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ABSTRACT

Microbial fuel cells (MFCs) offer an alternative technology that is able to convert organic
matter into electrical energy by making use of bacterial biomass as the biocatalysts.
Performance of the MFCs is dependent on many factors such as substrate, biocatalyst,
electrode material and optimum operational conditions including temperature and pH.
Significant research has been conducted on the use of different substrates to fuel the MFC.
The possibility of harvesting energy from organic waste sources in the MFC makes the
technology attractive. In this study, we have investigated the use of Chlorella, Arthrospira
and a mixed algal consortium obtained from the local wastewater treatment facility in
Grahamstown, courtesy of the Institute for Environmental Biotechnology, Rhodes University
(EBRU) as feedstock in an MFC with Enterobacter cloacae as the biocatalyst. Pre-treatment
of the algae-based feedstock was studied as well as the influence of treatment on nutrient
release and biocatalyst performance during growth studies and MFC operations. Sonication,
autoclaving and a combination of the two were used as the pre-treatment methods. Pre-
treatment resulted in the release of nutrients from algal cells to the media. Peak nutrient
realease was observed when a combination of sonicating and autoclaving was employed.
Sonicating and autoclaving the mixed consortium from EBRU resulted in an MFC peak
power density of 101.2 (+ 4.58) mW.m™. This represented more than 80% of the peak power
density obtained in RCM medium. Operational conditions during MFC studies such as pH,
temperature, nutrient utilisation by the biocatalyst and performance of the proton exchange
membrane were measured during the course of the study. Growth kinetics and MFC
operations were shown to be optimal when the substrate feedstock was acidic. However, for
longer MFC operations (120 hours), total power output was greater by 3 to 5 fold when the
feedstock was at acidic pH (4-6) than when the pH of the substrate feedstock was alkaline (8
and 9). Further MFC studies were performed on the effect of electrode materials including
activated carbon fibre and carbon paper. The study examined also the use of live Chlorella
and Arthrospira cultures as biocathodes in an MFC. We also showed that activated carbon
fibre performs well as an electrode catalyst for both anode and cathode without any need of
modification. Biocathode studies showed that the main limiting factor to biocathodes

performance was light irradiance.
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Chapter 1 : Introduction

1.1 Alternative energy

The increased demand for energy worldwide has resulted in faster depletion of fossil fuels
reserves (Silveira, 2005). About 87% of the global consumption of energy is through fossil
fuels as shown in figure 1.1. Fossil fuels were the major driving force behind global
industrialisations and they still play a major role in the process of energy production in most
industries (Logan, 2008). However, fossil fuels release harmful gases and other by-products
upon combustion which results in pollution (Powell and Hill, 2009). A global increase in
energy consumption, that stems from increasing population growth and technological
advancement, coupled with the depletion of fossil fuel reserves has led to investigations into
alternative energy sources (Powell and Hill, 2009). Fossil fuels are limited and non-
renewable, and this has compounded the need to find alternative energy sources that are
renewable (Silveira, 2005; Powell and Hill, 2009). Albeit, the low availability of reserves of
oil and natural gas can be supplemented by other fuels such as coal and methane hydrates
(Logan, 2008). Carbon dioxide release from the combustion of fossil fuels is a major
contributor to the greenhouse effect (Farret and Simoes, 2006). This has led to the
consideration of environmental needs when sourcing and investigating alternative energy
sources (Logan, 2008). The investigation into possible alternative energy sources is highly
desirable if the alternative energy sources and systems are environmentally friendly and are
also able to provide sufficient energy for the demands available (Farret and Simoes, 2006).
Energy production from renewable resources which do not result in a net carbon dioxide
emission is considered to be very desirable due to the rising problem of global warming (Du
et al., 2007; Logan, 2008). Renewable resources that do not have harmful by-products are
also highly desirable (Logan, 2008).
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Figure 1.1:Global energy consumption data from 2012 (adapted from Internet Reference 1)

1.2 Biomass energy and utilisation

Solar, wind, biomass, geothermal, fuel cells and hydroelectric energy are forms of alternative
and renewable sources of energy (Farret and Simoes, 2006). These alternative energy sources
are considered to be “environmentally friendly” and readily available as the energy can be
harnessed from the sun, wind, water, plants and waste (Farret and Simoes, 2006). There are
various sources of biomass energy as is shown in figure 1.2. The use of biomass energy in the
form of plant matter and organic waste is particularly attractive (Farret and Simoes, 2006).
This is because unlike solar, wind and hydro energy which are heavily dependent on
environmental conditions and climate, biomass can be harvested in most conditions (Silveira,
2005). The combustion of biomass and its processing results in the evolution of energy as
heat, electricity or transport fuels (Silveira, 2005). Harvesting the energy from biomass
sources, especially organic waste, has the benefit of both waste degradation and energy
harvesting. Most organic waste streams contain a complex biomass matrix (Silveira, 2005).
The use of bacteria to degrade biomass sources and in turn harvest the energy is possible
through the use of a microbial fuel cell (MFC) (Logan, 2008). This can lead to the harvesting
of many sources of biomass including biodegradable organic waste and treating it for energy
acquisition (Logan, 2008). This could potentially decrease the energy invested into waste

treatment or even possibly make the systems energy neutral (Logan, 2008). The use of algal



organic matter as a biomass source is advantageous because algae require less space for
growth compared to land based plant biomass and have high growth rates (Velasquez-Orta et
al., 2009).

Agricultural crops and residues
Forestry and crop

residues \ l / Sewage
BIOMASS

SOURCES
Industrial residues T Municipal solid waste

Animal residues

Figure 1.2: Common sources of biomass (adapted from internet reference 2)

1.3 The microbial fuel cell

1.3.1 Basic overview and mechanism of action
Microbial fuel cells (MFC) have the ability of electricity generation from biomass waste by
exoelectrogenic bacteria (Logan, 2008; Peighambardoust et al., 2010) with the process shown
schematically in figure 1.3. Electricity generation occurs through the conversion of chemical
energy to electrical energy without the need of combustion (Peighambardoust et al., 2010).
This occurs through the oxidation of substrate at an anode by the exoelectrogenic bacteria
(Peighambardoust et al., 2010). The degradation of organic matter and biomass waste by the
microorganisms results in the production of electrons that travel through the cell (Logan,
2008). The electrons are then released to an acceptor, the anode electrode, which then
transports the electrons through the circuit to the cathode, where a terminal electron acceptor
such as oxygen is reduced (Logan, 2008). The reduced oxygen accepts the protons that travel

through the proton exchange membrane and becomes water (Logan, 2008).
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Figure 1.3: General schematic diagram of a two chambered H-type microbial fuel cell. Anaerobic anode shown
on the left and aerobic cathode on the right.

Logan (2008) stated that the use of MFC technologies to generate electricity from bacterial
biomass represented at the time, the newest approach for generating electricity. The
advantage of MFC over traditionally used chemical fuel cells is that an MFC can be operated

under mild reaction conditions such as room temperature and neutral pH and it can also



utilise biomass waste as a source of energy (Rodrigo et al., 2007). Rodrigo et al., (2007)

noted that MFCs generally consist of three main categories, namely:

I Cells that use a primary fuel as the substrate of choice to generate hydrogen or
ethanol which can be used as a secondary fuel in a conventional fuel cell. The

primary fuel used can be organic waste, glucose and acetate.

ii. Cells which generate electricity directly from an organic fuel source such as

glucose and acetate.

iii. Cells which combine the utilisation of photochemically active system and
biological moieties to harvest the energy from sunlight and convert it into

electrical energy.

1.3.2 MFC architecture

Power production in the MFC is dependent on many important factors, including the reactor
configuration, electrode material, performance of the proton exchange membrane, substrate
type used in the MFC and the optimum conditions of operations (temperature and pH)
(Behera et al., 2010). The use of H-type MFCs (as shown in figure 1.3) in research, results in
low power density productions because of the high internal resistances and electrode based
losses (Logan et al., 2006). The power density is also dependent on the surface area of the
cathode relative to the anode, the distance between the cathode and anode, and the surface
area of the proton exchange membrane (Logan et al., 2006). However, the use of H-type
MFCs is suitable for the examination of basic research parameters that include substrate,
electrode material and microbial catalyst (Logan et al., 2006). The rate of fuel oxidation,
electron transfer to the electrode by the biocatalyst, resistive load of the circuit, proton
transport through the membrane and the oxygen supply and rate of reduction in the cathode
(Gil et al., 2003) are the factors that directly affect the MFC performance. Most microbial
fuel cells use oxygen at the cathode as the electron acceptor, however the diffusion of oxygen
into the anode chamber can affect the power generation because of the anaerobic nature of
the bacteria used in the anodic chamber (Kiely et al., 2011a). MFC technology has seen

considerable advances in terms of understanding of the bio-reactions and improvements on



the engineering side, such as in cell architecture, material used in the cell system and the
solution chemistry (Logan et al., 2006; Logan, 2008; Huang et al., 2011).

1.3.3 Anode chamber

In the anode chamber of an MFC, microorganisms act as biocatalysts for the oxidation of a
substrate (Valkiainen et al., 2010). The catalysis of substrates in MFCs by fermentative
hydrogen-producing bacteria increases the flexibility of substrate utilisation
(Peighambardoust et al., 2010). The substrate utilisation in the anode chamber occurs under
anaerobic conditions (Du et al., 2007). The breakdown of the substrate results in the
conversion of the chemical energy stored in organic bonds to electrical energy (Du et al,
2007, Behera et al., 2010, Gil et al., 2003). The bacteria do not act as catalysts for direct
electricity generation so there is a requirement for an additional catalyst for the electricity
generation (Zhuang et al., 2011). Electrons liberated from the cells are transferred from the
anode chamber to the cathode chamber through an external circuit whilst the protons move
from the anode chamber to the cathode chamber through the proton exchange membrane
(PEM) which separates the two chambers (Gil et al., 2003; Rabaey et al., 2005).

i. Anode fuel sources
Some of the energy present in most organic matter can be utilised in an MFC (Kiely et al.,
2011a). MFC fuel sources include biodegradable organics such as volatile acids,
carbohydrates, proteins, alcohols and cellulose in some cases (Logan, 2008). The full
utilisation of complex carbohydrates such as cellulose and sugars is limited as they can only
be partially oxidised (Kiely et al., 2011b) resulting in the production of other bio-products
such as hydrogen and acetate along with other organic substrates as by-products (Behera et
al., 2010). For MFCs to be competitive with other forms of renewable energy production,
liquid organic waste is considered to be a good substrate as an electron donor because it is
free and a waste product (Behera et al., 2010). Velasquez-Orta et al., (2011) used bakery
wastewater, brewery wastewater, paper wastewater and dairy industries wastewater in MFCs

as feedstock successfully.

The main limiting factor with the use of wastewater as a feedstock is that it sometimes
contains xenobiotic compounds which cause it to be recalcitrant as a feedstock (Pant et al.,

2009). Some complex organic fractions are resistant to microbial degradation or may be



degraded into other organic fractions without the release of electrons (Reimers, 2007).
Acetate feedstock is a common feedstock in MFC studies because it is easily used by

microorganisms and therefore serves as a model for research purposes (Pant et al., 2009).

Studies utilising microalgae as a feedstock for MFCs have emerged (Velasquez-Orta et al.,
2009). The use of Arthrospira as feedstock has been studied in MFC (Celecki and
Yavuzatmaca, 2008) with success. Velasquez-Orta et al., (2009) successfully used algal
biomass (Ulva luctula and Chlorella vulgaris) as feedstock to minimise cost in MFC
operation. In a different study, Rashid et al., (2013) used a mixture of Scenedesmus
(pretreated) and activated sludge as MFC feedstock. However, the use of some algae in

MFCs results in limited nutrient liberation because cell walls make the algae recalcitrant.

Cell disruption pre-treatment methods are necessary as upstream processes before use as a
feedstock in MFCs to improve nutrient liberation for microbial use. Various methods have
been used for algae cell disruption including microwaves, sonication, bead beating, osmotic
pressure and autoclaving, to aid in nutrient release (Lee et al., 2010). These methods are more
suitable for a laboratory setup but are not as feasible in industrial and field applications.
However, the study of these methods allows for information gathering for future algal
disruption methods that may be applicable in the field on a larger scale. Microwaves shatter
cells using the shock of high frequency waves, sonication disrupts cell walls and membranes
due to a cavitation effect and bead beating causes direct mechanical damage to the cells
because of the high-speed spinning with fine beads (Lee et al., 2010). The use of
concentrated NaCl solution results in osmotic shock of the cells however longer periods of
treatment (48 hours) are required (Lee et al., 2010). Autoclaving results in cell disruption due
to the high temperature and high pressure during the process (Lee et al., 2010). Shi et al.,
(2007) demonstrated the use of high temperatures to improve polysaccharide yields from
Chlorella. The study of the cell disruption methods of microalgae allows for the comparison

of energy input against output.

ii. Anode electrode materials
The nature of the electrode material used in microbial fuel cells affects power density as well
as coulombic efficiency (Kim et al., 2008). Coulombic efficiency is defined as the ratio of

total electrons recovered as current to maximum possible electrons, if all substrate removal



produced current (Kim et al., 2008). The anode material and its structure directly affect
bacteria attachment, electron transfer and substrate oxidation (Tsai et al., 2009) with research
showing surface area, surface potential and surface roughness significantly affect the anodic
reaction (Liang et al., 2011). Ideal anodic material must be conductive, biocompatible (not
toxic to the microbes) and chemically stable (Zhu et al., 2011; Lee et al., 2008). The choice
of biocatalyst (microbe) and the choice of the electrode catalyst all affect the performance of

the fuel cell.

a. Types of carbon electrode material

Carbon materials such as carbon paper and carbon cloth are used in many microbial fuel cell
applications due to their good stability in the inoculum mixture, high conductivity and high
specific surface area (Zou et al., 2008; Zhu et al., 2011). They are also low cost (Liang et al.,
2011). Carbon felt is inexpensive, has a high surface area, is highly conducting but quite
fragile (Kim et al., 2008). Graphite electrodes have a high surface area, are stable in media
however they have low current generations when unmodified (Kim et al., 2008). The use of
carbon based electrodes in the anode has the main limitation of having low catalytic
efficiency (Zou et al., 2008). The use of carbon based electrodes therefore results in low
power densities experienced for fuel cells due to the limited electron transfer rate from
exoelectrogenic bacteria to the anode (Peng et al., 2010). The current challenge with MFCs
utilising carbon electrode materials is to link microbial catabolism with electrode reduction
(Peng et al., 2010). Attempts to increase anode performance by adapting chemical and
physical modifications of electrode materials have been studied and adapted (Kim et al.,
2008).

b. Anode electrode modifications and catalyst supports
Modification of the carbon electrode materials surfaces through physical and/or chemical
processes improves efficiency (Zou et al., 2008; Zhu et al., 2011). Modification and
optimisation of the anode, facilitates the electron transfer (Liang et al., 2011) through the
improvement of the biofilm-electrode interaction (He et al., 2011). Anode materials modified
with organic or inorganic charge transfer mediators have been shown to result in a more rapid
transfer of electrons (Kim et al., 2008). The use of carbon nanotubes to modify the carbon

electrode surface improves power density due to the properties of carbon nanotubes, that



include a high conductivity and a high surface to volume ratio as a result of their small sizes
(Zou et al., 2008; Liang et al., 2011). Carbon nanotubes can act as catalyst supports and they
offer enhanced catalyst activity in microbial fuel cells (Tsai et al., 2009). Mshoperi et al.,
(2013), demonstrated modification of the anode electrode with different grades of carbon
black. Carbon black modifications of the anode by Mshoperi et al., (2013) resulted in
comparable results to MFCs with MWCNTs modified anode electrodes. The use of novel
anode modifications such as polyaniline-modified platinum, carbon nanotubes/polyaniline
composite, polypyrrole coated carbon nanotubes composite and composite graphite have
been shown to increase MFC and electrode performance (Wei et al., 2012). Increasing
surface area results in an increase in the reactivity area which in turn increases electrode

efficiency such as the carbon fibre (He et al., 2011).

ili. Anode microorganisms

The catalysis of reactions by microbes in the anodic chamber results in the oxidation of the
substrates and subsequently production of electrons and protons (Du et al., 2007). While CO,
is produced as an oxidation product, there is no net CO, emission because the CO; in the
renewable biomass recently came from the atmosphere by way of photosynthesis, unlike a
direct combustion process of fossil fuels (Du et al., 2007). Electric current generation is made
possible by keeping microbes separated from oxygen (O,) and this requires an anaerobic
anode chamber (Du et al., 2007).

Various microorganisms have been studied in MFCs as catalysts for current generation. Wei
et al. (2012) describe the use of Shewanella oneidensis, Geobacteraceae, Clostridium
butyricum, Rhodoferax ferrireducens and mixed cultures from natural environments such as
wastewater, in MFCs as commonly utilised biocatalysts. In their review, Du et al. (2007)
detail the use of microorganisms in MFCs. Many microorganisms are able to transfer
electrons from organic substrate metabolism to the anode (Du et al., 2007). Electrons
produced during this process are transferred to a final electron acceptor through direct contact
(Du et al., 2007). In MFCs that do not utilise mediators, metal reducing bacteria under
anaerobic conditions that belong primarily to the families of Shewanella, Rhodoferax and
Geobacter release electrons to the anode, with the anode acting as the final electron acceptor

(Du et al., 2007). Most mediator-less MFCs utilise dissimilator metal reducing



microorganisms (Du et al., 2007). Mediators can be utilised for electron transfer to the anode
for microbes that are unable to transport the electrons to the anode (Du et al., 2007). The
mediators act as electron shuttles between the anode and the microbe, transporting the
electrons to the anode. Actinobacillus succinogenes, Desulfavibria desulfuricans, Escherichia
coli, Pseudomonas fluorescen, Proteus mirabilis and Proteus vulgaris to name but a few are
microbes that require extraneous mediators (Du et al., 2007). Some microbes for example
Pseudomonas aeruginosa can provide their own mediators in MFC operations. The use of
fermentative hydrogen-producing bacteria in an MFC increases the flexibility of substrate
utilisation (Zhuang et al., 2011). Cellulose degradation by Enterobacter cloacae, a facultative
anaerobic bacterium, in an MFC is possible for the generation of electricity (Catal et al.,
2010).

iv. Enterobacter cloacae
E. cloacae is a motile, ornithine decarboxylase positive bacteria that belongs in the genus
Aerobacter (Cooney et al., 2014). The E. cloacae complex is mainly distinguished from other
Aerobacter species based on the DNA-DNA hybridisation of the whole genome (Cooney et
al., 2014). Its natural habitats include soil, water (fresh, brackish, waste and marine),
vertebrate and invertebrate hosts. It is a common species in clinical specific human infection
accounting for over 90% of all Aerobacter clinical infections (Mahon et al., 2011). It is a
facultative anaerobe that has been observed to grow at temperatures ranging from 20 — 37 °C
at neutral pH on lab media (Cooney et al., 2014). It is able to produce gas from organic
matter during fermentation (Cooney et al., 2014) and has a high rate of hydrogen production
during the fermentation of carbohydrates (Kumar and Das, 2001). It is also able to produce
energy from various lignocellulose biomass sources. This is very attractive because of the
abundance of lignocellulose sources such as plant dry matter (Catal et al., 2010). Due to its
facultative anaerobic nature (therefore reducing the need to strictly maintain anaerobic
conditions at all times) and its hydrogen producing capabilities, E. cloacae was selected
(Edwards et al., 2012). E. cloacae has been studied as an MFC biocatalyst (Nimje et al.,
2011; Edwards et al., 2012; Mshoperi et al., 2014). The scope remains for studies to examine

the role of pH, temperature and substrate utilisation in an MFC.
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1.3.4 Cathode chamber

The cathodic reaction frequently involves the reduction of O, as the final sink for the
electrons and protons liberated from the fuel sources at the anode in the oxygen reduction
reaction (ORR) (Gil et al., 2003).

