier molecule ATP (Mitchell 1961); this allows the potential
difference between the electron donor (substrate) and the electron acceptor component of the
microbial cell to be utilized. Microorganisms have the ability to use a range of terminal electron
acceptors; whilst oxygen has the highest redox potential (highest potential free energy gain) nitrate,
iron, manganese and sulphate ions may also be used as alternative acceptors in the absence of
oxygen (Madigan and Brock 2009). Whilst these electron transfers allow bacteria to conserve
energy, the level of energy is in theory proportional to the redox potential difference between the
electron donor and the electron acceptor. However, whilst glucose may have a theoretical AG = -
2840 kl/mol (Equation 1 and 2) in the presence of no suitable electron donors microbial metabolism
utilizes the less energetically efficient substrate level phosphorylation via fermentative glycolytic
pathways, meaning that only a percentage of this energy may be used for electron transfer to
generate proton gradients (facilitated by electron harvesting): low metabolic Gibbs free energy
values reflect the production of fermentation products such as volatile fatty acids, hydrogen and
alcohols which are excreted as metabolically derived electron acceptors. Another key aspect of
fermentative bacteria is a general ability to hydrolyze polymeric compounds into monomers that can
then be readily metabolized via glycolysis, however other groups such as sulphate reducing bacteria

may also contribute to this process.

1.1.5.3 Intracellular and extracellular electron transfer: dependency on bacterial species

and environmental conditions

The transfer of metabolically derived electrons from cytoplasmic NADH via dehydrogenases
to menaquinone and ubiquinones intracellular mediators enables electrons to pass to a number of
different potential c-type cytochromes. Genetic analysis has found that there are respectively 39 and

111 putative c-type cytochromes found within S. oneidensis and G. sulfurreducens genomes. This






Figure 1-2. Standard reduction potentials of biological redox couples inherent to MFC electron transfer. Thermodynamic
relationships demonstrate electron flow from donor substrate to terminal electron acceptor with concomitant Gibbs

free energy production (bacterial and MFC cell emf) and overpotential losses.

1.1.5.4 Electron transfer mechanisms

Models for electron transfer differ between S. oneidensis and G. sulfurreducens, the two most
widely studied electrogenic bacteria, and this seems to be directly related to their differing
mechanisms of electron transfer to solid electron acceptors (Weber et al. 2006). Although both
species have been observed to produce conductive nanowires that are capable of facilitating
direct electron transfer from bacteria to a solid electrode (Reguera et al. 2005; Gorby 2006;
Gorby 2007), only in Geobacter spp. have deletion studies shown that these pili structures are
essential to electrogenic activity. OmcZ cytochromes have been observed to accumulate on the
outside of bacterial cells and these are thought to play an interfacial role in the transfer of
electrons to solid surfaces, however a different cytochrome OmcS has been associated with
exocellular electron transfer from pili (Leang et al. 2010). Indeed it has been suggested that in
engineered environments with high concentrations of VFAs such as acetate, this can directly
lead bacteria such as Geobacter spp. to over-produce these types of external cytochromes. It is
possible that this process could be more pronounced when bacteria present in a biofilm are
sited remotely from the solid anode. In Shewanella oneidensis external surface cytochromes
are able to directly reduce solid surfaces but it has been found that the bacteria also secrete
flavins which act as electron mediators. Measurement of electron transfer kinetics and
mutation analysis has demonstrated that the latter mechanism is probably the most important
in terms of electron transfer (Baron et al. 2009). Indeed it is possible that the main function of
the external cytochromes is to facilitate redox activity with these mediators. Other bacterial
species also produce external mediators notably pyocyanin, a phenazine produced by
Pseudomonas spp. (Rabaey et al. 2004).

The abundance of external cytochromes with a capacity for electron transfer suggests that
within an electrogenic biofilm a network of electron transfer strategies are employed/utilized
to maximize rates of electron transfer and therefore the overall energy gains of the biofilm (Fig
1.2). Hence it is feasible that electrically active pili could interact together, with cell surface
cytochromes and also with diffusible electroactive elements. This could take the form of
diffusible mediators secreted by bacteria and charged components of the biofilm matrix
(proteins, carbohydrates and DNA), including cytochromes released after bacterial cell death.

However it is currently unclear as to whether this electrically active exocellular component
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dependent on the electron acceptors/donors present and the prevalent environmental conditions.
Changing the external resistance values will also accordingly affect the set anode potentials as
reducing the resistance will increase the cell potential and/or increase the electron flow (current),
which although not affecting the cell potentials directly will have an overall effect on the electron
transfer kinetics by allowing increased bacterial metabolic rates. Hence, in terms of maximizing the
amount of electrical energy recovered, the Gibbs free energy consumed by the bacteria and the
overpotential losses should be minimized. Overpotential losses can be categorized as activation
losses (potential losses occurring at electrode surfaces), ohmic losses (due to resistance associated
with current flow) and concentration polarization (mass transfer flow effects) (Logan et al. 2006),
indeed much of the recent improvement in reported power densities has been achieved through

optimizing aspects of the MFC architecture that contribute to overpotential losses (Logan 2009).

It is clear from Figures 1.2 and 1.3 that any energy gain for bacteria will lead to overall
energy losses in terms of the cell EMF voltage. Figure 1.4 demonstrates that the relative Gibbs free
energy gain is much higher for the total cell potential when compared to the bacterial energy gains,
767kJ and 61.7k]J respectively; a representative anode voltage of -0.2V was used in the figure (1.4) as
this has been reported to produce optimal MFC operation (Aelterman et al. 2008a). The ecological
survival of microorganisms dictates that energy gain be maximized but this can be viewed as being at
odds with maximizing the total energy gain from the MFC. Thus any excess energy gain for the
bacteria could lead to both energy and electrons being used in anabolic assimilation and the
production of biomass. The ideal situation is therefore to maintain a low operating anode potential

whilst allowing sufficient energy for bacterial maintenance and cell growth.
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1.2 Microbiology of MFC anodes

1.2.1 Anodic Microbial Ecology

Microorganisms play an important role in biogeochemical cycles, especially through the
anaerobic respiratory metabolism of minerals which act as Terminal Electron Acceptors (TEA)
(Hernandez and Newman 2001). This process involves the transfer of reducing power, derived from
substrate metabolism, through electron carrier proteins to a range of terminal TEAs. A diverse
number of bacteria have been shown to transfer electrons to minerals (Lonergan et al. 1996) and it
is this capacity that has led to the recent development of high current density bio-electrochemical
systems (BES), where bacteria interact with electrodes to donate or accept electrons through an
electrical circuit (Rabaey 2007). As in complex biogeochemical processes, microbial activity in MFCs
are not likely to be catalyzed by individual microorganisms but by cooperating populations or
consortia (Madsen 2005). MFC solid conductive anodes are engineered environments that allow
materials such as carbon to act as terminal electron acceptors. Hence, bacteria that colonize the
anode effectively function as a biocatalyst in the substrate oxidation process, acting to generate
electrons that can produce electrical energy in an external circuit. This process is analogous to the
dissimalatory reductive metabolic activity undertaken by bacteria that reside in geochemical
environments, notably by Geobacter spp. and Shewanella spp., although the phylogenic composition
of the bacteria inhabiting marine sediments and underground aquifers will be dependent on the
prevailing environmental conditions. The integral nature of this metabolic activity to the ecology of
these microorganisms can be observed through chemotaxic responses of these types of organisms

to reduced minerals in natural environments (Lovley 1997; Childers et al. 2002; Lovley et al. 2004).

it is known that many phylogenically diverse microorganisms can contribute to electricity
production within MFCs and a number of recent studies have looked to characterise
electrochemically active anodic communities (Logan and Regan 2006a). Bacteria identified from MFC
reactors include species such as Geobacter spp. (Stams et al. 2006), and Pseudomonas spp. which are
thought to both produce and use phenazine mediator molecules to facilitate electron transfer
(Rabaey et al. 2005a). However, a range of diverse bacterial species have been identified in mature
anode biofilms and it is likely that these act as part of a consortium to help generate a stable
electrical output. Through molecular characterization studies it has been shown that these diverse
electrochemically active microbial communities develop over time (Logan and Regan 2006a), and
after inoculation, the MFC anode actively enriches organisms capable of mediating electron transfer.

The formation of complex planktonic and biofilm communities can however maintain other
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organisms that are able to utilize other electron acceptors or metabolize substrates or metabolic

intermediates by fermentation or methanogenesis.

The types of dominant microorganism present at the anode will result from the given operating
conditions in the MFC system. Community analysis from sludge inoculated MFCs incubated for
extended periods have identified bacteria belonging to the Taxa Firmicutes, y-Proteobacteria, 8-
Proteobacteria and a-Proteobacteria (Rabaey et al. 2004). The growth and selection of these
electrochemically active bacteria (EAB) during anode enrichment is thus commonly associated with
an increasing output of power from MFC systems. A positive anode potential (relative to a standard
reference electrode) facilitates bacteria to use the electrode as a terminal electron acceptor and
may promote electrostatic attachment. A large redox potential difference can provide a greater
potential energy gain for the EAB and drive electrogenic activity (Liu et al. 1997; Rabaey et al. 2005b)
as demonstrated by Fig 1.4. However, direct competition for electrons, VFAs/the reduced products
of substrate catabolism by fermentative bacteria, can occur when bacteria utilize alternative
metabolic pathways i.e. methanogenesis or through the production of biomass (an electron sink).
Syntrophic, competitive and successive processes that energetically drive changing population
dynamics of resident microorganisms within anode biofilms are not fully understood; but based on
MFC operational parameters, environmental conditions and substrate type, a complex interaction of
methanogenic, fermentative and anaerobic respiratory metabolic activities will interact to drive

microbial community development and MFC performance.

1.2.2 Electrogenic Biofilms

1.2.2.1 Anodic Biofilm Overview

Microorganisms can be viewed as existing in either planktonic or sessile states, in the former
they are free floating in solution and in the latter they are attached to a surface. The process of
attachment is known to initiate genetic and physiological changes on the microorganisms; in many
cases, notably in the case of marine bacteria, it has been observed that this is the preferential mode
of growth (Zobell 1943). A key feature of all biofilm growth is the production of exopolymeric
substances (EPS), this ‘slimy’ layer facilitates microorganisms to form multicellular organizational
structures and provides inherent protection to the many environmental stresses that can occur in
environmental conditions (when compared to planktonic populations) i.e. the effects of pH, drying,
antibiotics, high shear rates, low nutrient stress and disinfectants (Stewart and William Costerton

2001; Shirtliff et al. 2002). The formation and structure of biofilms have been observed to vary with
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different environmental conditions and will also depend on the constituent microbial species
present. This means that biofilms that develop in diverse environments such as ship hulls or in water
distribution pipes are very different to those found in microbial fuel cells (Spormann and Romeo
2008). Similarly, it is expected that anodic biofilm development is dependent on the type and

prevalent environmental conditions present in any given MFC.

1.2.2.2 Electrogenic Biofilm Development

The development of biofilms is a complex process but can be broken down to a number of
distinct stages. Prior to the attachment of microorganisms, the surface first undergoes a form of
conditioning due to the adsorption of macromolecules; this will typically be composed of small
organic molecules such as proteins, polysaccharides, glycoproteins and humic acids as was
demonstrated by an investigation into the kinetics of conditioning layer formation on stainless steel
sections immersed in seawater (Compare et al. 2001). The initial adhesion of bacteria to the surface
can be driven by non-specific Van der Waal forces, but it is also necessary to overcome electrostatic
forces which may occur at distances of 10-20nm. This can be achieved through bacterial expression
of specific adhesion receptors, such as bacterial pili and fimbriae, which allow the initial repulsive
forces to be overcome (Busscher et al. 1992), the expression and presence of these receptors in
different bacterial groups dictate the bacterial colonization process. In MFC anodes this colonization
process is likely to be important as for optimal electrogenic performance those bacteria that can
undergo direct electron transfer are known to produce the highest power densities, notably

members of the Geobacteriaceae family which have been observed to produce pili type appendages.

Once a biofilm is established it may then continue to colonize a surface through a number of
mechanisms; namely bacterial motility of attached cells due type IV pili twitching motility, binary
division of microbial cells and the possible recruitment of cells from the planktonic phase: how these
mechanisms develop and how they are controlled will also determine the biofilm structure. The first
key step after irreversible bacterial attachment before bacterial cells can develop into a complex
mature biofilm is the production of extracellular polymeric substances (EPS). This matrix is made up
of exopolysaccharides, proteins and DNA which can all act to maintain the structural and
organizational components of the biofilm (Hall-Stoodley et al. 2004). The matrix composition and
rates of EPS production will thus determine the biofilm function, this again being dependent on the
types of microbial species present and prevalent environmental factors. Within electrogenic
biofilms, bacterial development and growth on electrode surfaces involves the initiation of bacterial

attachment and subsequent production of EPS to create complex and electro-facilitating
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environments. However, a conductive reticular/extra-cellular matrix is also possible through
syntrophic direct electron transfer between members of the biofilm consortium (Summers et al.
2010). In order for microorganisms to act as effective biocatalysts in MFCs it is necessary to use a
conductive electrode as the terminal electron acceptor to drive cellular catabolism. To achieve
maximum current density, bacteria should be in direct electrical contact with the solid electrode to
enable efficient electron transfer, preferably as a cellular monolayer. However in developed and
mature fixed anodic biofilms complex 3-dimensional structures of >50um thickness are known to
form over time (Reguera et al. 2006). This has been demonstrated by real-time imaging of anode
biofilms which show that the most active cellular respiration is associated with microorganisms in
close proximity to the anode interface (Franks et al. 2009). However, the generation of high current
densities requires electrogenic biofilm development which allows respiratory activity to continue via
more remote electron transfer mechanisms to the anode. Several mechanisms have been suggested
to allow EAB to respire remotely to the anode, as previously discussed in section 1.1.5.4 (Lies et al.
2005; Gorby et al. 2006; Stams et al. 2006). The connection between the overall conductivity of the
biofilm matrix and the ability of anode respiring bacteria to produce high current densities was
established as being of critical importance in MFC systems (Torres et al. 2009b) and follows work
that has established links between anode biofilm development and MFC performance (Ramasamy et

al. 2008).

1.2.2.3 Microbial groups within the electrogenic biofilm

The development of enriched electrochemically active biofilms has successfully
demonstrated a capacity to remove organic compounds whilst also being able to generate
electricity. More complex and fermentable substrates were shown to produce different and more
complex microbial profiles (Lee, 2003). It has been further observed that loosely associated bacterial
clumps within the anode biofilm can form when MFCs are fed with fermentable substrate. DGGE
analysis has shown that these clumps consist of community profiles distinct from the main body of
the anode biofilm. It has been suggested that the clumps functionally act to ferment complex
electron donors to produce volatile fatty acids that can be utilized by the EAB in the anode biofilm,
and so facilitate the donation of electrons to the electrode (Kim et al. 2004). The view that
fermentative processes are not competing with anodophiles but facilitating an energetically
favourable syntrophic association was examined by looking at electron fluxes associated with
glucose conversion pathways. It was found that the majority of glucose is first converted to

hydrogen and acetate but electron flow to the anode could be lost to other electron sinks notably
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methanogenesis (Freguia et al. 2008) but will also include losses to biomass and residual organic
acids (Lee et al. 2008). However it has been found that acetate oxidizing EAB will out-compete
acetoclastic methanogens present but not hydrogenotrophic methanogens, which will actively
compete for electrons derived from hydrogen produced within the anode biofilm consortia (Prathap

Parameswaran et al. 2009).

1.2.2.4 Advantages of a diverse mixed culture biofilm

Despite the number of different bacteria that have demonstrated a capacity of EAB activity,
reports generally concur that pure culture MFCs produce less power than mixed culture systems
{Logan 2009). Where higher power densities have been reported using pure cultures, experiments
have been carried out under specific conditions i.e. using G.sulfurreductans an MFC that used a
ferricyanide catholyte and a cathode eight times larger than the anode produced more power using
a pure culture (1.9Wm?) compared with a mixed culture (1.6Wm?) (Nevin et al. 2008). This would
seem to indicate that electrogenic biofilms are able to utilize and structure the networks of biofilm
electron transfer mechanisms (previously described) to produce these higher power densities, this
has been shown to be achieved through the reduction in the internal resistance in mixed culture
biofilms (Watson and Logan 2009). However even more crucial to the successful operation of MFCs
is the capacity to breakdown complex substrates/waste materials. Whilst a number of common EAB
can demonstrate a wide metabolic diversity, diversity in terms of numbers of different bacterial
species and the development of an ecological functional redundancy has been shown to be
important in engineered systems (Briones and Raskin 2003). This was demonstrated by LaPara et al
(2002) who subjected a wastewater community to decreasing nutrient concentrations, this resulted
in @ maintenance of functionality but it was found that redundant populations were eliminated.
However decreasing microbial diversity has also been linked to a decreased community stability and

functional resilience to perturbation events (Girvan et al. 2005).

1.2.2.5 Molecular analysis of EAB biofilms

A key aspect of environmental biotechnology is gaining an understanding of the microbial
ecology of given systems, how microbial communities develop and interact together (Rittmann
2006). The use of molecular methods can provide useful information about microbial diversity and
links between function, community structure and system performance. Using such culture-
independent methods is particularly important as many major groups of both Bacteria and Archaea

are only known from genetic sequences isolated from environmental samples (Gray and Head 2001).
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This approach is particularly important in MFC anodes as these systems are generally both
complicated and poorly understood from a microbial point of view. Polymerase Chain Reaction (PCR)
has been used as the predominant genetic amplification approach, although it is also known this
technique can introduce discrepancies due to the differential activities of Tag polymerases with
template DNA samples of varying GC content (Baker et al. 2003). Furthermore it has been shown
that poor complimentarity with target environmental DNA when using domain based ‘universal’
primers can lead to under representation of some amplified sample DNA, and if within the microbial
community similar phylotypes exist chimeric sequences may arise as artifacts of the PCR process
(Osborne et al. 2005). A number of techniques are available to analyze the amplified microbial
community DNA, these are generally based on physical characteristics of the DNA (melting point or
secondary structure) or the use of specific sequences to create fingerprint profiles. These finger-
printing methods use restriction enzymes to generate profiles of either full 165 RNA genes
(Amplified Ribosomal DNA Restriction Analysis) or just the terminal restriction fragments (Terminal
Restriction Fragment Length Polymorphism (Liu et al. 1997). Denaturing Gradient Gel
Electrophoresis (DGGE) uses a formamide/urea gradient to analyze the melting characteristics of
bacterial community DNA based on the GC composition of the DNA amplicons. A GC clamp (GC rich
tail) is added to the amplified DNA to ensure that full melting/strand dissociation in the gel does not
occur (Muyzer and Smalla 1998) . By looking at the intensity of individual bands (semi-quantitatively)
DGGE is suitable for following dynamic changes in complex microbial communities through time and
space. When band intensities are ordered Pareto-Lorenz curves can be generated which can be then
used to indicate the functional organization of the community, however this will only provide an
indication of the community functional status due to biases inherent in the PCR-DGGE method and
the potential for co-migration of different bands. The phylogenic range or degree of microbial
‘richness’ can also be assessed by the range and number of bands present (Marzorati et al. 2008). In
MFC reactors, a number of studies have been carried out using PCR-DGGE techniques to investigate
microbiological profiles and population dynamics within fuel cell anode chambers. However
limitations associated with this technique must be understood within the operational context of the
MFC. Coulombic efficiencies in MFCs may typically vary between 2 and 75% depending on the
reactor architecture and environmental conditions. This means that of the bands identified only a
proportion will originate from electrogenic bacteria, which has implications for the interpretation of
diversity and dynamic measures. Also the relationship between diversity and the number of DGGE
bands may not being simple when large numbers of bacterial taxa are present as DGGE primers will
only detect bacterial species at levels of >1% (Boon et al. 2002). Interpretation of banding profiles

will also be influenced by the clustering analytical method utilized, i.e. the Dice similarity is known to
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be influenced by presence or absence of a single band which will be subject to the associated
limitations discussed above. A statistical approach may also be used to examine community shifts
using Principle component analysis where banding intensities and location are then converted into 2
or 3 dimensional plots {Jung and Regan 2011). A number of studies have used 16S clone library
analysis techniques to investigate the development of biofilm bacterial communities (Kim et al.
2004; Aelterman et al. 2006; Logan and Regan 2006a); this technique is particularly interesting as it
allows both a measure of abundance and identification of the key bacterial species present. This is
carried out by inserting 165 PCR amplified DNA fragments into a competent vector where the
recombinant plasmid is multiplied via cell division to a concentration that enables direct sequencing
after the plasmid DNA has been extracted from the host cells. However, pyrosequencing techniques
allow a more detailed understanding of anode microbial populations and community dynamics as
this method allows the rapid sequencing of a large number of 165 DNA which substantially increases

the sensitivity of the community analysis and reduces any bias associated with clone analysis.

Fluorescent in-situ hybridization techniques can be useful to both quantify numbers of key
target biofilm micro-organisms and also provide an understanding of their in-situ spatial
organization. This technique uses DNA probes to directly target cellular rDNA and, as such, does not
require any PCR step as individual cells can be visualized microscopically. However an understanding
of the key groups or species of interest is necessary so that specific probes can be designed/utilized.
Thus, FISH provides a useful non-PCR based technique that can be used to verify community analysis

and microbial abundance results.

1.3 The Effect of Environmental Conditions on Electrogenic Activity

Operational environmental conditions such as substrate type, substrate concentration
temperature, pH, anode architecture, buffering capacity/conductivity and flow rate will all effect
anodic/MFC performance (Feng et al. 2008) and the potential power densities achievable from the
MFCs. This is directly related to the anode and cathode electrode potentials (Equation 3) and subject
to parameters set by the Nernst equation (Equation 7) (Thauer et al. 1977) and overpotentials in
MEC which also have a direct effect on the internal resistance. Even though each of these factors will
have a direct influence on EAB activity all parameters may also exhibit a degree of operational

interdependency.
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1.3.1 Operation at Psychrophilic, Mesophilic Temperatures

The effects of temperature on MFC operation have been previously reported to have a direct
effect on electrochemical processes. This can be directly observed when MFC reactors are run at
ambient temperatures where cell voltages have been reported to cycle up and down with the
diurnal temperature fluctuations (Moon et al. 2006; Jadhav and Ghangrekar 2009; Ahn and Logan
2010; Kim et al. 2010). It is not only system constraints that will directly affect MFC operation but
also how these factors influence reactor efficiency and power generation through the conversion of
electrons in biomass to electricity. The percentage recovery of electrons, termed as the Coulombic
Efficiency (CE), can often achieve levels of 70% or more (Kim et al. 2009) when non-fermentable
substrate such as acetate is used. Low CEs reflect the activity of alternative electron sinks and non-
electrogenic metabolic pathways being utilized by the anode biofilm and planktonic microbial
populations. Possible sinks include the activity of methanogenic Archaea (both acetoclastic and
hydrogen utilizing) in the catabolic generation of CH, and microbial anabolic production of biomass,
of which the former has been reported to be the more significant (Lee et al. 2008) . Conventional
anaerobic digestion (AD) optimally operates at mesophilic temperatures, when these systems are
subjected to sub-mesophilic conditions methanogenic AD efficiency/activity decreases with the
resultant elevated production of volatile fatty acids (VFAs); however it has been demonstrated that
AD systems may also be adapted to operate at both high temperatures and low temperatures
through long-term reactor acclimatisation (McHugh et al. 2006). MFCs have similarly been shown to
operate and produce electricity over a range of psychrophilic and mesophilic operating conditions

(Liu et al. 2005).