I. Oxygen reduction reaction
The use of oxygen as the final electron acceptor in an MFC is a result of the availability and
accessibility of oxygen and its high redox potential of 1.23 V (Wang et al., 2011). However,
the diffusion of oxygen into the anode chamber can affect the power generation because of
the anaerobic requirement in the anode (Kiely et al., 2011a). The use of a PEM can inhibit the
leaking of oxygen to the anodic chamber (Logan, 2008). Cathode materials which are
responsible for the ORR are the main limiting factor in scaling up the MFC (Liu et al., 2010).
The ORR is an energetically costly reaction because of a high overpotential barrier when
performed on carbon or graphite electrodes, therefore catalysts like platinum are required
(Martin et al., 2011). Carbon materials have been used as ORR catalysts in the cathode (Zou
et al., 2008). However, modification of these carbon materials is necessary because by
themselves the carbon electrodes have little catalytic efficiency (Zou et al., 2008). This is
because they have poor oxygen reaction rates, and the addition of catalysts to their surfaces
may accelerate the reaction rates (Uria et al., 2011). Platinum remains the best catalyst for
the ORR (Kim et al., 2011). Cheaper alternatives for ORR are required if scaling up of the
system is going to be economically feasible. The development of ORR catalysts for fuel cell

applications is a major research field (Zhao et al., 2005).

ii. Platinum and issues associated with use of platinum
Platinum has many shortfalls as cathodic material, including its expensive nature, its
tendency to poisoning by the formation of a platinum oxide layer on the surface therefore
limiting its life span and its sensitivity to biological and chemical fouling (Uria et al., 2011;

Martin et al., 2011). However, cost remains a key limitation.

iii. Metallophthalocyanines (iron (I1) phthalocyanines) as platinum alternatives
Macrocyclic complexes containing nitrogen produce active catalytic properties for the
microbial fuel cell (Kim et al., 2011). A variety of alternatives including compounds made up

of first row transition metal, high surface area graphite-granules and activated carbon have
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been suggested as platinum substitutes (Martin et al., 2011). Manganese oxides, polypyrolle,
iron (ii) phthalocyanines (FePc) and cobalt tetramethylphenylporphyrin (CoTMPP) are low
cost and they offer a good alternative to platinum although they show slightly less power
generation (Martin et al., 2011). Cobalt in a macrocyclic complex for chelating the metal, has
been known to be a very efficient catalyst. However, it catalyses only a two-electron
reduction system of oxygen which generates hydrogen peroxide as an intermediate (Kim et
al., 2011). The production of hydrogen peroxide reduces the efficiency of the system and
degrades catalytic activity of the cathode (Kim et al., 2011). The use of iron in a macrocyclic
complex uses the direct four-electron system with no harmful intermediates in between and it
is very stable at neutral and alkaline pHs making it very suitable for use in an MFC (Kim et
al., 2011). The use of FePc and CoTMPP as platinum substitutes on carbon supports showed
similar activity to platinum based electrodes (Zhao et al., 2005; Qiao et al., 2010). The use of
FePc and CoTMPP demonstrated excellent durability (Zhao et al., 2005).

iv. Carbon supports for ORR catalysts
Materials that have a high specific area such as granular graphite, alternative inexpensive
chemical electrocatalysts like noble metals and microbial biocathodes have been considered
as possible replacements for platinum (Rozendal et al., 2008). An improved catalytic
reduction by non-noble catalysts would greatly improve the efficiency of the system (Kim et
al., 2011). Studies successfully modified carbon paper electrodes using MWCNTSs and FePc
as potential platinum electrode substitutions for the ORR (Edwards et al., 2012). Mshoperi et
al., (2013) also successfully used FePc on a carbon black support as modification in the
cathode for the ORR catalysis. Carbon paper was used which proved to be effective in MFC
studies and could also be easily physically modified (Edwards et al., 2012; Mshoperi et al.,

2013). However the brittleness of carbon paper is a drawback.

v. Biocathodes
In their review, He and Angenent (2006), provide an argument for the use of biocathodes in
MFCs. Microorganisms can act as catalysts to assist in electron transfer in the cathode. Algae
produce oxygen through photosynthesis, therefore removing the cost of an external oxygen
supply (He and Angenent, 2006). Use of biocathodes improves MFC sustainability compared

to abiotic cathodes because there is no consumption and replenishment of electron mediator
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(He and Angenent, 2006). Aerobic biocathodes provide oxygen for the oxygen reduction
reaction, whereas anaerobic biocathodes utilise other compounds such as nitrate, sulphate,
iron, manganese, selenite, arsenate, urinate, fumarate and carbon dioxide as terminal electron

acceptors (He and Angenent, 2006).

1.4 Integrated algal pond system

Wastewater ponds are natural pond systems (Tadesse et al., 2004). An example of a
wastewater pond is the integrated algal pond system (Tadesse et al., 2004). An integrated
algal pond system consists of a facultative pond, a high rate algal pond and a sedimentation
pond (Oswald and Asce, 1990). The first pond in the series is a facultative pond. The
facultative pond has an aerobic surface and an anaerobic internal pit for sedimentation of
sewage suspended solids and methane fermentation (Oswald and Asce, 1990). The upflow
velocity in the internal pit is low resulting in the suspended solid removal through
sedimentation being above 95% and the BOD removal of above 65% (Oswald and Asce,
1990).

The second pond in the series is the high rate algal pond (HRAP). The HRAP is a shallow
(0.2 — 1.0 metres in depth), open raceway pond (with water velocities approximately 0.15 —
0.30 m/s) (Park et al., 2011b). The HRAP is used for the treatment of wastewater including
municipal, industrial and agricultural wastewater from the facultative pond (Park et al.,
2011b). In the HRAP microalgae have rapid growth resulting in the release of oxygen from
photosynthesis (Oswald and Asce, 1990; Neba and Rose, 2004), which also generate algae
biomass that, when recovered from the IAPS, could serve as potential feedstock in an MFC).
Photosynthetic oxygenation by the algae varies with light intensities (Tadesse et al., 2004).
The oxygen released is used by aerobic bacteria to oxidise most of the soluble and
biodegradable BOD remaining in the effluent from the facultative pond (Oswald and Asce,
1990). Biochemical and hydrodynamic processes for the HRAP are affected by
meteorological factors such as wind, rain and temperature (Tadesse et al., 2004). The pH of
the HRAP increases as a result of photosynthesis, due to the rapid consumption of carbon
dioxide produced by bacterial respiration (Tadesse et al., 2004). The atmospheric carbon
dioxide present in the pond on hot days is minimal due to elevated surface water temperatures

which increases the gas escape. This results in a carbon dioxide deficit in the water (Tadesse
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et al., 2004). The concentration of hydroxide ions in the water increases which results in a pH
rise well over pH 10 (Tadesse et al., 2004). Under high light conditions, increased
photosynthesis results in high rates of algal biomass being produced in the HRAP (Park et al.,
2011a). The microalgae growing in the HRAP assimilate nutrients from the wastewater and
harvesting of the algal biomass ensures nutrient recovery (Park et al., 2011a). In the HRAP,
large volumes of microalgae are produced (Christenson and Sim, 2011). In HRAP wastewater
treatment, mixed cultures consisting of Scenedesmus spp, Micractinium spp, Actinastrum spp,
Pediastrum spp, Coelostrum spp, Chlorella spp and Ankistrodesmus spp are common (Park et
al., 2011a).

1.5 Microalgae

Aguatic environments and subaerial environments are the main habitats for algae (Barsanti
and Gualtieri, 2005). Algae can be defined as thallophytic (plants that lack roots, stems and
leaves) photosynthetic organisms. They are highly pigmented and exist in many natural
colours (Sambamurty, 2005). The diversity of algae makes them adaptable to most
environments and they can be found in most aquatic environments varying in pH,
temperature and salinity (Barsanti and Gualtieri, 2005). Microalgae cultures can generate
significant quantities of biomass, and they generally have higher biomass productivity than
plant crops in terms of land area required for cultivation (Pittman et al., 2011). They offer an
alternative to land based organic sources of fuel and feedstock and have several advantages.
The use of algae is viewed as not being in competition with food production (Velasquez-Orta
et al., 2009). This is because areas that may be used for algae aquacultures may be unsuitable

for agricultural purposes, such as deserts and wastewater treatment plants (Gouveia, 2011).

1.5.1 Microalgae growth conditions
Algal blooms occur naturally in summer months in northern Europe (Wu et al., 2011).
Cyanobacteria like Arthrospira, have an optimum growth rate at temperatures around 25° C
(Wu et al., 2011). However, the outdoor cultivation of algae is very complex as it requires
many internal and external factors to consider (Becker, 1995). Under natural conditions most
algae grow as mixed communities and those with the most favourable conditions at any
particular time proliferate better which results in different community concentrations over

time (Becker, 1995). For the successful culturing of a single species, growth conditions have
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to be optimum for the selected species (Becker, 1995). If nutrient solution is to be developed,
several factors including carbon, phosphorous, sulphur, potassium and magnesium have to be
present in large amounts. Iron and manganese have to be present in smaller amounts, and
other elements have to be available as trace amounts such as cobalt, zinc, copper and
molybdenum (Becker, 1995). The pH of the media is also very important as well as other
additional organic components and growth promoting substance such as vitamins (Becker,
1995). The growth of microalgae in open ponds is desirable in that open ponds are low cost
(Becker, 1995). However, open ponds offer lower control of operating conditions, which in
turn can cause low biomass productivity as well as contamination possibilities (Becker,
1995). Only highly selective species are not contaminated, and parameters such as light
intensity, temperature, pH and dissolved oxygen further complicate the growth parameters of
open ponds (Becker, 1995). Zheng et al., (2011), in their studies, yielded dry weights of
about 2.5 g.I"". The Chlorella enters its log phase after 2 days and the stationary phase after 7
days at 25° C (Zheng et al., 2011).

1.5.2 Microalgae in wastewater

Microalgae can grow in most aquatic environments including brackish water, wastewater,
seawater and freshwater (Gouveia, 2011). In wastewater cultures, microalgae utilise nitrogen
and phosphorous in their metabolic processes thereby aiding in the bioremediation of the
wastewater (Gouveia, 2011; Pittman et al., 2011). Microalgae can be cultured throughout the
year and cultures in wastewater can be grown without the use of fertilisers and pesticides,
thereby reducing the environmental impact (Gouveia, 2011). However, the growth of
microalgae in wastewater is dependent on concentrations of essential nutrients including
nitrogen, phosphorous and organic carbon, and the ratios of these nutrients is important, as
well as light availability, temperature, oxygen concentrations and carbon dioxide availability
(Pittman et al., 2011).

1.5.3 Current uses of microalgae
Microalgae like Arthrospira spp., Scenedesmus spp., Chorella spp. and Pediastrum spp. have
many current uses for commercial and industrial purposes. The production of nutritional
supplements, cosmetics, antioxidants, bioplastics, animal feed and natural dyes from

microalgae is common (Barghbani et al., 2012) Purified polysaccharides from microalgae
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such as agar and carrageenan have been studied and applied for their health benefits which
include antitumor activity (Shi et al., 2007). The rapid growth of rates of microalgae as well
as the high intracellular lipid content makes them suitable candidates for biodiesel production
through the transesterification of the triacylglycerol lipids (Lee et al., 2010; Liu et al., 2011;
Pittman et al., 2011). The production of liquid fuel and gas from microalgae is done through
thermochemical conversion methods which include gasification and pyrolysis (Pittman et al.,
2011). Biochemical conversion of microalgae through fermentation and anaerobic digestion
results in the production of other products such as bioethanol or methane (Pittman et al.,
2011). Dried algal biomass may also be combusted (Pittman et al., 2011). Research has also
been done on the use of microalgae as feedstock in MFCs (Lee et al., 2010; Zheng et al.,
2011; Rashid et al., 2013). Microalgae has also been used as biocathode in MFC studies (Fu
et al., 2009; Powell et al., 2009; Gonzalez et al., 2013; Wu et al., 2014).

Arthrospira is rich in protein content (55 — 70%), contains fatty acids, carbohydrates and
vitamins (Ogbonda et al., 2007; Celeki and Yavuzatmaca, 2008). Chlorella is found in both
fresh and marine water. It is a unicellular green algae that is rich in protein (50 — 65%) and
also contains variable amounts of carbohydrates (10 — 20%) (Sheng et al., 2007). The cell
walls of Chlorella are composed mainly of hemicellulose and saccharides which results in
minimal release of intracellular nutrients to media (Zheng et al., 2011). Algaenans are
derived from cells walls of microalgae such as Tetraedron minimum, Scenedesmus communis
and Pediastrum borganum, and these are algal material that have a high hydrogen and carbon
ratio (Blokker et al., 1998). A range of processes have been suggested for cell disruption to
enhance nutrient release including sonication, microwaves, enzymatic reactions, chemical
reactions, grinding (Zheng et al., 2011). For example, lipid release by Chlorella cells in a
study by Zheng et al. (2011) differed according to the pre-treatment steps. Untreated
Chlorella cells had minimum lipid release in medium of about 3% of the total Chlorella dry
weight, ultrasonication increased the lipid release to about 15%, cellulase enzyme use
increased the lipid concentration to about 24% and grinding in liquid nitrogen increased the
lipid concentration to about 29% (Zheng et al., 2011). Few studies have explored the use of
microalgae as feedstock in MFC’s and none have explored in depth species from high rate
algal ponds. Substantial research yet remains in this area, for example pre-treatment of algal
feedstock for MFCs or application in cathodic compartments.
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1.6 Problem statement

MFCs couple the process of wastewater treatment and energy generation. In wastewater
treatment plants that utilise IAPS there is an abundance of algal biomass. Utilisation of the
biomass is desirable as this would improve the overall efficiency of the treatment system.
Few studies have explored the application of algal biomass from an integrated algal pond
system (IAPS) and the nutrient utilisation of the algae in an MFC. Pre-treatment of the algae
and its effect on the MFC performance still need to be explored. MFC architecture is a key
component and studies in this research group have shown that the use of FePc, MWCNTSs and
carbon black can improve performance of the MFC. The studies act as a valuable benchmark.
However, the scope of the catalyst supports need to be explored further, including the use of
carbon paper and activated carbon fibre. The effect of pH and temperature on E. cloacae in
an MFC is not well studied. The use of algae and mixed consortia of algae as biocathodes in

an MFC can be further explored.

1.7 Hypothesis

In this thesis it is proposed that microalgae harvested from the IAPS can be utilised as
feedstock in a two-chambered MFC with performance enhanced when the algal cells are
disrupted. Through the use of different algae as alternative substrates in a modified MFC, the
economic viability of the MFC technology can be explored. There is also limited information
of the performance of an MFC utilising algae as biocathodes. The study of algae as potential
biocathodes would increase the scope of use of algae in MFCs not limiting them to being
utilised as subtrates. The levels of dissolved oxygen in the cathode chamber can potentially

be improved by using algae as bio-cathodes.

The cost of the overall MFC architecture, is a limitation as is low power output. The cost can
be reduced by using substitute material including carbon fibre electrodes that are flexible and

have a more defined 3D structure without affecting the power output drastically.
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1.8 Aims and objectives

The main aim of the study was to explore algal based media from a high rate algal pond as a
feedstock in an MFC and to examine the use of pre-treatment steps on MFC performance.
The second aim of the study was to study the microenvironment analysis of the anodic
chamber in terms of change in pH, change in temperature and nutrient utilisation in the MFC
during operation when E. cloacae was the biocatalyst. The last aim of the study was to
examine activated carbon fibre and algal based biocathodes and the effect on the performance
of the MFC.

The aims of the study were carried out by implementing the following objectives.

In chapter 3; titled Microbial Fuel Cell studies: Examination of select algal species as
substrates. Pretreatment of algae based feedstock through sonication and autoclaving and the
effect on nutrient release: E. cloacae growth in algal-based feedstock from the HRAP and
commercial nutrient media were studied. After successful metabolic growth of E. cloacae,
MFC studies using algae based feedstock and commercial nutrient media were performed at
35° C.

In chapter 4; titled Factors affecting MFC performance: pH, temperature and proton
exchange membrane: The change in pH and temperature in the anode chamber, during MFC
operation for algal based feedstock and commercial nutrient media when E. cloacae was the
biocatalyst were examined. The nutrient utilisation of the feedstock by E. cloacae during
MFC operation was also examined. Controlled pH studies were examined, using buffered
Arthrospira feedstock as the anode media. The fouling and performance of proton exchange

membrane (Nafion®) after a 120 hour MFC operation was examined as well.

In chapter 5; titled Influence of electrode material on performance and study of microalgae as
biocathodes in an MFC: Use of activated carbon fibre as electrode material in an MFC was
examined and compared to carbon paper. Live algal cultures were examined as biocathodes

under different light intensities.
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Chapter 2 : General methodology

Several methodologies used in the thesis are described below and methodologies specific to

each chapter are described in the respective chapters.

2.1 Microbial Fuel Cell

2.1.1 General setup of MFC

A two-chambered H-type MFC was assembled using 250 ml Schott bottles connected by a
glass bridge clamped together with brass clamps (figure 2.2). The MFC were operated in
controlled environment (CE) rooms at 35° C unless stated otherwise. The average glass
bridge diameter was 1.5 cm with the proton exchange membrane (PEM) (Nafion™ N117,
Johnson Matthey Technology Centre, UK) sandwiched between the bridges to separate the
anode and cathode side. The average anode and cathode electrode was spaced at 20.7 cm. The
anode and cathode chambers were connected externally using an insulated copper wire
through a resistor circuit element, with resistance equal to 820 Q (x 3 Q). Potential difference
measurements across the resistor were taken as mV using a TopTronic T 1300H (Hellermann
Tyton) multimeter. The working volumes for both the anode and cathode were 120 ml of

anolyte and catholyte respectively.

Power was calculated using the equation P = VV?/R (Logan, 2008) and the power density was

Vxv

calculated using the equation PD = - where P = power in watts (W), V = voltage from

the potential in volts (V), R = resistance through the circuit in ohms (Q) and A = electrode

surface in square metres (m?).
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Figure 2.1: Lab set-up of an H-type two-chambered MFC

2.1.2 Proton exchange membrane
Nafion® membrane was used as the proton exchange membrane in the MFC studies because
it has a high selective permeability to protons (Behera et al., 2010) and has been used with
considerable success in similar research (Edwards et al., 2012; Mshoperi et al., 2013) which
served as a benchmark in these studies. Using the method adapted from Zawadzinski et al.,
(1993), Nafion® (n117) membrane was treated as follows — Nafion® membranes were
cleaned by placing them in 3% (/,) H,O, at 100° C for an hour. The step was then followed
by rinsing in milliQ at 100° C water for an hour. The membranes were then further cleaned
and sulphonated by placing in H,SO,4 (0.5 M) at 100° C for an hour. This step was then
followed by a final rinse step in milliQ water at 100° C for an hour. The membranes were
then stored at room temperature away from direct light in sterilised milliQ water until it was

required.

2.1.3 Anode feedstock

Reinforced clostridial medium (composition: Meat extract 10 g.I"}, peptone 5 g.I", yeast

extract 3 g.I", D (+) — glucose 5 g.I"*, starch 1 g.I"}, NaCl 5 g.I", sodium acetate 3 g.I*, I-
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cysteine hydrochloride 0.5 g.I"* and agar 0.5 g.I"") , Arthrospira, Chlorella, and a consortium
of microalgae from the high rate algal ponds (HRAP) at the integrated algal pond systems
(IAPS) at the institute for Environmental Biotechnology at Rhodes University (denoted
EBRU consortium in the study) were examined as the feedstock for E. cloacae in an MFC.
To the anode chamber of the MFC, 150 ml of the different feedstock (33 g dry weight in a
litre of milliQ water) was placed in the anode chamber of the MFC. To the nutrient solution
200 ul of log phase E.cloacae (between 10 and 15 hours of growth) was inoculated. After
connecting the anode electrode, the anode chamber was sealed with cotton wool and
parafilm®, before lightly screwing the lid back on.

2.1.4 Cathode solution
In the cathode chamber, phosphate buffer (0.25 M) at pH 7.0 (x 0.2) was used for unless
otherwise stated. Disodium hydrogen phosphate (Na,HPO,4.2H,0) and sodium dihydrogen
phosphate (NaH,PO4.H,0) were used to make up the buffer.

2.2 Electrode modifications

2.2.1 Multi-walled carbon nanotubes
Method for functionalization of the multi-walled carbon nanotubes (MWCNT) was adapted
from Xu et al., (2007). A mixture of 10 ml 55% ("/,) nitric acid (Merck chemicals) aqueous

solution and 30 ml 98% sulphuric acid (Holpro Lovasz) was prepared.

To this mixture 100 mg crude MWCNTSs (diameter = 110 nm — 170 nm, length = 5-9 um;
>90% purity) (Sigma-Aldrich) was added and the mixture sonicated in a bath sonicator
(Elmasonic sonicator, ELMA) for 8 hours at room temperature. To the mixture, 200 ml
sodium hydroxide (Merck chemicals) (0.2 M) was added and left overnight to settle. The top
acidic layer that had been formed was decanted and the settled MWCNTSs were resuspended
in milliQ water. Centrifugation at 23 932 g was performed for 20 min and the top acidic layer
decanted and the settled MWCNTSs were resuspended in milliQ water. Centrifugation was
performed again at 15 317 g for 10 min with the top acidic layer decanted off and MWCNTSs
resuspended in milliQ water. The process was repeated at a centrifugation speed of 15 317 g
until a pH of 7 for the supernatant was obtained. The MWCNTs were dried at 70° C for 72
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hours and resuspended in dimethyformamide (DMF) (Merck chemicals) at a concentration of

5 mg.ml™ until required.

2.2.2 lron (11) Phthalocyanines
Iron (1) phthalocyanines (FePc) (Dye content ~ 90%) (Sigma-Aldrich) were prepared by
diluting 5 mg FePc in a ml of absolute ethanol and sonicating for an hour. The sonicated

mixture was stored in the dark at room temperature until required.

i. FePc:MWCNT mixture
After sonication of FePc in absolute ethanol and the sonication of MWCNTSs in DMF, 50 pl
of MWCNT solution (5 mg.ml™) was added to 150 pl of FePc solution (5 mg.ml™) and

sonicated for 5 minutes to mix the solution.

2.2.3 Anode electrode modification
Carbon paper (Toray TGP-060) (Alfa Aesar GmbH & Co. KG) electrodes were used as the
electrode material (2 cm x 2 cm) unless stated otherwise. Modification (when required) for
anode electrodes was performed using the drip dry method whereby 200 pl (5 mg.ml™) of
functionalised multiwalled carbon nanotubes (MWCNTSs) was dripped onto the electrode

surface and was dried at 60° C in an oven for 20 minutes before use.

2.2.4 Cathode electrode modification
Carbon paper (Toray TGP-060) (Alfa Aesar GmbH & Co. KG) electrodes were used as the
electrode material supports (2cm x 2cm). Modification of the cathode electrodes (when
required) was performed by the drip dry method whereby a mixture of 50 pl MWCNTSs (5
mg.ml™) : 150 pl iron (11) phthalocyanines (FePc) (5 mg.ml™) was dripped onto the electrode

surface and then dried in an oven at 60° C for 20 minutes before use.