Psychrophiles, that only grow at temperatures below 10°C, and psychrotolerant bacteria, that
can grow at less than 20°C but have optimal growth temperatures of greater than 20°C, have both
been found in a wide variety of natural and processed environments e.g. wastewater, soil and
sediment (Morita 1975). In these habitats cold adapted biofilm communities can consist of a diverse
range of Archaeal and Bacterial populations and this observed variability may also include transitions
between different thermal types. Indeed it has been found that bacteria isolated from cold boreal
ground waters (4°C) may be predominantly psychrotolerant (Mannistd and Puhakka 2002). This
suggests there is an inherent adaptability of cold tolerant microorganisms to mesophilic

environments and a capacity for growth over a wide temperature range.

BES devices such as sediment MFCs have been previously developed for in situ operation in
cold marine sediments. They are able to generate electricity from anaerobic anode respiring bacteria

(ARB) which are present in the sediment; these act as a biocatalyst on an anode whilst aerobic
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isolated from electrodes in marine sediment fuel cells (Bond et al. 2002). This family of bacteria are
also commonly found in mesophilic MFC anode biofilms (Logan and Regan 2006b), where Geobacter
spp. have often been identified as the dominant and active ARB. Two psychrotolerant
Geobacteraceae strains, AL1(T) and A2 which grow over a range of 4 °C to 30°C have also been
isolated from these types of sediment MFCs (Holmes et al. 2004), however adaptation and change of
the ARB communities derived from mixed culture biofilms at different temperatures have not been

extensively studied.

A number of studies have looked at low strength wastewater treatment at ambient and
mesophilic temperatures (21-35°C), but since most waste treatment systems in temperate climates
work and discharge effluents at temperatures much less than this (10-20°C) these processes would
require a significant input of energy as heat (Lettinga et al. 2001). The capacity to run MFC reactors
at temperatures of 10-20°C would substantially reduce operating costs by eliminating a substantial
power input for heating. Thus, psychrophilic operation introduces the potential for MFCs to be an
economically viable alternative to conventional aerobic processes in temperate sewage treatment
operations. In addition to the generation of electricity these MFC systems also have the potential to
produce substantially lower levels of stabilized sludge due to the activity of biofilms with a low

growth yield.

As in AD systems MFC operation at thermophilic temperatures (50-60°C) can provide
advantages in terms of increased rates of enzymatic activity and pathogen removal when compared
with lower temperature systems (Suryawanshi et al. 2010). A few studies have looked at high
temperature MFC operation and demonstrated that MFCs can be operated effectively at
temperatures of 40-60°C with power densities of 375 mW m™ (Jong et al. 2006; Carver et al. 2011)
but MFC design was seen to be a potential issue due the increased rates of evaporation at higher
operational temperatures. Where thermophilic reactors have been operated for long periods it has
been found that a predominance (50%) of Firmicutes thermicola strains occurred in current
producing MFCs (Wrighton et al. 2008). High reported CEs of 89% would seem to suggest that there

was little alternative metabolic competition for electrons in these communities.

1.3.2 pH Effects
pH is an important parameter in the operation of MFCs as the chemical formation and
movement of protons from the anode to the cathode is integral to system operation. The Nernst

equation shows that each pH unit change across a cell membrane represent a potential loss
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(overpotential) of 0.059V through the development of high anodic equilibrium potentials (Rozendal
et al. 2006). Hence, in a MFC dual chamber system He et al (2008) found that reducing the anode
chamber to pH 5 also reduced the current density 10-fold. The actual pH that develops in an MFC
anode will be dependent on the type and concentration of buffering used and the composition of
substrates; when high concentrations of fermentable carbohydrates are fed to an MFC the pH can
rapidly drop due to the formation of acidic products by fermentative metabolism, but it has also
been reported that even if low pH values cause a reduction in power production this power can
again recover if the pH is again re-adjusted to 7 (Ren et al. 2007). The optimal operational pH level in
an air cathode MFC system was found to be 6.5 by Jadhev et al (2009) , and when MFC anodes were
run for a period of time at pHs 4, 5, 6 and 7 in dual chamber MFCs, Zhang et al (2011a) found that
operation at pH 5 and 6 only reduced voltage production by 16% and 8% and power density by 32%
and 0%, respectively: however these reactors were not acclimated from the initial enrichment step.
Low pH can also have a direct effect on the respiratory activity of EAB and it has been demonstrated
that this can be a particular concern in anodic biofilms where the build-up of protons due to mass
transfer limitations can lead to significant localized drops in pH close to the electrode (Torres et al.
2008). However it has also been shown that bacteria such as Shewanella spp. can be acclimated to

operation at pH levels as low as 5 (Biffinger et al. 2008).

1.3.3 The microbial oxidation of different substrates

The observed diverse nature of anode biofilms has been reflected by the diverse number of
organic materials that have been reported to be successfully converted to electrical current. This
includes a range of carbohydrates, proteins, fats, VFAs, alcohols and inorganic compounds (Pant et
al. 2010). Pure substrate studies allow anodic metabolic processes to be studied but are not
generally applicable to typical waste streams that could be used to power MFC systems. The
treatment of mixed wastewaters requires the anode microbial communities to degrade a range of
complex organic compounds i.e. domestic wastewaters, landfill leachates, brewery wastewaters,
paper recycling wastewater and AD effluent (Liu et al. 2004; Aelterman et al. 2006; Feng et al. 2008;
Huang and Logan 2008). Certain classes of substrate are known to adversely affect MFC power
production i.e. wastewaters, however it was demonstrated that power production in hospital
wastewater could be substantially improved through the addition of acetate (Rabaey et al. 2005b); it
was thought this low power production was due to interfering sulphate ions and the non-

degradability of some of the constituent components in the wastewater. This demonstrates the
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need for efficient bacterial hydrolysis to occur as this step can be rate limiting when compared

relatively to fermentation rates (Velasquez-Orta et al. 2011).

1.3.4 MFC anode potential

Artificially poising the anode potential has been reported to have an effect on the start-up and
performance of EABs (Wang et al. 2009; Srikanth et al. 2010), this is typically done using an
electrochemical interface but it is also possible to alter the external load applied to the MFC (Cheng
et al. 2009; Woodward et al. 2009). However there are some conflicting results reported about MFC
start-up times with anodes set over a range of potentials. Wang et al (2009) reported that a anode
potential poised at +0.2V (vs Ag/AgCL) in a dual chamber reactors could shorten the acclimation
period to 34 days compared to 59 days with a control under a 1000 ohm loading. However
Aelterman et al (2008a) also reported that anode potential did not have an effect on start-up time,
but this was attributed to the inoculum being sourced from an active MFC. Interestingly both reports
noted that the operational performance of the reactor once they had attained steady state was
similar regardless of the start-up poised potential. It is possible that some of the variability in the
reported findings could be due cathodic and ohmic limitations inherent in 2 chamber reactors used

in the experimentation.

By changing the load on the MFC it is also possible to change the cell and anode potentials.
Using a dual type MFC reactor Jung et al (2011) also showed also that reducing the resistive loading
from 9600 ohms to 150 ohms improved the current density by a factor of 7. It was additionally
shown that changes in external resistive loading affected the anode biofilm community which
developed. Lyon and et al (2010) were also able to demonstrate a similar result by altering the
external loading, demonstrating that a relationship exists between biofilm ecology and load

resistance.

Optimizing the anode potential is likely to optimize the electrogenic activity of EAB, indeed
Woodward et al. (2009) employed a load varying technique using an optimization algorithm for
maximum power point tracking (MPPT) to maximize power production during both MFC start-up and

steady-state operation but the affect on biofilm development was not investigated.

1.3.5 cCarbon anode material, flow conditions and substrate loading
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Carbon/graphite is considered to be a good support material due to its inherent
biocompatibility, high surface area and relative low cost (Morozan et al. 2007); electrical
conductivity is also good but is significantly lower than typical metal conductivities. To improve the
biocatalytic properties a number of surface modifications have been carried out which have resulted
in improved anode performance, notably ammonium treatment produced a 46% improvement in
power production (Cheng and Logan 2007), but carbon has also been modified with quinine groups
and electrically active mediators such as neutral red (Park and Zeikus 2002) which have resulted in
improvements in current production by a factor of up to 10. However, the three-dimensional
structure of the carbon electrode has an equally great influence on anode performance. Surface area
to volume properties of the carbon at the micron levels and above will vary according to the type of
carbon in question, with graphite rods having a low surface area to volume ratio compared to
carbon felt which is composed of a porous network of inter-linking carbon fibres. Indeed this
approach was used by Logan et al (2007) to enhance the ‘biologically’ effective surface area by
winding graphite fibres around a metal current collector to produce a 2.5 fold improvement in
power production compared to standard carbon cloth electrodes. High surface area availability in
porous carbon will also enhance the potential contact between substrate and bacteria through
maximizing mass transfer. This approach was further investigated by looking at forced flow through
porous anodes, this produced a 2.28 fold improvement in current densities and a reduction in the
internal resistance (Sleutels et al. 2009). Interestingly in an MEC system the same group found that
increasing the flow rate away from a porous anode actually produced the best current densities as
this actually produced an improved buffering effect by apparently producing a smaller boundary

diffusion layer (Sleutels et al. 2011).

1.4 MFC scale up and tubular architectures

The Industrial scale-up of MFCs requires a system that can be economically run continuously
at high volumes (>1m?). A number of different such scalable reactor designs have been investigated,
including systems based on tubular up-flow graphite granule The potential inefficiency of large-scale
reactors was investigated by leropoulus et al (2008). This study looked at the effects of both
scalability and stack configuration on power density measurements and it was found that small scale
units (6.3ml) out-performed medium (29ml) and large reactors (652ml) by factors of 1.5 and 3.5
respectively. It was then estimated that a projected stack of 80 units would out-perform a larger
MFC unit, of equivalent volume, by a factor of 50. However, if relative electrode parameters such as

electrode spacing and electrode surface areas are maintained then it should possible to maintain
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power performance even with larger volume units (Liu et al. 2008). Whilst there have been no
published reports of large volume pilot scale reactor (>1m>) being operated, Logan et al (2010)
discussed some issues and potential limitations thought to be associated with a pilot scale operation
that was run at Foster’s brewery in Yatala, Australia. The replication of power densities produced in
small scale reactors in large scale reactors may not be feasible as it has been estimated that a

logarithmic increase in electrode surface area would be required (Dewan et al. 2008).

Tubular microbial fuel cells (MFCs) have previously been investigated as an effective anaerobic
treatment process for low strength wastewaters (Kim et al. 2010; Kim et al. 2011); these systems
have the potential to benefit from economies of scale in the event of large scale deployment, reduce
biomass production and recover electrical energy (Kim et al. 2011). Anaerobic treatment has the
advantage of low levels of biomass production resulting from low biomass yields. Cell yields from
activated sludge processes have been estimated to be 0.4-0.8 gVSS g BODS5 compared to typical
anaerobically respiring process yields of 0.035-0.057 gVSS g BODS5 and this 10 fold difference has

implications for decreasing the cost of downstream secondary treatment processes (Oh et al. 2010).

Power densities currently produced in MFCs and thermodynamic limitations associated with
the technology mean that these reactor systems are unlikely to be used for the production of power
as their primary function. Whilst commercial organizations have been looking at these systems as a
potential wastewater treatment technology this has been on the basis of both reduced water
treatment energy costs as well as bioenergy recovery, i.e. Emfcy bioenergy systems, Israel, but no
product has yet been released by this company. Where MFCs have been currently applied to real
systems these have tended to include ‘niche’ applications e.g., providing autonomous power to
robotic systems and as river/deep water environmental sensors where system accessibility may be
an issue during long term use (Logan and Regan 2006c; Melhuish et al. 2006). Indeed life cycle
assessments have concluded that MFCs are only viable if they are used to produce high-value
biosynthesized products i.e. hydrogen (Foley et al. 2010). The use of MFCs to mitigate the high costs
involved in wastewater treatment would involve the development of a BES that is capable of
optimizing a combination of high energy recovery and high COD removal. The balance of these two
parameters will depend on the current economic situation, but Pant et al (2011) estimated that an
economically viable energy production system would need to generate 1000 W/m?® and/or a viable

treatment system would need to remove COD at a rate of 1-10 kg/m?/day.
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1.5 Aims and objectives of the Research

Aim: To further the understanding of how MFC anodic biofilms develop over time and
investigate how environmental parameters, pertinent to system scale-up, may affect electrogenic

performance.

Objectives:

To determine the effect of fermentable and non-fermentable substrate acclimation

on microbial community development and anodic performance.

e To investigate the influence of psychrophilic, psychrotrophic and mesophilic
temperatures on anodic biofilm performance and microbial community acclimation
and understand how temperature influences electrogenic and non-electrogenic

development over time.

e To examine how flow conditions and novel anode helical architectures can influence

MFC anodic performance.

e Investigate the influence of carbon material type on electrogenic activity and
understand how a control algorithm may be used to optimize MFC power

production by changing the external loading of the cell.
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2 Materials and Methods

2.1 Experimental Apparatus

2.1.1 Reactor design

Two MFC reactor types, tubular air cathode reactors and H-type reactors, were used as part of
the experimentation in this study. Tubular air cathode reactors utilizing a wound carbon veil anode
and a series of 3 spiral based anode configurations with small, medium and large configurations
were used in the substrate, temperature and helical configuration experiments (Chapters 3, 4, 5 and

6). H-type MFC reactors were used in the material and control experiments (Chapters 7 and 8).

2.1.2 Tubular reactors — wound carbon design

The tubular experimental reactors were 280 mm long and 40 mm diameter and constructed
using polypropylene tubing as a supporting structure. An air cathode (80 x 210 mm) with 0.5mg/cm?’
Pt platinum catalyst was prepared, fixed with activated carbon (Kim et al. 2009) and then combined
with a cation exchange membrane (CMI-7000, Membrane International Inc. NJ, USA). The anode was
constructed by winding a 260 x 450mm carbon veil cloth (PRF Composite Materials, Dorset, UK)
around a central PVC rod of 1 cm diameter to form a multilayered anode electrode. The system was
sealed to make it water secure, giving a total liquid reactor volume in the anode chamber of 245 ml.
Tubular reactors in experiments 2-4 used engineered caps with ‘0’ ring sealing joins and 1cm screw

fittings manufactured by the University of Glamorgan.
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reactor was connected to circuit board that acted to maximize system power by automatically

adjusting the loading up or down based on an average of the previous power readings.

2.3 Flow rates during continuous operation

When the MFC reactors were run in continuous mode nutrient media and buffer was pumped to
the reactors using a Watson Marlow 505U/RL or 505S pumps fitted with marprene tubing (Watson
and Marlow, Falmouth, UK). System flow rates were calibrated by checking the flow (ml) over time
and pump speeds were adjusted accordingly. During the course of continuous flow experiments flow

rates were periodically checked.

2.4 Control of environmental conditions

Where appropriate, MFC temperatures were controlled by placing the reactors in
heating/cooling incubators (Oxitop, WCW, Germany). Incubator temperatures were checked on a
weekly basis using a mercury glass thermometer to ensure target temperatures were correctly

maintained (+ 1°C).

2.5 Data Acquisition

A desktop PC was used for capturing data from MFC reactors. Voltages across the MFCs were
recorded typically at 10 minute intervals using LabVIEW™ software and a NI 16-Bit, isolated M Series
MIO DAQ, (National Instrument Corporation Ltd. Berkshire UK). A custom interface was written
using Labview 6 in order to capture, collect and display data from this device. The data was
automatically written to a text file. See Appendix 2 for LabVIEW™ block diagram detailing program

used for data display and capture.

2.6 Inoculum

The reactors were inoculated with a 10% anaerobic digestion sludge (Cog Moors wastewater
treatment plant, Cardiff, Wales), consisting of 24.5ml sludge in 220.5 m| nutrient buffer media (TS =
24.8 £ 0.1g/L and pH = 7.52). The inoculum was stored in a sealed vessel for up to 7 weeks at 4°C and

up to 2 weeks at room temperature.
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2.7 Media

100 mM phosphate buffer was made up in 20L batches and diluted as necessary. Nutrients were
as per the composition detailed in Appendix 1 and added to the nutrient media at a concentration of
12.5mi per litre, acetate, butyrate and or sucrose substrates were then added to the required

concentrations.

2.8 Chemical analysis

2.8.1 pH

pH of fed-batch experiments was measured on a weekly basis using a Mettler-Toledo, Gmbh

8603 meter (Mettler-Toledo, UK).

2.8.2 Methane

In experiments 1, 2 and 3 a gas bag was connected to the MFC reactors and used to collect
reactor gas production. A 1ml gas tight syringe (Varian Ltd, Walton-upon-Thames, UK) was used to
inject the gas sample into the GC by activating the start option within the data handling package. A
vacuum pump drew the gas sample through a loop (10 ul) and then the injector injected the gas

sample from the sample loop into the carrier gas stream.

The level of gaseous methane composition was checked using a Varian CP-4900 Gas
Chromatograph (Varian, Walton on Thames, UK). The GC was equipped with two columns, a
“molecular sieve 5A plot” (10m x 0.32mm) (Varian) running at 150°C and 30 psi for the detection of
hydrogen, nitrogen and methane, and a “Porapack Q column” (10m x 0.15) (Varian) running at 60°C
and 20 psi for the detection of carbon dioxide. The carrier gas in both columns was argon. This
instrument was also able to analyze the methane, nitrogen, carbon dioxide, and hydrogen content of
the gas samples simultaneously and with no need for multiple samples to be taken from the
instrument. The instrument was calibrated every three months using gas mixtures of known
proportions (Air Products, UK). A QC sample was run before each day of use and consisted of a gas

mixture of known proportions (Scientific and Technical Gases Ltd., Newcastle-under-Lyme).
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The calibration of the GC for Hg,B, COB,B, CHB,B, and NB,B was done using calibration gases of
following compositions: 10.047% Hg,B, 30.256% NB,B, 27.764% CHB,B and 31.933% COB,B (Scientific

and Technical Gases Ltd., Newcastle-under-Lyme, UK)

2.8.3 Volatile Fatty Acids

VFAs were measured according to the method of Cruwys et al. (2002) using a Perkin Elmer
headspace gas chromatograph (Model number HS40XL, Perkin Elmer, Beaconsfield, UK) in
conjunction with a flame ionisation detector (FID) and a “Nukol” free fatty acid phase (FFAP) column
(30m x 0.32mm) (Supelco Ltd, Poole, UK) running at 190°C and 14 psi. The carrier gas was nitrogen.
The GC was connected to a headspace auto-sampling system (Perkin Elmer, Beaconsfield, UK). The
machine was calibrated using standards of acetic, propionic, isobutyric, n-butyric, isovaleric and n-
valeric acids with concentrations in the range of 0 mg L™ to 1000 mg L™. In their paper Cruwys et al.
(2002) state that the detection limit for these acids was below 4mg L™ and analysis of replicates

samples yielded a coefficient of variation between 0.039 and 0.065.

Preparation of samples followed the method in Cruwys et al. (2002). A 22.3 ml glass vial was
used with a PTBE septum and a proprietary sealing system (Perkin-Elmer, Beaconsfield, UK). 1 ml of
sample was pipetted into the vial together with 1ml of deionised water, 1 m! of NaHSO, and 0.1 ml

of 2-ethylbutyric acid (1800mg L) as an internal standard.

2.9 Electrochemical analysis

Power density plots and polarization curves were measured using a Solartron Instruments
(Farnborough, UK) 1287 electrochemical interface with an Ag/AgCl reference electrode. A
Potentiostatic method was used (CorrWare 2™, Scribner Associate Inc., NC), to apply a constant
potential and then monitor current as a function of time. Polarisation curves were measured after 2
hours at OCV (open circuit potential). The slope of the ohmic (linear) portion of the polarisation
curves was calculated, and the ratio of the cell potential to the current was then used to determine
the internal resistance of the MFC. Each cell potential was measured after an interval of 10 minutes

to allow stabilization of the current.

In experiments the voltage across a 1000Q resistor in the circuit in the MFC was monitored

(using 30 min intervals to allow for current stabilization) using a multimeter (Keithley Instruments,
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Cleveland, OH, USA). The current (C/s) was calculated according to /=V/R, where V is the measured
voltage and R (Q) is resistance. The power density was obtained by normalizing power (P=/V) by the

electrode surface area (22.5cm2) or the fuel cell volume (240ml).

Coulombic efficiencies (CE%) for each batch mode operation were calculated as previously

described {Liu et al. 2004; Logan et al. 2006), Equation 11.

CE %= . 100.CODfyctor

Equation 11

Where CEx is the total coulombs calculated by integrating the current measured at each time
interval (i) over time and CODsor is the factor of 100/measured % COD removal. CTh is the
theoretical amount of coulombs available from substrate oxidation, calculated as C = Fb M V Th
where F is Faraday’s constant (96,485 C/mol-e-), b the number of moles of electrons produced per
mol of substrate (i.e. 8 mol e/mol acetate), M the substrate concentration (mol/L), and V the liquid

volume (L).

2.9.1 Cyclic Voltammetry

Cyclic voltammetry (cv) analysis was performed using a Solartron Instruments (Farnborough, UK)
1287 electrochemical interface with an Ag/AgCl reference electrode. The working electrode
potential was programmed to linearly ramp with through time in an oxidizing and reducing cycle.
The cycle was conducted in triplicate during the experiments using a voltage range of -0.7 to +0.7
Volts, the scan rate was differed, but lay in the range between 0.1 - 50mV/S. The current at the
working electrode (y axis) was plotted against the applied voltage to produce the cyclic

voltammogram (x axis).