2.4 Microorganism

E. cloacae strain 16657 which had been obtained from DMSZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen Gmbh) is a facultative anaerobe that was used as the
microorganism of choice in these studies. Growth studies of the strain was undertaken in
RCM, Chlorella, EBRU and Arthrospira feedstock respectively, at 35° C in a controlled
environment room (CE room). Growth of E. cloacae in the different nutrient substrate feed
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used was monitored for 24 hours using the turbidimetric method, at 600 nm using a UVmini-
1240 spectrophotometer (SHIMADZU). E. cloacae in its logarithmic growth phase was
inoculated into the studied media (figure 2.1). Microbial interference during optical density
readings was minimised by autoclaving the feedstock media before inoculation with E.
cloacae. E. cloacae growth in the substrate feed was monitored over a period of 24 hours and
analysed using a spectrophotometer by taking absorbance readings at ODgoonm. Algal
particulate interference during examination of alternative nutrient feedstock was minimised
by pelleting down large algal particles at 1 876 g for 20 seconds (Microfuge Centrifuge,

Beckman Coulter Inc., Germany) and making use of the supernatant.
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Figure 2.2: E. cloacae growth in RCM with logarithmic growth phase shown.

2.5 Nutrient assays

2.5.1 Carbohydrate assay
Carbohydrate concentration of the algal based feedstock and the RCM was quantified using
the phenol sulphuric acid method using the method adapted from Sadasivam and Manickam
(1996). Glucose (D (+), Merck chemicals) was used as the standard, using concentrations of
0.2,0.4,0.8, 1.0, 2.0, 3.0, 4.0 and 5.0 mg.mlI™. The algal based feedstock was centrifuged at 1
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876 g for 30 seconds to settle down large particulates. To 10 ml of the supernatant of the
algae based feedstock and RCM that had been autoclaved, sonicated and autoclaved and
untreated, 5 fold dilutions of the supernatants were performed before assaying. To the diluted
algal based feedstock and RCM, 500 pl of 80% (*/,) phenol solution (molecular biology, >
99% purity, Sigma-Aldrich, RSA) was added and the solutions were mixed vigorously using
a vortex machine for 5 min and incubated at room temperature for 10 min. After the
incubation, 2.0 ml concentrated sulphuric acid (98%, Holpro Lovasz) was added in a stream
to each solution and the mixtures were shaken vigorously using a vortex machine for 5 min.
The solutions were incubated at room temperature for 20 min. The solutions were then mixed
by shaking for a minute and an absorbance reading at ODggonm Was taken using a UVmini-
1240 spectrophotometer (SHIMADZU). A standard curve was plotted using glucose
absorbance readings and carbohydrate concentrations of the nutrient solutions were deduced
from the standard plot.

2.5.2 Protein Assay
Protein concentration was determined for each of the nutrients using the Bradford’s assay
adapted from Bradford (1976) with BSA (lyophilized powder, crystallised, > 98.0% (GE),
Sigma Aldrich, South Africa) serving as the standard. BSA concentration of 0.2, 0.4, 0.6, 0.8
and 1.0 mg.mlI™ in milliQ water were used. The algal based feedstock was centrifuged at 1
876 g for 30 seconds to settle down large particulates. The supernatant of the algae based
feedstock and RCM that had been autoclaved, sonicated, sonicated and autoclaved and
untreated were diluted down to a final concentration of 10" (a 10-fold dilution). From the
diluted algae based feedstock and RCM, 100 pl was taken and 4.9 ml Bradford’s reagent
(Sigma Aldrich, South Africa) was added and incubated at room temperature for 5 mins.
Absorbance readings at ODsgs,m Were taken using a UVmini-1240 spectrophotometer
(SHIMADZU). A standard curve was plotted using absorbances from BSA as the standard,

and concentrations of the nutrients calculated from the standard curve.

2.6 Data analysis

All experiments were performed in triplicate. All data are presented as the means of triplicate
measurements, and uncertainties represent standard deviations from the mean. Graphs and

figures were plotted and presented using Microsoft Excel (2010) and all other calculations
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and data variations were conducted using this software. Statistical analysis on raw data was

performed using Statistica, ANOVA, using the Post-hoc analysis and Tukey HSD test.
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Chapter 3 : Microbial Fuel Cell studies: Examination of
select algal species as substrates

3.1 Introduction

Studies in to the utilisation of microalgae in terms of the generation of bioproducts like
biofuels, bioethanol (Lee et al., 2010; Liu et al., 2011; Pittman et al., 2011), and as a
feedstock for other microbes to produce bioelectricity or biomethane (Fu et al., 2009; Powell
et al., 2009; Gonzalez et al., 2013; Wu et al., 2014), are desirable. A promising application
for microalgae (after harvesting from wastewater) is as a feedstock in microbial fuel cells
(MFC) (Huang et al., 2011). Previous research has focused on the utilisation of Chlorella and
Arthrospira as feedstock in an MFC (Edwards et al., 2012; Mshoperi et al., 2013).

Common freshwater microalgae include surface water algae such as Micractinium,
Scenedesmus, Pediastrum and Anacystis and algae typically found in nutrient rich
environments including Chlorella and Chlorococcum (Barsanti and Gualtieri, 2005). Green
microalgae such as Botyrococcus, Tetreaedron, Scenedesmus and Pediastrum are known to
have thick cell walls which contain algaenans (structures rich in carbon and hydrogen), this
makes them potential candidates in biofuel production and potential organic feedstock in
bioprocesses (Blokker et al., 1998).

The main limiting factor in terms of the use of algae in MFC technology is the presence of a
recalcitrant cell wall that limits the access and release of nutrients to the biocatalyst (Lee et
al., 2010; Zheng et al., 2011) resulting in limited rates and extents of biodegradation and,
hence, low power densities in MFCs (Rashid et al., 2013). Researchers have focused on
developing treatment steps to enable efficient cell disruption and nutrient recovery from the
cells. Sonication, in particular, has been extensively applied to disrupt cell walls and the
membranes of the cells (Lee et al., 2010). Exposing cells to high temperatures and pressures

such as in autoclaving can also be used as a method of cell disruption (Lee et al., 2010).

Limited information is currently available on the response of the MFC system to the use of
different algal-based feedstock. Integrated algal pond system ponds (IAPS) which are used in
the secondary treatment of domestic wastewaters, use mixed consortia of algae to promote

further aerobic bacterial decomposition of organic material leaving the primary treatment
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(Neba and Rose, 2004). This results in the proliferation of algal biomass that is often

harvested and thrown away, or used as animal feed or used as fertilizer.

The main aim of this study was to explore the use of microalgae (Chlorella, Arthrospira and
a consortium of microalgae from an 1APS) as a feedstock in MFCs. This was done through
examination of the effect of different treatment techniques for cell disruption and nutrient
release from the algal cells and the study of the impact thereof on growth of E. cloacae and
on power density generations in MFCs at 35° C. Chlorella and Arthrospira selected for these
studies since they are key commercial algal isolates. A mixed consortium of microalgae
(denoted as EBRU consortium) from the Institute of Evironmental Biotechnolgy, Rhodes
University (EBRU) IAPS ponds, was also selected as it would give an insight into the
response of the MFC to a natural unprocessed sample of algae. It also further helps to situate

the study in a real world application.
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3.2 Methodology and materials

3.2.1 Methods for treatment of algal samples examined as MFC
feedstock

Al algae feedstocks were formulated in milliQ water to a final concentration of 33 g.I"* and
used immediately for studies.

I. Untreated algal samples
Algal feedstocks were sourced and formulated as described in chapter 2, section 2.3.2; 2.3.3
and 2.3.4. Algae suspensions which were not subjected to further pre-treatments are denoted

as: “no treatment”.

ii. Sonication of algal samples
Cell disruption through sonication was performed on algal based feedstock (EBRU
consortium or Arthrospira or Chlorella). Sonication was performed using a Vibra cell probe
sonicator (Sonics and Materials Inc., Danbury, Ct, USA) for 30 minutes at a frequency of 20
kHz and a power of 40 W in a 4° C CE room. After sonication the medium was stirred to
evenly distribute the algae based feedstock in the medium. Sonication was performed to the
samples prior to use and studies performed using the prepared sonicated solutions were

denoted “sonicated”.

iii. Heat and pressure treatment of algal samples
Heat treatment was performed on 33 g dry weight of algal based feedstock (EBRU
consortium or Arthrospira or Chlorella) in a litre of milliQ water by autoclaving for 15
minutes at 121° C and a pressure of 104 kPa. This served as heat treatment for the algal based
feedstock, and also served to sterilise all the feedstock. The autoclaved samples were denoted

as “autoclaved”.

Samples that were sonicated and autoclaved were denoted “autoclaved and sonicated”.
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3.2.2 Assays and characterisation studies

I. Microscopy
Cell morphology examination of algal feedstock following nutrient liberation treatments was
performed using an Olympus BX50 light microscope. The algal-based feedstock was stirred
to evenly distribute the particulates in the medium. From the stirred solution, a drop was
taken using a drop pipette and place on a slide, before putting a cover slide and viewing at
different magnifications under normal light field with no staining or preparations of the

samples. Images of the algae were captured using an Olympus DP72 camera.

ii. Protein assays
Protein concentration was determined for each of the nutrients as described in chapter 2,
section 2.5.2.

iii. Carbohydrate assays
Carbohydrate concentration of the algal based feedstock and of reinforced clostridial medium
(RCM)(used as baseline feedstock in growth and MFC studies) was quantified as described in

chapter 2, section 2.5.1.

3.2.3 Bacteria growth
Enterobacter cloacae strain 16657 (chapter 2, section 2.4) was inoculated into prepared algal
based feedstock (EBRU consortium, Chlorella and Arthrospira) and RCM. Growth studies of
E. cloacae in the different feedstock were performed in sealed 250 ml Schott bottles

(anaerobic) at 35° C and absorbance was measured at ODggonm.

3.2.4 MFC studies using algal-based feedstock and RCM feedstock

Two-chambered H-type MFCs were assembled and operated in CE rooms at 35° C. Nafion®
membrane was used as the PEM. RCM and algal based feedstock (Chlorella feedstock,
EBRU consortium feedstock and Arthrospira feedstock) were used alternately as the
feedstock media in the anode. The working concentrations used are described in section
3.2.1. To minimise sedimentation of the large algal particulates, all MFCs were kept on a

PSU multi-shaker (Boeco, Germany) at 100 rpm.
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3.3 Results and discussion

3.3.1 Algal based feedstock cell disruption
The effect of autoclaved versus untreated Chlorella based feedstock and also of sonicated
versuse sonicated and autoclaved Chlorella based feedstock was studied through the use of a
light microscope and are shown in figure 3.1 and 3.2, respectively. Chlorella cells in the

medium were observed at 400 x magnification
Untreated Chlorella Autoclaved Chlorella

feedstock feedstock

Figure 3.1: Microscopic images of Chlorella cells in Chlorella based feedstock at 400 x magnification. Left
image shows untreated Chlorella substrate medium and the right image shows autoclaved Chlorella
substrate medium.

Sonicated Chlorella Sonicated and autoclaved

feedstock Chlorella feedstock

Figure 3.2: Microscopic images of the Chlorella cells in Chlorella based feedstock at 400 x magnification.
Left image shows sonicated Chlorella substrate medium and the right image shows sonicated and
autoclaved Chlorella substrate medium.
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Chlorella cells are unicellular and circular in structure with thick cell walls (Sheng et al.,
2007) as shown in figure 3.1. The cells are shown to be clumped together. A deep green
colour is observed for the Chlorella untreated cells, which is a result of the cell chlorophyll

and other pigments.

The autoclaved Chlorella cells in figure 3.1, show a loss of colour compared to the untreated
cells because of the chlorophyll and other pigment degradation. Lee et al., (2010) observed
that the process of autoclaving Chlorella releases lipids from the cells. This suggests that
autoclaving has a role in cell disruption and the microscopy images for the autoclaved cells

taken in the study also shows a visible change from untreated to cells treated by autoclaving.

Figure 3.2 shows how sonication effectively disrupts the Chlorella cells in solution compared
to figure 3.1 which shows untreated and autoclaved Chlorella cells. This supports the
observation by Zheng et al., (2011) which describes ultrasonication as a method for cell
disruption in microalgae. The sonication of the medium containing Chlorella weakens the
cell integrity and breaks the cell walls (figure 3.2). The sonicated Chlorella cells are more
dispersed in the media with minimal clumping observed compared to autoclaved and
untreated cells. From figure 3.2 it can be observed that besides breaking the cell walls,
sonication also distributes the cells throughout the medium. A combination of sonication and
autoclaving shows a combination of cell damage as observed in the autoclaved medium and
sonicated medium. The sonicated and autoclaved step also increased the cell disruption
compared to just autoclaving only. This is supported by Lee et al. (2010) who described also

the disruption of cells after autoclaving at high temperatures and pressure.

The effect of autoclaved versus untreated Arthrospira based feedstock and also of sonicated
versus ‘sonicated and autoclaved’ Arthrospira based feedstock was studied through the use of
a light microscope and are shown in figure 3.3 and 3.4, respectively. Arthrospira cells in the

medium were observed at 400 x magnification.
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Untreated Arthrospira Autoclaved Arthrospira

feedstock feedstock

Figure 3.3: Microscopic images of Arthrospira cells in Arthrospira based feedstock at 400 x magnification.
Left image shows untreated Arthrospira substrate medium and the right image shows autoclaved
Arthrospira substrate medium.

Sonicated Arthrospira Sonicated and autoclaved

feedstock Arthrospira feedstock

Figure 3.4: Microscopic images of the Arthrospira cells in Arthrospira-based feedstock at 400 x
magnification. Left image shows sonicated Arthrospira-based feedstock and the right image shows
sonicated and autoclaved Arthrospira-based feedstock
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Figure 3.3 shows untreated Arthrospira with its filamentous structure clearly visible, as
observed by Celecki and Yavuzatmaca, (2008). The helical arrangement of the trichomes
(elongated terminal cells) is visible. Unlike Chlorella, Arthrospira which is a cyanobacterium
does not have a cellulose cell wall, but instead has a cell wall composed mainly of proteins
(60%) with the rest being made up of carbohydrates and fats (Gershwin and Belay, 2012).
This provides less integrity to the cell wall and so the cells are more readily disrupted
(Gershwin and Belay, 2012) compared to more recalcitrant Chlorella cells. This results in the
need for minimal mechanical stress (heat and pressure), in order to disrupt Arthrospira cell
walls. The observations made from images taken of autoclaved Arthrospira suggested that
this heat (autoclaving) treatment is more effective for Arthrospira compared to Chlorella,

because the former lacks a tough cellulose cell wall.

Sonication of Arthrospira resulted in cell breakage and the particulates being well distributed
in the liquid as shown in figure 3.4. Compared to the untreated Arthrospira, the cells
integrity is more affected by sonication. Unlike in the autoclaved step where the cells were
broken into smaller particulates, sonication disrupts the cell integrity of the cell wall
completely resulting in the release of small particulates into the media. Unlike the previous
steps, empty vesicles are more numerous for this treatment step as indicated by the
appearance of what seems to be membranes encompassing vacuoles and the release of
material from the cells after this treatment step.

The effect of autoclaved versus untreated mixed algal consortium from EBRU consortium
and also of sonicated versus ‘sonicated and autoclaved’ EBRU consortium feedstock was
studied through the use of a light microscope and are shown in figure 3.5 and 3.6,
respectively. Mixed consortium from EBRU cells in the medium were observed at 400 x

magnification.
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Untreated EBRU mixed Autoclaved EBRU mixed

consortium feedstock consortium feedstock

1 Micractinium I -
1 1 Scenedesmus Pediastrum
Chlorella Dictyosphaerium

Figure 3.5: Microscopic images of the EBRU consortium algal cells at 400 x magnification. Left image
shows untreated EBRU consortium and the right image shows autoclaved EBRU consortium.

Sonicated EBRU consortium Sonicated and autoclaved EBRU

feedstock consortium feedstock

Figure 3.6: Microscopic images of the EBRU consortium algal cells at 400 x magnification. Left image
shows sonicated EBRU consortium and the right image shows sonicated and autoclaved EBRU
consortium.
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Figure 3.5 shows the EBRU consortium which is comprised of different algae. A mixed
consortium consisting of some common fresh water algae such as Micractinium spp.,
Scenedesmus spp., Dictyosphaerium spp., Pediastrum spp. and Chlorella spp. were identified
using the image analysis from Park et al., (2011a) similar to reports by Becker, (1994) and
Tomaseli, (2008). The environment in the IAPS from where the consortium was harvested
from consists of nutrient-rich fresh wastewater which supports the consortium under different

environmental conditions (Tomaseli, 2008).

After autoclaving, a loss of colour is observed for the mixed consortium. The cell density in
the medium is lower compared to the untreated consortium. This results from the cell
breakage that happens after autoclaving leaving the more resilient cells like Pediastrum,
Scenedesmus and Chlorella.

Sonication of the EBRU consortium shows some visible signs of cell disruption which appear
visually to be more effective than the autoclaving step for the EBRU consortium (figure 3.6)
as was seen for Chlorella. The cells in this image appear to be clearer showing the loss of
content possibly due to cell breakage. The sonicated and autoclaved EBRU images show the
combined effects of the two processes, with less cell density in the media and a visible loss in

cell colour being evident.
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3.3.2 Nutrient characterisation of algal samples
The results of protein and carbohydrate assays in the different feedstock before and after

treatment are shown in table 3.1.

Table 3-1: Carbohydrate assays and protein assays on the different feedstock.

Nutrient containing media Carbohydrate Protein concentration
concentration of | of supernatant (g.I™")
supernatant (g.I™)

RCM 6.36 (+ 0.39) 14.9 (+ 1.23)

Chlorella untreated 2.42 (£ 0.29) 4.23 (+ 1.50)

Chlorella autoclaved 2.85 (£ 0.28) 7.43 (£ 1.67)

Chlorella autoclaved and sonicated 4.10 (x 0.30) 14.50 (£ 2.46)

Arthrospira untreated 2.51 (£ 0.31) 4.67 (x 0.50)

Arthrospira autoclaved 3.54 (£ 0.29) 12.01 (+ 1.63)

Arthrospira autoclaved and sonicated 5.01 (£ 0.32) 13.45 (+ 3.32)

EBRU consortium untreated 2.04 (£ 0.29) 3.37 (£ 2.17)

EBRU consortium autoclaved 3.81 (£ 0.31) 7.34 (£ 2.56)

EBRU consortium autoclaved and sonicated | 5.64 (£ 0.34) 15.73 (+ 4.61)

Table 3.1 shows the effect of the pre-treatment of algae on the release of nutrients as seen by
the increase in total carbohydrates and total proteins released into the medium with each
successive treatment method. For all algal samples, a combination of autoclaving and

sonication yielded the highest amount of protein and carbohydrate.

The supernatant of samples of untreated Chlorella feedstock had a carbohydrate
concentration of 2.42 (+ 0.29) g.I"", which is 38% (+ 7.3%) of the total carbohydrate
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concentration determined in RCM medium of 6.36 (+ 0.39) g.I". The process of autoclaving
the Chlorella feedstock resulted in similar the total carbohydrate concentration released into
the medium of 2.85 (+ 0.28) g.I"* compared to 2.42 (+ 0.29) g.I* (untreated Chlorella
feedstock). There was thus no statistically significant difference in nutrient release between
untreated Chlorella medium and autoclaved Chlorella medium. Sonicating and autoclaving
the Chlorella feedstock resulted in an increase in the total carbohydrate concentration in the
supernatant to 4.10 (+ 0.30) g.I" which was siginificantly different to that of the untreated
Chlorella medium, being a 69 % (x 25 %) increase in release of total carbohydrates from the
cells to the medium. Untreated Chlorella feedstock had a protein concentration of 4.23 (+
1.50) g.I"! compared to the protein concentration of RCM medium which was 14.9 (+ 1.23)
g.I". The untreated Chlorella feedstock resulted in a 28.4 % (+ 12.9 %) release of total
protein compared to RCM into the medium. Autoclaving the Chlorella feedstock resulted in
an increase in the total protein released in the medium to 7.43 (+ 1.67) g.I"*from 4.23 (+ 1.50)
g.I". An increase of about 1.8 times after autoclaving compared to the untreated feedstock.
Sonicating and autoclaving resulted in an increase in proteins released to 14.50 (+ 2.46) g.I™".
The recalcitrant nature of the Chlorella cell wall results in the release of the least amount of
nutrients into the medium without any pre-treatment. Zheng et al, (2011) described how the
cell wall of Chlorella is comprised mainly of hemicellulose and saccharides which affect the
ready release of nutrients. Zheng et al. (2011) observed that sonication of Chlorella cells
resulted in an increase of lipid concentration to dry weight release from the cells to about 15
% compared to about 3 % for untreated Chlorella cells. Shi et al., (2007) describes how
exposing Chlorella cells to high temperatures and sonication results in a higher release of
nutrients. Many studies have focused on the release of nutrients from Chlorella cells as they

are universally recognised as having a tough cell wall that traps the nutrients inside the cells.

Untreated Arthrospira feedstock had a carbohydrate content of 2.51 (+ 0.31) g.I* in the
medium. This is 39 % (+ 3 %) of the total carbohydrates in RCM medium. Autoclaving the
Arthrospira feedstock resulted in an increase in the carbohydrate concentration in the
medium to 3.54 (+ 0.29) g.I". This represents a 41 % (+ 24 %) increase in total carbohydrate
availability in the medium compared to untreated Arthrospira feedstock. Sonicating and
autoclaving Arthrospira feedstock resulted in an increase of the total carbohydrate in the
medium to 5.01 (+ 0.32) g.I"". Untreated Arthrospira feedstock medium contained a protein

37



concentration of 4.67 (+ 0.50) g.I"*. Compared to RCM medium protein concentration of 14.9
(+ 1.23) g.I", the protein concentration in the medium was 31 % (+ 7 %) of RCM medium.
Autoclaving the Arthrospira feedstock resulted in an increase in the protein concentration in
the medium to 12.01 (+ 1.63) g.I"". Compared to the untreated Arthrospira feedstock,
autoclaving resulted in a 157 % (= 46 %) increase in the protein in the medium. Sonicating
and autoclaving resulted in the release of protein to the medium to 13.45 (+ 3.32) g.I™.
Compared to the autoclaved Arthrospira medium, there was no significant difference. This
may be due to the lack of a resilient cell wall surrounding the Arthrospira cells, therefore
facilitating the release of nutrients into the medium when heat and pressure are applied.

EBRU consortium feedstock when untreated had a carbohydrate concentration of 2.04 (+
0.29) g.I* in the medium. Compared to RCM medium which had a carbohydrate
concentration of 6.36 (+ 0.39) g.I™, the mixed consortium medium had 68 % (+ 11 %) less
carbohydrates. Autoclaving the EBRU consortium feedstock resulted in an increase of the
carbohydrate concentration in the medium to 3.81 (+ 0.31) g.I". Compared to the untreated
medium this represents an 87 % (+ 27 %) increase in the  carbohydrates released into the
medium. Sonicating and autoclaving the mixed consortium resulted in an increase of
carbohydrates to 5.64 (+ 0.34) g.I"*. Compared to the untreated mixed consortium medium,
this is a 170 % (£ 20 %) increase. The protein concentration of the untreated mixed
consortium was 3.37 (+ 2.17) g, compared to RCM medium which had a protein
concentration of 14.9 (+ 1.23) g.I". The mixed consortium medium had 77 % (+ 12 %) less
protein than RCM medium. Autoclaving the EBRU consortium feedstock resulted in an
increase of the protein concentration in the medium to 7.34 (+ 2.56) g.I":. This represents
about a 2 times increase in the protein concentration in the medium when the medium is
autoclaved compared to untreated. Sonicating and autoclaving the EBRU consortium
feedstock resulted in an increase in the protein concentration in the medium to 15.73 (£ 4.61)
g.I"". Compared to untreated mixed consortium medium, this represents about a 4.7 times

increase in the protein concentration in the medium.

The process of autoclaving for all the algal-based feedstock resulted in a significant increase
in carbohydrate release compared to untreated feedstock except for Chlorella medium.

Looking at figure 3.1, there is little change in the integrity of the autoclaved Chlorella cells
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compared to the untreated, compared to the other algal-based media. Autoclaving the algal-
based feedstock, resulted in an increase in the protein released to the media. Chlorella and
EBRU consortium had similar concentrations of proteins in the medium after autoclaving,
unlike Arthrospira, which had much more proteins in the medium after autoclaving. Figure
3.3 shows how the integrity of the Arthrospira cells after autoclaving is more compromised
compared to the other algae. This could explain the increased protein concentration compared
to the other media under the same treatment. Sonicating and autoclaving for the algal-based
feedstock, resulted in significant increases in carbohydrate release. The same effect was also
observed for protein concentration, except for Arthrospira medium, where no significant
difference was observed. The supplementary data for the commercially purchased Chlorella
states that protein concentration is 50 % of the total dry weight and the carbohydrate
concentration is 15 % of the total dry weight. A maximum carbohydrate concentration of 4.10
(+ 0.30) g.I" was observed for Chlorella out of a total Chlorella dry weight of 33 g.I". This
shows a 12 % total concentration of carbohydrates, which is only about 3 % lower than the
theoretical maximum. A maximum protein concentration of 14.5 (2.46) g.I™ was observed for
Chlorella medium after sonicating and autoclaving out of a total Chlorella dry weight of 33
g.I'Y. This signifies about 44 % total concentration of proteins out of a theoretical 50 %. The
supplementary data for the commercially purchased Arthrospira, states that the nutritional
composition contains about 65 % protein of total dry weight and about 15 % carbohydrates of
the total dry weight. The maximum yield for carbohydrates in Arthrospira was about 15 % of
the total dry weight and the maximum yield for proteins was about 41 % of the total dry
weight after sonicating and autoclaving.

3.3.3 Growth of E. cloacae in treated and untreated algal based
feedstock.

Figure 3.7 shows the optical density of E. cloacae in different feedstock media when
absorbance is measured at ODgoonm and anaerobic growth is conducted at a controlled

temperature of 35° C over a period of 24 hours.
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Figure 3.7: Growth of E. cloacae at 35° C in different feedstock media over a period of 24 hours. The
nutrient media was either autoclaved (a) or sonicated and autoclaved (a & s). Turbidity was measured at

an OD of 600,,.

As observed in figure 3.7, the growth of E. cloacae in EBRU consortium feedstock that is
sonicated and autoclaved enters log phase much earlier than in any of the other nutrient
feedstock, with the log phase starting at 4 hours. This can be a result of the complexity
offered by the mixed consortium nutrient media which would have many different available
nutrients for use by the microbe. The mixed consortium may provide a medium with readily
available nutrients and therefore allows E. cloacae culture to quickly adapt to its new

environment and enter log growth phase sooner.

After 14 hours of growth, E. cloacae cultured in RCM recorded a higher absorbance than for
the culture grown in any of the feedstocks including that derived from the EBRU consortium
(figure 3.7). This could be a result of the more easily utilisable nutrients in RCM relative to
that of the mixed consortium. RCM also had the highest carbohydrate and protein
concentration levels. RCM is an industry processed substrate, optimised for microbial
inoculation and studies. RCM contains different complex and simple nutrients such as meat

extract, yeast extract, glucose, starch and sodium chloride that would aid in microbial growth.
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Hence the optimum growth observed in RCM compared to the other nutrients follows an
expected trend. After the initial growth spurt, E. cloacae growth in the feedstock derived
from the EBRU consortium levelled off at around 15 hours and in RCM levelled off after 16

hours.

The best growth for E. cloacae was observed in RCM medium. This is because, amongst
other things, a result of the high carbohydrate and protein concentrations compared to the
other media. E. cloacae in sonicated and autoclaved Arthrospira feedstock had similar
growth with EBRU consortium autoclaved and sonicated medium. The carbohydrate and
protein concentrations in Arthrospira medium that was autoclaved and sonicated were 5.01
g.I" and 6.29 g.I"" respectively. The carbohydrate and protein concentrations in EBRU
consortium medium that had been autoclaved and sonicated were 5.64 g.I"! and 6.73 g.I*
respectively. The carbohydrate and protein concentrations between the media were very
similar, which may explain the similar growth. Arthrospira feedstock medium that had been
autoclaved had slightly lower growth compared to EBRU consortium sonicated and
autoclaved as well as Arthrospira sonicated and autoclaved. The carbohydrate concentration
was 3.54 g.I* and the protein concentration was 6.01 g.I*. Compared to sonicated and
autoclaved Arthrospira medium and sonicated and autoclaved EBRU consortium medium,

the protein concentrations are similar but the carbohydrate concentrations are different.

E. cloacae in Chlorella medium that had been autoclaved and in Chlorella medium that had
been autoclaved and sonicated had similar growth rates with E. cloacae in EBRU consortium
that had been autoclaved. The protein concentrations were 5.27 g.I™%, 5.45 g.I"* and 4.43 g.I"*
respectively. These feedstocks had the lowest growth observed, with absorbance peaks being
approximately half of the Arthrospira autoclaved, Arthrospira autoclaved and sonicated and
EBRU consortium autoclaved and sonicated media. The protein concentration for both the
Chlorella based media is relatively high but the growth for E. cloacae is low. The
carbohydrate concentrations for Chlorella autoclaved medium and Chlorella autoclaved and
sonicated medium were 2.85 g.I"* and 4.10 g.I"*. These carbohydrate concentrations were
relatively lower than for the other algal based media, which would account for the low peak
in growth for E. cloacae in Chlorella based media.
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For all the algal-based media, the autoclaved media had supported lower growth responses of
E. cloacae when there was no sonication treatment. The growth at the stationary phase were
less than 0.25 OD units. The microscopy images show some loss of cell integrity after
autoclaving but not as much as when sonicated. The exception is in the case of Arthrospira,
which is also susceptible to disruption through autoclaving. For medium derived from
sonicated and autoclaved Chlorella, growth of E. cloacae was significantly lower compared
to sonicated and autoclaved EBRU consortium medium or Arthrospira medium. From the
nutrient analysis, it can be observed from the effects on E. cloacae growth that the autoclaved
carbohydrates nutrient available in the supernatant from the EBRU consortium and
Arthrospira are similar to that of sonicated and autoclaved Chlorella carbohydrate
concentrations. However, this does not take account of the different complexity of
carbohydrate based nutrients such as hemicellulose and saccharides, which minimise the

availability for utilisation by E. cloacae.

The growth cannot be explained by just the carbohydrate and protein concentrations. The
carbohydrate and protein assays help to give a limited view on observed trends. Other factors
that may affect results include the main elements and trace elements that may be found in the
different media, as well as the molarity of the concentrations due to the salt concentrations
differing which may in turn affect metabolic pathways of E. cloacae. To give greater insight
into the metabolic pathways, a full analysis of the nutrients and the metabolic pathways of E.

cloacae would be required.

Figure 3.8 shows the growth of E. cloacae; with the absorbance values converted to log 10
and from the straight logarithmic growth log 2 graphs were plotted. The straight line graphs
from the log 2 graph have a reciprocal of the gradient showing the doubling time of E.
cloacae in each of the feedstock media. The doubling time is the time required for the E.

cloacae to double in quantity during logarithmic growth.
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Figure 3.8: The logarithmic plotting of growth from figure 3.8, with absorbance values converted to log;,
(a) and log, (b).

From figure 3.8 b, the reciprocal of the gradient of the graphs gives the doubling time. It can
be observed that the doubling time for E. cloacae was shortest in RCM medium with a
doubling time of about 1 hour 5 minutes (+ 3 minutes). The longest doubling time was
measured in EBRU consortium feedstock (autoclaved) medium which had a time of about 1
hour 40 minutes (£ 4 minutes), showing that acclimation to the EBRU consortium autoclaved
medium was lowest. Growth of E. cloacae in Chlorella (autoclaved), Arthrospira

(autoclaved) and Arthrospira (autoclaved and sonicated) feedstock media demonstrated
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doubling times of around 1 hour 9 minutes (£ 9 minutes) 1 hour 11 minutes (£ 11 minutes)
and 1 hour 10 minutes (£ 10 minutes) respectively. The low doubling time for E. cloacae in
the Chlorella medium relative to the growth rates, could be a result of the release of lipids
after autoclaving the cells (Lee et al., 2010) which would provide ready nutrient for the
microbe but not in such a large quantity that would allow much growth. The low doubling
time for E. cloacae in Arthrospira media could be a result of the less complex nutrients

released after pretreatment which lack cellulose (Gershwin and Belay, 2012).

The peak absorbance’s from the different nutrient media were then compared to the peak
absorbance observed in RCM medium. Maximum growth of E. cloacae in the different
nutrient media was shown as a percentage compared to the maximum growth in RCM

medium and the results were tabulated and presented in table 3.2.

Table 3-2: The peak absorbance of E. cloacae in the different nutrient media was
recorded and tabulated.

Feedstock Peak Time taken to reach | Percentage  peak
Absorbance peak absorbance | absorbance relative
(ODegoonm) (Hours) to RCM peak

RCM 0.522 (x 0.02) 17 (£ 0) 100 (£ 0.0)

Chlorella autoclaved 0.207 (£ 0.04) 17 (£ 0) 39.7 (= 0.8)

Chlorella sonicated and | 0.264 (x 0.04) 19 (¢ 1) 49.4 (£1.1)

autoclaved

Arthrospira autoclaved 0.414 (£ 0.01) 17 (£ 4) 79.3 (£ 0.3)

Arthrospira sonicated and | 0.429 (+ 0.04) 22 (£ 2) 82.1(x1.1)

autoclaved

EBRU consortium | 0.224 (+ 0.02) 15 (£ 2) 42.9 (£ 0.5)

autoclaved

EBRU consortium | 0.446 (£ 0.01) 22 (£ 0) 85.2 (x0.8)

sonicated and autoclaved
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The data observed in table 3.2 indicates the growth of E. cloacae in the different medium and
the time taken to reach the peak growth. The results were compared to those of RCM nutrient
medium. Sonicated and autoclaved EBRU consortia showed a higher percentage of growth of
85.2 % (£ 0.8), compared to E. cloacae grown in Chlorella (autoclaved and autoclaved and
sonicated) and Arthrospira (autoclaved and autoclaved and sonicated) media with respect to
RCM medium at its peak. This suggests that after treatment of the EBRU consortium, E.
cloacae was able to utilise the nutrients in the medium more efficiently for growth and

metabolic processes.

There is a direct correlation between the carbohydrate concentrations observed in table 3.1
and the growth of E. cloacae in the different media. An assumption can thus be made that
carbohydrate availability for metabolic use plays an important role in initial growth of the
bacteria culture. The lowest absorbance for E. cloacae was observed in autoclaved Chlorella
of 0.207 (+ 0.04) and the carbohydrate concentration in this medium was 2.85 (+ 0.28) g.I™.
EBRU consortium that had been autoclaved had an E. cloacae absorbance of 0.224 (+ 0.02)
and the carbohydrate concentration was 3.81 (+ 0.31) g.I". Sonicated and autoclaved
Chlorella medium resulted in an absorbance of 0.264 (+ 0.04) for E. cloacae in the medium
and the carbohydrate concentration was 4.10 (+ 0.30) g.I"*. In RCM growth were more than in
all the other media at 0.522 (+ 0.02) and the carbohydrate concentration was 6.36 (+ 0.39) g.I"
! This trend is not observed for protein concentrations in the media, with sonicated and
autoclaved Chlorella as well as sonicated and autoclaved EBRU consortium having no

significant protein concentrations differences with RCM but the growth were different.

3.3.4 The performance of the MFC using algal based feedstock with
E. cloacae as biocatalyst.

Figure 3.9 shows the power density values when log phase E. cloacae were inoculated in the
respective researched media in an MFC. MFC runs were done at 35° C for a length of 14

hours.

45



140
RCM
120
EBRU consortium a
~ &s
g 100 —%— Arthrospiraa & s
% 80 —A— Arthrospira a
z .
g —@=—Arthrospira
2 60
e ——Chlorellaa & s
(Y
5 40 =@=EBRU consortium a
EBRU consortium
20
—&—Chlorellaa
0 —— Chlorella
Y 5 15

time (hours)

Figure 3.9: Power density curves versus time for MFC utilising different substrates. MFCs studies were
performed in triplicate at 35° C with E. cloacae as the biocatalyst. Algal-based feedstock and RCM were
used as the substrates. Studies were performed for 14 hours with readings taken hourly.

The performance of the MFCs using different feedstock at 35° C is shown in figure 3.9. In
the figure the increase in power density on an hourly basis is represented. RCM is used as the
baseline for the study and the performance of the different treatments on the algal-based
feedstock is compared to the performance in RCM. The different treatments for the algal
based feedstock included autoclaving (a) and autoclaving and sonicating (a & s). These

treatments were also compared to untreated media.

The peak power density in each of the different feedstocks was tabulated and for the different
treatment the peaks were shown as a percentage of the peak power density in RCM. The

tabulated results are shown in table 3.3.
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Table 3-3: The peak power density for each of the nutrients is shown as per gram of dry
weight.

Nutrient Peak power density (MW.m?) | Percentage peak power
density relative to RCM

RCM 124.7 (£ 5.73) 100

Chlorella 5.3 (£ 1.51) *# 4.23 (x1.5)

Chlorella a 23.8 (£1.78) *# 19.0 (= 2.5)

Chlorellaa & s 56.9 (x 2.05) *# 455 (£ 4.0)
Arthrospira 69.5 (+ 7.65) *+ 55.8 (£9.1)
Arthrospira a 77.2 ( 3.65) *+ 61.6 (+ 6.4)
Arthrospiraa & s 82.8 (x0.71) *+ 66.4 (x 4.7)

EBRU consortium 28.5 (£ 4.93) *+ 22.8 (£ 5.3)

EBRU consortium a 32.3 (£ 2.29) *+ 25.9 (+ 4.2)

EBRU consortium a & s 101.2 (£ 4.58) *# 81.2(x7.7)

The asterisk * shows the results of the Tukey HSD test of each of the feedstock compared to RCM where p <
0.01. The hash symbol # shows the results of the Tukey HSD test of each of the same feedstock treatments
compared to each other when p < 0.01. + shows the results of the Tukey HSD test of each of the same feedstock

treatments when p > 0.1.

Statistical analysis on the results from table 3.3 was performed using ANOVA and the Tukey
HSD test. Each of the feedstock was compared to RCM. For each feedstock the different

treatments were also compared.

From table 3.3, it can be noted that all the algal based feedstock, yielded significantly
different performances compared to RCM medium in an MFC. For Chlorella, the different
treatments had a major impact on the performance of the MFC, with significantly different
results observed when treatment steps were taken compared to untreated cultures. Using

Arthrospira as the feedstock in an MFC, the different treatments have no significant
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difference on the performance. Therefore in terms of Arthrospira use, minimum treatment to
the feedstock does not greatly affect MFC performance. EBRU consortium feedstock had no
significant difference in MFC performance between autoclaved and untreated media.
However, autoclaving and sonicating the EBRU consortium, resulted in improved
performance in the MFC. The latter results in a highly significant performance difference in
an MFC. The highest peak power density for algal-based medium was observed in sonicated
and autoclaved EBRU consortium, which was about 81.2 % of the peak in RCM. Chlorella
untreated medium had the lowest power density, at 4.23 (+ 1.5) mW.m™. Without sonicating
and autoclaving, excluding Arthrospira medium, the peak power density in algal-based
feedstock was low. The peak in Chlorella autoclaved was 23.8 (+ 1.78) mW.m, in untreated
EBRU consortium 28.5 (+ 4.93) mW.m™ and in autoclaved EBRU consortium was 32.3 (+
2.29).

A comparison of the peak power densities in the different feedstock and the peak power

absorbance shows a correlation as shown in figure 3.10.
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Figure 3.10: Bar graph comparing the growth of E. cloacae in the different feedstock and a line graph of
the peak power density in the different feedstock.

Figure 3.10 shows the peak absorbance for growth kinetics for E. cloacae in different
feedstock at ODggoonm and is represented as bar graphs. The peak power density for MFC
studies in each of the feedstock is shown by the line graph. The figure shows trends similar to
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those observed for the E. cloacae growth (figure 3.8). As can be observed in table 3.3, the
peak absorbance also relates to the peak power density. There is a direct relationship between
the peak power density and peak absorbance. E. cloacae in RCM had the greatest absorbance
for growth with an absorbance at ODggonm being 0.52 (£ 0.02). The peak power density for
MFC studies was also greatest in MFCs with RCM as feedstock with a peak power density of
124.73 (+ 5.73) mW.m? RCM contains L-cystein hydrochloride which is an oxygen
scavenger, and which also improves performance of an MFC. Logan (2008) describes the
need of an anaerobic chamber as oxygen inhibits the electricity generation. For the algal-
based feedstock, EBRU consortium feedstock that has been sonicated and autoclaved had a
peak power density of 101.21 (+ 4.58) mW.m and for growth the peak absorbance observed
was 0.45 (£ 0.01). From figures 3.8, 3.9 and 3.10, EBRU consortium feedstock that had been
autoclaved and sonicated resulted in the best performance for the algal-based feedstock. As
can be observed in table 3.3, the trend observed for peak absorbance during growth, is also
observed for the peak power densities in MFC studies.

Arthrospira (sonicated and autoclaved, autoclaved and untreated) media gave higher power
density readings compared to Chlorella and EBRU autoclaved media. This demonstrates that
Arthrospira when prepared as a feedstock in an MFC requires minimal treatment, and thus is
a cost effective feedstock to use. Chlorella feedstock that was untreated demonstrated the
least effective source of nutrient use in an MFC. The thick cell wall present in the Chlorella
cell (Zheng et al., 2011) suggests that without any pre-treatment to rupture the algal cells, the
power density generated in an MFC will be low. When the Chlorella feedstock was
autoclaved the power density derived from the MFC increased and was similar to that of the
EBRU consortium (untreated and autoclaved).