2.10 Molecular analysis
2.10.1 DNA/Biomass measurement

Genomic double stranded DNA (dsDNA) was isolated from 1cm? samples of carbon veil that

had been aseptically excised from the anode. Samples were mechanically disrupted by bead beating
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and a phenol/chloroform/iso-amyl-alcohol extraction was carried out as the method described by
Elferink et al (1997). DNA concentrations were measured using a NanoDrop™ 1000
Spectrophotometer (Thermo Scientific) and these values were used as a measure of biomass/biofilm
growth. DNA concentration has been previously shown to be an indicator of bacterial cell counts
present in potable waters (McCoy and Olson 1985), and correlations have also been established
between DNA concentrations and levels of organic dry matter in reactor biofilms (Flemming et al.
2000). A conversion of DNA levels to carbon biomass (C biomass) concentrations have been
previously calculated using a conversion factor of 16.6, based on an average 3% DNA concentration
in bacterial cells by dry weight. In this study the following linear regression equation was used to
calculate the microbial mass concentration (VSS (mg/l) in each 1cm? anode sample, this conversion
factor (VSS (mg/I) = 257.2 x DNA concentration (mg/l) + 250.4) was reported to provide a better

correlation in active biological reactors (Kim et al. 2008a).

2.10.2 DNA calibration curve

To verify the correlation between DNA concentration (ng pl™) and the NanoDrop™ 1000
Spectrophotometer (Thermo Scientific), a calibration was carried out using Lambda Phage DNA,
Methylated from Escherichia coli host strain W3110 (Sigma —Aldrich, UK), concentration 700 mg/ml.

Calibration checks were carried out periodically using a -80°C frozen stock solution (Fig 2.1).
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Figure 2-5. Nanodrop spectrophotometer and lambda phage DNA Calibration
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2.10.3 sampling and Analysis of Biofilm ecology

1cm? sections of anode carbon material were sampled in an anaerobic chamber (Coy Laboratory
Products, Michigan, USA); by aseptically excising with scissors on a pre-sterilized glass plate and all

test samples were immediately transferred for storage at -80°C prior to processing.

Amplification of DNA (16S rDNA) and PCR analysis were performed as previously described
(Roest et al. 2005) using Archaeal primers 0968F-GC and 1401R, i.e. forward primer (5-CGC CCG
GGG CGC GCC CCG GGC GGG GCG GGG GCA CGG GGG G AAC GCG AAG AAC CTT AC -3') and reverse
primer (5'-CGG TGT GTA CAA GAC CC -3'). and universal bacterial primers 0109F-T and 0515R-GC i.e.
forward primer (5'-CGC CCG GGG CGC GCC CCG GGC GGG GCG GGG GCA CGG GGG G ATC GTA TTA
CCG CGG CTG CTG GCA C-3') and reverse primer (5-ACT GCT CAG TAA CAC GT-3'). For DGGE analysis
a D-Code system (Bio-Rad, Hercules, CA, USA) was used with a 20% to 80% denaturing gradient
(100% denaturant consisting of 7 M urea and 40% (v/v) formamide). 8% (w/v) polyacrylamide gels
(acrylamide:bisacrylamide, 37.5:1, gel stock solution; Sigma, USA) in 1 x TAE (40 mM Tris, 20 mM
acetic acid, 1 mM EDTA, pH 8.3), containing 0.11% (wt/v) APS (ammonium persulfate; Sigma) and
0.1% (v/v) TEMED (N’,N,N,N’-tetra-methylethylenediamine; Sigma). Gels were run at 60°C at 200V
for Sminutes, then 85V for 16 hours and were silver stained prior to gel imaging with a Fluor-S

Multilmager (Bio-Rad, Hercules, CA, USA).

2.10.4 Computational analysis of DGGE banding patterns

Scanned DGGE gels were analysed using GelCompar Il software (Applied Maths, Belgium). Test
bands were viewed and compared in terms of intensity and position. To correct for variations in
successive DGGE gels a standard marker sample was run with each gel, this was used to normalize
the bands based on defined reference positions. Densitometric curves were calculated for each gel

track using a best-fitting Gausian algorithm for each band.

Microbial ecological analysis of the DGGE band profiles (Archaeal and Bacterial communities)
were analysed to evaluate the diversity of bacterial communities operated at different temperatures
over time. The following band based and curve based nearest-neighbour correlation methods were
used for the analysis, with UPGMA (average linking method) used as the hierarchical clustering

method:

(i) The Dice index of similarity, Cs = 2j/(a+b) was used. j is the number of common bands

between samples A and B; a and b are the total number of bands in samples A and B, respectively.
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(i) Pearson based correlation using a formula based on the covariance of the band patterns

divided by the product of their standard deviations.

Community dynamics were analysed through calculating population richness, microbial
dynamics, functional organization and microbial clustering (Marzorati et al. 2008). The range-
weighted richness (R,) was calculated over time from the Archaeal and Bacterial DGGE biofilm
profiles using R, = N° x D,. Here N is the total number of bands in the profile (lane) and D, is the
denaturing gradient between the first and the last band of the pattern. Microbial dynamics were
analysed over time by moving window analysis plots. These were calculated on a sequential weekly

basis as percentage change values using:
change (%) = 100 - similarity (%).

Functional organization of the bacterial communities were graphically represented as Pareto-
Lorenz evenness curves with bands from individual profiles ranked from high to low according to

their cumulative intensities and number of the bands.

2.11 Microscopy

2.11.1 Scanning electron microscopy

Anode biofilm samples were fixed in 2.5% glutaraldehyde in 10mM HEPES (pH 7.4), overnight.
The samples were dehydrated in a graded series of aqueous ethanol solutions (30—-100%) and then
critical point-dried using Bis(trimethylsilyl)Jamine (Sigma, UK). Sample were maintained in each
solution for a period of 15 minutes (Sich and Van Rijn 1997) taking care to avoid excess sample
agitation. Finally, samples were mounted on aluminum stubs, sputtered with gold and examined in a

LEO 1430 SEM (Zeiss, Welwyn Garden City, UK).

2.11.2 FISH confocal scanning microscopy

An MFC was set up with different carbon materials (carbon felt, E-Tek carbon, engineered
carbon and graphite rod) and inoculated with cell biomass from a working MFC reactor. The biomass

was spun down and washed before inoculation in 100mM phosphate buffer containing a 1g Lt
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freezing the embedded sample at -20°C, 10-um thick vertical thin sections were prepared using a
cryostat microtome (Reichert-Jung Cryocut 1800, Leica, Bensheim, Germany). The sample was then
stored at —80°C (by adding 1 volume of 96% ethanol) or were immediately dehydrated on the slide in
an increasing and decreasing ethanol series (3 min each in 50, 80 and 96, 80 and 50% (v/v) ethanol)

and then allowed to dry on the bench.

2.11.2.1.2 Oligonucleotide probes and fluorescence in situ hybridization

The 16S and 23S rRNA-targeted oligonucleotide probes used in this study are shown in Table 2.
The probes were labeled with FAM, TAMRA and Texas Red at the 5’ end. The oligonucleotide probes
were thawed and 10 ul of hybridisation buffer was aliquoted onto the wells/slide. Hybridisation
buffer was composed of 5 M NaCl - 180 ul, 1 M Tris/HCI (pH 8.0) - 20 ul ,50ul of SDS (10% v/v), 35%
formamide (350ul) and MQ water (450ul), the stringency concentration were based on values cited
in the product literature. 1 ul of each probe (working solution concentration of 50 ng/ul) was added
whilst ensuring the slide surface was not scratched or marked. Hybridisation tubes (50 ml Falcon
tube) were prepared by folding a piece of tissue, placing it in the tube and pipetting the remaining
hybridisation buffer onto the tissue. The slide was then immediately transferred into the
hybridisation tube and incubated at 46°C for 1.5 hours. Washing buffer was prepared using 5 M NaCl
-700 ul, 1 M Tris/HCI (pH 8.0) - 80 ul, 50ul of SDS (10% v/v) and MQ water up to 50ml. The solution
was preheated to 48°C (in a water bath) and this was then used to rinse the hybridisation buffer for
5-10 mins in a preheated water bath (48°C). Distilled water was then used to remove the washing
buffer with and the slide was allowed to air-dry before embedding the slide with anti-fade solution

and placing a cover slip which was then secured using nail polish.

A confocal laser-scanning microscope (LSM510 Carl Zeiss, Oberkochen, Germany) equipped with

an Ar ion laser (488 nm) and HeNe laser (543 nm) was used to carry out all the microscopy work.

40



2.12 Experiments

To further an understanding of how environmental parameters affect MFC anodic biofilm
development and electrogenic performance over time, the influence of substrate type, temperature,
anodic structure, anode material type and the automated control of anodic resistance were

investigated. The experiments carried out as part of this study are summarized below:-

2.12.1 MFC anodic biofilm development and reactor performance with non-

fermentable and fermentable substrates (Experiments 1, 2 and 3)

Experiment 1 - microbial development and performance of 3-dimensional carbon MFC
anodes, using acetate and sucrose substrate

MFC reactors with a fixed load resistance of 1000Q were fed weekly with 5000 ppm COD L* of
acetate, and sucrose (5.26g and 4.46g per L). The system was operated for a period of 12 weeks at
ambient temperatures and the microbial community development was investigated on a weekly
basis. The performance of the MFC analyzed at the end of the test period by measuring the

substrate polarization curves.

Experiment 2 — microbial development and performance of 3-dimensional carbon MFC

anodes, using acetate, butyrate and sucrose

This experiment again looked at the effect of substrate on the MFC system. Microbial
community development and MFC performance were investigated periodically over a period of 1
year. COD analysis and pH were monitored on a weekly basis; and the production of secondary
metabolites, pH and COD was investigated for each substrate over the course of one batch cycle (1
week). The MFC reactors were run in batch mode, 5000 ppm COD L™ of acetate, butyrate and
sucrose were fed on a weekly basis (5.26g, 3.42g and 4.46g per L). Each reactor was connected
independently to an external resistive load circuit (1000 ohm) and the voltages across the MFCs
were recorded at 10 minute intervals using LabVIEW™ software via an external PC. The reactors
were maintained in 35°C incubators at a fixed 45° angle with the anode always orientated in the
same position within the chamber to facilitate gas collection and maintain the anode biofilms in
fixed positions for standardized microbial community analysis. Biofilm development from the

substrate acclimatized carbon veil anode electrodes were analysed using DNA extraction and
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analysis from each sample layer. The carbon veil (1* layer) was aseptically sampled with a scalpel,
and then trimmed by scissors to 1cm” on a pre-sterilized glass plate to avoid cross-contamination.
The second layer was then discarded and the third layer was also analysed as previously described.
Layers 1, 3 5, 7 and 9 were sampled. The reactors were batch acclimated for a period of 76 weeks
and were then run in continuous mode for 1 week before reverting back to fed-batch feeding. Each
of the biofilms was then sequentially tested by substrate-switching with acetate, butyrate and
sucrose; with the performance of each biofilm-substrate combination assessed using power curve
analysis. Before starting each experiment it was ensured that a stable voltage baseline had been
established using the acclimated biofilm-substrate combinations and that the reactor chamber had
been washed through to avoid substrate carry-over. Each polarization curve was analysed at 2 days
post-feeding to maximize potential power production, allowing time for enzymatic induction but

minimizing the level of bacterial growth.

Experiment 3 — Substrate switch performance of acetate, butyrate and sucrose acclimated
anode biofilms

MFC reactors were from experiment 2 batch-fed fed with 5000 ppm COD L™ acetate, butyrate or
sucrose over a period of 83 weeks. The reactors were maintained at a temperature of 35°C + 1°C
through-out the course of the experiment. During the substrate-switch testing each acclimated
biofilm was first tested with corresponding acclimated substrate, with acetate run as the final test
substrate with the sucrose and butyrate acclimated biofilms. All the acclimated biofilm reactors
were rinsed and then operated with their corresponding acclimated substrate between test runs to
ensure the reactors were running at steady-state voltage and there was no substrate carry-over

prior to substrate switching.

2.12.2 The effect of start-up temperature on MFC operation

The MFC reactors were fed with 5000 ppm COD L acetate and batch operated for a period 60
weeks. MFC reactors were maintained at 3 different temperatures; 10°C, 20°C and 35°C + 1°C
throughout the course of the experiment in heating/cooling incubators (Oxitop, WCW, Germany).

Biofilms were aseptically collected as per the protocol carried out in Chapter 3.
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2.12.3 MFC anodic biofilm development and biocatalytic performance using acetate

as a substrate

2.12.3.1 Batch operation

MEFC reactors were run in batch mode with a fixed load resistance of 1000Q, being fed with 5000
ppm COD L* acetate on a weekly basis. The biofilm samples from the differentially temperature
acclimatized carbon veil anode electrodes were used for DNA extraction and analysis. The carbon
veil (1% layer) was aseptically sampled with a scalpel, and then trimmed by scissors to 1cm? on a pre-
sterilized glass plate to avoid cross-contamination. Test samples were taken at 8 weeks (T1), 33
weeks (T2) and 56 weeks (T3) from inoculation of the reactors, consecutive sites separated by

150mm lengths along the column length of the anode were used for sampling.

2.12.3.2 Continuous operation

At the end of the batch experimentation the reactors were run in continuous operation.
Peristaltic pumping was used to combine substrate and nutrient media maintained at 4°C and this
media was then passed into reactor chambers. Substrate utilization was investigated by analyzing

the effluent COD values.

2.12.4 Continuous MFC operation and the use of helical anode configurations

Helical reactors (SP1- small gap, SP 2 — medium gap and SP3 — large gap) were enriched with AD
sludge for 4 weeks, the annular reactor (wound carbon veil) had already been run in fed-batch
operation for a period of 76 weeks. The MFCs were then switched to continuous operation. Peristalic
pumps (Watson and Marlow, Falmouth, UK) were calibrated to the appropriate flow rates, 10, 135,
240 and 540mi per min. The reactors were operated with 2 and 20mM acetate in a 50mM
phosphate buffer. During continuous operation peristaltic pumps separately drew up buffer/nutrient
media and the acetate solution (40mM acetate) and this was then mixed together in-line to give the
final substrate concentrations of 2 and 20mM acetate. All stock solutions were refrigerated to 4°C to

prevent bacterial growth during the course of the experiments.
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2.12.5 Dual chamber MFC reactors used to investigate electrogenic biofilm
development: the effect of carbon anode material and the application of an

automated load control algorithm

Experiment 1. MFC reactors used to investigate open circuit and closed circuit MFCs
operation with four different types of carbon anodes
2 MFC reactors were operated in batch mode, being fed with 1000 mg/L sucrose on a weekly
basis during the course of experiment, one was maintained in open circuit conditions and a duplicate
reactor was operated with a 1000 Omega external resistance: both MFCs were operated in batch
mode with magnetic stirring and at room temperature (ranging between 152 °C and 30+2 °C).
Biofilms were aseptically sampled using scissors and a scalpel at the end of the experiment for
characterization of the bacterial communities and microscopy. To assess the effects of pH on the
biofilms a syringe/needle placed in the sample port which allowed the step-wise manual (drop-wise)
introduction of 1M HCl into the anode chamber. The pH drop was monitored by a pH probe which
had been sealed and fitted into the anode cap. pH values in anode substrate/media were then

sequentially adjusted to pH 6.0, 5.5, 5.0, and 4.5.

MFC reactors used to investigate open circuit and closed circuit MFCs operation with four different
types of carbon anodes MFC reactors used to investigate open circuit and closed circuit MFCs

operation with four different types of carbon anodes

Experiment 2. The effect of automated load control on electrogenic biofilm

development

MFC reactors were operated in batch mode, being fed with 5000 mg/L acetate on a weekly basis
before the start of the experiment. One of the duplicate MFCs was load controlled by connecting it
to a monitoring and contro! system through an analogue/digital interface and real-time dynamic
monitoring and control system; this was applied using an algorithm executed on a personal
computer, as described below (Load controlled MFC, LC-MFC). The second MFC reactor was
connected to a static load (200Q) and monitored, but not controlled (Static load MFC, SL-MFC): both
MFCs were operated in batch mode with magnetic stirring and at room temperature (ranging
between 15+2 °C and 30+2 °C). Anodic biofilms were examined at the end of the experiment to
investigate and compare the influence of control on the MFC microbial ecology, which had

developed over almost 600 hours. LC-MFC and the SL-MFC reactors were operated anaerobically and
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identification of 16S rDNA and PCR analysis were performed on the biofilm on the anode of both LC-
MFC and SL-MFC were sampled in order to compare the microbial and archaeal communities that

had developed over the entire 600 hour duration of the batch experiment.
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3 MFC anodic biofilm development and reactor performance with

non-fermentable and fermentable substrates

A diverse range of Bacterial and Archaeal microbial groups have been identified in MFCs.
However, the microbial population dynamics of bacterial groups found in three-dimensional
engineered anode electrode structures within single chamber MFCs have not been studied
extensively. It was expected that diverse bacterial groups co-exist in the structurally designed anodic
surfaces found in the tubular MFC anode veil, with fermentative and methanogenic processes
competing and/or interacting with acetogenic pathways and the formation of hydrogen. The
formation of biofilm itself further affects community structure by restricting physical access to
anode surfaces and dictating mass transport flows of preferable electron donors (especially when
complex substrates are metabolized) and subsequent flows of protons to the cathode. The MFC
anode was constructed by winding a 260 x 450mm sheet around a central PVC rod (1 cm diameter)
and this meant biofilm development through the depth of the porous carbon veil anode could be
investigated by examining discrete anode layers. In experiment 1 analysis was carried out using
sucrose and acetate and in experiment 2 the first experiment was repeated using butyrate as an
additional and more complex non-fermentable substrate. Experiment 3 then investigated the

efficacy of each substrate in each of the acclimated biofilms.

All tests were carried out in batch mode, with the reactors being fed on a weekly basis. The aim
of these experiments was to establish how feeding tubular air cathode MFCs with fermentable and
non-fermentable substrates affected the reactor performance, anode biofilm growth and microbial

community development.

3.1 Results

The three experiments conducted can be summarized as follows (as described in section

2.12.1):-

e The microbial development and performance of 3-dimentional carbon MFC anodes,

using acetate and sucrose substrates.

e The microbial development and performance of 3-dimentional carbon MFC anodes, with

sucrose, butyrate and acetate substrates.
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e Substrate switch performance of acetate, butyrate and sucrose substrate acclimated

anode biofilms.

3.1.1 The microbial development and performance of 3-dimentional carbon MFC

anodes, using acetate and sucrose substrates

Representative fermentable and non-fermentable substrates (acetate and sucrose at

5000ppm/L) were used to compare anode biofilm development in batch mode. After 10 weeks
operation the acetate fed MFC produced a power density 5.5 W/m3 but the sucrose reactor

generated only very low power densities of 0.22 wW/m3 (Fig 3.1).
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Figure 3-1. Cell potential and power density curves produced in tubular MFCs using fermentable and non-
fermentable substrates (10 weeks operation) a) sucrose and b) acetate.
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methanogens in both reactors. More complex profiles in the sucrose reactor may reflect more
complex methanogenic activity due to the production of hydrogen as a result of fermentative

activity and subsequent metabolism by hydrogenotrophic bacteria.

The diffusion gradient of substrate into the porous anode material and protons out of the
material (produced as a result of anaerobic respiration), did not seem to result in the development
of different trophic groups and thus no change in population dynamics through the anode electrode

layers was evident.

The utilization of the carbon veil layers making up the anode provides the potential for increased
surface area for microbial colonization and biofilm development, and provides the possibility of

increased electrochemical activity.

3.1.2 The microbial development and performance of 3-dimensional carbon MFC

anodes, using acetate, butyrate and sucrose substrates
The development of electrogenic activity was monitored over time for each substrate fed
reactor (Fig 3.8). The lag-time to attain steady-state voltage was 2-3 weeks for the acetate fed
reactor but this was 12-14 weeks for both the butyrate and sucrose fed reactors. The acetate fed
reactor also produced a significantly higher voltage which stabilized at 0.49 (+ 0.02V) compared to
both the sucrose and butyrate reactors which achieved a steady-state voltage of ~0.26V, with the

former consistently higher by 0.01-0.03V.
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Figure 3-8. Voltage development during the enrichment of MFC reactors with 3 different substrates (acetate,
butyrate and sucrose). Reactors were batch fed on a 1 week cycle with 5000 ppm COD L” substrate. External resistance

was 1000Q.

This data related to the maximum voltage obtained during each batch cycle but it was observed
that where butyrate and acetate substrates facilitated the maintenance of a consistent voltage

throughout the batch cycle, sucrose rapidly reached the level of maximum voltage but this was then

followed by gradual decrease in voltage over the 1 week feeding cycle.

At 30 weeks operation time all the voltages in the different substrate acclimated reactors had
stabilized and for each substrate type pH values, COD removal (%) and VFA production were profiled
over a 1 week batch period. A 100 mM phosphate buffer was used in all the reactors, this had a pH
of 6.9 and the butyrate reactor maintained this pH through-out the 1 week batch operation (Fig 3.9).
However addition of sucrose caused a rapid decrease in pH to 5.5 as VFAs were produced through
fermentative metabolism, this pH then increased from day 3 as VFAs were then consumed EAB. In
contrast, the pH of the acetate fed reactor increased through-out the batch cycle, this is likely
caused by a shift in the relative levels of sodium dihydrogen phosphate and disodium hydrogen
phosphate. It is thought that as protons were transferred to and then consumed by the cathodic

reaction this would favour production of disodium hydrogen phosphate which has a pH range of 8.7-
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9.3; this pH increase is therefore reflective of relatively high rates of electrogenesis in the acetate

reactor and how these respiratory products interacted with this particular buffer system.
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Figure 3-9. pH development during a 1 week batch cycle of MFC reactors fed with 3 different substrates {acetate,
butyrate and sucrose). Reactors were batch fed with 5000 ppm COD L acetate at 30 weeks operation.

When COD levels were investigated over the course of the batch cycle (Fig 3.10) acetate had the
fastest removal rate and butyrate the slowest. Sucrose exhibited a very fast initial COD decrease as
the substrate was rapidly fermented to VFAs but then this rate decreased after day 1 as COD

removal after this point was increasingly reliant on VFA metabolism.
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Figure 3-10. COD removal during a 1 week batch cycle of MFC reactors fed with 3 different substrates (acetate,
butyrate and sucrose). Reactors were batch fed with 5000 ppm COD L'! acetate at 30 weeks operation.
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Analysis of VFAs produced in the sucrose reactor demonstrated that acetate and butyrate were
the predominant fermentative metabolites produced along with propionate (Fig 3.11 a)). It can be
observed that VFA levels continued to rise until day 5 when net VFA consumption exceeded VFA
production via mixed fermentation; at which point all VFA levels decreased to day 7, notably the
acetic and butyric acids but also propionate. The subsequent anaerobic respiration/metabolism of
VFAs present and associated buffering effects can thus be related to the observed shifts in pH values
with sucrose over the course of the batch cycle (Fig 3.9). Acetate concentrations in the acetate fed
reactor decreased with time with no other VFAs detected. In contrast acetate was detected in the
butyrate reactor, with levels increasing up to day 3 and then decreasing with time to day 7 (Fig 3.11
b) and c)). It is also interesting to note that valeric (pentanoic) acid was produced following the
fermentation of sucrose (Fig 3.11); this could be due to micro-organisms (notably Clostridia spp.)
carrying out the Strickland reaction and could denote the high levels of protein being present

(bacterial biomass) in the sucrose biofilm, that was then subsequently metabolized.
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Throughout the course of the experiment, at the end of each batch sample, (weekly) samples
were withdrawn and COD levels quantified, allowing % COD removal rates to be calculated over time

(Fig 3.12).
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Figure 3-12. sCOD removal efficiency (%) at different reactor temperatures over time. Batch reactors were fed 5000
ppm COD L acetate COD measurements were taken after 1 week operation 10 weeks post enrichment.