Figure 3.10 shows the relationship between the growth in the different feedstock and the
MFC performance. The figure clearly shows the relationship between the growth of the
microbial catalyst and the performance in the MFC. The relationship may not be direct, given
that different systems have different limitations including generation of protons affecting pH,
PEM fouling affecting reactor media and other reactor changes. The growth of the biocatalyst
in the feedstock, however, gives an insight on the relative power density to be expected
during an MFC study.
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The main hurdle with the use of algal-based feedstock in MFCs, although it may prove to be
abundant and a renewable source, is the energy input needed in upstream processing for the
ensuring of the bioavailability of nutrients for the biocatalyst used in the MFCs. This
requirement for input energy raises the cost of operating the MFC and therefore this makes

feedstock such as Arthrospira that require less pre-treatment more promising for future use.
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Chapter 3.4

Conclusions

The type and number of treatment steps for preparing the algal based feedstock prior to its
use as a feedstock, influences, the nutrient availability in the medium for E. cloacae use.
Sonicating and autoclaving have a synergistic effect on nutrient liberation. This was observed
through nutrient assays, microscopy assays and E. cloacae growth as well as performance in
an MFC. This in turn resulted in higher growth for the bacteria and also the peak power
densities that are generated in the MFC. The source of algae used as feedstock also
determined the availability of nutrients in the media after treatment. After some treatment
steps using Chlorella as feedstock, more nutrients appear to be released into the medium
compared to untreated Chlorella feedstock. However, this is not reflected in the doubling
time of E. cloacae. Chlorella cells are recalcitrant and, even after sonication and autoclaving
treatment, the nutritional content of the algae seems to be restricted. This may be the result of
the type of nutrient that is released into the medium after treatment, where it is composed of a
mixture of more complex nutrients, such as hemicellulose and saccharides. From these
studies it was demonstrated that E. cloacae was able to utilise nutrients from all the different
nutrient media tested, allowing further research to be carried on using E. cloacae as the
biocatalyst and the various algae feedstock as nutrient media. Considering the energy input
required for the preparation of algal based feedstock and the resulting power density derived
from their use as feedstock for E. cloacae, the use of Chlorella as feedstock compared to
EBRU consortium and Arthrospira is less desirable. The studies also showed that there is a
relationship between the carbohydrate concentrations released into the medium from the
different feedstock with the growth of the microbial biocatalyst. The growth of the microbial
catalyst are also directly related to the MFC performance. Sonication and autoclaving of the
EBRU consortium, resulted in an MFC performance that was about 80 % of that of RCM
medium in an MFC. This study shows that sonication and autoclaving may make it possible
to substitute commercial nutrient feedstock with complex algal-based feedstock for these

purposes.
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Chapter 4 : Factors affecting MFC performance: pH,
temperature and PEM

4.1 Introduction

The performance of microbial fuel cells (MFC) has several limiting factors that affect its
performance besides architecture including temperature, proton exchange membrane (PEM),
substrate type and pH (Behera et al., 2010). These parameters are very specific to each type

of fuel cell, a key determinant being the microbial community.

4.1.1 pH and temperature effects

For the biocatalyst in the MFC, pH and temperature are important parameters to enable
efficient fuel oxidation and electron transfer (Gil et al., 2003). The anodic pH
microenvironment is an important factor that greatly affects the performance of the MFC
Slightly acidic conditions (pH 5 and 6) have been reported to result in higher proton release
by different microbes, including Enterobacter cloacae and Clostridum beijerinckii, under
anaerobic conditions in bioelectrochemical systems (Khanna et al., 2011). Nimje et al. (2011)
observed how the MFC system at pH 6 outperformed similar systems operated at alkaline pH
when E. cloacae was used as the biocatalyst. This was attributed to a high electron discharge
at neutral or acidic pH. At a lower pH there are more protons (Bates and Durst, 1985) in the
MFC system, which increases the proton gradient between the anode and cathode, leading to
an increase in transfer of protons to the cathode. This in turn makes the cathodic reaction go
faster. However, although more protons will be available at lower pH, the microbial activities
need to be balanced, and the optimal pH of E. cloacae is 7.0 (Catal et al., 2010; Kumar and
Das, 2001), therefore, a lower pH that is close to pH 7 would be required for efficient MFC
performance (Nimje et al., 2011).

An increase in temperature from 20 to 35° C was shown to increase MFC performance when
E. cloacae was used as the biocatalyst with optimum efficiency being reported at 35° C
(Edwards et al., 2012). Biological processes are often modelled as an empirical function of
temperature (Liu et al., 2005), therefore, bacterial activities are also affected by temperature
(Liu et al., 2005). Anaerobic metabolism of microbes in bioreactors, where the system is not

buffered or temperature controlled, results in changes in pH and temperature due to
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exothermic reactions and secondary metabolites (Ratledge and Kristiansen, 2002). This in
turn affects the performance of the bioreactor over time (Nimje et al., 2011). The cathode
potential has also been shown to be lower at low temperatures, therefore proving to be the

main limiting factor in power generations when temperature is concerned (Liu et al., 2005).

4.1.2 Proton exchange membrane
Some studies have been conducted on the fouling of the proton exchange membrane and its
effects on power production. Bio-fouling of the PEM affects ion transport, electrical
resistance and MFC performance. Membrane fouling is thought to be caused by organic
foulants and bio-foulants (Choi et al., 2011) which are found in the media. The long term
operation of an MFC inevitably results in membrane fouling (Xu et al., 2012). The membrane
is negatively charged to aid in the binding and transfer of protons (Choi et al., 2011). The
negative charge of the membrane is a result of negatively charged sulfonate groups attached
to the hydrophobic fluorocarbon backbone (Chae et al., 2008 a). However, the Nafion®
membrane, also has a high affinity for other cations that maybe found in the system such as
Na®, Ca?* and K*, and the binding of these cations inhibits the migration of the protons (Chae
et al., 2008 a). Transport of cations through the membrane also increases the pH of the
cathode, which in turn reduces the MFC voltage (Kim et al., 2007). Cations existing in large
quantities in the nutrient solution containing bacteria also cause an increase in electrical
resistance through irreversible chemisorption to the negatively-charged membrane (Choi et
al., 2011). This limits the effectiveness of the PEM, resulting in power density falls.
Membrane fouling results in intermolecular bridging between organic foulants and the
fouling layer by the cations. Accumulation of bio-foulants leads to the formation of a dense
bio-film on the PEM surface which in turn results in greater electrical resistance (Choi et al.,
2011). The Nafion® membrane also has been shown to be prone to substrate losses, which
aid in fouling and lowering of the PEM performance (Chae et al., 2011). Specifically, the
proton exchange capacity (PEC) is affected. The physical and chemical biointeraction of the
PEM with the media during and after fouling changes (Xu et al., 2012) has been known to

affect the ion and electron balance with fouling resulting in greater electrical resistance.

There is little information on the change of the anodic microenvironment during MFC

operation with E. cloacae as the biocatalyst in terms of pH and temperature nor how the
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anodic microenvironment may affect proton exchange membrane fouling and electrode
biofilm formation. The effect of the change would be better studied over a longer period than

the experimental 14 hour MFC study.

From chapter 3 MFC studies and growth of E. cloacae as the biocatalyst, some significant
differences were observed for the different feedstocks in terms of power density. Observing
the change in pH of the anode microenvironment could give further insight into the MFC
performance. In chapter 3, the performance of the MFC using Chlorella as the medium, even
after the treatment, was least favourable. All further research was thus performed without the

use of Chlorella as a feedstock, concentrating instead on Arthrospira and EBRU consortium.

The aim of the study was therefore to monitor pH and temperature change in the anode
microenvironment during MFC operation and growth of E. cloacae in RCM, Arthrospira and
EBRU consortium media. The change in pH and temperature in the MFCs for each of the
feedstock could then be compared against the change in pH and temperature for the E.

cloacae growth under anaerobic conditions.

The role of pH in MFC performance was also studied through controlling the pH of the
feedstock utilised (for this purpose, Arthrospira feedstock). The change in COD and nutrient
concentrations and how utilisation of the nutrients differs under different pH conditions were

also studied.

Finally, the study also examined biofilm formation and proton exchange capacity of the PEM
under conditions in which pH was controlled or not controlled (unbuffered) as described
further.
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4.2 Methodology and materials

Studies were performed using RCM, EBRU consortium and Arthrospira as feedstock. The
anode microenvironment was sampled for changes in nutrient content, pH, temperature and
fouling of PEM. Further studies were performed using buffered Arthrospira, to control the
pH.

4.2.1 Studies in MFC and growth where pH is not controlled

i. Monitoring and effect of pH change in E. cloacae MFC

Two-chambered H-type MFCs (chapter 2 section 2.1.1) were operated in controlled
environment (CE) rooms at 32° C (x 3° C). Anodes were prepared as described in chapter 2,
section 2.2.3 and cathodes were prepared as described in chapter 2, section 2.2.4. MFCs were
operated for 14 hours and 120 hours. The pH and temperature of the anode feedstock (RCM,
EBRU consortium feedstock and Arthrospira feedstock) was measured hourly and daily
using a pH meter (WTW series Inolab pH 730, Germany). pH and temperature measurements
were carried out under sterile conditions to minimise contamination of the anode chamber.
Studies were performed without buffering the media. Temperature readings were found to be
the same in all the media, at 30° C, throughout the study. The cathode chamber was
maintained at pH 7.0 using 0.25 M phosphate buffer, and adjusted accordingly to maintain a
pH of 7.0 using 0.1 M HCI or NaOH. Feedstocks were prepared as described in chapter 2,
section 2.3.1, 2.3.2and 2.3.4

ii. Monitoring of growth of E.cloacae against pH fluctuations
The growth of E. cloacae in the feedstock studied (without pH buffering) were performed in
batch mode, in sealed 250 ml Schott bottles. Measurements were performed using the
turbidimetric method by measuring the hourly change in absorbance at a wavelength of 600
nm of E. cloacae in each of the nutrients feedstocks (RCM, EBRU consortium and

Arthrospira section 2.1.1 to 2.1.4) and pH was measured simultaneously.
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iii. Monitoring of biofilm formation in an MFC

a Stereo Microscopy
Anode electrodes from the MFC studies in which pH in the anodic chamber was not buffered
(utilising RCM, EBRU consortium and Arthrospira media as feedstocks) were removed after
a 120 hour MFC study and lightly rinsed using milliQ water. The electrodes were then placed
on a petri dish surface and viewed using a stereo microscope (Olympus SZX16) at different
magnifications to observe biofilm formation on the electrode surface. Images of the algae

were captured using an Olympus DP72 camera.

b Scanning Electron Microscopy
As above, (section 4.2.1.3.1), anode electrodes were removed after a 120 hour MFC
operation (unbuffered anodic media) and prepared for SEM studies. This was done by fixing
the biolayer first using the method adapted from Xu et al. (2012). In this method, the anode
electrodes were placed in 2.5 M gluteraldehyde in 0.1 M phosphate buffer and incubated
overnight at 4° C. The electrodes were then rinsed using 0.1 M phosphate buffer for 10
minutes (twice). After rinsing, the electrodes were dehydrated using an ethanol dehydration
ladder by placing them in 30 %, 50 %, 70 %, 80 % and 90 % ("/\) ethanolic solutions for 5
minutes at each concentration. A final dehydration step was performed by placing the
electrodes in absolute ethanol for 10 minutes (twice). The electrodes were then placed in
absolute ethanol for 1 hour 30 minutes, during which the ethanol was evaporated till the
electrodes were dried at critical point. The electrodes were sputter coated with gold particles

using a Quorum Q150R S, for 15 minutes, prior to SEM (Tescan, Germany).
4.2.2 Studies where the pH is controlled through buffering

i. Effect of pH buffering on MFC performance
Commercially purchased Arthrospira was used for studies in which the pH of the anodic
microenvironment was controlled by buffering, denoted as ‘buffered pH studies’. Arthrospira
was selected for this studies here due to the good power density exhibited with minimal pre-
treatment (Chapter 3 section 3.3.4). Buffer solutions were prepared that ranged from pH 4 to
pH 9 with a molar concentration of 0.1 M. For pH 4 to 6, acetate buffer was used which was

made by mixing 0.1 molar concentrations of acetic acid and sodium acetate until the desired
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pH was achieved. For pH 7 to 9 phosphate buffer was used, in which 0.1 molar
concentrations of sodium dihydrogen phosphate and di-sodium hydrogen phosphate were
mixed until the desired pH was achieved. To a 900 ml of each of the buffers, 33 g of
Arthrospira dry weight was added and mixed and the pH of the samples was measured and
adjusted to the required pH using the acidic or basic buffer solutions, before adjusting to a
litre with milliQ water and autoclaving. The differently buffered Arthrospira media was then
used as the anode substrate for E. cloacae in MFC studies. MFCs were setup as described in
chapter 2, section 2.1.1. The pH of the anode compartment was monitored using a pH meter
and corrected using 0.1 M NaOH or 0.1 M HCI that had been diluted in milliQ water that had
been autoclaved under sterile conditions to maintain the required pH of the anode during

analysis.
ii. Effect of pH on nutrient utilisation

a Carbohydrate assays
Carbohydrate assays as described in chapter 2, section 2.5.1, was conducted on the buffered
pH Arthrospira feedstock (drawn from the anodic chamber) before and after a 120 hour
continuous operation in an MFC, using the phenol:sulphuric acid method for total

carbohydrates.

b Protein assays

Protein assays were also conducted on the buffered pH Arthrospira feedstock before and after

120 hours of continuous operation in an MFC, as described in chapter 2, section 2.5.2.
4.2.3 PEM studies under presence and absence of pH control

i. Proton exchange membrane preparation and cleaning
The PEM was prepared and cleaned as described in the methodology section (chapter 2,
section 2.3.2). The cleaned PEM were used for comparison to used and pristine PEM for the

PEC calculations.

ii. Proton exchange capacity
Proton exchange capacity (PEC) of the PEM (Nafion 117) (from both buffered and
unbuffered media) was calculated using the method adapted from Xu et al., (2012). PEC was

measured for unused Nafion, cleaned Nafion and Nafion from the MFCs that had been run
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for 120 hours continuously using buffered Arthrospira, unbuffered Arthrospira and RCM
feedstock. The active site of the PEM was cut (the area covering the bridge opening) and
cleaned. Unused PEMs were also cut and used as reference material. A solution of 2.5 M
NaCl was prepared and each of the membranes were soaked in the 10 ml of the NaCl solution
and left overnight at room temperature. The solutions were neutralised with 0.05 M NaOH,

with the reactions being monitored using a pH meter until a pH of between 7.2 and 7.5 was

axb

reached. The PEC was calculated using the following formula PEC = where a is the

added titrant volume in litres, b is the molar concentration of the titrant (0.05 M) and m is the

dry membrane weight in grams.

iii. Scanning electron microscopy of the Nafion® proton exchange membrane

The PEM from the MFC studies where Arthrospira buffered pH (pH 5-7), unbuffered
Arthrospira pH and RCM feedstock were used in a 5 day continuous MFC study, were taken
and prepared for SEM studies. This was done by fixing the biolayer first using the method
adapted from Xu et al. (2012). The PEM were placed in 2.5 M gluteraldehyde in 0.1 M
phosphate buffer and incubated overnight at 4° C. The PEM kept overnight were then rinsed
using 0.1 M phosphate buffer for 10 minutes (twice). After rinsing the PEM were dehydrated
using an ethanol dehydration ladder by placing them in 30 %, 50 %, 70 %, 80 % and 90 %
ethanol, for 5 minutes at each concentration. A final dehydration step was performed by
placing the electrodes in absolute ethanol for 10 minutes (twice). The PEM were then placed
in absolute ethanol for 1 hour 30 minutes, during which the ethanol was evaporated at critical
point until the PEM were dry The PEM were sputter coated with gold particles using a
Quorum Q150R S, for 15 minutes, before SEM (Tescan, Germany).

4.2.4 Analysis of buffered and unbuffered media after MFC
operation

i. Light Microscopy
From the MFC operations using buffered Arthrospira pH (pH 5-7), unbuffered Arthrospira
and RCM feedstock was harvested and visualised under a light microscope to observe the
visible difference between fresh nutrient media and media after the 5 day run. An Olympus
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BX50 light microscope was used and the images were captured using an Olympus DP72

camera.

ii. COD studies
COD of the buffered Arthrospira (pH 5-7), unbuffered Arthrospira and RCM was measured
before and after a 120 hour MFC operation. Procedure used was from the COD testing Kit,
from MERCK (spectroquant®) for the COD Cell Test 14 690. To 2 ml of the test sample
(fresh media and 120 hour MFC operation used media), 0.3 ml COD solution A (Merck,
South Africa) and 2.3 ml COD solution B (Merck, South Africa) were added in a test tube.
Solutions were mixed vigorously until hot and heated for 2 hours at 148° C on a
thermoreactor (Spectroquant® TR420, Merck, Germany). The solutions were subsequently
left at room temperature for 10 mins. Afterwards, the solutions were shaken, and left to cool
to room temperature. The resulting solutions were measured for COD concentrations using a

spectrophotometer (Spectroquant® NOVA 60, Merck, Germany).
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4.3 Results

4.3.1 Studies in MFC and growth where pH is not controlled

4.3.1.1 MFC and E. cloacae growth kinetic studies monitoring pH with RCM as
feedstock
Figure 4.1 shows power density output against pH change for time periods of 14 hours and

120 hours when RCM medium was used.
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Figure 4.1: pH and Power density (Pd) changes of MFCs containing RCM as the anode medium during a
short-term 14 hour study (a) and a long-term 120 hour study (b). MFCs were set up in a CE room at 35°
C.

Figure 4.1 shows that the pH of the RCM media decreases with time. During peak
performance of the MFC using RCM as a substrate, the pH is slightly acidic. From the MFC
study over 14 hours, it can be observed that as power density increases, pH decreases
constantly. A possible explanation for this is organic acid build up, as secondary metabolites
from the anaerobic processes of the biocatalyst (Wise, 1980) in the anode chamber.

Additionally, pH lowering could also be a result of proton transfer limitations through the
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PEM, which results in lower proton exchange leading to an accumulation of protons which in
turn decreases the pH. When the peak power density is reached the pH starts to decline more
rapidly from a pH of about 5.6 at the peak to about 4.3 at the end of the run (14 hours) which
could be a result of the bacteria entering exponential growth phase as shown in figure 2.1
(chapter 2) with associated increases in organic acid build up. When the study was initiated,
the initial pH observed in figure 4.1a was 6.5. After 6 hours of the study, the power density
plateaued and the pH reached 5.6. From the 6™ to the 10™ hour, the power density was
constant with slight variations, however, the pH continued declining from 5.6 units to 4.4
units. The low pH does not negatively affect the current generation, with E. cloacae being
reported to maintain its metabolic pathway at pH ranges between 4.5 and 7.0 (Daz and
Veziroglu, 2008). The slightly acidic pH corresponds to high power densities, possibly

showing a link between current generation and pH (figure 4.1).

After 24 hours (figure 4.1b), the power density started to decrease, and this corresponded
with an increase in the pH of the media in the anode chamber. As the protons are depleted
and less are produced with the decrease in either substrate, or where other depleting factors
such as fouling of the PEM minimise further proton release, it can be inferred that this may

act as a negative feedback resulting in an increase in pH and decrease in power density.

Figure 4.2 shows the growth of E. cloacae measured as absorbance (at ODgonm) in RCM
medium and the change in pH over time grown in batch flasks. This figure shows how pH
changes over a period of 120 hours when RCM was used as the substrate.
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Figure 4.2: The growth Kinetics of E. cloacae in RCM medium. The absorbance was measure at ODgynm.
The pH is plotted against the absorbance over time. Growth was performed under anaerobic conditions
at 35° C.
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Figure 4.2 shows a decrease in pH from 6.6 at the start of the study to 4.2 after 14 hours and
an increase in absorbance until 20 hours. When the pH levels off after 14 hours, the
absorbance values peak at 24 hours before levelling off showing a decline in growth kinetics
possibly due to nutrient limitations or suppressed metabolic processes at pH 4.2. This follows
the trend observed for the MFC study with RCM as the feedstock, with an initial decline in
pH as power density increases (figure 4.1b). The results show that anabolic and catabolic
process for E. cloacae in RCM can occur under acidic conditions and the organic acid build
up under anaerobic conditions does not have a large detrimental effect. After the initial 24
hours, the pH remains constant at about 4.3. The maintenance of a constant low pH in the
batch studies of the growth of E. cloacae may be a result of the accumulation of protons

which, unlike in the MFC, are not transported to the cathode.

4.3.1.2 MFC and E. cloacae growth Kinetic studies monitoring pH with EBRU
consortium media as feedstock
Figure 4.3 shows the power densities of MFCs with EBRU consortium feedstock at 35° C
both when the feedstock was autoclaved and when it was autoclaved and sonicated. The
change in pH over time was also monitored and plotted against time in relation to power

density.
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Figure 4.3: MFC studies with E. cloacae as the biocatalyst measuring the change in pH and power density
over time. EBRU consortium feedstock that was autoclaved (EBRU a) and EBRU consortium feedstock
autoclaved and sonicated (EBRU a & s) were used as the anolytes for short-term 14 hour MFC studies (a)
and long-term 120 hour MFC studies (b).

Figure 4.3 shows that the pH for the EBRU consortium medium MFC study was initially
approximately 5.7. As the power density increased the pH gradually decreased. After the 14
hour run the pH reached about 5.2. This was different from the RCM medium (figure 4.1)
MFC study where the pH changed by over 2 pH units over the 14 hour run. The pH change
was similar for both the autoclaved and the autoclaved and sonicated EBRU consortium
media used in the MFCs. The data suggests that like for RCM medium, current generation
under anaerobic conditions for E. cloacae was preferentially carried out under slightly acidic

conditions.

For the MFC studies in EBRU consortium feedstock over 120 hours, the initial trend
observed for RCM medium (figure 4.1) of an increase in pH corresponding with a decreased
power density (figure 4.3) was also observed. However, unlike in RCM medium where the
decline was observed after the first 24 hours (figure 4.1), the decline in power density in
EBRU consortium medium started at 72 hours. After 120 hours (figure 4.3b) of the sonicated
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and autoclaved EBRU consortium medium, a 20 % decline on the final power density from
the peak power density was observed. For the EBRU consortium (autoclaved) medium the
final power density showed a decline of approximately 20 % from the peak power density as
well. This was much less than the decline in the final power density from the peak power
density in RCM medium MFC runs where the decline was over 50 %.