After 10 weeks operation the acetate fed reactor attained an 89% removal rate over the 1 week
batch cycle and by the 35" week this reached 97% COD removal. The COD removal rates in both the
sucrose and butyrate fed reactors increased over time but at significantly lower rates than the
acetate reactor: COD removal in the butyrate reactor started at 10% and increased to 16-25%, COD

removal in the sucrose reactor started at 34% and increased to 68%.

The production of methane was detected in the acetate fed MFCs but not the butyrate or
sucrose reactors, the maximal rate of methanogenesis with acetate being 1.03 mMol.d®. Gas
production was observed in the sucrose reactor but this was found to be carbon dioxide, no gas

production was observed in the butyrate reactor.

Using a high initial substrate loading of 5000 ppm COD L™ CEs were investigated for each of the
substrate operated MFCs. After 3 months operation the CE of the acetate reactor was 3.12% but this
decreased to 2.9% after 4 months operation. The CEs for the sucrose and butyrate reactors were

3.9% and 8.1% respectively after 4 months operation.

Figure 3.13 shows the DGGE archaeal community development at 8 weeks and 56 weeks
operation. Archaeal species can be observed to have developed through all the layers of the wound

anode (Layers 1 to 9), with a high degree of similarity between the profiles of each layer in each
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To quantify the growth of biofilm in each substrate fed reactor over time and by anode depth,
levels of DNA (ng L) were measured as an indicator of biomass (Fig 3.15). The butyrate reactor
produced low levels of biomass in the L1 biofilm and no biomass was detected through the depth of
the anode. In contrast the sucrose anode produced high levels of biomass, with significant levels
detected up to L5 but biomass also detected up to L9. Biomass levels increased up to T2 and then
stabilized. Biomass levels in the L1 biofilm of the acetate fed reactor increased over time but whilst
biomass was detected in layers 3-9 these were not significantly high and did not increase over time.
Factors that limit biofilm growth in the inner anode layers are likely to be either due to the ability of
substrates/electron donors to diffuse into the biofilm or the potential inhibitory build-up of protons

resulting from anaerobic respiration (Torres et al. 2008).
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Figure 3-15. Biofilm profiles through anode depth (layers 1 to 9) at 3 time points using 3 different substrates
(sucrose, butyrate and acetate), a) 8 weeks (T1) b) 33 weeks (T2) and c) 56 weeks (T3)
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When the L1 biofilm development was examined over time this showed that sucrose produced
the greatest levels of biofilm but total biomass levels peaked at 33 weeks operation. Acetate
biomass levels continued to increase over the test period of 56 weeks but, in contrast, biomass
levels in the butyrate reactor decreased over time (Fig 3.16). Thus it would seem that fermentation
could sustain the production of high levels of bacteria/biomass up to a maximum set level, that
acetate metabolism was undertaken by a rapidly replicating population of bacteria but butyrate

metabolism could not sustain high population levels (from the initial inoculation event).

1200

-e-  Acetate reactor
O - Butyrate reactor
g 1000 - --v— Sucrose reactor
=
g
= 800 STl
Ve T~
S s T
=] 7 T~
g 7 ’
o:d 600 ~ v
QO Ve
Q 7/
c 4 .
8 4004 pd
/
< s
=z v/
Q200 - ya
/ .
e
S8 ” O °
0 T T T T T
0 10 20 30 40 50 60
Time (Weeks)

Figure 3-16. Biofilm development over time with in MFC reactors fed-batch with 3 different substrates (sucrose,
butyrate and acetate).

When Layer 1 biofilm Bacterial profiles were monitored over time the early sucrose community
clustered with butyrate biofilm communities but then further developed with time (T2 and T3) to
cluster with the acetate fed reactor communities (Fig 3.17). It is likely that after the first sample time
at 8 weeks the sucrose biofilm continued to select for EAB that could utilize VFAs produced via
fermentation, particularly acetate. Butyrate degradation and subsequent electrogenesis will be
reliant on syntrophic relationships between both bacteria and archaea (Schink and Stams 2005) and
so the capacity for the biofilm acclimation is likely to be more limited than is the case with sucrose

and acetate substrates.
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3.1.3 Substrate switch performance of acetate, butyrate and sucrose acclimated

anode biofilms

Power density curves with different substrates for acetate, sucrose and butyrate acclimated reactors
were obtained after 83 weeks of operation. Acetate substrate produced the highest power in each
of the different substrate acclimated biofilms, this being higher by a factor of 7 in the acetate
acclimated reactor compared acetate substrate in the sucrose and butyrate reactors. In the sucrose
acclimated biofilm butyrate substrate produced power densities comparable to those from acetate
substrate (1 and 1.1 Wm™ respectively) both higher than the power produced by the sucrose
substrate (0.6 Wm™), indicating that a mixed bacterial population in the sucrose biofilm was able to
metabolize both butyrate and acetate effectively but the wide range of mixed VFAs produced during
fermentative metabolism were not metabolized as effectively by the electrochemically active
bacteria (EAB) present (Fig 3.19 a). The butyrate biofilm (Fig 3.19 b) produced the lowest power
measurement for each of the 3 different substrates tested, further demonstrating that butyrate
acclimation produced low levels of biofilm/biomass and could not sustain high numbers of EAB and

consequently high rates of anaerobic respiration.
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High numbers of EAB that could readily metabolize acetate were shown by the high acetate
substrate power measurement in Fig 3.19 c; both sucrose and butyrate produced power readings of
0.5 Wm™ with the acetate biofilm, however the butyrate power reading was half that recorded in
the sucrose acclimated biofilm suggesting that a wide range of syntrophic associations were not

available and was limiting overall power production.

The differential metabolic activities of the different acclimated biofilm were further evidenced
by the relative COD removal rates which were calculated as the % COD loss over each 1 week batch
cycle. Acetate and butyrate acclimated biofilms only reduced sucrose CODs by 57% and 54%
respectively compared to 80% for the sucrose acclimated biofilm; this was probably due to limiting
numbers fermentative microorganisms being present in the former biofilms. Whereas the acetate
acclimated biofilm only produced butyrate and sucrose substrate COD removal rates of 22.6% and
19.6% respectively, showing that not only were fermentative trophic groups limiting substrate
removal but also trophic groups associated with the metabolism of VFAs, specifically butyrate (Table

3.2).

Table 3-2. The % COD drop over a 1 week batch cycle using 3 different substrates {sucrose, butyrate and acetate) in 3
different substrate acclimated biofilms (sucrose, butyrate and acetate).

Acclimated reactor  Substrate % COD drop
Acetate Acetate 87.5
Butyrate Acetate 22.6
Sucrose Acetate 19.4
Acetate Butyrate 41.6
Butyrate Butyrate 41.7
Sucrose Butyrate 58.2
Acetate Sucrose 57.1
Butyrate Sucrose 54.1
Sucrose Sucrose 80.3
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3.2 Discussion

Acetate and butyrate are VFA substrates of particular interest as they are two of the key
metabolic products of AD and dark fermentative processes, and MFCs provide an interesting
opportunity for maximizing energy recovery from these systems (Guwy et al. 2011). Even though the
molar Gibbs free energy of butyrate is higher than acetate (-524kJ vs -215k/), acetate was observed
to be readily metabolized by EAB whereas butyrate was metabolized at a slower rate producing
lower power densities. Whilst it is accepted that acetate is readily able to stimulate a strong
electrogenic response to produce carbon dioxide, electrons and protons (Bond et al. 2002), within
the anodic biofilms the key question is how the butyrate is being metabolized by the EAB. This could
occur either through the direct oxidation of butyrate to electrons or through the breakdown of
butyrate first to hydrogen and acetate, which could then be further metabolized to electrons. Lovley
et al (1993) describe how Geobacter metallireductans is able to completely oxidize both acetate and
butyrate and it has been further demonstrated that Geobacter sulfurreductans is able to oxidize
both acetate and hydrogen (Brown et al. 2005). However due to the metabolic pathways used in
anaerobic butyrate oxidation it is likely that acetate and hydrogen are initially produced (Miiller et
al. 2010) as this process has a positive Gibbs free energy and the reaction can only proceed with a
negative Gibbs free energy if there is an associated consumption of hydrogen (therefore maintaining
low partial pressures) via a syntrophic microbial partner. This process is typically associated with
methanogens but it is possible that electrogenic activity could account for the hydrogen removal; it
has been reported that more free energy can be released under electron accepting conditions
compared to methanogenic conditions which may explain why no methanogenesis was observed in
the butyrate reactor {Jackson and Mclnerney 2002). The detection of acetate production and its
subsequent utilization (Fig 3.11) during a butyrate fed batch cycle would suggest that the latter
metabolic system was predominantly active. In a similar manner, a degree of syntrophy must exist to
maximize the energetic conversion of glucose conversion of to electrical current through the

removal of VFA end-products (Freguia et al. 2008).

The maximum power density results for butyrate and sucrose were low in this study relative to
acetate. Using a single-chamber reactor systems Liu et al (2005) reported that acetate produced 66%
more power than butyrate, a figure that far higher than the result from this study. This large
differential in reported power outputs is likely to be due to the 83 week operational time period
which saw an increase in acetate biofilm and decrease in butyrate biofilm over time (Fig 3.16). The
low reported columbic efficiencies reflect the high levels of substrate, high electrical loading and
ingress of air due to water evaporation occurring at the 35°C incubation temperature leading to

electron flow away from current generation (Huang and Logan 2008; Pinto et al. 2010).
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In agreement with previous studies it was found that substrate type had a profound effect on
both bacterial and archaeal community profiles (Jung and Regan 2007; Chae et al. 2009). Whilst it
has been previously reported that more complex fermentative substrates tend to have higher
degrees of diversity (Kim et al. 2004), the high diversity scores in both sucrose and acetate fed
reactors probably reflects the reactors in experiment 2 being operated for a period of over one year.
However, low diversity values in the butyrate biofilm can probably be directly related to the low
levels of biofilm that developed in this reactor, and that these biofilm levels also decreased over
time. However it can also be observed in Figure 3.20 that both the acetate and butyrate reactors
recovered activity after low temperature perturbation but the sucrose reactor did not. It has been
previously reported that microbial diversity and functional redundancy can help microbial systems
withstand perturbation events (Briones and Raskin 2003). Whilst acetate had a very high bacterial
richness score (Table 3.1) and recovered activity quickly after the temperature was raised to 20°C
(Fig 3.20 b)), sucrose also had a high richness score but lost activity at 35°C but the butyrate regained
activity despite a very low bacterial diversity. This may seem anomalous but could be explained in
the context of the levels of diversity that may exist in the different interacting levels of trophic
groups that were key to EAB activity; measured in this case as voltage output. Whereas the acetate
biofilm has high inherent diversity in the one step metabolism of acetate, the sucrose biofilm have a
greater number of functional trophic steps which individually may not have a high degree of
diversity (fermentation, syntrophic breakdown of different VFA products to acetate, acetate
conversion to electrons); this therefore may impact on the electrogenic systems capacity to deal

with the perturbation event.

3.3 Conclusion

This study demonstrates that substrate type has a dramatic effect on the microbial community
dynamics, the level of biofilm development and the EAB activity. The trophic composition of the
anodic biofilm was dictated by the substrate type and the capacity for microorganisms to develop
syntrophic associations to degrade substrates of different complexities. The complex nature of
these interactions was further demonstrated by temperature perturbation of the acclimated
biofilms; this showed that despite the sucrose biofilm having a high bacterial diversity and high
levels of biofilm it was also the most vulnerable to this perturbation event due to the complex
syntrohpic interactions that must occur for electricity production to occur. The porous nature of the

carbon veil meant that bacterial colonization could occur through the entire depth of anode but this
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was focused on the layers 1 to 3. This provides the potential of an increased surface area for EAB

activity but this could be limited by mass transfer characteristic associated with the biofilm.
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4 The influence of start-up temperature on microbial fuel cell

reactor performance

The effects of temperature on MFC operation have been previously reported to have a direct
effect on electrochemical processes. This can be directly observed when MFC reactors are run at
ambient temperatures where cell voltages have been reported to cycle up and down with the
diurnal temperature fluctuations (Moon et al. 2006; Jadhav and Ghangrekar 2009; Ahn and Logan
2010; Kim et al. 2010). It is not only system constraints that will directly affect MFC operation but
also how these factors influence reactor efficiency and power generation through the conversion of
electrons in biomass to electricity. The percentage recovery of electrons, termed as the Coulombic
Efficiency (CE), can often achieve levels of 70% or more (Kim et al. 2009) when non-fermentable
substrate such as acetate is used. Low CEs reflect the activity of alternative electron sinks and non-
electrogenic metabolic pathways being utilized by the anode biofilm and planktonic microbial
populations. Possible sinks include the activity of methanogenic Archaea (both acetoclastic and
hydrogen utilizing) in the catabolic generation of CH,4 and microbial anabolic production of biomass,

of which the former has been reported to be the more significant (Lee et al. 2008) .

A number of studies have looked at low strength wastewater treatment at ambient and
mesophilic temperatures (21-35°C), but since most waste treatment systems in temperate climates
work and discharge effluents at temperatures much less than this (10-20°C) these processes would
require a significant input of energy as heat (Lettinga et al. 2001). The capacity to run MFC reactors
at temperatures of 10-20°C would substantially reduce operating costs by eliminating a substantial
power input for heating. Thus, psychrophilic operation introduces the potential for MFCs to be an
economically viable alternative to conventional aerobic processes in temperate sewage treatment
operations. In addition to the generation of electricity these MFC systems also have the potential to
produce substantially lower levels of stabilized sludge due to the activity of biofilms with a low

growth yield.

The aim of this study was to examine the adaptive capability of MFC systems to operate at
psychrophilic and mesophilic conditions and investigate the influence of temperature on rates of
COD removal, CEs, microbial community dynamics and MFC performance. Acetate was used as a
non-fermenting substrate to examine anode respiring bacteria (ARB) development within the biofilm

and simulate conditions in secondary or tertiary waste streams. The development of voltage over
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time and performance was investigated in relation to the development of both bacterial and

archaeal communities and the feasibility of psychrophilic MFC operation.

The results in this chapter have been published (Michie et al. 2011b), see Appendix 4.

4.1 Results

4.1.1 Voltage development at different operational temperatures

The production of a stable steady-state voltage from MFCs incubated at different operating
temperatures (10°C, 20°C and 35°C) took 47 weeks and stabilized at 0.49 V (+ 0.02V), a figure
consistent for all the reactors used in the experiment. It is expected that this is the maximum voltage
at the 1000Q resistive loading used with a tubular MFC design, this maximum figure being a factor of
the internal resistances that are attributable to the individual characteristics of the anode, cathode
and electrolyte. All eexperiemtnation was carried out in duplicate and the results supported
previous work carried out by Kim et al (2010) which showed that comparative MFC performances
can be observed in duplicate single chamber tubular systems. The acclimation time required to
attain steady-state voltage varied with temperature, (at 10°C, 20°C and 35°C; 47 weeks, 41 weeks

and 10 weeks respectively) (Fig 4.1), with slower ARB biofilm development at lower temperatures.
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Figure 4-1. Voltage development during the enrichment of MFC reactors at 3 different temperatures (10°C, 20°C and
35°C). Reactors were batch fed on a 1 week cycle with 5000 ppm COD L' acetate. External resistance was 1000Q.
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A sequential temperature switch was used to understand the effect of the different operating
temperatures on the temperature pre-acclimated biofilms (10°C, 20°C and 35°C) at 43 weeks
operation, with each reactorbeing sequentially maintained at 10°C, 20°C and 35°C temperatures for
24 hours (Fig 4.2). It was observed that the voltage generation of the 35°C pre-acclimated reactor
decreased significantly at 10°C (0.48 to 0.05V within 2.5hrs) with the voltage not recovering over 24
hrs whrn the reactors were held at this temperature. However, in contrast, it was also observed that
incubation of the 10°C and 20°C pre-acclimatized reactors at 10°C only produced a small decrease in
voltage (0.005V). A voltage differential of 0.02V was consistently observed between the 10°C and
20°C reactors and it is thought that this represented the difference between the maximum voltages
achieved after 43 weeks of operation, and therefore reflected the fact that the 10°C reactor had not
yet reached its maximum steady-state voltage: as per Fig 4.1, a voltage of 0.49 V (£ 0.02V) was
reached by the 10°C reactor only after 47 weeks of operation. An increase in the operating
temperature to 20°C resulted in the 35°C pre-acclimated reactor biofilm producing a gradual
increase in voltage to 0.4V over a period of 20hrs, in contrast both the 10°C and 20°C pre-acclimated
reactors only increased by 0.02V whilst maintaining the 0.02V voltage differencepreviously observed
at the 10°C test temperature. When the temperature was additionally raised to 35°C the 35°C pre-
acclimated reactor rapidly attained a steady state voltage of 0.51V, a voltage similar to that
produced by the 20°C reactor. However it was then observed that the 10°C acclimated reactor was
adversely affected by the 35°C operating temperature as the voltage decreased from 0.48V to 0.45V.
The 10°C reactor was held at 35°C and this resulted in the voltage further decreasing to 0.24V over
the following week (data not shown). This reflects that the high (35°C) temperature shock had an

adverse effect on the psychrophilically adapted ARB community.
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The operation of the MFC reactors at 8°C had no significant effect on the performance of the
10°C and 20°C acclimatized anodic biofilms, with the former showing a small voltage decrease to
0.44V. However it was observed that the voltage in the 35°C reactor rapidly declined to 0.03V and
did not recover. It was further observed that 10°C and 20°C acclimatized reactors could be operated

at 4°C with no effect on the voltage output.

Table 4-1. Coulombic efficiency (%) and COD decrease (%) over 84 days at 8°C with differentially temperature
acclimatized MFC reactors. MFC reactors were run in batch mode with a fixed load resistance of 10000 using an initial
loading of 5000 ppm COD L acetate. COD removal rates were used to calculate the actual CEs (%)

Acclimatisation No. COD removal Coulombic
Temperature Coulombs Efficiency
(%) (%)
35°C 25.1 87 0.2
20°C 1756.3 94 15.7
10°C 2787.6 94 24.9

4.1.2 €cOD removal and microbial diversity at different temperatures

To ensure a the reactor systems were not substrate limited a high initial substrate loading of
5000ppm COD L™ acetate was used in all the reactors. A pre-enrichment period of 10 weeks was
used, with sCOD measurements being monitored over the course of the experiment for each 1 week
batch cycle at the 3 test temperatures (Fig 4. 4). The percentage COD removal in the 35°C reactor
after 10 weeks were at levels above 90% and after week 36 consistently increased to 98%. In the
20°C reactor there was a noticeable trend toward a higher % COD removal over time, moving from
14.3% (week 10) to 22.2% (week 55). The % COD removal of the 10°C acclimated reactors ranged
from 5-15% but after 1 years operation this rate had not noticeably increased. A paired t-test (two-
sided) was used to test whether the % COD removal in the 10°C and 20°C acclimated MFCs were
statistically different, this gave a significant p value of 0.000138. The % COD removals at 56 weeks
were 0.27, 0.67 and 2.98g COD L™d™ for the 10°C, 20°C and 35°C acclimated reactors respectively.
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Figure 4-4. sCOD removal efficiency (%) at different reactor temperatures over time. Batch reactors were fed 5000
ppm COD L acetate and COD measurements were taken at the end of each 1 week batch cycle.