Figure 4.4 shows the growth kinetics of E. cloacae in EBRU consortium (both autoclaved
medium and autoclaved and sonicated) at 35° C under anaerobic conditions. The growth
Kinetics was observed by measuring the absorbance at ODggonm and change in pH was noted

by plotting these against time.
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Figure 4.4: The growth kinetics of E. cloacae in batch flasks were measured by measuring change in
absorbance at ODgynm- The change in pH in EBRU consortium feedstocks were also measured. Studies
were conducted at 35° C under anaerobic conditions. Substrate medium was autoclaved (a) or autoclaved
and sonicated (b).

In figure 4.4, the initial growth of E. cloacae resulted in a lowering in the pH from 6.0 to 5.6

after 14 hours. When growth kinetics levelled off after 14 hours, the pH continued to decline
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to a pH of 5.6 up till 24 hours. After 24 hours, growth Kinetics, show a steady increase
coinciding with an increase in pH. After 48, 72 and 120 hours the pH reached was 5.9, 6.4
and 6.8 respectively. Unlike the RCM medium study where the pH was level after the initial
decline, the pH increased after the initial growth spurt in EBRU consortium medium. The
increase in pH towards the optimum of E. cloacae (Catal et al., 2010; Kumar and Das, 2001),
which is 7.0, could in theory improve metabolic processes hence contributing to increase in
biomass. The initial metabolic processes, when growth is initiated and proceeds in the first 24
hours, would have resulted in organic acids and other secondary metabolites (Wise, 1980).
The organic acids, would have made the media, acidic, which, would have aided in release of
further nutrients from the algae (Zheng et al., 2011), and therefore different conditions in the

complex media which might have increased the pH.

4.3.1.3 MFC and E. cloacae growth Kinetic studies monitoring pH with
Arthrospira media as feedstock
Figure 4.5 shows the power densities of MFCs with Arthrospira feedstock at 35° C when the
feedstock was autoclaved and when it was autoclaved and sonicated. The change in pH over

time was also monitored and plotted against time in relation to power density.
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Figure 4.5: Short-term 14 hour MFC studies (a) and long-term 120 hour MFC studies (b) with E. cloacae
as the biocatalyst were conducted. Arthrospira feedstock that was autoclaved and Arthrospira feedstock
autoclaved and sonicated were studied as the anolytes and the change in pH and power densities were
measured against time.

The initial pH for Arthrospira feedstock was alkaline with a pH of 8.0 as shown in figure 4.5.
Using Arthrospira as the feedstock for MFC studies resulted in an initial decline in pH,
associated with microbial metabolism and release of organic acids (Wise, 1980), along with
an increase in power density. The initial pH was 8.0 and during the study it declined to a pH
of about 6.6 after 14 hours. In the Arthrospira feedstock, the power density and pH trends
recorded were similar to the EBRU consortium feedstock, namely, the first 24 hours, pH
rapidly decreased while the power density increased, and then pH steadily increases with
power density remaining constant up until 72 hours. Thereafter, the pH increase is more
pronounced, and the power density steadily declines. From the peak power density to the
final power density, a decrease of about 25 % was observed, with the final pH returning to its
starting pH. This shows that even under alkaline conditions, E. cloacae is capable of

maintaining current generation. The nutrient availability also decreases with time, which
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affects the metabolic processes. From 14 hours to 72 hours when pH is in the range between
6.5 and 7.0, optimum MFC performance is observed. Depletion of readily available nutrients,
may have resulted in the more complex nutrients being digested, and release of the
metabolites to the media. Considering that the optimum pH for Arthrospira growth and
maintenance is 9.0 (Ogbonda et al., 2007), Arthrospira nutrients may be alkaline, with
studies showing the intracellular average pH to be between 8.0 and 8.5 (Kim et al., 2007).
The preferential uptake of nitrogen in Arthrospira is when it is in the form of ammonia
(Sanchez-Luna et al., 2006), therefore the metabolism of Arthrospira cells may result in the
release of alkaline based by-products which in turn will increase the pH of the media.

Figure 4.6 shows the growth kinetics of E. cloacae in autoclaved Arthrospira medium and
sonicated and autoclaved Arthrospira medium at 35° C under anaerobic conditions. The
growth Kinetics were measured by measuring the absorbance at ODggonm and pH, and plotting

these against time.
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Figure 4.6: Growth kinetics of E. cloacae in batch flasks were measured by measuring the change in
absorbance at ODgynm Arthrospira feedstock. The change in pH over time was also measured. Studies
were conducted at 35° C under anaerobic conditions. Substrate medium was autoclaved (a) or autoclaved
and sonicated (b).
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The E. cloacae growth Kkinetics in Arthrospira media (figure 4.6), show an initial decline in
pH within the first 24 hours, during the log growth phase of E. cloacae. Over the next 96
hours, as pH increased, growth increased as well. The final pH of the autoclaved Arthrospira
medium was about 6.2 with the final pH for the sonicated and autoclaved Arthrospira
medium being around 6.7. The growth kinetics show that in the exponential growth phase,
under anaerobic conditions, bacterial metabolism results in formation of organic acids, which

lower the pH.

The studies were carried out for 120 hours because the method used to determine cell
concentration, of absorbance at ODgoonm ONly gives limited insight into cell density. It does
not account for the state of the cells. Extending MFC studies beyond 14 hours provided more
insight into the state of the cells, with continuous power production after 14 hours showing
continuous metabolic activity. The non-zero current generated by the MFC at times beyond
14 hours demonstrates active metabolism by the biocatalyst in the anodic compartment and

studies investigating the longevity of the fuel cell were warranted.

For all three media, the pH fluctuates in the anode chamber of the MFC. This is also evident
during growth curves studied during batch culture of the bacteria with the trend showing a
decrease in pH during the onset of log phase growth of the bacteria. This period is also
associated with increase in power density. It is difficult to distinguish the role that pH
lowering plays on the power density or total power density as it impacts on both proton
availability in the anode and also on microbial metabolic processes. At lower pH, there are
more protons available in the system, therefore the proton shift from anode to cathode
through the PEM would be more enhanced, which may contribute to increases in power
densities. At a pH range, between 4.5 and 7.2, E. cloacae is able to maintain its metabolic
pathways (Daz and Veziroglu, 2008), and the low pH may also enhance the proton transport.
Daz and Veziroglu, (2008) also observed how fermentative bacteria produce hydrogen
between the pH ranges of 4.5 and 6.5. The algaenans found in cells that are found in the
EBRU consortium like Scenedesmus and Pediastrum (Blokker et al., 1998) may also
influence the release of protons after fermentation, resulting in higher power densities and
lower pHs. Bacterial metabolism results in electron and proton release in an MFC, which

drives the power density up (Logan, 2008). However, anaerobic metabolism, results in the
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release and build-up of organic acids (Wise, 1980) as well as the decrease in nutrient
availability. Acidic conditions also increase the fouling of the PEM with the organic acids
and biofilm (Xu et al., 2012) which in turn impacts the performance of the MFC. The
nutrients are also depleted during operation, which in turn would lower the availability of the
nutrients to the biocatalyst, hence lower the performance. The low pH is beneficial to the
MFC, because of the high proton gradient, which drives the reaction forward. However, the
low pH, impacts on the metabolism of the E. cloacae as the optimum metabolism is at pH 7.0
(Daz and Veziroglu, 2008). The low pH, would thus result in less metabolism and biomass
growth, which would eventually impact the MFC performance. The pH fluctuates but it does
so within the defined limits of growth and metabolic processes for E. cloacae and the proton

build up from the decreased pH may positively impact power density.

4.3.2 Anode electrode analysis using microscopy techniques
Figure 4.7 shows the carbon paper electrodes with MWCNTS that were used in MFC studies

after 120 hours with RCM as the feedstock medium and E. cloacae as the biocatalyst.
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Figure 4.7: Stereo microscope images of carbon paper electrodes at 10 times magnification (a), 50 times
magnification (b) and 100 times magnification (¢c) and SEM images with scale bar at 1 mm (d), 200 pum
(€), 50 um (f) and 20 um (g) from MFC studies after 120 hours with RCM as anolyte. MFC studies were
performed at 35° C and the substrate medium was under anaerobic conditions.

69



From the stereo microscopy images, very little electrode biofilm formation is visible. The 3D
structure of the carbon paper electrode can be visualised in figure 4.7 ¢ under the stereo
microscope. The 3D structure of the carbon paper is more defined in figure 4.7 e after
visualisation with SEM. Biofilm formation in the SEM images is more visible compared to
the stereo microscope images as can be seen in fugure 4.8. This is because the SEM images

provide more clarity.

Figure 4.8 shows images of the carbon paper electrodes with MWCNTS that were used in
MFC studies after 120 hours, with Arthrospira autoclaved as the feedstock medium and E.

cloacae as the biocatalyst. The images were observed using a stereo microscope at 10 times,

50 times and 100 times magnification and SEM.
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Figure 4.8: Stereo microscope images of carbon paper electrodes at 10 times magnification (a), 50 times
magnification (b) and 100 times magnification (c) and SEM images with scale bar at 1 mm (d), 200 pum
(€), 50 pum (f) and 20 um (g) from MFC studies after 120 hours with Arthrospira autoclaved as anolyte.
MFC studies were performed at 35° C and the substrate medium was maintained under anaerobic
conditions.

Compared to figure 4.7, in figure 4.8 the 3D structure of the carbon paper electrode is not

visible. Accumulation of the autoclaved Arthrospira particulates on the elecrode, under the
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stereo microscope is clearly visible. Under SEM, the 3D structure of the electrode is visible

as well as the biofilm layer on the electrode surfaces.

Figure 4.9 shows the carbon paper electrodes with MWCNTS that were used in MFC studies
after 120 hours with EBRU consortium autoclaved as the feedstock medium and E. cloacae
as the biocatalyst. The images were observed using a stereo microscope at 4 times, 10 times

and 40 times magnification and SEM.
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Figure 4.9: Stereo microscope images of carbon paper electrodes at 10 times magnification (a), 50 times
magnification (b) and 100 times magnification (c) and SEM images with scale bar at 1 mm (d), 200 pm
(e), 50 pm (f) and 20 pm (g) from MFC studies after 120 hours with EBRU consortium autoclaved
medium as anolyte. MFC studies were performed at 35° C and the substrate medium was maintained
under anaerobic conditions.

From figure 4.9, the 3D structure of the carbon paper electrode under the stereo microscope is
barely visible. The fouling of the electrode is less compared to electrode from Arthrospira
anolyte studies (figures 4.9 and 4.10). SEM shows the biofilm formation on the 3D structures
of the carbon paper.

Figures 4.7, 4.8 and 4.9 show biofilm formation and organic fouling on the anode electrode
surfaces from the different feedstock in the MFCs. For algal based media lower biofilm
formation was observed on the electrode surface, under stereo microscopy. The algal-based
feedstock accumulation on the electrode surface, would have resulted in minimising the area

71



for E. cloacae biofilm formation. This could have been responsible for the lower power
densities observed when the algal matter was not sonicated because of the barrier that formed
between the electrode surface and the E. cloacae, which minimises the exoelectrogenic
transfer of electrons (Gil et al., 2003). Biofilm formation was observed on all the anode
electrodes albeit to a different degree depending on the feedstock. For the SEM images,
biofilm formation and fouling of the electrode surface can be observed. Biofilm on the
electrode surface improves exoelectrogenic transfer from the bacteria to the electrode (Gil et
al., 2003). The SEM and stereo microscopy images showed how the biofilm interacts with
the electrode surface, suggesting that it forms a complex that readily releases the electrons to

the electrode surface.

4.3.3 Buffered pH studies utilising Arthrospira based feedstock

MFC studies as well as growth kinetics of E. cloacae shows that pH fluctuations occurred in
both anode chambers as well as in batch cultures for growth. Studies were thus conducted
during MFC operation and in a batch culture in which pH was controlled through buffering,
(figure 4.10). Arthrospira was selected as the nutrient medium as previous research (chapter
3, figure 3.7 and 3.9) demonstrated that good growth of the E. cloacae biocatalyst could be
achieved without much pre-treatment, and that it could offer a cheaper alternative to RCM
medium. From previous studies biocatalyst growth in Arthrospira medium was shown to be
successful over a range of pH values, which included alkaline and acidic conditions (in
chapter 4, section 4.3.1, figures 4.5 and 4.6)
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Figure 4.10: Power density curves of autoclaved Arthrospira feedstock at different pH values using
phosphate buffer (pH 7 — 9) and acetate buffer (pH 4 — 6) for short-term MFC studies over 14 hours (a)
and long-term MFC studies over 120 hours (b) are shown. pH was monitored during operation and
maintained using 0.1 M NaOH or 0.1 M HCI. MFC studies were performed at 35° C with E. cloacae as
the biocatalyst.

Figure 4.10 shows a change in the power density, over the period of 120 hours between pH 9.
A bar graph shows the change in the daily peak power density for each pH treatment (Figure
4.11).
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Figure 4.11: The daily peak power densities from each buffered pH treatment were plotted over the 120
hour period.

Figure 4.11 shows a representation of the peak power densities observed for each day for
each of the pH values studied. It shows how the maximum power density over time changes
for each of the studied media. From figure 4.11, it can be observed that very low peak power
densities were observed in an MFC buffered to pH 9, with very little change in the daily peak
power density being observed over the 120 hours (figure 4.11) and low total power output.
The peak power density of 11.91 (+ 2.34) mW.m™ was recorded during the first 24 hours in
the pH 9 treatments. After the peak power density at 24 hours, the power density did not
change significantly over the MFC operation period, with a final power density of 6.37 (+
2.25) mW.m™ being the lowest reading at 120 hours. In the pH 8 treatment, the power density
was about double that of the peak power density in the pH 9 treatment, with a maximum
power density of 33.54 (+ 5.27) mW.m at 9 hours. The power density in the pH 8 treatment,
unlike that in the pH 9 treatment, increased after the first 24 hours. This suggests that the
biocatalyst adapted to the less alkaline system, probably through the change of metabolic
pathways and systems. At 14 hours, the peak power density in the media buffered at pH 7
was higher than that at the other pH treatments. However, for the 120 hour run, after reaching
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the peak power density at 14 hours, the power density declined from of 118.10 (+ 6.21)
mW.m™ to 70.31 (+ 5.04) mW.m after 24 hours of the MFC operation. Thereafter, there was
a steady decline in power density until at 72 hours, at which point the systems power
generation rose again. For the acidic pH 5 and 6 treatments, the power densities measured
were similar over the 14 hour run, while differences in power density measurements were
observed over the 120 hour period. A statistical analysis of the results from pH 5 and pH 6
gave a result of p = 0.88. These results show that the pH 5 and pH 6 treatments have no
significant difference. All other treatments had a p value < 0.01 compared to each other,
showing the effect of pH on the MFC anode performance. For the pH 4 treatment, the peak
and total power density was lower than the pH 5, 6 and 7 treatments for the 14 hour run. The
power density for pH 4 treatment remained constant over the 120 hour run, with no major
fluctuations being observed. There is an increase in power density after the initial drop for pH
4, 5 and 6, although they do not yield the highest peak power density. The power density in
this pH range (4 - 6) is greater after 48 hours than at pH 7. The extracellular electron transfer
at acidic and neutral pH from the cell to the anode is greatest, whereas at alkaline pH, there is
a low proton production which also results in low electron discharge hence lower current

generations (Nimje et al., 2011).

In order to interrogate this further, the total power output at each pH is compared in Table 4.1
below. After the 5 day MFC run, the supernatant of each of the reactors was assayed for total
carbohydrate and total protein (Table 4.1).The data was compared to fresh unused, media that
had not been buffered.
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Table 4-1: The nutrient assays of the buffered media after a 120 hour MFC study

assay pH 4 pH 5 pH 6 pH 7 pH 8 pH9 Fresh
Protein 3.17* 3.26 * 4.88 * 3.68 * 8.28 * 1046# | 12.01 (=
concentration 1.63)

4 (x2.76) | (x 1.79) |(x1.22) | (x1.13) |(x1.27) |(x1)51)

(9.1")

Carbohydrate | 1.99 * 2.08 * 2.48 * 1.76 * 1.83* 1.78 * 3.54
concentration

@) (x0.29) | (x0.30) |(£0.27) | (x0.28) | (x0.31 | (x0.30) |(x0.29)

g.
Approximate | 6.64 (x|833 (£|7.70 (x[6.19 (£[29 (x|1.09 (x|N/A
Total Power | 0.401) 0.532) 0.615) 0.415) 0.415) 0.212)

output (W)

Statistical analysis was performed on the results using one way ANOVA, with further tests performed using the
Post Hoc analysis, Tukey HSD test. Results were compared to fresh Arthrospira medium. When p < 0.01 the
results were denoted the sign * and when 0.01 < p < 0.05, the results were denoted the sign #.

In table 4.1 it is clear that the highest total power output is at pH 5, followed by pH 6, 4 and
finally 7. The lowest total power output occurs at pH 8 and 9. Considering that the optimal
growth of E.clocae occurs at pH 7, this might lend strong support that the low pH supports
higher power density potentially as a result of the proton accumulation at acidic conditions.
There was a significant difference for all the pH treatment steps in nutrient use compared to
unused Arthrospira medium for carbohydrate utilisation in the MFC. However, for protein
utilisation, there was a significant difference between the pH 9 treatment and the unused
Arthrospira medium, and the other treatments there was a highly significant difference. There
was no significant difference in depletion of nutrients from the pH 4 to 7 treatments in terms
of protein depletion. This could show that different mechanisms are being utilised by E.
cloacae at the different pH conditions in utilising roughly the same amount of nutrients. This
in turn resulted in the release of different metabolites, with more electron and proton
discharge being observed for the neutral and low pH treatments. Protein structure and folding
is also dependent on pH, which could make the proteins change their structure at low pH, and
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making them more usable to the microbes. This could generate more protons and electrons
which would result in higher power densities. Ogbonda et al. (2007) describe how the
optimum protein production in Arthrospira growth is at pH 9.0. This information gives us a
possible insight into how the Arthrospira proteins are likely to be alkaline. An acidic medium
may result in the denaturation and conformational change in the protein’s structure, which
would therefore aid in degradation by the E. cloacae biocatalyst resulting in faster release of

electrons and protons.

Carbohydrates concentrations are lowest in the neutral and alkaline pH treatments. Nimje et
al. (2011) observed that under acidic anodic pH conditions, the MFC, system outperforms
neutral and alkaline system in terms of current generation. However, substrate degradation is
greater under neutral and alkaline pH. At neutral and alkaline pH conditions, nutrient
utilisation favours the growth of the biocatalyst more, resulting in more substrate degradation
and less current generations (Nimje et al., 2011). This could explain the low carbohydrate
concentration at neutral and alkaline pH conditions at the end of the MFC study compared to
pH 5 and pH 6 treatments. The total power output for pH 5 and pH 6 treatments had no
significant difference. The pH 5 and pH 6 treatments, in terms of total power output,
compared to pH 7 and pH 4 treatments were significantly different, and compared to the

alkaline treatments were highly significantly different.

The PEM is a major limiting factor for the generation of current in an MFC. However, factors
that affect the performance of the PEM are not well characterised in literature. Although it
has been shown in research that Nafion® membrane is a very good proton exchange
membrane (Behera et al., 2010), (Choi et al., 2011), other research has shown that during the
continuous operation of an MFC, it is the major limiting factor to power output (Edwards et
al., 2012). The performance of the PEM after a 5 day MFC study was examined by

measuring the ion exchange capacity (Table 4.2).
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Table 4-2: After the 120 hour pH MFC operation, an analysis of the PEM was
performed. The proton exchange capacity was measured to show how the capacity to
retain protons in the membrane changes at the different pH rates.

Unused | Cleaned |pH4 pH 5 pH 6 pH 7 pH8 | pH9

PEC in | 0.6683 0.6220 0.0282 0.0220 0.0023 0.0074 0 0

mmol.g™
(+0.0056) | (+0.0038) | (+0.0012) | (+0.0024) | (+0.0007) | (+0.0011)

The proton exchange capacity for the PEM declined with an increase in pH from 4 to 9. No
values were obtained in alkaline pH treatments, because under alkaline solutions the protons
in the membrane are replaced with hydroxyl ions (Xu et al., 2012). The lack of protons in the
alkaline media resulted in possible proton transport from the membrane to the media. Xu et
al, (2012) describes how during an MFC operation, the proton binding sites of the PEM are
substituted by metal ions found in the MFC media which also affects biofouling and organic
fouling of the membrane. The loss of protons from the membrane affects the proton exchange
capacity (ion exchange capacity specifically for protons). The greater the PEC, the better the
proton transport is from the anode to the cathode in an MFC (Xu et al., 2012). The PEC at the
lower pH conditions (pH 4 — pH 5) is greater than that at neutral and pH 6, because at lower
pH the media has more protons possibly leading to competitive absorption at the proton
binding sites in the membrane (Xu et al., 2012). The cleaning of the membrane is done using
sulphuric acid, which would aid in regeneration of protons to the membrane and sulfonation
of the membrane (Zawadinski et al., 1993). The difference in PEC due to the loss of
protonation under different pH conditions could aid in explaining the low power densities
observed under alkaline conditions. However, since membranes used had been cleaned
instead of being unused, the PEC gives no actual indication of biofouling, because of the

difference in pH and absence of negative controls.

Further analyses were carried out using the top three performing Arthrospira substrate media
under buffered pH treatments in terms of peak power density (pH 5-7) from figures 4.12 , and
the performance was compared to the performance of unbuffered Arthrospira and RCM
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(figures 4.1 and 4.5) nutrient media as shown in figure 4.12. The change in power density

over time was observed for the media.
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Figure 4.12: A comparison of buffered Arthrospira feedstock media, unbuffered Arthrospira feedstock
medium and RCM medium in an MFC. Short-term MFC over 14 hours (a) and a long-term MFC studies
over 120 hour (b). MFC studies were performed at 35° C and E. cloacae was used as the biocatalyst.

Figure 4.12a shows that the biocatalyst inoculated in the buffered Arthrospira feedstock
treatment at pH 7, for a 14 hour MFC study produces similar power densities to that in RCM
feedstock, which was used as the baseline for study. However, after 12 hours a rapid decline
in power densities was observed for the pH 7 treatment, which can be a result of faster
biocatalyst metabolism at pH 7 (Nimje et al., 2011). This may have resulted in the initial
release of electrons and protons that causes the spike in power density observed at 14 hours
and the activation of other metabolic pathways. In the pH 5 and pH 6 treatments, there is an
initial spike in the power density up to 7 hours (figure 4.12), then a decline in power density
thereafter. For the unbuffered feedstock (RCM and Arthrospira), power densities stabilise
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after the initial peak and did not decline further. From these results, it appears that the change
in pH mediated by the biocatalyst is necessary in providing optimal conditions for
metabolism and maybe crucial in the adaptation of the bacteria to the environment over the
short term. After the initial peak power density was measured in RCM medium in the first 24
hours, the power density subsequently declined rapidly over the following 96 hours. At the
conclusion of the experiment after 120 hours, power densities in RCM medium were the
lowest, of all the treatments. RCM medium had a peak power density of 119.29 (x 6.41)
mW.m2 in the first 14 hours and the final power density after 120 hours was 36.13 (+ 5.41)
mW.m which signifies a 83.16 (+ 9.9) % fall in power density from the peak power density
over a period of about 96 hours. The buffered pH feedstock treatments at pH 5 and 6
displayed consistent power densities throughout the 120 hour run. After the initial peak in the
Arthrospira pH 5 treatment at 7 hours of 103.58 (+ 2.79) mW.m™, a decline was observed to
58.64 (+ 5.25) mW.m™ after 14 hours. An increase in power density is then observed after 14
hours, with a new peak of 78.11 (+ 3.25) mW.m™ only observed after 96 hours. This is in
contrast to the power density observations in RCM feedstock, where a decline was observed
in power density after 24 hours. In the pH 6 treatment, the power density reached its peak
after 6 hours of 95.93 (+ 6.34) mW.m™. As for the pH 5 treatment a decline is observed with
a final power density after 14 hours being 69.00 (+ 4.82) mW.m™. After 24 hours the power
density was 73.37 mW.m? and the power density was constant with the final power density
after 120 hours at 70.13 (+ 5.40) mW.m™. Unbuffered Arthrospira feedstock treatment
peaked after 9 hours to 74.19 (+ 9.73) mW.m? and was constant till 96 hours where the
power density was 71.11 (+ 1.31) mW.m™. The final power density at 120 hours was 57.06(+
3.84) mW.m™.

The change in COD between fresh media and after a 120 hour MFC study was studied (table
4.3). The difference in the PEC of the PEM from the different media was calculated as well,
and shown in the table (table 4.3).
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Table 4-3: The change in COD and the PEC after a 120 hour MFC study.

pH 5 pH 6 pH 7 Arthrospira | RCM
COD initial | N/A 335 (£ 12) 388 (£ 37) 178 (£ 9) 572 (£ 22)
(mg.I™h)
COD Final | N/A 298 (£ 17) 230 (£ 33) 133 (+ 13) 477 (£ 26)
(mg.I")
PEC 0.0225 0.0051 0.0045 0.0054 0.0353
(mmol.g™)

(£ 0.0014) *+ | (£ 0.0020) *# | (£ 0.0015) *# | (£ 0.0015) *# | (x 0.0034)

Statistical analysis on the PEC was performed using one way ANOVA, with further tests done
use Post Hoc test, Tukey HSD test. PEC values were compared to RCM PEC firstly, and
results that were p < 0.01 were denoted *. The algae based PEC were then compared to each
other and the PEC that were p < 0.01 were denoted + and if p > 0.1 denoted #.

Using the COD test kit, the COD for Arthrospira feedstock buffered at pH 5 exceeded the

limit of detection probably as a result of the acetate buffer used which also contributes to

COD, but was measured readily at pH 6 and 7. The COD removal for RCM was about a sixth

of the original COD, while the COD removal in unbuffered pH Arthrospira feedstock was

about a quarter of the original COD over a period of 120 hours. COD removal in pH 7

Arthrospira feedstock was about 41 % and in pH 6 Arthrospira feedstock, the COD removal

was about 12 %. The change in pH in the feedstock media affected the COD removal by the

biocatalyst. The results show that, COD removal is more effective at pH 7 than at pH 6 when

E. cloacae is used as the biocatalyst.

The PEM that had been used in the MFC studies in the different feedstocks were analysed
using SEM after 120 hours of operation in the MFC is shown in figure 4.13 to 4.17.
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Figure 4.13: PEM fouling after 120 hours in an MFC with Arthrospira feedstock at pH 5 as the medium.
SEM was used for visualisation with scale bars at 50 um (a), 20um (b) and 5 pm (c). MFC studies had
been performed at 35° C.
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Figure 4.14: PEM fouling after 120 hours in an MFC with Arthrospira feedstock at pH 6 as the medium.
SEM was used for visualisation with scale bars at 50 um (a), 20um (b) and 5 pum (c).MFC studies had
been performed at 35° C.
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Figure 4.15: PEM fouling after 120 hours in an MFC with Arthrospira feedstock at pH 7 as the medium.
SEM was used for visualisation with scale bars at 50 pm (a), 20um (b) and 5 um (c). MFC studies had
been performed at 35° C.
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Figure 4.16: PEM fouling after 120 hours in an MFC with unbuffered Arthrospira feedstock as the
medium. SEM was used for visualisation with scale bars at 50 pm (a), 20pm (b) and 5 pm (c). MFC
studies had been performed at 35° C.
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Figure 4.17: PEM fouling after 120 hours in an MFC with RCM as the medium. SEM was used for
visualisation with scale bars at 50 pm (a), 20um (b) and 5 um (c). MFC studies had been performed at 35°
C.

Figures 4.13 to 4.17 show the fouling of the PEM after operation at different pH ( 5- 7),
unbuffered Arthrospira medium and in RCM medium. In the buffered Arthrospira medium at
pH 7, fouling is minimal compared to pH 6, pH 5 and uncontrolled Arthrospira media
treatments. Fouling on the PEM in RCM medium is low. The low fouling shown in the
figures with Arthrospira media as feedstock could be a result of the large particulates of
Arthrospira feedstock which could have formed a layer on the membrane surface, compared
to RCM medium which does not contain large particulates. The fouling could explain why
the PEC for the PEM from RCM medium is almost double that of the PEMs from the
Arthrospira feedstocks. Xu et al. (2012) describes that fouling of the PEM occurs during
long-term performance and how different anode feedstock affects biofilm formation.
Biofouling affects proton binding sites on the membrane which results in substitution of the
proton binding sites with metal ions and other ionic groups like hydroxyl and carbonate ions
resulting in a lower PEC for the PEM (Xu et al., 2012) and also increases electrical resistance
(Choi et al., 2011) with the SEM showing fouling which could explain the decline in power
density over time of the MFC. From the SEM images, it can be observed that algal based

feedstock results in more biofouling and organic fouling of the PEM than the less complex
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feedstock such as RCM which are industrially prepared from refined products for commercial
purposes. The fouling of the PEM presents a significant bottleneck in the operation and scale
up of the MFC technology. A method of operating an MFC that may minimise fouling of the
PEM or even circumvent the use of a PEM would be desirable.

Figure 4.18 shows the buffered feedstock media (pH 5 — pH 7) after a 120 hour study in an
MFC. Visualisation was done under a light microscope at 400 times magnification. The
feedstock was visualised before and after the 120 hour MFC study.

Unused feedstock Feedstock after 120 hours study

Figure 4.18: Arthrospira feedstock visualised at 400 times magnification using a light microscope.
Arthrospira feedstock buffered at pH 5 before an MFC study (a) and after a 120 hour MFC study (b);
Arthrospira feedstock buffered at pH 6 before an MFC study (c) and after a 120 hour MFC study (d);
and Arthrospira feedstock buffered at pH 7 before an MFC study (e) and after a 120 hour MFC study (f).
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Figure 4.19 shows the Arthrospira unbuffered feedstock and RCM after visualisation under a

light microscope at 400 times magnification before and after a 120 hour MFC study.

Unused feedstock feedstock after 120 hours study

Figure 4.19: Arthrospira feedstock without controlled pH before an MFC study (a) and after a 120 hour
MFC study (b); and RCM medium before an MFC study (c) and after a 120 hour MFC study (d)
visualised at 400 times magnification using a light microscope. MFC studies were performed at 35° C.

From figures 4.20 and 4.21 it can be observed that after the 120 hour run in an MFC for the
algal based feedstock, larger algal particulates are broken down and dispersed. These results
coupled with the COD removal data and power density curves, provides further evidence that
biodegradation does occur in the MFC with electricity harvesting being a by-product. The
images from RCM show some particles which could be the clumping of the biocatalyst

making them visible at 400 times magnification.
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4.4 Conclusions

The pH of the microenvironment of the anode media during MFC operation using E. cloacae
as the biocatalyst changes during the operation. Peak power densities for the biocatalyst,
irrespective of the media occur under acidic pH conditions. Growth of the biocatalyst, under
anaerobic conditions is at acidic pH during its log phase. Peak performance of the MFC at
35° C with E. cloacae as the biocatalyst is observed under acidic pH conditions and
performance declines or levels off when the pH in the MFC anode microenvironment
naturally increases. Buffering the anode microenvironment and controlling the pH gave a
more in depth analysis of the MFC system and performance for the biocatalyst. Peak
performance in the MFC over short operation lengths was observed under neutral pH
however performance under neutral pH for the MFC declined after the first 24 hours. Under
controlled pH studies, under alkaline conditions, the MFC performance is low compared to
MFCs with acidic pH feedstock. Similar MFC performance was observed when the feedstock
was not buffered, whereby peak power densities were observed under acidic conditions. The
MFC pH studies show that performance is optimal in an MFC when the anode
microenvironment is acidic and MFC performance is suppressed under alkaline conditions.
The performance of the MFC was also shown to be related to the carbohydrate concentrations
in the feedstock. The studies showed that growth kinetics of E. cloacae were directly related
to MFC performance in terms of the peak power densities in the first 14 hours of operation.
Metabolic pathways at the different pH of the feedstocks result in different proton and
electron release in the MFC, as well as different substrate degradation. The different pH
conditions also affect the proton exchange capacity of the PEM, with low capacity observed
at neutral pH compared to acidic pH and very minimal capacity observed for alkaline pH.
However, compared to unused and cleaned PEM, the proton exchange capacity after an MFC
operation is greatly affected, with over 90 % loss in PEC observed under all the pH
treatments. Controlling the pH of the Arthrospira feedstock increases the efficiency of
electricity generation by the system. The pH also affects nutrient and COD removal from the

system and plays a major role in the fouling and performance of the PEM.
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Chapter 5 : Influence of electrode material on performance
and study of microalgae as biocathodes in an MFC

5.1 Introduction

Electrode material in microbial fuel cells (MFC) shoudly ideally be biocompatible and have a
high surface area (Zhu et al., 2011; Lee et al., 2008). Activated carbon fibre (ACF) is used in
biological systems such as waste water treatment systems for the adsorption of polluted fluids
(Deng et al., 2010) showing its biocompatibility. It also has an enhanced 3D conformation.
This in theory enhances the exposed surface area (He et al., 2011) allowing more biofilm
surface interaction. The use of fibre with small diameters has also been shown to favour the
formation of thick and continuous biofilms which improves biofilm-electrode interaction and

possibly current densities (He et al., 2011).

The use of algae in MFCs can be expanded beyond the use of the algae as nutrient feed for
microbial biocatalysts in the anode. Microalgae can be used as a bio-electron acceptor in the
cathode, whereby it can sequestrate some of the electrons from the MFC anode reaction.
Powell et al. (2009) used Chlorella as the bio-electron acceptor and Fu et al., (2009) used
Arthrospira as a bio-cathode in MFC studies. Algae are photosynthetic under light conditions
producing oxygen and acting as a CO, sink. This makes it theoretically possible to use algae
as aerobic bio-cathodes, responsible for oxygen supply and also acting as bio-electron
acceptors (Gonzalez et al., 2013). Microalgae also have the potential to decrease the over-
potential of the ORR (Wu et al., 2014). Microalgae as bio-cathodes have the advantage of
having low operation cost and self-generation capabilities (Wu et al., 2014). Light intensity
affects the rate of photosynthesis, with higher light irradiance resulting in higher rates of
photosynthesis, which in turn affects the dissolved oxygen content in the medium containing
the algae (Juang et al., 2012). If photosynthesis is too high, the dissolved oxygen in the
medium can reach a critical point where oxygen is leaked to the anode which in turn affects
the power generation in the MFC (Juang et al., 2012). Fu et al., (2009) in their research

showed how an increase in biomass areal density increases power density in the MFC.

The aim of the study was to compare and contrast the use of ACF in MFCs and how

performance may differ from MFCs utilising carbon paper. Using the same modification
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methods for carbon paper with MWCNTSs and FePc, the activated carbon fibre was modified
and the power density from MFCs was observed and compared. The second aim of the study
was to observe the use of algae as biocathodes in an MFC under different light and

temperature conditions and how this would affect MFC performance.
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5.2 Methodology and materials

5.2.1 Carbon electrodes

i. Carbon paper
Toray carbon paper (TGP-060) (Alfa Aesar GmbH & Co. KG) was used for certain MFC
experiments (2 cm x 2 xm). Modification was performed using MWCNTs and FePc when

required as described in the methodology section (chapter 2.2.3.6 and 2.2.3.5).

ii. Activated Carbon Fibre

Activated Carbon Fibre (ACF) Non-Woven Fabrics (SO-EN CO., LTD) with a BET
(Brunauer—-Emmett-Teller theory) of 1000 + 50 m?.g™ was used as an alternative electrode
material. From the BET, the surface area required was calculated to be 8 cm? which is
similar to the surface area of CP used. The area required from the calculations measured
about 4 mm x 4 mm. Bare ACF was used for the experiments and when modification was
required it was done using MWCNTSs and FePc. The drip-dry method of application was used
as described for carbon paper modification (chapter 2.2.3.6 and 2.2.3.5).

5.2.2 Cyclic voltammetry
Cyclic voltammetry was performed on the carbon electrodes which were attached to the
apparatus via an external copper wire. A Potentiostat/Galvanostat 30 (PGSTAT 30) (Autolab)
was used and the data were gathered and analysed using NOVA 1.9 software. A standard
three-cell system was utilised for all cyclic voltammetry work with copper wire connecting
the sample carbon electrode in 10 mM phosphate buffer to the working electrode. To
minimise interference of the data from copper, long pieces of carbon paper and carbon fibre
were used, so that a substantial portion of the carbon material could be immersed in the liquid
without exposing the copper wire to the liquid. A reference electrode which had been stored
in 3 M KCI (Ag/AgCI vs. 0.225 (Bioanalytical Systems, USA) was used as the counter
electrode and a platinum electrode. Before all analyses, nitrogen gas (purity 99.999 % with

impurities less than 5 ppm, Afrox) was used to degas the solutions.
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5.2.3 Electrode cleaning of carbon paper
Carbon paper that had been used in MFCs was cleaned and reused in further MFC studies. A
combination of cleaning methods adapted from Harewood et al. (1973) Perfol et al. (2002)
and Q-sense Handbook were used. Used carbon paper electrodes where immersed in absolute
ethanol and sonicated (Elmasonic S10H, ElIma® D-78224, Singen/HTW, Germany) for 5
minutes to remove bacteria and other biofilms. A rinse step was carried out using milliQ
water. This step was followed by a 30 minute immersion in 2 % SDS (>98.5 % purity, Sigma
Aldrich, Japan) at room temperature to remove thiols and proteins. The electrodes were

rinsed with milliQ water afterwards and left to try in a fumehood, with UV light turned on.

5.2.4 Microbial fuel cells

Two-chambered H-type MFCs were assembled and operated in controlled environment (CE)
rooms at 35° C (as described in chapter 2, section 2.2.3.1).

5.2.5 Anode biocatalyst

Enterobacter cloacae strain 16657 was used as the biocatalyst (chapter 2.2.2).

5.2.6 Algae growth kinetics
Luminance was measured using a nokia Lumia 720 cellphone, Carl Zeiss 6.3 mp camera

lense, using the light meter app.

i. Chlorella growth
A Chlorella culture in its log phase of growth was provided by EBRU. The culture was
inoculated and grown in modified Bolds Basic media (BBM) as described by Powell et al.,
(2009). Modified BBM was prepared by adding the following salts to one litre milliQ water;
75 mg KH,PO,4, 50 mg K;HPO,, 75 mg NH,4CI, 25 mg MgS0,.7H,0, 12.5 mg CaCl,, 12.5
mg NaCl, 60 mg NaHCOg3, 25 mg EDTA (sodium salt), 2.5 mg FeS0O,4.7H,0 and adding 0.5
ml trace mineral solution. The trace mineral solution was made up by adding 1.25 mg
H,BO3, 882 mg ZnSO4, 70 mg MoOs3;, 50 mg Co(NOs),, 140 mg MnCl, and 160 mg
CuS04.5H,0 to 100 ml milliQ water. To 200 ml BBM in a conical flask, 20 ml log phase
Chlorella was inoculated. The reactors were set-up in a 27° C CE room with a luminance of
228 cd.m™ and placed on a shaker at 100 rpm. An alternating photoperiod of 12 hours light

and 12 hours dark was used.
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ii. Arthrospira growth
A log phase Arthrospira culture was provided by EBRU. Different batches of Arthrospira

used in this study were grown in Zarrouk’s or Schldsser’s media.

a. Arthrospira growth in Zarrouk’s medium

Arthrospira was grown in Zarrouk’s liquid medium using the method adapted from
Chojnacka and Noworyta, (2004). Zarrouk’s medium was prepared by adding 2.5 g NaNOs,
0.5 g K;HPO,, 10 g NaHCOg3, 1 g NaCl, 0.2 g MgS0,4.7H,0, 0.02 g CaCl,.2H,0 and 0.01 g
FeSO,4.7H,0 in a litre of milliQ water. To 200 ml of the media, 20 ml log phase Arthrospira
was inoculated. The reactors were set-up in a 27° C CE room with a luminance of 228 cd.m™
and placed on a shaker at 100 rpm. An alternating photoperiod of 12 hours light and 12 hours
dark was used.

b. Arthrospira growth in Schlésser’s medium

Arthrospira was grown in Schldsser’s medium using the method adapted from Celekli and
Yavuzatmaca, (2009). Schlosser’s was prepared by adding to a litre of milliQ water 13.61 g
NaHCOs3, 4.03 g Na,COs, 0.50 g K,HPO4, 2.50 g NaNOs3, 1.00 g K;SO4, 1.00 g NaCl, 0.20 g
MgSQ,.7H,0, 0.04 g CaCl,.2H,0 and autoclaving. After the solution had cooled off, 6 ml of
metal solution containing 97 mg FeCl3.6H,0, 41 mg MnCl,.4H,0, 5 mg ZnCl,, 2 mg
CoCl,.6H,0 and 4 mg Na;Mo0O4.2H,0, 1 ml of micronutrient containing 50 mg Na;EDTA,
618 mg H3BO3, 19.6 mg CuS0O4.5H,0, 44 mg ZnS0O,.7H,0, 20 mg CoCl,.6H,0, 12.6 mg
MnCl,.4H,0, and 12.6 Na;,M00,.2H,0 and 0.15 mg of B12 vitamin were also added. To 200
ml of the Schlésser’s solution, 20 ml of Arthrospira in log phase was added. Arthrospira were
cultured in a conical flask placed on a shaker at 100 rpm in a 27° C CE room illuminated at
228 cd.m™.

Chlorella growth Kkinetics were very low and were not studied. The growth kinetics for
Arthrospira were studied by measuring the daily absorbance at ODsgonm Using a UVmini-
1240 spectrophotometer (SHIMADZU).

c. Mass versus absorbance for Arthrospira
The medium with the best growth kinetics for Arthrospira was used in further absorbance

against mass studies. One millilitre of Arthrospira was taken daily from the Zarrouk’s

92



medium reactor and dried in an oven at 70° C for 48 hours. The mass was measured after

drying and plotted against the absorbance (in growth medium).
5.2.7. MFCs for biocathode studies

i. Electrode material
After the successful use of ACF as a potential electrode material substitute for carbon paper,
and with good readings obtained without modification of the ACF, ACF was used as the
cathode and anode electrode material.

ii. Nutrient medium
RCM was used as the nutrient medium in the anode for the MFC biocathode studies (chapter
2.2.1.1).

iii. Cathode media
Algae in its log phase during growth were used as the catholyte. Arthrospira, Chlorella or a
mixture of the two algae was used in the studies. For some of the studies an unsealed cathode
was used whereby the cathode side was open to the atmosphere and for other studies where

specified, the cathode was sealed in the same way as for the anode.

iv. MFC setup
Two-chambered H-type MFCs were assembled and operated. Activated carbon fibre was
used as the anode and cathode electrodes. The cathode medium contained a growing culture
of algae. Studies were conducted in a 35° C CE room with a luminance of 83 cd.m™. Other
studies were done in the 27° C CE room with a luminance of 228 cd.m™. The final studies

were conducted in the 27° C CE room in total darkness.
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5.3 Results

5.3.1 Carbon based electrodes
Different carbon material can successfully be used as electrode material in MFCs including
carbon paper and activated carbon fibre as shown in figure 5.1. The performance of bare

carbon paper and bare activated carbon fibre were compared against the performance of
modified electrodes in an MFC at 35° C.
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Figure 5.1: Power densities for different electrode material in MFCs using RCM medium as the
feedstock. Electrodes used as the anode were denoted (a) and electrodes used as the cathode were denoted
(c). CP — carbon paper; ACF — activated carbon fiber; BCP — bare carbon paper; MWCNT - multi-
walled carbon nanotubes; FePc — iron (ii) phthalocyanine. MFCs were set up at 35° C in a CE room. E.
cloacae were used as the biocatalyst.
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Table 5-1: Peak power density for different electrode configurations with the time taken
to reach peak power density output.