The effect of prolonged low temperature operation on reactor performance was investigated
and levels of COD removal and CEs were compared (Table 4.2). As high levels of substrate (coD)
were fed to the reactors this resulted in the MFCs taking 84 days for the substrate to be fully
consumed, at this point the voltage then dropped from a level of 0.42V in the 10°C reactor and 0.4V
in the 20°C reactor. The 10°C acclimated reactor had the highest CE reflecting a more efficient
electron recovery at low temperatures and lower activity levels of alternative electron sinks such as
methanogenesis and the production of biomass. Rates of methanogenesis in the 35°C reactor were
first measured at 17 weeks operation when the system produced 0.006 mmol d™* methane (overa 1
week batch cycle), however by week 37 this rate had increased to 1.03 mmol d. A low methogenic
rate of 0.006 mmol d* (recorded over a 2 week batch cycle) after 30 weeks was detected in the 20°C
reactor, however no methane production was detected in the 10°C reactor. These results are in
general agreement with results obtained from AD systems which also indicate that methanogenesis
will preferentially occur at mesophilic temperatures and is generally less active at sub- mesophilic
temperatures. Within the MFC reactors lower rates of methanogenesis at lower temperatures will
directly lead to higher rates of electron recovery via the electrode as the electrons are not being lost
via the production of methane. It is interesting to note that in contrast to AD technology MFCs may

be particularly applicable to domestic wastewater treatment. This is because these particular waste
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Range-weighted Bacterial richness scores were calculated from the DGGE profiles (Table 4.2). It
was found that the score in the 35°C reactor increased rapidly to 31.6 at 8 weeks (T1), peaked at 80
at week 33 (T2) and then fell back to 45 at 56 weeks (T3). In contrast the richness measures in both
the 10°C and 20°C reactors increased more slowly with time, resulting in scores of 35 and 37.5
respectively at 56 weeks (T3). Wittebolle suggested that a richness of greater than 30 is indicative of
a diverse community exisitng in a habitable environment, these scores therefore indicate the
development of stable ARB biofilms which have a capacity to resist environmental change (2008). It
can also be observed that range-weighted richness development of Archaea (Table 4.2) shows a
diverse population of methanogens developed in the 35°C reactor after 56 weeks. The population
diversity in the 10°C reactor did not increase over the course of the experiment, having a score of
only 0.8 at 56 weeks; he richness in the 20°C reactor only increased to 3.1 over the same time
period. These results support the suggestion that low temperature operation may adversely affect

the ability of the methanogens to establish a stable biofilm population over time.
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Table 4-2. Microbial community richness development with time. Bacterial and Archaeal community profiles were
studied by DGGE analysis of PCR amplified partial fragments of the 16s rDNA gene, richness measurements were scored
using Dice’s index of similarity

Bacterial community

Temperature T1 T2 T3
10°C 3.5 17.2 35
20°C 8 31 37.8
35°C 31.6 80 45

Archaeal community

Temperature T1 T2 T3
10°C 0.7 0.04 0.8
20°C 1.6 0.4 3.1
35°C 2.7 7.4 19.7

T1: sampled at 8 weeks
T2: sampled at 33 weeks

T3: sampled at 56 weeks

However it was observed that growth at mesophillic temperatures allowed a diverse
methanogenic population to establish on the anode. Pareto-Lorenz evenness data (Fig 4.8) was
investigated for the 10°C, 20°C and 35°C reactors after 56 weeks (T3). From the Pareto-Lorenz plot it
can be observed that the 20°C reactor has the highest degree of evenness, with a plot close to Y=X
perfect evenness. The 0.2 intercept value on the X-axis of Pareto-Lorenz plots have previously been
used as a comparative measure of evenness (Verstraete et al. 2007); from Fig 4.8 these were 29.9,
24.1 and 41.5 for the 10°C, 20°C and 35°C reactors respectively. The use of sequential temperature
shock parameters with the 10°C, 20°C and 35°C acclimatized reactors (Fig 4.4) resulted in the 20°C
reactor having the highest evenness and the 35°C reactor the lowest evenness. An evenness value of
415 in the 35°C reactor can be thought of as being in the ‘medium’ range and suggests that a
functional organization exists that is dominated by bacterial species adapted to those environmental

conditions but with a degree functional capacity available which then could help the bacterial
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communities present to be resistsant to any given environmental change (Marzorati et al. 2008). it is
also possible that the high evenness score of 24.9 in the 20°C reactor could suggest a sub-optimal
functionality, but this was not observed in this study, and could also mean a high degree of
functional capacity. It should be recognized that as this data was based on semi-quantitative DGGE
band intensities these results should be viewed as being indicative of functional status of the

community profiles.
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Figure 4-8. Lorenz evenness graph at 56 weeks operation (T3) at 3 different temperatures - 10°C, 20°C and 35°C. 16s
DGGE bands profiles were ranked from high to low according to their cumulative intensities and cumulative number the
of band results {scored using Dice’s index of similarity).
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4.2 Discussion

4.2.1 The influence of acclimation temperature on MFC performance

The effect of temperature on MFCs and their ability to metabolize substrate and produce
electricity at low and ambient temperatures has been previously reported (Moon et al. 2006; Jadhav
and Ghangrekar 2009; Ahn and Logan 2010). In contrast to these studies this work demonstrated
that over time 10°C, 20°C and 35°C acclimated reactors all reached comparable steady-state power
values of 1.2 Wm™ (+ 0.02 wm?3), the respective internal resistances of these MFCs were 1120,
1150 and 151Q. CEs measured in the 10°C, 20°C and 35°C reactors after 47 weeks operation were
25.9%, 11.1% and 2.2% respectively. A consistency in the CE measurements at low temperatures was
demonstrated by the 10°C reactor having a CE of 25.9% at 10°C as compared to a 24.9% CE produced
during MFC operation at 8°C (Fig 4.3), with the 20°C reactor at 20°C recording a 4.8% decrease
relative to the CE at 20°C. Bacteria present in the electrogenic biofilms were shown to be able to
adapt to respiratory metabolism at low temperatures as well as those bacteria that were operated
under mesophilic conditions. Previous MFC studies using reactors that haven ot been temperature
acclimated have shown that lower reactor temperatures will decrease the power output in MFCs
(Moon et al. 2006). In batch mode it was shown that a temperature change from 30°C to 23°C was
reported to cause a 12% decrease in power (Ahn and Logan 2010) and Liu et al (2005) also reported
a 10% decrease in power when the operational temperature in a single-chamber MFC reactor was
changed from 30°C to 20°C. However the influence of the microbial biocatalyst may also be
important as a decrease in temperature was also shown to produce an increase in voltage (Jadhav

and Ghangrekar 2009).

A measurement of voltage can be viewed as an indicator of the total electrochemical respiratory
processes and thus total electrogenic metabolism. ARB may either respire directly to the anode to
generate energy or simply use the anode as an electron sink to remove intraceltular reducing
equivalents formed during anaerobic substrate oxidation. Hence the level of electrogenic activity will
depend on both the microbial groups present and the biochemical strategies utilized during
metabolism. However, this measurement of electrogenic activity will not include metabolic activity
associated with the ingress of oxygen, the use of other alternative electron acceptors or

methanogenic activity.

The production of a stable voltage at 10°C and 20°C with the 10°C and 20°C acclimated reactors
shows that these anode biofilms contain low temperature adapted psychrophilic and

psychrotolerant ARB, and that these microorganisms have the necessary enzymes, cell walls and
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membrane structures to allow growth and anaerobic respiratory metabolism at low temperatures.
At 10°C, the 35°C acclimated reactor produced a rapid voltage drop due to inhibition of microbial
metabolism indicating that this biofilm only contained active mesophilic microorganisms which had
no capacity for respiration at the lower temperature (10°C). When the temperature increased to
20°C both the 10°C and 20°C acclimated reactors resulted in a slight voltage increase due to
thermodynamic properties inherent in the system, this could be accounted for by the Arhennius and
Nernst equations (Bard and Faulkner 2001). However with a rise in temperature to 35°C this voltage
increase was augmented in the 20°C adapted reactor but had an adverse effect on voltage in the
10°C acclimated reactor. It is thought that psychrophilic bacteria were predominantly present within
the 10°C adapted anode biofilm. Hence, the small increase in voltage at 20°C was due to these
psychrophiles having an optimal metabolic rate at a temperature above their optimal growth rates.
Obligate psychrophiles can be defined as having maximum growth rates at temperature of less than
15°C (Morita 1975); but it is known that these bacteria will often have maximum metabolic rates of
6-10°C above their optimal growth rates (Knoblauch et al. 1999) which would support the finding of
increased respiratory activity at 20°C but not at 35°C reported here. The likely presence of both
psychrophilic and psychrotrophic bacterial communities in the 20°C reactor meant this anode biofilm
was well adapted to microbial activity over the full 10-35°C temperature range, consequently the
diverse bacterial population could effectively metabolize and adapt to the changing environmental
conditions. The 35°C adapted reactor only recovered full metabolic activity when it was restored to
mesophilic 35°C operation. Where MFCs have been operated under thermophilic conditions (55°C)
analysis of community profiles have shown that bacteria will also adapt to high temperature
environments. In these situations the adaptation process will cause a decrease in diversity compared
to the initial inoculum, indicating that the temperature selective nature of this environment will
support fewer species but those present are capable of thermophilic electrochemical activity (Jong
et al. 2006). This suggests that MFCs might well be capable of operation over an even wider range of
temperatures and that some mesophilically adapted communities could feasibly be able to function
at both psychrophilic and thermophilic conditions, thus providing the potential for even greater
operational flexibility. It is known that some Bacillus species found in the heat treated milk products

can survive and grow over temperature ranges of 10-20 °C to 55-60°C i.e. Bacillus coagulans.

4.2.2 MFC coulombic efficiency and COD removal at different temperatures

It was found that methane production was a significant electron sink in the 35°C reactor and this

led to high rates of COD removal. When the MFC reactor temperature was decreased the COD
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removal rates also decreased due to lower rates of methanogenesis, however other factors such as
biomass production may also be affected by operational temperature. The 35°C acclimated reactor
reomoved the COD at a rate of 2.98 kg m>d™ which is comparable to removal rates found in
Anaerobic Digesters (AD) (Connaughton et al. 2006). It is interesting to note that in common with AD
systems, rates of COD removal in MFCs also decreased with decreasing temperatures (Eimitwalli et
al. 2002). MFC COD removal rates at 10°C were 0.27 kg m™d™ representing 9.1% activity compared
to removal rates at 35°C, removal rates at 20°C were 0.67 kg m>d™ representing a 59.7% higher
activity than the 10°C operation, these values are comparable to COD removal rates previously
reported by Larrosa-Guerrero et al (2010). In typical black domestic wastewaters containing sewage,
treatment reactors which have not been acclimated were studied by Zeeman and Lettinga (1999)
and it was reported that lower total COD removal efficiencies (52-54%) occurred at temperatures of
less than 20°C compared with 90-93% removal rates at temperatures greater than 20°C. However
long-term psychrophilic acclimation has been investigated in anaerobic hybrid reactors operating
over a temperature range of 12°C to 20°C, this demonstrated that rates of COD removal can be
maintained at psychrophilic temperatures: a drop of temperature from 20°C to 12°C was shown to
result in a subsequent 30% decrease in COD removal (McHugh et al. 2006), however this decrease is
less than but comparable with the 59.7% drop observed in the MFC reactors in this study when the

operating temperature was similarly decreased from 20°C to 10°C.

At an operational temperature of 8°C a CE of 24.9% was prodcued in the 10°C acclimated reactor
as compared to a 15.7% CE in the 20°C acclimated reactor even though COD removal rates were
both recorded as being 94% (Table 4.2). This indicates that the recovery of electrons at lower
temperatures is a more efficient, and suggests that low temperatures act to affect on the net overall
metabolic activity of the ARB at higher temperatures due increased activity of other potential
electron sinks i.e. methanogenesis or the production of biofilm biomass. The detection of significant
levels of methane being prodcued in the 20°C and 35°C reactors is also supported by the
development of enriched archaeal DGGE profiles that showed richness levels increased over time
(Table 4.1). The association of low operational temperatures applied to MFC anodic biofilms with
low rates of COD removal and high CEs further supports results produced by Ahn and Logan which
have were carried out at combined ambient and mesophilic temperatures (2010). The CEs’ observed
in this study were relatively low and this probably reflects the operation condition used as part of
the experimental set-up i.e. long term batch operation and high COD loading rates used in the single
chamber reactor. It is also thought that further coulombic losses were likely caused by oxygen
ingress, however other similar tubular single chamber reactors have been shown to produce CEs of

70% when operated with with lower substrate conditions and continuous flow operations (Kim et al.
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2009). The use high substrate loading rates in the MFC reactors was designed to mitigate against
the potential effects of COD depletion in the anode chamber and create batch substrate conditions
that were as uniform as possible over the complete batch cycle. However it is also likely that these

high substrate levels also favoured methanogenic activity and high levels of biofilm formation.

MFCs have recently been viewed as a technology that may be able to provide a polishing step for
the treatment of AD effluents; this could be used as an alternative method to energy intensive
aerated activated sludge processes and could integrated as a post AD treatment (Kim et al. 2010),.
The effluent from AD systems will contain VFAs due to acidogenic metabolism that have not been
utilized by the methanogenic archaea but the actual composition and concentration of VFAs
produced will be dependent on operating conditions such as temperature and OLRs (Grady et al.
1999). It may be possible that AD systems that are operated at sub-mesophilic temperatures or are
subject to temperature operational shocks could utilize MFCs as a second stage operation to both

recover additional energy and treat AD effluents.

4.2.3 Microbial community dynamics and diversity at different temperatures
PCR-DGGE analytical techniques were used to assess the dynamic development of bacterial and
archaeal biofilm community profiles over time. The development of these microbial community
profiles were then related to the performance of the reactors and the development of anodic biofilm
communities at different operational temperatures. The Bacterial DGGE profiles (Fig 4.5) show how
potential electrogenic bacterial populations developed over time at the different operational
temperatures, this was demonstrated by the clustering of the 3 reactors acclimatized at the 10°C,
20°C and 35°C temperatures after 56 weeks (T3). The profile at T3 shows that several bands are
common at each temperature (solid black arrows Fig 4.6), but some bands are also common
between the 20°C and 35°C reactors (T3 20°C and T3 35°C solid grey arrows Fig 4.6) and also
between the 20°C and 10°C reactors (T3 20°C and T3 10°C solid white arrows Fig 4.6). It is possible
that the development of these banding profiles reflect the growth of electrogenic psychrophilic and
psychrotolerant bacteria at 10°C and 20°C, and that these bacteria were absent from 35°C anodic
biofilm as specific mesophilic species were only able to grow at temperatures 20°C-35°C. However it
can also be observed that a number of common bands exist between all the reactors and this shows
that a number of psychrotolerant electrogenic bacterial species must be able to grow and respire
over the 10-35°C temperature range used in the study. The bacterial profiles suggest that more

distinct and separate bands developed at temperature extremes of 10°C and 35°C when compared
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to the 20°C reactor profile and it can be observed that at 56 weeks (T3) there was only one major
DGGE band/bacterial specie that was exclusively present in the 10°C and 35°C reactors and also
found in the 20°C reactor. identification of the species prevalent at the different temperatures was
not carried out in this study but further work may provide useful insights into the types of bacteria
involved in low temperature MFC operation. It should be recognized that using DGGE to monitor
ecological developments in the anodic biofilm will mean that these results are subject to limitations

inherent in the PCR-DGGE methodology (as discussed in Section 1.2.2.5).

As the number of species (species richness) and degrees of evenness (relative abundance of the
species) can be viewed as a function of the biodiversity of the anodic biofilm system, these
parameters will then have a direct influence how an ecosystem functions. Hence it is thought that
increasing biodiversity in engineered systems may provide more robust systems (Bell et al. 2005)
that are more resistant to environmental change, suggesting that those anodic biofilms with a higher
functional diversity may also be more robust to perturbation events. This also means that the
development of stable electrogenic biofilms might also be observed in terms of microbial community
dynamics in each reactor over time, with the development of low rates of population change relating
to stable voltage output and reactor performance. A diverse ecological community can be seen as
supporting the robustness of the system and promoting flexibility of MFC applications in different
operating conditions. The main advantages of the MFC process over conventional bioenergy
recovery systems (e.g. AD and dark fermentation) will likely be the wide operational temperature
range, capacity to process high and low COD loading rates and stability of performance using a fixed
biofilm. This then may provide a degree of flexibility when these systems are potentially applied to
wastewater treatment systems and are required to cope with a range of potential perturbations that

could affect the electrogenic performance.

4.3 Conclusions

Using biofilms acclimated at 3 different temperatures (10°C, 20°C and 35°C) it was shown that
temperature has a significant effect of on MFC system performance. It was found that MFCs that
were operated at psychrophilic and mesophilic temperatures (8°C-35°C) each produced similar
maximum steady-state voltages of 0.49 V + 0.02V and a steady-state power output of 1.2 wm? (+
0.002 Wm®). However the acclimation time/lag time required to attain steady-state voltage varied
with temperature and only finally occurred after an operational period of 47 weeks: at 10°C, 20°C

and 35°C the lag times were 47 weeks, 41 weeks and 10 weeks respectively. It was observed that the
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highest COD removal rates of 2.98g COD L'd™" were produced in the 35°C reactor but higher
coulombic efficiencies (CE) were significantly higher at 10°C operational temperatures, with CEs of
24.9% and a COD removal rate of 0.27g COD L''d™’. Temperature response studies demonstrated that
high temperature operation of psychrophilic MFC reactors and low temperature operation of
mesophilic acclimated MFC reactors both adversely affected MFC performance. Only the 20°C
acclimated reactor was capable of optimal steady-state voltage operation (0.49 V + 0.02V) over a 10-
35°C temperature range, COD removal rates at this temperature were 0.67g COD L'd?, 59.7% higher
than 10°C operation. In this study Denaturing Gradient Gel Electrophoresis (DGGE) profiles and
dynamic analysis were used to demonstrate the differential development over time of archaeal and

bacterial ARB communities at psychrophilic and mesophilic temperatures.
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5 Anodic biofilm development and biocatalytic performance using

MFC reactors operated at different temperatures

Chapter 3 showed that different levels of biofilm were produced by different substrate types but
this did not seem to have a large influence on overall the MFC performance from each reactor.
Therefore, this study looked to compare anode biofilms grown at 10°C, 20°C and 35°C, using acetate
as the sole substrate, in order to investigate the operational effects on power generation, biomass
development and biofilm activity. The impact of batch and continuous MFC operation on biofilm

formation and electrogenic activity were also investigated.

The results in this chapter have been published (Michie et al. 2011a), see Appendix 4.

5.1 Calculation of anodic biofilm specific growth rate measurements

It is possible to calculate the rate of bacterial growth that occurs in the anode biofilm and this
can be described as being based on the increase in the biofilm biomass which occurs over time. The
following equation (12) was used to describe the accumulation of biofilm biomass in MFC batch
reactors where the net increase in biofilm is modeled by the specific growth rate (u), the cellular
viability ratio (y) and biofilm growth and losses due to biofilm detachment: x is the cell number and
Xy, and Xz are the bacterial concentrations present in the biofilm and those detaching from the
biofilm to the planktonic phase respectively and Xueacn IS the attachment of micro-organisms from the

planktonic phase,:-

dx

= luxbio + xattach - xdet

dt

Equation 12

Cell attachment as a process was not considered to be significant as measurements were taken
after an enrichment period of 8 weeks (using an initial 10% AD sludge loading that was subsequently
diluted out over a period of 3 weeks), with the planktonic having been replaced every 7 days with
fresh medium. At this point it was assumed that the rate of attachment was occurring at a steady
rate. Marstorp and Witter (1999) used the concentration of extracted dsDNA as a direct indicator of

biomass when investigating growth of microorganisms in soils. A similar approach was used to
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determine biomass growth in anodic biofilms, for the purposes of this investigation dsDNA
concentrations were measured and then converted into VSS (mg/l). This calculation process was
described in section 2.10.1. the DNA VSS calculation was based on a conversion factor (VSS (mg/1) =
257.2 x DNA concentration {mg/l) + 250.4) which has been reported to provide a better correlation

in active biological reactors (Kim et al. 2008a).

The total biofilm biomass after attachment and detachment losses were considered together as
an overall specific growth rates , this meant that the rate of biomass accumulation could then be
more simply understood as the net bacterial growth rate (i) and total biofilm (xysserer) to give

equation 13:-

dx

= /unethSS total
dt ’

Equation 13

Integration of equation 13 was then used to determine the net growth of bacteria in the system,

where xys5 o and Xyss . are the total biomass measurements Xyss, o0t time (t)t=0andt=t,.

_ 1 1 xVSS,total,tl
lunet =—In ——

4 Xyss. total ,0
Equation 14

It had been previously reported by Stenstrom et al (1998) that exponential increases in biomass
that was present in a biofilm could be represented by not only exponentially growing
microorganisms but also any non-growing microorganisms present. It was thought by Stenstrom et
al that these microorganisms may also respire at a high rates and this response was indeed
described in soil samples whenthey were fed with easily degradable substrates such as glucose.
Hence, a constant term that represents non-growing but actively respiring microorganisms, the EPS
biomass (K), could be combned with the exponential growth term (x = xo €"") representing the
growing microorganisms by using equation 13: it was assumed that the rate of inert biomass
accumulation was maintained at a constant rate. In order to estimate the levels of electrochemically
inert or potentially electrogenically inhibitory biomass development at different operational
temperatures it was further assumed that an increase in the level of extractable dsDNA during

exponential growth was proportional to xyss, and this was then employed to determine the Kyss, Xgvss
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and ne terms (Marstorp and Witter 1999). These values were calculated using SigmaPlot 10.0

regression analysis (Systat Software, Inc) according to equation (15).

= H et
Xyss = Kygs + Xopss€

Equation 15

5.2 Results

5.2.1 The development of anodic biofilmsat different temperatures

The development of MFC anode current densities over time at 3 operational temperatures

(35°C, 20°C and 10°C) is shown in figure 5.1.
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Figure 5-1. Effect of temperature on current density (mA m'z) (a) and biomass Carbon (g m'z) development (b) over a test
period of 56 weeks at 3 different temperatures (35°C, 20°C and 10°C). A fixed load resistance of 10000 was maintained

in all reactors.
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All the reactors were run in batch mode using an initial acetate substrate loading of COD 5000
mg Lwith a fixed load resistance of 1000Q. The recorded power density measurements represented
the maximum steady-state voltage value achieved in each batch cycle and represented the
maximum achieved before any substrate depletion effects, using the COD removal profile which had
been determined in Section 3.1.2. Maximum power development in the 35°C reactor anode biofilm
occurred at week 8 post-inoculation, but maximum power was only attained at week 33 in the 20°C
reactor and at week 56 in the 10°C reactor. All the MFC reactors then maintained a steady-state
current density of 40 mA m? (£ 2), equivalent to a power density of 1.20 Wm™ (£ 0.05). The
development of the anode biofilm in each reactor was monitored via fluorometric analysis with
values calculated as levels of dsDNA present per cm” (expressed as ng L"); dsDNA measurements
were taken at 8, 33, and 56 weeks operation (Fig 5.1). A number of studies have previously used
dsDNA as an indicator of biomass, with Marstorp et al (2000) using this technique to investigate
Biomass C development in soils as an indicator of biofilm growth. Indeed, there is mounting
evidence that dsDNA present in biofilms has a key structural function within the biofilm matrix and
may even be an actively anabolized component of the exocellular matrix (Whitchurch et al. 2002).
During the course of the experiment the levels of biofilm increased over time. It was observed that
by week 8 the 35°C reactor had reached maximum steady-state voltage with a DNA concentration of
0.0514 g m™ and this value continued to increase over the course of the experiment finally rteaching
a figure of 0.425 g m2. It was however found that biofilm development was much slower at both the
20°C and 10°C temperatures, with dsDNA concentrations slowly increasing to 0.601 g m? and 0.403
g m? respectively by week 56. The 20°C reactor consistently maintained a higher level of biofilm
build-up on the electrode compared to the 10°C reactor. DNA concentrations were then converted
to levels of VSS biofilm biomass per litre (Table 5.1). The differential effect of 10°C, 20°C and 35°C
operational temperatures on biofilm development was further demonstrated when carbon veil
anode samples were analysed by scanning electron microscopy at 56 weeks operation (Fig 5.2). It
could be observed that biological material had formed across the carbon fibres demonstrating the
active production of biofilm EPS both on and across the anode. Although biofilm formation could be
observed on carbon fibres at all three test temperatures, significantly greater amounts of biomass
were found in the 35°C anode (Fig 5.2). It can be observed in the lower SEM magnification (400x)
that large clumps or agglomerations of biomass had accumulated in the 35°C biofilm but not at 10
and 20°C. These observations are in agreement with and support the high dsDNA biomass
measurements recorded at week 56 (Fig 5.1). The growth of anodic microorganisms associated with

this EPS biofilm production can also be observed at all the temperatures we tested (Fig 5.2).
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Figure 5-3. Current density development per VSS (g) over time. The maximum steady-state voltage generated in each
respective batch cycle was used to calculate the total anodic current density {1000Q: resistive loading) per gram of
biomass {VSS)

The total g COD removal was calculated from COD measurements before and after the batch

cycle for each reactor at each time point. Using the total calculated amount of biomass present on

the anode, the specific biomass COD removal activities were determined (Table 5.1).

Table 5-1. The change in biomass {as g VSS L™ reactor), specific biomass activities (as g COD g vss™ day'l) and power
(mW) over time in MFC reactors incubated at 10°C, 20°C and 35°C temperatures.

35°C 20°C 10°C
Time
gCODg gCODg gCoDg
(weeks) vss™ vss™t Vss®
gvss Lt Power |gVssSL® Power |gVssti® Power
reactor day* mw reactor day™ mw reactor day’ mw
0 0 0 0 0 0 0 0 0 0
8 0.71 0.39 0.24 0.31 0.04 0.05 0.24 0.04 0.0001
33 1.71 0.39 0.25 0.40 0.13 0.24 0.33 0.06 0.15
56 5.43 0.12 0.23 0.82 0.09 0.24 0.57 0.05 0.23
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The amount of acetate substrate used over the different time periods was calculated based on
the levels of COD removal and these were then related to the increase in biomass (VSS) to give a
measurement of the maximum biomass yield over time, this was calculated as g Biomass-VSS per g
substrate consumed. Although it was found that initial biomass yields varied with MFC operating
temperature it was observed by week 56 that all 3 reactors (incubated at 10°C, 20°C and 35°C) had
biomass yields that ranged between 0.013-0.019 g Biomass-VSS per g substrate C (Fig 5.4). Using
equation 3 the specific growth rates (H.e;) were calculated using the dsDNA values as an indicator of
the total biomass present. SigmaPlot software (Systat Software Inc, USA) was then used to fit the
exponential part of the curve from the entire experimental period (0 at 56 weeks) and this gave
specific growth rate measurements of 0.0015, 0.0019 and 0.0031 day™ for the 10°C, 20°C and 35°C

reactors respectively.
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Figure 5-4. Growth yield development over time expressed as biomass VSS per substrate {carbon) used - 35°C, 20°C and
10°C temperature reactors

However by using equation (15) this then allows the introduction of non-exponential K, term so
that the non-growing biofilm biomass can also be accounted for when calculating Hnet. This

calculation was then found to produce higher specific growth rate values as reported in Table 5.2.
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Table 5-2. Comparison of parameters calculated from dsDNA concentrations based on MFC reactors incubated at
10°C, 20°C and 35°C temperatures. Values of all standard errors were <1E>.

Parameters
Kvss Xo vss HUnet R?
Temperature mg VSS cm? mg VSS cm?
(°c) anode anode day™
35 0.84 0.38 0.0084 1.0
20 0.58 0.03 0.0095 1.0
10 0.38 0.073 0.0060 1.0

The use of dsDNA in the calculation of specific growth rates was suggested by Marstorp et al
(1999): in this study by Marstorp et al it was found that results from dsDNA measurements were
nearly identical to those values calculated from respiration rates, this then can provide a good
measure of biofilm growth over time. It was assumed that substrate limitation was not a factor
during the batch operation as high substrate concentrations were utilized and the reactors were fed
on a weekly basis by discarding all the remaining media and replaceing with fresh substrate. During

the experiement rates of biofilm detachment were not accounted for.

The production of methane was detected in both the 35°C and 20°C MFC reactors but not the
10°C reactor. The maximal rates of methanogenesis at 35°C was 1.03 mmol.d™ and but this was only
0.006 mmol d™* at 20°C operation. When gas production in the 35°C and 20°C reactors was related to
levels of biofilm biomass carbon present in the biofilms, this gave specific methane production rates
based on anode associated biomass in the 35°C and 20°C reactors of 10.1 mmol CH, biofilmvssg™ d*

and 0.28 mmol CH, biofilmVSSg™ d* respectively.

5.2.3 Electrochemical performance of anode biofilms at two different time points

The anodic biofilms incubated at temperatures of 10°C, 20°C and 35°C were analyzed
electrochemically by measuring power density plots and polarisation curves of the MFC systems at

43 and 60 weeks of operatio (Fig5.5).
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Figure 5-5. Power density and cell potential at 3 different temperatures (35°C, 20°C and 10°C). Reactors were tested at 2
operational time points; 43 weeks (a) and (b); 60 weeks (c) and (d)

The open circuit voltage (OCV) of the MFCs operated at different temperatures showed that a
range of OCVs were produced in the 10°C, 20°C and 35°C reactors, measuring 530, 561 and 630mV
respectively at 43 weeks and 554, 563 and 611 mV at 60 weeks. Using the polarization curve data
the internal resistances were calculated, these were found to be 112, 115 and 151 Ohms
respectively for the 10°C, 20°C and 35°C reactors at 43 weeks and then changing to 72, 68 and 198
Ohm:s internal resistance at 60 weeks. It was observed that the eactor temperature did not have a
large effect on maximum power production at 43 weeks operation as all reactors produced 3.08 W
m (+ 0.09), with the 10°C, 20°C and 35°C reactors each producing 3.02, 3.18 and 3.04 W m™ power
respectively. However when the maximum power densities were calculated at 60 weeks the power
density in the 35°C reactors had dropped to 2.14 W m~, whereas maximum power in the 10°C and
20°C reactors had gradually increased to 4.84 W mand 4.29 W m? respectively. It was observed at
43 weeks that the power density plots from the 10°C and 35°C reactors had similar curve profiles.
However the 20°C reactor was additionally able to produce more power at higher currents, as from
the polarisation curve it can be observed that more electrons could be extracted at lower system

potentials. This would indicate that although the 20°C and 35°C biofilms had both matured and were
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operating at a state-state voltage, the 20°C anode had actually developed a greater electrogenic
activity with a subsequently greater potential to produce more current at lower electrode potentials.
The 10°C anode reached maximum steady state power production after 56 weeks (Fig 5.1), with this
power density level being comparable to the two higher temperatures reactors (20°C and 35°C) also
tested. The decrease in the performance of the 35°C MFC after 60 weeks operation did not seem to
be a function of a compromised cathodic performance which may have developed over time as
runnning the reactor in continuous mode at a flow rate of 10ml hr'* showed that the maimum power
reading then increased to 9.14 W m?>. To test whether the batch mode power density had also
increased, the maximum power density was subsequently determined to be 7.2 W m. This then
suggests that the power development was directly linked to the performance of the anodic biofilm

and factors associated with its composition and structure.

CEs were investigated for the MFCs operated at different temperatures over time (Fig 5.7). It can
be observed that the CE of the 35°C reactor exhibited a gradual decrease to 2.2% at 48 weeks but
the CE of the 20°C reactor increased to 11.1%. However, the results show that the 10°C MFC reactor
prodcued the highest CE with a value 25.9% after 48 weeks operation. It was thought that the drop
in CE% in the 20°C reactor at 18 weeks was an artifact arising from the reactors operating with poor

electrical contacts during this period.
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Figure 5-6. The development of MFC coulombic efficiency (%) rates over time at 3 different reactor temperatures - 10°C,
20°C and 35°C

98



To further understand whether the compromised power production in the 35°C reactor was
due to a permanent change in the electrogenic capacity of the tubular MFC (i.e. decreased cathodic
performance occurring over time), or whether this was due to mass transfer limitations associated
with the anode biofilm structure, the MFC reactor was run in continuous mode at flow rates of 10 -
540ml per minute. The level of biofilm (DNA ng/ul) was then measured and the batch performance
(power production) was reassessed (Table 5.3). The power readings are high compared to power
results produced in Table 5.1 as these are maximal measurements and were not measured using a

fixed external loading of 1000Q.

Table 5-3. The development of layer 1 Biofilm biomass (DNA ng/ul) and maximum power production (W m’) over time.

Time Batch Maximum Maximum Biofilm biomass
(weeks) /continuous Power (mW) Power (W m?) (DNA ng/ul)

43 Batch 0.75 3.15 240
60 Batch 0.49 2.05 471
76 Continuous  2.94 12.33 110
77 Batch 1.71 7.2 110

5.3 Discussion

5.3.1 Influence of temperature on biofilm growth and development of electrogenic
activity

The start-up of the MFC reactors in this study showed that whilst temperature influenced time
taken to reach the steady-state maximum voltage it did not affect the final voltage attained. This
result supports the work carried out by Ahn and Logan (2010), in this study the tubular single
chamber MEC reactors which were operated at mesophillic temperatures of 23 and 30°C: at these
operating temperatures the reactors reached comparable steady-state voltage outputs to those
achieved in this study i.e. a voltage 0.43-0.44V using a 1000 Q resistive load. However, we
demonstrated that the ability yo attain steady-similar state maximum voltages was also applicable to
sub-mesophilic and psychrophilic operated MFC systems. Hence although the absolute lag time and
maximum power densities will always be a function of the MFC system in question and the
microbiological composition of the system, it is clear that temperature affects the electrogenic

biofilm development but not necarrily the final electrogenic capacity.
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From the polarisation curves shown in Figure 5.6 it can be seen that the open circuit potential
(OCP) was highest for 35°C reactor reflecting higher system activation energies present in this
system, these higher cell potentials can be described by the Nernst equation (Bard and Faulkner
2001). However, the power curves also show that the maximum electrogenic power (Pn,,) of 3.08 W
m (+ 0.09) at 43 weeks was comparable in all three temperature acclimated reactors showing that
even when these reactors were run at low temperatures there was no effect on overall power
production. Analysis of the power curves showed the 20°C reactor plot profile was elongated
compared to the 10°C and 35°C temperature plots, this would seem to demonstrate that this
bacterial community that developed within the 20°C electrogenic biofilm was better able to provide
current at low potentials. This may suggest that a wider or richer electrogenic population was
present which could mean that this bacterial community present was more able to shift their
collective metabolic activities or those bacteria present could better facilitate electron transfer to

the anode.

The carbon material utilized in this experiment was a carbon veil anode material which has been
previously shown to provide a large microbially-accessible surface area by having an open 3-
dimensional network of carbon fibres (Liu et al. 2010). Hence it is thought that this material
structure was able to facilitate high levels of biofilm growth compared to other types of carbon
material i.e. graphite rods. However in contrast with the Liu et al study which found an 80% increase
in current density with a temperature increase of 30 to 40°C we found that from 43 to 60 weeks
operation there was an increase in the maximum power (P} of 59% and 39% in the 10°C and 20°C
reactors respectively, however it can also be observed that the 35°C reactor recoded a 30% decrease
in maximum power (Fig 5.6). Measurement of biofilm biomass levels after 56 weeks found that the
10°C and 20°C reactors were lower by factors of 7.1 and 10.6 respectively when compared to the
35°C reactor (Fig 5.1). This indicates that electrogenic development and EAB growth continued to
take place at 10°C and 20°C, but also shows that increased biomass production had a direct adverse
effect of on electrogenic activity in the 35°C biofilm (Table 5.2). The effects of temperature have
been previously investigated in non-temperature acclimated anode biofilms and it has been found
that over a range of 4-35°C power production had a direct relationship with the operational
temperature (Moon et al. 2006; Cheng et al. 2010). However there is little work been carried out on
low temperature MFC reactors, Cheng et al (2010) reported no MFC voltage development at
temperatures of <10°C but it is likely that these reactors were not allowed to acclimate for a
sufficient time to allow microbial growth to occur. Where reactors have been acclimated for growth
at 10°C, voltage production was shown to develop to a level equivalent to that of mesophilic

operation and it is thought this is due to the development of psychrophilic and psychrotrophic
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microbial populations, as discussed in Chapter 4. Therefore, although higher temperatures will
provide more energy to initiate metabolic redox reactions and drive growth rates, low temperature
tolerant electrogenic biofilms can develop over time that are able to respire at rates equivalent to or
higher than those bacteria at mesophilic temperatures. Interestingly in arctic marine sediments it
has been found that rates of dissimilatary anaerobic respiration were equivalent to corresponding
mesophilic rates which were measured. It was thought that this was achieved through higher
specific metabolic activities when the cells metabolized at the lower temperatures (Knoblauch et al.
1999). The decrease in the maximum power produced at 60 weeks in the 35°C reactor shows that
over time the biocatalytic capacity was actually compromised compared to the 10°C and 20°C

reactors that exhibited an improved electrochemical performance over time.

When the levels of biofilm were measured in the 35°C reactor at 56 weeks this showed that the
biomass levels had increased significantly to 5.43g VSS LY, When compared measurements by
Aelterman et al (2008a) using a graphite granule anode this figure was found to be high as the latter
study produced an average biomass concentration after 30 days of ~0.58g VSS L or 0.288 biomass-
C LY. However this figure was comparable with the levels of biomass produced in the 10°C reactor at
56 weeks. The importance of developing active electrogenic anode populations is clear as this is the
biocatalytic agent present in MFC systems and provides the key to electricity production from the
biofilm, this importance has been demonstrated by electrochemical impedance spectroscopy (EIS)
studies. Ramasamy et al. (2008) have used EIS to show that biofilm growth acts to reduce anode
polarisation resistance whilst facilitating electrochemical kinetics. However it is also thought that the
poor formation of conductive layer at the biofilm anode interface could restrict direct electron
transfer and limit current densities (Torres et al. 2009b). It was observed that the 35°C reactor had
developed an internal (Ohmic) resistance of 151 Q at 43 weeks, higher than both the 10°C and 20°C
MECs, which then continued to increase to 198 Q at week 60; this was in contrast to both the 10°C
and 20°C MFCs and exhibited a decrease in ohmic resistance over the same period. Thus, biomass
development over time in the 35°C biofilm had a negative effect on power production as system
over-potentials increased. It is thought that this was probably due to the formation and
development of non-electrogenic biofilm on the anode. Increasing levels of biomass could be
observed from the SEM pictures taken at different time points and at different operational
temperatures (Fig 5.1 and Fig 5.2). These are likely to introduce mass transfer and diffusive
limitations and it is likely that effect would be predominate in the 35°C biofilm, where the presence
of large biomass clumps will also mean that many microorganisms present are sited remotely from
the anode and are therefore less likely to be able to undertake anodic respiratory activity. This was

demonstrated in specific current density measurements highlighted in Figure 5.3, this showed that
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after 8 weeks there was a subsequent decrease in values over time. These results are in general
agreement with conduction based biofilm modeling by Picioreanu et al (2007) where it was
suggested that thick biofilms may have a negative impact on power density measurements due to
the potential increases in resistive limitations that may develop in the biofilm. It seems that higher
biomass concentrations were sustained at higher temperatures and this then likely resulted in an
increased competition for direct and indirect contact with the anode surface where optimal rates of

electron transfer could not occur.

5.3.2 The effect of temperature on electrogenic activity

In order to assess levels of anaerobic respiratory activity in the MFCs at different temperatures
over time, current density measurements were investigated relative to the development of anode
biomass (as a proportion of the biofilm as g VSS) after an 8 week pre-enrichment phase. It was
observed that although the amount of biomass increased over time at each test temperature this did
not subsequently produce higher current densities (per g VSS) once the reactors had reached their
maximum steady-state voltages. This did however result in higher maximum power density values at
10°C and 20°C, these being 4.84 W m>and 4.29 W m~ respectively as described in Section 5.2.3. This
indicates that after 60 weeks operation the 35°C reactor biofilm, and to a lesser degree the 10°C and
20°C biofilms, accumulated an electrochemically inert biomass matrix and dead or dormant cells.
This biomass was not able to contribute to electrogenesis and may have also actively facilitated tpo
methanogenic and non-electrogenic metabolism, the accumulation of dead and non-viable cells in
anode biofilms has been previously reported by Ren et al (2011). Although microorganisms such as
G. sulphurreducens may be able to transfer electrons through up to a 50nm matrix (Reguera et al.
2006), it is likely that the build-up of large amounts of biomass observed in the 35°C biofilm disrupts
the electrogenic mechanisms and strategies involved in bacterial electron transfer to the anode
surface. Where-as Patil et al (2010) reported that the age of the biofilm and its thickness had no
effect on current densities this study demonstrates that the accumulation of biomass over time can
lead to the overall electrogenic activity of the biofilm being compromised. The improvement in 35°C
reactor performance during and after the application of continuous flow conditions shows that the
application of a shear force to the biofilm by apply flow conditions led to improved mass transfer
conditions; it it likely that this force induced both compositional and structural changes that enabled

an improvement in overall electrogenic activity (Pham et al. 2008).
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The calculation of specific growth rates (p,) showed that the 35°C reactor produced the highest
microbial growth rates overall. However, it ws further demonstrated that if non-growing biomass
was considered as a separate factor in the mass balance (Equation 15) the 20°C reactor had the
highest specific growth rate, with the 35°C reactor having the greatest level of inactive biomass
(Table 5.2). This may suggest that within the 35°C biofilm a proportionally smaller fraction of the
biomass was actively growing at a faster rate. It can be oberseved that the growth rates calculated in
this study were low, being approximately 5-8 fold lower than results obtained from batch water
systems (Boe-Hansen et al. 2002). This may reflect the establishment of mature biofilms due to the
high substrate concentrations used and the long time-frame of the experiment. This may have led to
significant detachment losses to the planktonic phase during batch feeding process and were not
accounted for in the calculations. The high initial biofilm value X, vss (mg VSS cm? anode) measured
in the 35°C reactor relates to the high level of biomass accumulation which occured during the first

eight weeks operation.

Anode biofilm biomass vyield values, calculated as biomass-C per substrate-C used, were
comparable with results presented by Aelterman et al (2008a) who reported yields of 0.05 and 0.02
biomass-C per substrate-C used, and were in agreement with other previously reported values of 0
to 0.54 biomass-C per substrate-C used (Freguia et al. 2007). Operational temperature did not affect
the biofilm yield once the reactors had established steady-state operation (Fig 5.4). This meant that
the relative biomass conversion rates into biofilm of the 10°C, 20°C and 35°C reactors were similar
even if the total levels of biomass (biofilm and suspended) differed. The higher yields produced by
the 10°C and 20°C biofilms at 8 weeks operation highlights the initial establishment of the

electrogenic biofilm, with the 10°C reactor at an earlier stage in the biofilm maturation process.

Biomass production and methane production have been previously shown to be significant
electron sinks (Lee et al. 2008) and this is also reflected by the range of CEs reported in this study
(Fig 5.7). The CE values produced in this study are comparable with other studies using tubular air
cathode MFC systems (Ahn and Logan 2010) with the highest CE values recorded at the lowest
reactor temperatures. However with decreased MFC operating temperatures the COD removal rates
also decreased due to the lower rates of methanogenesis and biomass production. Rates of
methanogenesis were significantly higher at 35°C, with no methane production detected at 10°C
operation. It is thought that this directly led to the 35°C reactor having a COD removal rate 0of 2.98 g’
1 %d? compared to the 10°C reactor which had a COD removal rate of 0.27 g' L' d?, however the
latter reactors CE reached 25.9% after 56 weeks. The CE increased in the 10°C and 20°C reactors

over time as the electrogenic populations developed, but slowly decreased at 35°C as biomass
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accumulation and methanogenic activity increased as the numbers of methanogens increased. The
observation that low temperature operational conditions are linked to low rates of COD removal and

high CEs also further supports the results from Ahn and Logan (2010).

It was observed that even though the 10°C biofilm had the lowest specific growth rate and
lowest level of biomass it also produced the highest CE and P, values at 60 weeks of reactor
operation; this was further demonstrated by the high current density produced per biomass VS5.
This shows that by operating the biofilms at reduced temperatures it is possible to retain an anode
that promotes an anodic biofilm that favours electrogenesis over methanogenesis and thus acts to
divert electrons present in substrate from biosynthesis to energy demanding non-growth activities.
This process has also been observed when operating aerobic wastewater treatment reactors at fow
organic loading rates, in these biofilms a higher proportion of substrate chemical energy was found
to be used in the maintenance of bacterial activities at the expense of lower growth rates and less
biomass production (Low and Chase 1999). High adenylate levels have been observed to accumulate
in bacterial cells at low temperatures which may be utilized for cellular maintenance and repair as
part of enhanced bacterial catabolic activities (Amato and Christner 2009). This suggests that the
electrogenic potential of anode biofilms may be dictated by its operating temperature. It would
additionally seem that electrochemical and biological limitations can be imposed on the MFC
systems during biofilm maturation processes which may have implications for the operation of batch

MFC systems or those reactors which may be operated at low flow rates.

5.3.3 The influence of continuous flow conditions on electrogenic performance
Operating the 35°C tubular reactors at MFC in continuous mode demonstrated that mass
transfer limitations which developed due to the build-up of electrogenically inert biomass could be
overcome through the application of high system flow rates (540mi per minute). This resulted in a
six fold increase in maximum power output. High shear rates used to enriched electrogenic biofilms
have been reported to increase active biomass density and thickness, improving MFC anodic
performance (Pham et al. 2008); however in this study prolonged batch operation likely produced a
thick biofilm with low relative tensile strength (as observed in Figs 3.15 and 3.18, Chapter 3) which
was able to be detached by the internal stresses caused by the hydrodynamic flow (Picioreanu et al.
2001). This then resulted in biofilm sloughing, as evidenced by the decrease in biofilm biomass
(Table 5.3). EAB retained in close proximity to the anode were then able increase electrogenic

activity due to improved substrate/proton mass transfer flows. This was further demonstrated by
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the improvement in maximum power performance exhibited by the batch operation post-

continuous flow, an improvement by a factor of 3.5.

5.4 Conclusions

This study demonstrates that the operational temperature of MFC reactors directly influences
the biocatalytic capacity of biofilms. Whilst it was observed that the 10°C and 20°C temperatures led
to slower start-up times compared to 35°C, less biomass accumulation occured as the biofilms
matured. This meant that lower anode overpotentials developed at the lower temperatures likely
due to improved mass transfer within the biofilm. The build-up of biomass can lead to a conductive
barrier forming between the anode interface and EAB present in the biofilm and this was associated
with increased rates of methanogenesis at 35°C of 10.1 mmol CH, g' d"' compared to 0.28 mol CH, g
1 g at 20°C. This resulted in the maximum power recorded at 60 weeks operation in the 35°C
reactor being 2.14 W m™ whereas the 10°C and 20°C reactors produced 4.84 W m™and 4.29 W m”
respectively. It was further demonstrated that exposure of the 35°C biofilm to high hydrodynamic
forces caused biofilm sloughing to occur, which then subsequently led to improvements in MFC
performance. These results provide an important insight into the link between anode biofilm
development and electrochemical performance and highlight the potential effects of temperature
on biocatalytic performance of EAB, which also has implications for the design and practical

application MFC technology in temperate regions.
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6 Continuous MFC operation and the influence of novel helical

anode designs on reactor performance

Continuous flow systems utilizing fixed biofilms offer the potential of cost-effective
bioprocess treatment (leropoulos et al. 2010). Chapter 5 demonstrated that mass transfer
limitations due to the build-up of non-electrogenic biomass can lead to low system performance due
to the probable build-up of high proton concentrations within electrogenic biofilms and low
substrate diffusion rates. In order to reduce over-potentials associated with mass transfer effects,
decrease HRTs and increase the potential surface area available for biocatalytic activity, 3 different
tubular helical anode reactors were constructed. On each helical anode the pitch or constructed
gap/liquid flow channel between the helicoids was varied i.e. the carbon veil width (Table 5.1). This
change in the physical parameters of the anode will thus change the hydrodynamic properties under
continuous flow conditions. The spoke configuration of the helix walls and the narrow gap will
change the relative velocities in the anode chamber which will then influence both the type and the
degree of turbulent flow and also the multi-directional flow characteristics. To test this influence,
the 3 different helical anodes were operated at a range of flow rates and at 2 different substrate
loadings. A comparison was also made with a wound annular carbon veil electrode; this had a

biofilm that had been previously established over a period of > 1 year (as per Chapter 3).

Some of the results in this chapter have been published (Kim et al. In Press), see Appendix 4.

6.1 Results

Flow rates over a range of 10 — 540 mi per minute were used to investigate the influence of
different anode designs on reactor performance in continuous operation mode. A low acetate
concentration of 2mM was first used to test the different anode systems (Fig 6.1). The anode reactor
types (annular, SP1, SP2, SP3) produced maximum power densities of12.4,11.63,9.2 and 6.73 Wm"
respectively. It can be observed that an increase in flow rate produced an increase in power in the
annular reactor and the SP1 and SP2 reactors, although the SP1 reactor produced a higher maximum
power result with the 240ml per min flow rate not the 540ml per min flow rate. However the SP3
reactor produced the highest power density at 130ml per min, with 540ml per min and 10ml per min

flow rates producing similar power densities at half the maximum power value.
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Figure 6-1. Effect of flow rate on power density performance using a 2mM acetate substrate. (a) Annular (b) SP1 (c) SP2

(d) sP3.

The maximum power densities obtained at a 10 fold higher substrate concentration (20mM

acetate) were 14.75, 10.0, 9.2 and 7.4 W m~ for the annular, SP1, SP2, SP3 reactors respectively.

Although the annular, SP1 and SP2 maximum power densities generally increased with flow rate,

with the annular 135m! per minute result as a notable exception, the SP3 reactor again produced the

highest power density at 130m! per min, with 540ml per min and 10ml per min flow rates also

showing similar and low maximum power values. Thus high flow rates into the anode chambers and

high internal flow rates induced by the anode configuration seemed to have influenced the power

densities produced in each reactor. High velocities can induce high levels of turbulence which will

have a direct effect on mass transfer of protons out of electrogenic biofilms and substrate into the

biofilm. Indeed it has been reported that proton accumulation is a major limitation to electrogenic

activity within biofilms (Torres et al. 2008). As the carbon veil is porous, consisting of interlinked

woven fibres, turbulence will also act to facilitate diffusion deeper into the anode.
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Figure 6-2. Effect of flow rate on power density performance using a 20mM acetate substrate. (a) Annular (b) SP1 (c) SP2
(d) sp3.

It can be observed that the maximum power density in the annular reactor decreased when
operated with a lower acetate concentration. However the maximum power density in the helical
anode reactors was either equivalent to or lower with 20mM acetate as the feed substrate
compared to 2mM acetate. The power curves produced in this study show a strong power overshoot
phenomenon, which is occurs when both the current and power decrease together causing the
distinctive inward curve before the system recovers. A similar power overshoot was observed by
leropoulos et al (2010) over a slower range of flow rates, 1.5 - 120 ml per hour. It can also be
observed that the SP3 power curves exhibit a double power overshoot at the 540mli per min flow

rate.

The physical parameters of the different anode configurations were analysed in terms of
maximum current produced (Table 6.1). Due to the higher mass of carbon present in SP1, this

reactor had a wider strip of carbon which meant a smaller gap (for liquid flow) and therefore a lower
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operating volume. When performance was considered in terms of either surface area of carbon
biomass the SP3 results were higher than the SP1, indicating that the SP1 had a higher specific

activity. The annular anode with the established biofilm had the highest specific activities.

Table 6-1. Comparison of physical and performance characteristics of different anode tubular reactor designs

Anode construction

Parameter Annular Helix Helix Helix
Wound SP1 SP2 SP3
anode

small gap medium gap large gap
Operating fluid volume 225 148 177 202
(ml)
Maximum current (mA) - 9.9 11.5 7.0 6.3

2mM acetate substrate

Total anode carbon mass 10.8 35.41 25.75 21.85
(g)
Maximum current per 0.9167 0.3247 0.2718 0.5263

carbon mass (mA g™

Carbon veil width (mm) N/a 17 13 10
Surface area of carbon 113 447 421 398
(cm?)

Maximum current density
per anode carbon cm?® (mA
cm?) 0.0876 0.0257 0.0166 0.0289

The rate of COD removal (%) was related to the HRT with each different reactor design (Fig
6.3). Due to higher liquid/substrate residence times, longer HRTs resulted in increased (COD)
removal rates of acetate. With the low (2mM) acetate solution there was a baseline removal of 55-
70% suggesting that a significant proportion of the acetate was being quickly removed in the
planktonic phase after flowing from or to the anode chamber. However at the highest HRTs the SP1

and SP2 reactors facilitated a 90% COD removal.
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Figure 6-3. Rates of COD removal (%) related to HRT (minutes) for annular, SP1, SP2 and SP3 reactors using 2
concentrations of acetate (a) 2mM (b} 20mM

At the 20mM acetate concentration the annular anode did not remove any COD until a high
HRT was used, indeed as the HRT was decreased (flow rate increased as per Table 6.2) negative COD
removal rates were produced. This is indicative of biofilm sloughing due to increasing shear rates as
the flow rate was increased. COD removal rates in the helical anode reactors increased with
increasing HRT with the SP1 and SP3 achieving a 20% removal at an HRT of ~1 minute and 75-80% at
higher HRTs. The annular reactor also removed ~80% at an HRT of 22.5, but the non-linear
relationship indicates that mixing at the low flow rates was limiting biofilm activity. Although the SP2
reactor increased removal rate with HRT, % removal at 17 minutes retention time was only 40%,

again showing that this system was not as active in substrate removal.
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SP1 reactor accumulated the highest levels of biofilm, 40% higher than the SP2 and SP3 anodes.
However all the helical anode reactors had biofilm/biomass levels higher than that in the annular

reactor in the 3™ carbon veil layer, in the case of SP1 this was 3 times higher.

Table 6-3. Development of biofilm biomass (DNA ng uI'?) through carbon veil anode layers 1to 5

Anode | Biofilm development (DNA ng ui™)

Layer Annular  SP1 SP2 SP3
1 110 28.2 203 19.3
3 4.2 13 5.2 9.3
5 2.9 2.2 2.1 24

To understand how continuous flow impacted on the performance of the different reactor
types over time, the MFCs were run in re-circulation loops over a period of 10 days using 20mM
acetate substrate and a 270ml per minute flow rate (Fig 6.5). Whilst the SP3 and A35 reactors
produced high initial voltages of 0.58V these voltages dropped-off at 6 and 4 days respectively. The
SP1 reactor produced a consistent voltage of 0.53V over the course of 9 days, whilst the SP2 reactor
ran at 0.51 V for 8 days. The different levels of electrogenic activity were also reflected in % CE
results for the annular, SP1, SP2 and SP3 MFC reactors, these being 4,2%, 7.0%, 5.8% and 5.5%
respectively. Low CEs achieved over the 10 day recirculation reflect the effect of the high initial
substrate loading (Aelterman et al. 2008b), but more significantly oxygen ingress into the 1 litre
reservoir bottle and a proportionally high planktonic phase. In a typical flow through systems high
flow rates will wash non-electrogenic planktonic bacteria out if the flow rate is sufficiently higher
than the cellular growth rate, however as the liquid was re-circulated in this experiment this could

not occur (Borole et al. 2009).
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As the maximum power produced by MFCs is determined by the activity and quantity of
biocatalyst available, and the capacity of the biofilm to facilitate electron transfer to the solid carbon
anode, the high level of power produced by the annular reactors demonstrates that high numbers of
EAB were enriched during the >1 year fed-batch process (As per Chapter 3). The removal of loosely
bound biofilm was also shown by the negative COD removal values produced as the HRT was
decreased (Fig 6.3). This then left a highly active electrogenic biofilm that was robust to flow rates of

up to 540ml per minute.

As there is a direct link between liquid velocity and internal pipe diameter, increasing flow
rates will increase the possibility of turbulence occurring as defined by the Reynolds number (N.);
where u is the fluid velocity, p the fluid density, D the pipe diameter and u the fluid viscosity as per

equation 16:-

Ne = pUD/H

Equation 16

Increasing Reynolds numbers are thus associated with the initiation of turbulent mixing and
improved mass transfer (Lin and O'Brien 1974). As the 3 different spiral anode configurations have
different gap sizes and different helical pitches this may have a direct effect on fluid velocities and
mixing through the system. The construction of the spokes will also promote multi-direction liquid
flow due to the induction of eddies. Increasing a Reynolds number from 900 to 4900 has been
previously demonstrated to increase current densities by 30% in a stirred MEC anode chamber
(Ajayi et al. 2010). It is possible that the very low performance in the SP3 reactors at 540ml per
minute may be related to a hydrodynamic effect on the mass transfer events in this particular
anode. Lower cell maintenance energies with high shear rates have also been reported as a reason
for high energy recoveries (Pham et al. 2008). A high substrate concentration had an equal or
detrimental effect on power production in the helical anode reactors as would be expected in an
electrogenic biofilm system where electron transfer is limited. Hence higher substrate flows into the
carbon veil may be metabolized to produce electrons and protons, but thermodynamic limitations
associated with proton and electron flows at high external loadings (1000 Omega) could lead to
limitations on EAB metabolic rates and the accumulation of end-products leading to a negative
impact on power production (Aelterman et al. 2008a). The higher numbers of EAB in the annular
reactor may have mitigated this effect and there may also have been a lower penetration of
substrate through the biofilm into the carbon veil depth. Limitations in exocellular electron transfer

to the electrode may also account for the observed power over-shoot curves (Nien et al. 2011),
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although the double power over-shoot curves at 540ml per minute in the SP3 reactor probably
reflects a relatively sparse biofilm that was not able to cope with increased mass transfer rates

under these flow conditions (Winfield et al. 2011).

Operating conditions such as substrate concentration and flow/shear rates will have a direct
effect on electrogenesis by directly influencing mass transfer and indirectly by determining biofilm
development over time. The results in this study show that turbulent conditions induced higher
biofilm formation within the carbon veil, potentially increasing the available surface area for EAB
growth and electrogenic activity (Table 6.3). Higher turbulence may also account for high biomass
levels occurring in the SP1 reactor. Different flow conditions in the 3 helical anode configurations
also produced different bacterial community profiles (Fig 6.4), enrichment at range of different shear
rates has previously been shown to significantly alter biofilm composition and bacterial community
development (Liu and Tay 2002; Pham et al. 2008). High flow conditions also seemed to limit biofilm

archaeal growth.

It has been previously reported that increasing the anode surface area also leads to an
increase in power density (Li et al. 2008). This study demonstrates that by using novel helical anode
configurations and high flow rates it is possible to maximize the available volumetric surface area
available to EAB by enhancing mass transfer flows. This resulted in 68% higher accumulation of
coulombic charge from the SP1 reactor compared to the annular reactor during the re-circulation
experiment (Fig 6.5). Whilst energy consumption from pump usage would be high it may be possible
to balance out these costs with improved system performance. It is likely that extended operation

would further enhance performance as further EAB enrichment would occur over time.

6.3 Conclusion

Anodic structure clearly had a large impact on system performances. This may reflect the
surface area available for electrogenic activity, a function of not only the actual surface area but also
the hydrodynamic forces that impact on mass transfer into the biofilm and porous carbon veil. The
spiral reactor with the smallest gap produced the highest coulombic efficiency of 7% and a maximum
power density of 11.63 Wm?3. This was however lower than the annular reactor indicating that for
high power production the electrogenic biofilm may need to be enriched over a longer time period.

Turbulent conditions in the SP1 reactor may have stimulated increased biomass production in the

depth of the carbon veil anode.
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7 Dual chamber MFC reactors used to investigate electrogenic
biofilm development: the effect of carbon anode material and

the application of an automated load control algorithm.

Whilst it has been shown in Chapter 5 that biofilm growth on MFC anodes are associated
with the growth of EAB and the development of electrogenic activity, it has been further
demonstrated that the three dimensional structure and the porosity of the carbon also increase the
surface available for this bacterial growth (Chapter 3). The first aim of this experiment was to
investigate how porosity and material structure of different types of carbon influences anodic
biofilm development and thus MFC operation; to ensure consistent experimental conditions all
carbon materials were sited adjacent to each other in the same anode reactor chamber. Dual
chamber reactors were used as part of this experimentation, as described in the methods and
materials chapter (Chapter 2). MFC reactors were constructed with four different types of carbon
material sited in the anode chamber, each with a projected surface area of Acm’. All four material
types were placed together during testing, with one reactor run as an open circuit control and the
other in closed circuit conditions using a fixed external load of 1000Q. The anode material provided
the support for initial attachment of microorganisms and subsequent electrogenic biofilm growth.
Different physical properties are associated with different anode materials and their corresponding
three-dimensional properties at the micro scale will affect how microorganisms within an
electrogenic biofilm attach, develop and facilitate exocellular electron transfer. Before the start of
the experiment the mass (g) of each carbon material was determined along with the carbon material

resistance (at ambient temperature).

Power density results from Chapters 4 to 6 demonstrated that the 1000Q external loading
used was not optimal for MFC operation and was likely limiting the systems by restricting the flow of
electrons. Therefore, dual chamber reactors were used to investigate how MFC external loading
control influenced anodic biofilm development and thus MFC operation, and also how a control
algorithm could be used to optimize power production by optimizing the external load on the
system. The dual chambers reactors were used in this testing as described in the method and
materials chapter (Chapter 2.2). It has been previously discussed that system power can be
theoretically optimized by matching the internal resistance to the external resistance (Logan et al.
2006), further to this Pinto et al (2010) modeled this approach and found that even small difterences

in internal and external impedances could cause large differences in the power produced. However
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any change in loading/voltage will also have an effect on the EAB present in the anode biofilm,
indeed it has been shown that voltage acts to regulate the activity of electron-transferring
microorganisms. The effect of changing external resistance on microbial community development
may not be clear, as Lyon et al (2010) reported that changes in external resistance did cause changes
in microbial profiles but did not result in any change in MFC performance in terms of power
production. Using carbon paper as the anode material a control algorithm was developed in Labview
that used Boolean logic to assess whether the external resistance should be raised or lowered so as

to optimize system power via a data acquisition card; this was determined by measuring the voltage
(V) across the load, such that power P = VZ/R. The control strategy was implemented by using a

single CMOS Intersil® 100 step 1kQ digitally controlled potentiometer, X9C102 (Farnell UK Ltd.,
Leeds) as the load resistance. Some of the results in this chapter have been published (Premier et al.

2011), see Appendix 4.

7.1 Results

7.1.1 Open circuit and closed circuit operation with four different types of carbon

anode material
4 weeks post-inoculation the anode biofilm was established in the closed circuit MFC. At this
point it could be observed that carbon materials 1 and 2 produced the highest maximum voltage of
0.29 V (Fig 7.1), compared to 0.27 V and 0.23V from materials 3 and 4 respectively (Table 7.1).
Material 1 sustained a higher voltage even when substrate depletion occurred indicating that this
biofilm contained a more efficient electrogenic biofilm and/or the porous material was able to retain

substrate to continue anaerobic respiration at a higher rate for a longer period.

117















material 1 facilitated more EAB to be present in a closer association with the carbon anode,
enhancing electrogenesis and reducing activation losses. Fig 7.6 shows the power curves of anode
materials 1 to 4 from the open circuit control reactor. The Py, of material 1 was 0.95 W m~> or 0.475
W m™ two thirds the value achieved in closed circuit but higher than the maximum closed circuit
power densities achieved by materials 3 and 4. The other open circuit materials (2, 3 and 4) all

produced power densities of < 0.06 W m™.
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Figure 7-5. Cell potential and power density curves produced in the closed circuit MFC with Materials 1,2,3 and 4 (8
weeks operation). MFC with a fixed resistance of 10000.
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Figure 7-6. Cell potential and power density curves produced in the open circuit MFC with Materials 1, 2, 3 and 4 (8
weeks operation).

From Fig 7.3 it can be seen that even though a high number of bacterial species are common
to the open and closed circuit biofilms, there is a higher degree of similarity between materials 1 and
2 open circuit than that of material 1 in open and closed circuit. This means that acclimation or
selection of EAB species cannot be considered as the sole reason for the higher power density

reading from the open circuit material 1 system compared to the closed circuit material 2.

Cyclic voltammetry (cv) has been previously used to examine electron transfer mechanisms
and the redox species involved in interactions between anode biofilms and carbon MFC anodes
(Rabaey et al. 2004; Fricke et al. 2008). In this study cyclic voltammograms were run on different

anode materials (1 to 4) using both open and closed circuit MFCs. An initial examination of material
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1 from the closed circuit reactor found that high scan rates of 10-50 mV/s produced atypical ‘2-
pointed spike’ cv plots (Fig 7.7), the maximum current density of which decreased with decreasing
scan rates. This did not occur with materials 2, 3 and 4 but the plot profile was repeated with the
open circuit material 1 scan. It was reported by Marsili et al (2008b) that at high scan rates slow
electrochemical reactions may not have time to occur before the potential shifts to the next step;
therefore at these high scan rates as the potential was stepped-up the current also accumulated
over time. The material 1 cv profile at high scan rates thus reflects redox agents that are able to
undergo multiple redox turnovers; this has been previously demonstrated in immobilized enzyme
systems (Heering et al. 1998; Armstrong 2005) and shows the masking of the redox kinetics due to
the accumulation of current. The Randles-Sevcik equation (Equation 17) describes the effect of scan
rate on the peak current (i, ) for reversible systems at room temperature; this demonstrates that

both concentration and diffusional terms will affect /.

i, =(2.687x10° )2 D" AC cqution 17

Where n = the number of electrons in the redox reaction, v = the scan rate in V s, A =the electrode
area cm?, C = concentration in mol/em?® and D = the analyte diffusion coefficient cm” s (Bard and

Faulkner 2001).

Fricke et al (2008) have previously reported a non-linear relationship between scan rates
and peak current, and suggested that this effect could be caused by diffusion control characteristics,
which can then be explained by a change in the electrochemical process from quasi-reversible to
reversible by decreasing the scan rate. Thus the atypical build up charge with time is indicative that
either a large number of redox agents are present and/or they are remotely sited from the carbon

anode.
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As a visual examination of the oxidative and reductive sweeps did not reveal any clear redox
peaks (Figs 6, 7 and 8) first order derivatives ((Al/AV) were calculated in order to estimate both the
potentials at which any inflections occurred and their given amplitude (Table 7.3). See Appendix 3 to
view the actual first derivative graphs.

Table 7-3. First derivative potentials and amplitudes for closed and open circuit oxidative and reductive sweeps. E (V)
versus Ag/AgCl.

Open circuit Closed circuit

Reductive sweep Oxidative sweep Reductive sweep Oxidative sweep

(towards a positive E,;) (towards a negative E,,) | (towards a positive E,,) (towards a negative E,,)
faterial | Voltage Al/AV... | Voltage Al/AV .. | Voltage A/AV oy Voltage  Al/AV

Ean (V) (Al/AVaq) | Ean (V) (Al/BVaa) | Ean (V) (Al/AVA)) | Ean (V) (Bl/AVA,)

n/a n/a -0.6t0-0.15 -0.01 n/a n/a -0.49 -0.03

-0.5 0.004 -0.55 -0.005 -0.39 0.021 -0.44 -0.011

n/d n/d -0.53 -0.0025 -0.39 0.016 -04 -0.006

-0.51 0.002 -0.55 -0.0025 -0.38 0.006 -0.39 -0.003

The reductive sweeps reveal higher Al/AV,,,, values indicating higher levels/rates of electron
transfer to the electrode compared with from the electrode. This would indicate that electron
transfer was from cytochrome enzymes as these have been shown to be inactive on the reverse cv
sweep (Zhao et al. 2009). No results were obtained for the material 1 forward sweeps as the
derivative values were observed to decrease from a very high value to a low value over the course of
applying the potentials (See Appendix 3 for graphs). It is thought that this again relates to a
capacitive build-up of current with the scan rates used in this experiment. The potentials produced
in this study can be compared to the midpoint potentials of multiheme cytochromes which have
been determined from Geobacter spp. The open circuit reactor midpoint potentials are comparable
with the measured potentials from OmcB and OmcZ purified from G. sulfurreducens, these being of
-0.39 and -0.42 V (vs. Ag/AgCl ) respectively (Magnuson et al. 2001; Inoue et al. 2010). The

maximum potential in the carbon felt open circuit material (1) ranged from -0.6 to -0.15 (E (V) versus

127






The material 2 biofilm was adversely affected at pH 5.5 but voltage from the material 1
biofilm reduced when pH 4.0 was introduced into the reactor. Materials 2, 3 and 4 stabilized to
steady-state voltage readings until pH 5.00 was introduced into the reactor, after which voltage
dropped rapidly in all 3 material types. This could suggest that down to pH 5.0 the voltage limitation
was purely thermodynamic, but after this point the physiology of the bacteria in the biofilm were
being affected. The voltage of material 1 was observed to increase as the other voltages decreased.
This is likely because the dual chamber MFC was cathode limited due to the small surface area of the
AEM, although it is also possible that the low bulk pH may have been advantageous for the system
by promoting proton transfer and minimizing any potential pH gradients that may have developed
between the anode and cathode chambers. Whilst pH 4.0 caused a complete cessation of
electrogenic activity in the material 3 and 4 biofilms, the material 1 and 2 biofilms maintained some
activity. When the pH was then restored to 7.0 materials 1 and 2 recovered their initial voltage
within 4 hours, demonstrating that the bacterial cells had not been adversely damaged. In contrast
the material 3 and 4 voltages took > 4 days to recover showing that bacterial cell death had

occurred.
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anode electrode. Therefore, it is possible that automatically optimizing the external resistance and
potential power output might successfully reduce non-electrogenic side reactions (e.g.

methanogenesis and biomass production), so improving the overall performance of MFC system.

The functional organization of the bacterial biofilm communities was investigated through
Pareto-Lorenz evenness plots (Fig. 7.19). The 20% intercept point on the x-axis can be used as an
evenness score measurement; it can be observed that the LC-MFC measured 32% indicating a higher
degree of evenness as compared with the SL-MFC which measured 48%. A higher evenness vaiue of
32% in the LC-MFC indicates of a higher functional spread of Bacteria may have been present in this
biofilm community. This could suggest an increased functional flexibility to environmental change
relating to the constant changes in external load resistance initiated in LC-MFC when compared to

the static load conditions present in the SL-MFC reactor.
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Figure 7-19. Pareto-Lorenz evenness graph for LC-MFC and SL-MFC bacterial biofilm populations. DGGE bands profiles

were ranked from high to low according to their cumulative intensities and cumulative number the of band results
(scored using Dice’s index of similarity).

The total amount of biomass was monitored as an indicator of biological activity; specifically

by quantifying the level of DNA present at the end of the experiment (Table 7.4).
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Table 7-4. Total biomass (DNA ng/ul) in LC-MFC and SL-MFC reactors

Reactor Sample Total Biomass
(ng/ul DNA)

SL-MFC Biofilm 314

LC-MFC Biofilm 144

SL-MFC Planktonic 35

LC-MFC Planktonic 10.9

The biomass present in the LC-MFC biofilm was observed to be less than half that in the SL-
MEC biofilm (Table 7.17). This shows that these microorganisms were more electrogenically active
and thus this further suggests that load control had an adverse affect on biomass formation and/or
methanogenesis. The diversity of microbial (both archaeal and bacterial) species determined by
Dice’s index of similarity was observed to be higher in the LC-MFC than SL-MFC (bacterial
community, 185.9 c.f. 150.9; archaeal community, 73.5 c.f. 43.4). This may further support the idea

that a higher level of activity was facilitated in the controlled reactor.

7.2 Discussion

The importance of the carbon anode material derives from it providing the support structure
for EAB biocatalytic activity and also because it acts to harvest electrons generated as part of the
bacterial metabolism (Rabaey et al. 2005b). Table 7.1 demonstrates the differences in carbon
density for each of the different carbon materials, with the relatively high resistance of the carbon
felt also indicating poor electrical connectivity between the carbon fibres in this material. SEM
pictures showed that the three dimensional structures of the 4 different materials differed
considerably, with the felt having a loose porous network of fibres and the graphite having a solid
structure with roughness exhibited only at the micro level. This then influenced the active surface
area available for bacterial attachment and more generally influenced structure of electrogenic
biofilm development. Hence the fact that carbon paper gave a lower power density compared to the

carbon felt may be related to how tightly bound the carbon fibres were on a macroscale (Xie et al.
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2011). it is important to determine the surface area that is accessible for microbial growth as BET
surface area measurements have shown very high surface area in graphite due to its micro-porous
structure (Liu et al. 2010) but the material also produced the lowest power density measurements
(Fig 7.5). The power produced from the open circuit biofilm may in part be related to the levels of
biomass that developed in the biofilm, as this was 4.5 fold higher than the carbon paper. The high
open circuit biomass produced in the carbon rods may relate to large amounts of biomass building

up in the internal tubes that made up the structure.

Cyclic voltammetry demonstrated that the material 1 produced biofilms (open and closed
circuit) that had high levels of capacitive current and this may account for the open circuit
performance in material 1. It is interesting to note the wide range anode potentials in the open
circuit biofilm in contrast to defined potentials of -0.39 and -0.42 V (vs. Ag/AgCl) highlighted in
closed circuit operation (Table 7.3). This would suggest that closed circuit operation selected for
Geobacter spp. or bacteria with active cytochromes with similar mid-point potentials to those of
Geobacter spp. cytochrome C proteins. Community analysis on anodic MFCs fed with acetate and
packed with either carbon felt or granular graphite have shown that Geobacter spp. are selected for
in both materials but the proportion is higher in the former material (Sun et al. 2011). Hence even
with the similar bacterial community profiles produced in the closed circuit materials the
proportions of active bacteria may differ between them. Results from FISH microscopy seemed to
support this result. It would seem that colonization of the carbon material using an enriched MFC
effluent facilitates the growth of Geobacter cluster bacteria that are suited to direct anaerobic
respiration by electron transfer via c-type cytochromes externally sited on cell membranes or
possibly ‘nanowire’ conductive appendages. Other bacterial groups which may not possess a strong
capability for direct electron transfer or are able to mediate remote electron transfer were observed

to be more remotely located from the carbon electrode surfaces.

Previous studies on the influence of pH perturbation on MFC/anodic performance have
shown that pH 7.0 is generally a preferred pH for high power production (He et al. 2008; Yuan et al.
2011), but pH 6.0 has also been found to be optimal in one dual chamber MFC reactor (Raghavulu et
al. 2009). However, this study demonstrates that pH effects on electrogenic biofilms may be
mediated by the three dimensional structure of the carbon material and its influence on biofilm
development. pH affects the biofilm by changing electrostatic molecular interactions (Stoodley et al.
1997) with a drop of pH 7.0 to 6.0 being reported to severely limit growth and metabolism of
Geobacter Sulfurreductans (Franks et al. 2009). However high numbers of EAB close to the electrode

and large amounts of biofilm between fibres may have acted to reduce pH effects, it is also possible
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that there may also have been a cell density based modulated adaption to the low pH conditions (Li

et al. 2001).

When a control algorithm was applied to MFC reactors in order to optimize the system
power output the effect on the anodic biofilm communities was invstigated. Operation of load
controlled (LC-MFC ) and static load MFC (SL-MFC) systems resulted in similarity a score of 85.7
between both respective bacterial biofilm communities. These gel profiles show that a common
range of electrogenically active bacteria existed in both controlled and uncontrolled reactors but
some differences in the operational conditions may have been reflected in the development of some

distinct bands.

High levels of microbial diversity were measured in both the LC-MFC and SL-MFC reactors, a
figure of >30 being indicative of habitable environments (Marzorati et al. 2008). The higher diversity
value in the former MFC may be a result of increased levels of electrochemical perturbation in the
system as indicated by the control process producing more variable shifts in cell voltage and loading
(Fig 7.17). It has been previously reported that perturbation can lead to increased microbial diversity
in actively growing microbial populations (Rashit and Bazin 1987) and that this diversity can promote
stability in engineered systems (Briones and Raskin 2003). The ‘evenness’ of the community also
plays a role in maintaining functional stability and the higher level of evenness observed in the
controlled reactor would indicate that this reactor was supporting a wider range of species capable

of electrogenic activity.

A wider range of active bacteria may provide an optimized electrogenic activity over the
range of anode potentials produced in the LC-MFC reactor. The ability of the microbial community to
adapt to maximum power production in the controlled reactor would seem to be driven by microbial
growth as this process took ~12 days, as opposed to being solely an adjustment of bacterial

metabolic pathways or different respiratory cytochromes.

Whilst the growth of biofilm is often associated with increased current densities (Torres et
al. 2009b) biomass accumulation can also be a significant electron sink along with other non-
respiratory side reactions such as methanogenesis (Virdis et al. 2009), which then act to reduce CEs.
The LC-MEC reactor in this experiment produced less than half the total biomass produced in the SL-
MFC reactor (Table 8.1) but produced substantially more accumulated coulombic charge (Figure

8.1).
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7.3 Conclusions

Dual chamber reactors were used to investigate the effect of carbon material and an
optimized load on anodic biofilm development and MFC performance. The three dimensional
structure of the carbon anode determined the power density achieved from each type of carbon
material by modulating the electrogenic biofilm development. However it was found that open
circuit incubation using carbon felt as an anode material contained bacteria capable of
electrogenesis. Power density in the open circuit felt biofilm was 0.95 W m™ compared to 1.40 W m™
in closed circuit operation. Geobacter spp. were enriched in closed circuit operation, with mid-point
anode potentials close to values reported for cytochromes from Geobacter sulfurreductans. The
biofilm structure produced in the felt was also observed to protect the EABs from the effects of low

pH perturbation.

Operation of the fuel cell under load control meant that the LC-MFC performance was
enhanced when compared with the SL-MFC reactor, the system was also more robust to
environmental perturbations such as substrate depletion and temperature fluctuation. The
increased power production, coulombic efficiency and operational stability of the LC-MFC over the
SL-MFC were derived from the automatic control of a resistive load. Improved performance of the
EAB was derived from the selective pressure on the biofilm which favoured EAB that were capable of
maximizing electrogenic activity in Lieu of alternative metabolic activities. Further development of
the control algorithm, giving consideration to operating condition and system configuration could
facilitate MFC technology implementation into real-world applications such as wastewater

treatment and bioenergy recovery.
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8 Conclusions and further work

8.1 Summary of work

The anode biofilm plays a crucial role in the operation and functional stability of MFC
reactors and it is the optimization of this biocatalytic capacity that can be viewed as a key factor in
improving the performance of BES systems. The development of this anodic electrogenic activity is
dependent on the ability of the constituent microbial species to uptake substrates, metabolize them
and then facilitate electron transfer from the bacterial membranes though the biofilm matrix to the
anode and cathode electrodes. This study examined the interaction of environmental factors such as
temperature, substrate type, pH, anodic carbon material and optimized external loading on the

development of anodic biofilms and how this then influenced MFC system performance.

Chapters 3 and 4 showed that anodic bacterial optimization with non-
fermentable/fermentable substrates and a range of operational temperatures were associated with
the selection of electrochemically active microbial consartia. As it was observed that acetate was
both formed and consumed during MFC operation with butyrate and sucrose substrates and power
production was highest with acetate as a sole substrate, it is possible that all electrical current was
generated via this route. This would mean that the role of the anodic biofilm consortia could be to
not only facilitate syntrophic wastewater hydrolysis and fermentation but also acetogenic
metabolism prior to anaerobic respiration. Geobacter spp. have been commonly associated with
MFCs generating high current densities, notably Geobacter sulfurreducens species and it is known
that these bacteria preferentially metabolize acetate as an electron donor (Bond and Lovley 2003;
Reguera et al. 2006; Kiely et al. 2010). The prominent role of Geobacter spp. in electrochemical
activity in this study was further suggested by the FISH results in Chapter 7, these images showed a
predominance of Geobacter group organisms closely associated with the anode electrode surface.
However the requirement for diverse and complex metabolic interactions was recently
demonstrated by the construction of an “artificial consortium” of bacteria isolated from an estuarine
environment (Zhang et al. 2012). Interestingly analysis of the isolated bacteria showed that only 34%
of the species were electrochemically active but that the mixed consortia still produced higher levels

of power compared to the pure cultures isolated and tested.

Chapters 3 and 4 also demonstrated that substrate type and temperature have a dramatic
effect on microbial community dynamics, the level of biofilm development and EAB activity. The
trophic composition of the anodic biofilms was thus dictated by the substrate feed type and the

capacity for microorganisms to develop syntrophic associations to degrade substrates of different
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complexities. The complex nature of these interactions was further demonstrated by low
temperature perturbation of the acclimated biofilms, where sucrose biofilms were found to be
susceptible to this type of perturbative shock. However, biofilm acclimation at sub-mesophilic
temperatures may provide a strategy to extract electrical energy from mixed wastewaters in
temperate climates. The interaction of temperature and MFC operation especially during the
enrichment step is likely to be an important factor in the low cost operation of MFC systems in
temperate climates. Whilst it may be possible to acclimate anodic biofilms for robust MFC operation
over the cyclic temperature ranges typically found in temperate climates, it seems that complex
bacterial interactions in complex substrate types may make these systems more vulnerable to
environmental shocks. This may have implications for scaled-up systems using real wastewaters,
indeed Cusick et al (2011) reported that it was necessary during enrichment to add additional heat
and acetate to a 1000L bioelectrochemical system designed to produce hydrogen from winery
wastewaters to ensure a successful enrichment. A start-up temperature of 20°C would seem to allow
the development of psychrotrophic electrogenic bacteria that are capable of operation over a typical

temperature range but with time-frame that is not operationally prohibitive.

AD sludge was used as the inoculum in all experiments; the use of this inoculum type
(generated from mesophilic operation) was not an impediment to the biofilm selection process,
notably in the temperature controlled start-up experiments in Chapter 4 using acetate as a
substrate. In this experiment the enrichment process was elongated at psychrophilic temperatures
but the final voltage out-put was the same for each MFC reactor. It is likely that this elongated
enrichment was due to the low numbers of psychrophilic bacteria as well as their lower relative
growth rates, this result concurs with previous observations by Rabaey et al (2005) that inoculum
source was not a strong factor in final EAB development and that sufficient inherent diversity was
present to facilitate acclimation. However differences in MFC batch performance were observed to
occur over time and this was attributed to structural aspects of the biofilm development, notably
differential accumulation of non-electrogenic biomass affecting mass transfer characteristics and the
electrogenic efficacy (Chapter 5). It is also likely that improved mass transfer as well as increased
available surface areas available for bacterial colonization can account for improved performance
observed at higher flow rates and when using helical architectures (Chapter 6). Although the
comparison with an annular system which had been operational for >1 year showed that suitable

enrichment of electrogenic bacteria was likely to an equally important factor.

The use of multiple layered anodes showed that the potential for anodic colonization and

electrogenic activity was not necessarily limited to the outermost/top layers of the electrode when
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using a porous carbon veil material (Chapter 3, 5 and 6). Hence the influence of different carbon
structures on biofilms development and electrogenic performance was tested in chapter 7. Here it
was shown that the use of a very porous carbon felt material could be used to improve mass transfer
events by providing an anode environment with large pore sizes suitable for colonization at a
microbiological scale, thus promoting biofilm formation and total electrogenic activity. Controlling
the circuit loading to optimize power production (Chapter 8) also led to an increase in biofilm levels
compared to a control suggesting a selective increase in the numbers of EAB. Optimizing the system
power means that bacterial electron transfer is also optimized such that the net electron gain is
balanced against the system conditions and the metabolic activity of the bacteria. Recent results also
suggest that controlling (poising) anode potentials to improve anodic performance must be
maintained beyond the enrichment phase in order to retain these acclimated benefits {(Sun et al.

2012) indicating that this operation should be maintained to retain optimal EAB activity.

It has been demonstrated that a number of factors will affect both the structure and the
composition of the anodic biofilms and thus influence MFC performance. The results from this study
help to advance our knowledge on how these electrogenic biofilms are able to function at ambient
temperatures (typically experienced in temperate climates), are able to form consortia that can
metabolize a range of substrate types and how anodic performance can be improved through
optimization of anode architecture, type of carbon material and manipulation of the external

loading.

Whilst this work addresses some of the key known obstacles associated with the anodic
operation and the commercial scale-up of MFCs, others groups are also targeting other factors which
may limit the commercial application of these types of systems : this includes the replacement of
expensive ion exchange membranes with low cost separators (Zhang et al. 2011b), the development
of low cost functionally efficient cathodes (Chen et al. 2012) and the potential chemical modification
of carbon anode materials to facilitate enhanced electron transfer rates and suitable strategies to

increase the transfer of protons to the cathode (Lai et al. 2011).
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8.2 Conclusions

When different fermentable and non-fermentable substrate types were tested in MFCs
it was found that this had an effect on the microbial community dynamics, the level of
biofilm development and the EAB activity. The type and complexity of the substrate
dictated the trophic composition of the anodic biofilms and the capacity for a consortia
of microorganisms to develop syntrophic associations in order to degrade these
substrates. The complex nature of these interactions was further demonstrated by low
temperature perturbation of the substrate acclimated biofilms, which showed that the
sucrose reactor (anodic biofilm) was the most vulnerable to this perturbation event; this
was possibly due to the more complex metabolic syntropic interactions that were active

within the sucrose biofilm.

To develop a robust microbial biocatalyst on the anode single-chamber tubular reactors
were acclimated for operation at 10°C, 20°C and 35°C. This showed an adaptive
capability of the temperature acclimated biofilms and demonstrated how MFC operation
at different pyschrophilic and mesophilic temperatures affected rates of power
generation, organic removal and levels of energy recovery. It was found that only those
MFC systems acclimated at 20°C were capable of operating at maximum voltage (as per
by the MFC system used in this experiment) over a 8-35°C temperature range and this
capacity was facilitated by the selective activity of psychrotolerant microorganisms. This
work suggests that it may be possible to develop MFCs that are both scalable and
functionally stable at a range of operating temperatures; this could then allow systems
the capability of water treatment and bioenergy recovery in temperate climates without

the need for a substantial power input in terms of an external heat source.

Substrate type and operational temperature were found to affect the development of
biofilm biomass and biocatalytic capacity of anodic biofilms. Lower anode overpotentials
developed at lower temperatures due to better mass transfer capabilities of the biofilm;
at 60 weeks the 10°C, 20°C and 35°C reactors had internal resistance values of 72, 68
and 198 Ohms respectively. The build-up of biomass can lead to an impeded conductive
barrier forming between the anode interface and EAB present in the biofilm and this was
associated with increased rates of methanogenesis at 35°C of 10.1 mol CH, g' d?
compared to 0.28 mol CH, g™ d™ at 20°C. It was further demonstrated that exposure of
the 35°C biofilm to high hydrodynamic forces caused biofilm sloughing to occur and

subsequently led to improvements in MFC performance by a factor of 3.5.
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The three dimensional structure of the carbon anode determined the power density
achieved from different types of carbon anode material by modulating electrognic
biofilm development. Carbon felt with a porous loose network of carbon fibres produced
the highest current density of 1.40 Wm™ in closed circuit operation. However it was also
found that open circuit incubation using carbon felt as an anode material produced a
power density of 0.95 Wm™. Geobacter spp. were enriched in closed circuit operation,
with mid-point anode potentials close to values reported for cytochromes from
Geobacter sulfurreductans. The carbon felt biofilm was also observed to protect these
EAB from the effects of low pH perturbation. Thus the choice of anode material was
found to have a large impact on MFC performance in terms of enrichment, operational

stability and power output.

Anodic structure and configuration had a large impact on carbon veil anode
performance. The porous nature of the carbon veil meant that bacterial colonization
could occur through the entire depth of anode but the majority of the biocatalytic
activity was focused on carbon veil layers 1 to 3. This meant that multiple carbon veil
layers within the anode could provide an increased surface area for EAB activity,
however this activity could be limited by mass transfer characteristic associated with the
biofilm development. The spiral reactor with the smallest gap produced the highest
coulombic efficiency of 7% and a maximum power density of 11.63 W m?. Turbulent
conditions induced at high flow rates in the SP1 reactor {small gap) stimulated increased
biomass in layers 1 to 3 of the carbon veil anode. This reflected the surface area
available for electrogenic activity being a function of not only the actual surface area but
also the hydrodynamic forces that impacted on mass transfer into the biofilm and
porous carbon veil. However the importance of a long enrichment step was also
indicated by the high power densities produced by the annular reactor which had been

enriched for a period of > lyear.

Operation of the fuel cell under load control meant that the LC-MFC performance was
enhanced when compared with the SL-MFC reactor. The increased power production,
coulombic efficiency and operational stability of the LC-MFC over the SL-MFC were
derived from the automatic control of a resistive load. Improved performance of the EAB
was derived from the selective pressure on the biofilm which favoured EAB that were

capable of maximizing electrogenic activity in lieu of alternative metabolic activities.
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e The process of acclimation is crucial to the production of anodic biofilms that are robust
to environmental perturbations and can produce high levels of power. Electrogenic
biofilm development is integral to MFC performance as this dictates the activity and
capacity of biocatalytic activity, but this process will also be subject to the environmental

operating conditions and the design of individual types of BES reactor.

8.3 Further work

Although it was demonstrated that MFC reactors/anodic biofilms could be
acclimated for pychrophilic, psychrotrophic and mesophilic operation, the bacterial species
that were selected for during the acclimation process should be characterized.
Pyrosequencing or clone library analysis techniques could provide a full and detailed
examination of the phylogenic range of Bacteria and Archaea present in the anodic biofilms
and provide an understanding and relative abundances of the active bacterial species
present. This would look to support results obtained using DGGE community analysis.
Similarly, sequencing of substrate acclimated biofilms would yield more specific information
about the trophic groups present, the potential syntrophic relationships that might exist in
different substrate fed reactors and how these microbial communities might have affected
MFC performance results when substrate-switch experiments were run. MFCs acclimated
with acetate, butyrate and sucrose substrates should be tested in continuous flow
operations and the performance monitored. It would then be possible to test the
applicability of operating the differentially acclimated MFC reactors when connected in
series under different continuous flow conditions. The efficacy of this system should be
monitored in terms of COD removal and electron recovery using sucrose as a substrate and
be tested against systems acclimated using sucrose and acetate as single enrichment
substrates. The performance of each module could then be assessed relative to VFA
production, COD removal and power generation. The performance of these systems should
then be tested with a range of different wastewater types and the effect of complex
substrates on trophic population development be further assessed. The possibility of using
MPFC reactors as integrated second or third stage wastewaters processing operations using

effluent from biohydrogen and/or AD fermentations could then also be investigated.

Modeling simulations of three dimensional velocity plots should be carried out on

the three spiral anode configurations used in this study. From these results, shear rates and
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levels of turbulence could be calculated to assess the effect on community development and
electrochemical performance. Further anode configurations could also be designed to
maximize internal turbulence rates as a way of increasing mass transfer rates with the aim of
increasing electrical productivity and/or treatment capacity, and increasing the effective
surface areas whilst minimizing the energy inputs i.e. costs associated with pumping. The
effects of different turbulent conditions on biofilm growth in different porous carbon
materials and how this influences the bacterial growth through the depth of these anodes

could be examined using quantitative molecular/microscopy techniques.

Further work should be carried out to examine the composition of the EPS and its
effect on electron transfer through the biofilm. It would be useful to understand which
components of the biofilm are actively involved in this process. It is known that DNA can be
actively produced as a structural component of the biofilm but how extensive this process is
in electrogenic biofilms is unclear, as is contribution of EPS DNA to exocellular electron flows

to the anode.

This study demonstrated that acclimation strategies can be used to develop MFC
anodic biofilms that are able to operate under a range of environmental conditions which
are associated with the potential commercial scale-up of these reactor systems. To test the
feasibility of single-chamber tubular system for scale-up, a plurality of MFCs systems could
be constructed for continuous operation based on helical designs that are able to optimize
mass transfer effects. These would undergo an extended enrichment at 20°C using acetate
and the target wastewater as enrichment substrates. The control algorithm may also be
modified to enhance the enrichment process and a modified control algorithm could be
used to both monitor and optimize the electrogenic activities of individual chambers that
make up the complete reactor system. This would mean that any issues to do with voltage
reversal or sub-optimal activity in any given chamber could be addressed to maximize power
output of the overall system. The system could be operated under temperate ambient
conditions using a number of wastewater applications, but the creation of an integrated
bioenergy/treatment system for biological fermentation effluents would be of particular
interest. Acclimated anodes could also be developed for use in other BES applications such
as microbial electrolysis cells for the production hydrogen, where high coulombic efficiencies
and low rates of methanogenic activity could be expected to improve system performance.
Although MFC technology has developed significantly in the last 10 years further work is

required to both further improve the performance of the reactors and also reduce
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associated costs. It is hoped that by enhancing the treatment/electrogenic efficacy and
rationalizing the reactor systems it will enable MFC technology to be utilized as part of an

environmental and cost effective solution for the treatment of wastewaters.
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Appendix 1 Composition for nutrient media used in all experiments

Ingredients 50mM Phosphate Buffer Media

(per liter)
H,0 ~1000 mlL
NH,CI 0.31 g
NaH,PO,eH,0 2.69 g
Na,HPO, 4.33 g
KCl 0.13 g
Minerals 12.5 mL
Vitamins 12.5 mL
Vitamins
mg/L

biotin 2.0
folic acid 2.0
pyridoxine HCI 10.0
riboflavin 5.0
thiamin 5.0
nicotinic acid 5.0
pantothenic acid 5.0
B-12 0.1
p-aminobenzoic acid 5.0
thioctic acid 5.0
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Appendix 3 Open and closed circuit first derivative plots from

carbon anode materials 1, 2, 3 and 4
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