Electrode material | Electrode ~ material | Time taken to | Peak power density

used (anode) used (cathode) reach peak power | (MW.m?
density (hours)

Bare carbon paper Bare carbon paper 11 5.16 (x 1.17) *#

CP (MWCNT) CP (MWCNT:FePc) |9 122.7 (+5.73) #

ACF ACF 8 85.4 (£ 1.50) *

ACF (MWCNT) ACF 11 95.5 (+ 1.92) *#

ACF ACF 13 925 (x£3.77) *

(MWCNT:FePc)

ACF (MWCNT) ACF(MWCNT:FePc) | 11 1265 (+ 3.84) #
ACF CP (MWCNT:FePc) | 6 99.7 (+ 3.51) *#
CP (MWCNT) ACF 10 95.5 (+ 3.00) *#

Using ANOVA for statistical analysis, the Tukey HSD test, comparing results to the positive control of modified
carbon paper electrodes, * shows the results of the electrodes that are highly significantly different to modified
carbon paper for MFC performance where p < 0.01. Using ANOVA for statistical analysis, the Tukey HSD test,
all electrode configurations were compared to bare ACF, where # shows the results when p < 0.01 and # shows
the result when 0.01 < p < 0.05.

Use of bare carbon paper as the electrode material for the anode and cathode resulted in low
power density output with a peak power density of 5.16 (+ 1.17) mW.m? (figure 5.1).
Modifying CP with MWCNT at the anode and MWCNT:FePc at the cathode resulted in an
increase in catalytic efficiency which also increased the power density. The peak power
density for the modified CP was 122.71 (+ 5.73) mW.m™ which is about 24 times as much as
bare CP. Zou et al. (2008) describe how carbon paper with a large surface area can be easily
modified to improve catalytic efficiency. Carbon paper has poor oxygen reaction rate (Uria et
al., 2011) and the biocatalyst (bacteria) to electrode catalyst (bare carbon paper) electron
transfer is minimal (Peng et al., 2010). This could explain why the bare CP has low power

density outputs compared to the modified carbon paper. Modification of the carbon paper
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results in an increase in current generation (Edwards et al., 2012). Use of MWCNTSs as
electrode enhancers results in an increased surface area and increased reactivity area for the
biocatalyst (Zou et al., 2008). At the cathode, MWCNTSs acting as the support materials for
FePc on the electrode surface, improve the ORR and activity for the MFC (Yuan et al., 2011,
Mshoperi et al., 2013; Edwards et al., 2012). Modification of carbon electrodes has also been

shown to improve biofilm-electrode interaction (He et al., 2011).

Bare ACF used as electrode material for the anode and cathode in MFC studies performed
better than bare CP. Bare ACF had a peak power density of 85.4 (+ 1.50) mW.m™. Compared
to bare CP, bare ACF performance was about 17 times better. From figure 5.1 it can be
observed that using carbon paper with MWCNTSs on the anode and ACF at the cathode
resulted in a lower power density output of 95.5 (+ 3.09) mW.m™ compared to carbon paper
with MWCNT:FePc mixture at the cathode, which had a peak power density of 122.71 (+
5.73) mW.m™. Modifying the ACF with the same MWCNT at the anode and MWCNT:FePc
at the cathode resulted in similar power density with the modified CP having a peak power
density output of 126.5 (+ 3.84) mW.m™. Table 5.1 also shows the time taken to reach the
peak power density output, with ACF at the anode and CP with MWCNT:FePc at the cathode
had the shortest time of 6 hours. Bare ACF at the anode with modified ACF at the cathode

had the longest time to reach peak power density of 13 hours.

Increasing the surface area and using material that increases surface area has been known to
increase current generation and electrode efficiency (Liang et al., 2011). ACF offers many
potential benefits in use as electrode material in an MFC including having a high surface area
and excellent adsorption (Deng et al., 2010). Carbon fibre increases the active contact area
for biofilm propagation (He et al., 2011) therefore its use is more effective as an anode
electrode than a cathode electrode. These results show that ACF can be used as an effective
electrode substitute for carbon paper in cost minimising efforts without drastically affecting

current output.

5.3.2 Reuse of carbon paper during MFC studies
Carbon paper is brittle and variable costs such as transport have made it expensive (He et al.,
2011). The reuse of used carbon paper, through recycling and re-modifying could minimise

the overall cost of use in an MFC. Figure 5.2 shows the power density curves that were
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observed when carbon paper was recycled during short term MFC studies. The plotted graph

shows the reusability of carbon paper as electrode material in an MFC.
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Figure 5.2: Power density output of MFCs with RCM medium as feedstock. A combination of cleaning
methods where used to remove the biofilm layer. MFC studies were performed at 35° C with E. cloacae as

the biocatalyst.

Table 5-2: Peak power density for pristine, cleaned and dirty modified carbon paper
electrodes and the time taken to reach peak power density output for a 14 hour MFC

study with RCM medium as feedstock at 35° C.

Electrode description (carbon

Peak power

density

Time taken to reach peak

paper) (mW.m™) power density (hours)
Pristine 124.7 (£ 5.7) 9

Used (uncleaned) 55.3 (£ 2.7) 11

CP cleaned 1 (used once and | 111.5 (£5.9) 9

cleaned)

CP cleaned 2 (used once, | 102.5 (£ 1.6) 7

cleaned, wused again and
cleaned, 2 cycles of use)
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Figure 5.2 shows that it is possible to reuse carbon paper electrodes. Power density decreased
slightly after each usage. The fresh modified carbon paper electrode had a peak power
density of 124.7 (+ 5.7) mW.m™?and after a single MFC run of 14 hours, recycling and reuse
of these electrodes resulted in a fall of peak power density to 55.3 (+ 2.7) mW.m™. This is a
55.7 % (= 6.8 %) fall in peak power density. From a single MFC run, cleaning the electrode
resulted in a fall of peak power density from 124.7 (+ 5.7) to 111.5 (+ 5.9) mW.m™. Cleaning
this electrode resulted in a 10.5 % (z 9.7 %) fall in power density compared to the reuse of an
uncleaned carbon paper electrode which resulted in a 55.7 % (x 6.8 %) decline in peak power
density. Recycling and cleaning the carbon paper electrode for reuse a second time resulted in
a peak power density of 102.5 (+ 1.6) mW.m™. The cleaning methods used were intended to
remove most biological substances such as proteins and lipids (Harewood et al., 1973) and
bacteria and biofilm from the electrode surface (Q-sense, 2002). A second round of cleaning
after use resulted in a 17.8 % (£ 5.9 %) decline in the original peak power density. This also
signifies a further 8.2 % (x 6.9 %) decline in peak power density from the first round of
cleaning. Even after the second cycle of cleaning the peak power density is still higher than a
recycled and uncleaned electrode. With the relatively large cost of carbon paper (average R
1.20/cm?, excluding transport: data averaged from Quintech, fuelcellearth and fuelcellsetc as
of 25 November 2013), the single use of carbon paper in an MFC makes using such an
electrode not as financially sound compared to reuse. Reuse of the electrodes was tested after

the electrodes had been cleaned.

Figure 5.3 shows pristine carbon paper under SEM before use in an MFC. The 3D structure

of the carbon paper is visible with no surface fouling observed.
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Figure 5.3: SEM of pristine carbon paper before use in an MFC with scalebars at 1 mm (a), 50 pm (b)
and 20 um (c).

The SEM images show the 3D structure of the carbon paper with no biofilm formed on the

surfaces.

Figure 5.4 shows an SEM of carbon paper after a 14 hour MFC study with RCM as the
feedstock in the anode. The carbon paper was used as the anode electrode.
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Figure 5.4: SEM of carbon paper after use in an MFC for 14 hours with scalebars at 1 mm (a), 50 um (b)
and 20 pm (c). RCM was the feedstock and E. cloacae was the biocatalyst. MFC studies were performed
at 35° C.
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Compared to figure 5.3, the SEM images in figure 5.4 show the structure of carbon paper

with biofilm formed on the surfaces as well as MWCNTSs used to modify the electrode.

Figure 5.5 shows carbon paper that had been used in an MFC study with RCM as feedstock
for 14 hours after being cleaned, under SEM.
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Figure 5.5: SEM of carbon paper that had been used as the anode electrode in a 14 hour MFC study with
RCM medium after cleaning with scalebars at 1 mm (a), 50 um (b) and 20 pum (c). After cleaning of the
ekectrodes, E. cloacae was used as the biocatalyst.

The SEM images show the difference between a pristine electrode, a used electrode and a
cleaned electrode, specifically how cleaning can be used as a tool to remove most of the
biofilm and organic layer (Harewood et al., 1973). How the cleaning method affects the
electrode surface which may result in the lowering of the current generation is unknown, but
this could be due to the modification of electrode surface by the chemical procedure used to

remove biofilm and bacteria, which could affect electrode surface interactions.

Compared to reusing an uncleaned electrode, the cleaning methods do improve current
generation significantly, therefore allowing reuse and recycling of the electrodes and in turn

minimising the cost of operation of the MFC.
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5.3.4 Chlorella and Arthrospira biocathodes
Live Chlorella and Arthrospira cultures were inoculated and grown in Bolds Basal Medium
for the former and Zarrouk’s or Schlosser’s media for the latter. As shown in figure 5.6.

Arthrospira growth curves at 27° C under high illumination are shown over a period of 20

days.
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Figure 5.6: The growth kinetics of Arthrospira in Zarrouk’s medium and in Schlisser’s medium over a
period of 20 days at 27° C and a luminance of 228 cd.m™. Arthrospira cultures were grown in 1 litre
conical flasks. The rate of growth is shown as log;g ODsgonm absorbance and the inset shows growth
kinetics as absorbance ODsgg,m OVEr time.

Figure 5.6 shows the growth kinetics of Arthrospira in Zarrouk’s and Schlgsser’s media.
Growth in Zarrouk’s medium was more rapid compared to Schlésser’s medium with earlier
log phase observed for Arthrospira in Zarrouk’s medium compared to Schldsser’s medium.
Arthrospira growth in Zarrouk’s medium was more than in Schldsser’s medium. The

doubling time for Arthrospira in Zarrouk’s medium was approximately 3.04 days compared
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to the doubling time of Arthrospira in Schldsser’s medium which was approximately 5.66

days. The standard deviations were negligible.

Arthrospira cultured in Zarrouk’s medium was harvested daily and dried. The absorbance
measurements of Arthrospira in Zarrouk’s medium were plotted against the dry weight. A

correlation of absorbance against dry weight of Arthrospira in Zarrouk’s medium is shown in

figure 5.7.
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Figure 5.7: The absorbance measurements of growth in Zarrouk’s medium was plotted against the dry
weight concentration of Arthrospira in Zarrouk’s medium. Arthrospira was cultured performed at 27° C
under a luminance of 228 cd.m™.

Arthrospira cultures are mostly grown in either of two media, Zarrouk’s or Schldsser’s (Fu et
al., 2009; Celekli and Yavuzatmaca, 2009). Schlgsser’s medium is more complex to make
(Celekli and Yavuzatmaca, 2009) compared to Zarrouk’s medium (Fu et al., 2009). Wu et al.,
(2011) observed that the maximal growth rate for cyanobacteria occurs at temperatures
around 28° C. From these results and considering the complexity of Schlosser’s medium,
further studies using Arthrospira were conducted using Arthrospira grown in Zarrouk’s
medium. Figure 5.7 shows the dry weight concentration of Arthrospira in Zarrouk’s medium

against absorbance measurements. From figure 5.7, an estimation of the concentration of the

102



Arthrospira cells in the medium can be done by measuring the absorbance. The R? value of
0.9807 shows that the estimated trendline corresponds closely to the actual data points
(Walkenbach, 2007).

When the Arthrospira cultures in Zarrouk’s medium were in their log growth phase, they
were used as biocathodes in MFCs. MFCs were set up under conditions of low light
illumination, high light illumination and no light illumination as shown in figures 5.8 and 5.9
respectively. After the successful use of ACF as electrode material without modification
(figure 5.1), bare ACF had a peak power density of 85.4 (+ 1.50) mW.m, which was about
17 times better than bare carbon paper which had a peak power density of 5.16 (x 1.17)
mW.m™. Further experiments were conducted using bare ACF as the electrode catalysts.
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Figure 5.8: A comparison of algae based biocathodes to phosphate buffer in the cathode chamber in an
MFC study at 35° C with a luminance (the measure of luminous intensity from a source with a
measurable surface area) of 83 cd.m?. RCM medium was used as the anode feedstock and E. cloacae was
the biocatalyst in the anode under anaerobic conditions. Bare ACF with a calculated exposed surface area
of 8 cm? was used as the anode and cathode electrode catalysts. For some of the MFCs the cathode
chamber was sealed like the anode chamber (closed) and for some of the MFCs the cathode chamber was
not sealed (open) as indicated.
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Table 5-3: The peak power densities that were observed for each different catholyte in
the MFC biocathode studies in a CE room at 35° C, with a light luminance of 83 cd.m™.

Catholyte Peak power density (mW.m™)
Phosphate buffer 85.4 (= 4.20)

Arthrospira open cathode 66.2 (+ 2.23) +#

Arthrospira sealed cathode 74.9 (£ 1.96) +#

Chlorella open cathode 2.4 (£0.30) + #

Chlorella closed cathode 12.3 (£ 2.86) +#
Arthrospira/Chlorella closed cathode 69.8 (+ 2.27) +

Statistical analysis was performed on the data using one-way ANOVA, and additional tests were done using Post-
Hoc analysis, Tukey HSD test. All results were compared to the control, phosphate buffer catholyte and if p <
0.01, the sign + was placed next to the result. Algal-based catholytes were further compared to the mixed algae
catholyte and when p < 0.01 the sign # was placed next to the result, when p > 0.1 the sign # was placed next to
the results.

Figure 5.8 and table 5.3 shows that at 35° C, with a luminance of 83 cd.m™, power density is
lower for the algal based biocathodes compared to phosphate buffer with a peak power
density of 85.4 (+ 4.20) mW.m™. The peak power density of the Arthrospira closed
biocathode was 74.9 (+ 1.96) mW.m™ which is 10.5 mW.m™ lower than for phosphate buffer.
A mixture of Chlorella and Arthrospira in the biocathode, for a closed biocathode, gave a
peak power density of 69.8 (+ 2.27) mW.m™. The power density in the mixed algal-catholyte
was lower than that for an Arthrospira based biocathode (closed), and higher than that for the
Arthrospira based biocathode (open). However, the differences were not statistically
significant as the p value for the former comparison was 0.44 and the latter was 0.16. The low
power density observed for Chlorella biocathode compared to Arthrospira biocathode can be
accounted for by the poor growth Kkinetics that were recorded for Chlorella, possibly due to

the poor adaptation of Chlorella to the growth conditions and the BBM prepared. For
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Chlorella open biocathode the peak power density was 2.4 (+ 0.30) mW.m™ compared to the
closed biocathode which had a peak power density of 12.3 (+ 2.86) mW.m™.
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Figure 5.9: A comparison of algae based biocathodes under dark (D), low luminance (L/L) and high
luminance (H/L) concentrations compared to phosphate buffer in the cathode under high light conditions
at 27° C. A/C is a mixed consortium of Chlorella and Arthrospira. RCM medium was used as the feedstock
and E. cloacae under anaerobic conditions was used as the biocatalyst. All biocathodes were sealed.

Table 5-4: The peak power densities that were observed for each different catholyte in the
MFC biocathode studies in a CE room at 27° C, with a light luminance of 228 cd.m™.

Catholyte Peak power density (mW.m™)
Phosphate buffer (H/L) 54.7 (+ 3.58)

Arthrospira closed (H/L) 77.6 (£5.02) +
Arthrospira/Chlorella closed (H/L) 80.0 (+ 3.03) +#
Arthrospira/Chlorella closed (L/L) 69.8 (£ 2.27) +#
Arthrospira/Chlorella closed (D) 14.3 (£ 1.22) +#

Statistical analysis was performed on the data using one-way ANOVA, and additional tests were done using Post-
Hoc analysis, Tukey HSD test. All results were compared to the control, phosphate buffer catholyte and if p <
0.01, the sign + was placed next to the result. The mixed algal-based catholytes were further compared to the
Arthrospira catholyte and when p < 0.01 the sign # was placed next to the result, when p > 0.1 the sign # was
placed next to the results.

Figure 5.9 and table 5.4, shows MFC runs at 27° C with a luminance of 228 cd.m™ for high
luminance (H/L) conditions. Under these high light illumination conditions, phosphate buffer
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media in the cathode gave the lowest peak power density. The peak power density was 54.7
(+ 3.58) mW.m™. Unlike for phosphate buffer in the cathode, a decrease in temperature with
a corresponding increase in luminance resulted in an increase in power density for the algal
based biocathodes. For the MFC with mixed biocathode with Chlorella and Arthrospira an
increase in luminance at 27° C from the low luminance at 35° C also resulted in an increase
in the peak power density, from 69.8 (+ 2.27) mW.m™ to 80.0 (+ 3.03) mW.m which is
about 4 (+ 3.0) % increase in peak power density. Post Hoc test of the mixed algal-based
catholyte at different light luminance, gave a p value of 0.023, which shows that the results
were significantly different from each other. Under dark conditions at 27° C, the peak power
density for the MFC with mixed biocathode that had both Chlorella and Arthrospira was low
at 14.3 (+ 1.22) mW.m™. Figures 5.8 and 5.9 show the importance of light intensity in algal
biocathode performance compared to temperature. Temperature has been known to affect
power density due to the performance of the anode biocatalyst at optimum temperatures
which increase fermentation and hydrolysis and hence electron release (Edwards et al., 2012;
Behera et al., 2010). However with dissolved oxygen and the ORR being known limiting
factors in power densities (Liu et al., 2010; Huang et al., 2011; Uria et al., 2011), an increase
in luminance increases the rate of photosynthesis in algae which in turn increases the amount
of dissolved oxygen in the cathode (Gonzalez del Campo et al., 2013; Juang et al., 2012)
resulting in more oxygen for the ORR which increases the power density (Logan, 2008). Wu
et al. (2014) saw an increase in the power density output from 60 mW.m? to 120 mwW.m™
when the luminance was doubled from 477 cd.m™ to 955 cd.m™, using Desmodesmus spp.
algae as the biocathode. An increase in the illumination directly affects the performance of
the biocathode, making it a photo-dependent MFC. Microalgae in the cathode also have been
shown to decrease the over-potential of the ORR, which in turn increases the efficiency of the
cathodic reaction and therefore increases the performance of the MFC (Wu et al., 2014).
With adapting the use of algal-based biocathodes, the need for aeration is minimised
therefore overally minimising the cost of the MFC (Gonzalez del Campo et al., 2013). The
algae also can act as bio-electron acceptors, therefore aiding in the consumption of electrons,
creating an electron sink, which in turn improves the drive, increasing the power density
(Gonzalez del Campo et al., 2013). Fu et al. (2009), describes how an increase in the

Arthrospira biomass area density on the electrode resulted in an increase in power density.
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This could be a result of direct electron transfer from the electrode to the Arthrospira as well
as direct oxygen supply from the algae to the electrode catalyst.

Figure 5.10 represents the Arthrospira biomass attachment to the cathode electrode in an
MFC at 35° C and at 27° C. The figure shows how for an MFC study the algal cells aggregate

on the electrode.

Figure 5.10: MFC biocathodes showing biomass densely attached to the electrode surface after a 14 hour
MFC run at 35° C (left image) and at 27° C (right image).

Figure 5.10 shows formation of algal biomass on the electrodes. Fu et al., (2009) showed
how an increase in Arthrospira biomass on the electrode resulted in a direct increase in
current generation and power density. This would account for the higher power density when
light illumination is greater, as the biomass is attached to the electrodes and higher rates of
photosynthesis would have resulted in increased oxygen production in the medium and

release to the electrode.
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5.4 Conclusions

Activated carbon fibre can be used in place of carbon paper based electrodes in an MFC, and
positive results have been demonstrated when carbon paper was substituted with carbon fibre.
Even without modification of the carbon fibre electrode with MWCNTSs and FePc, high
power densities are still observed, and this reduces the material used and therefore total cost
of operating an MFC which is beneficial in the long run. Recycling and reusing carbon paper
electrodes is possible when a cleaning step is included after each MFC run. Although this
does result in a slight lowering in power density, it does minimise the costs associated with
electrode use when reuse is possible. Algae cultures in their log phase that were used in the
biocathode showed a light dependence more than temperature dependence for optimal MFC
performance. Arthrospira cultures had better growth rates under the experimental conditions
compared to Chlorella cultures, and in turn use of Arthrospira cultures in the biocathode
outperformed MFCs with Chlorella cultures used as the biocathode. Sealing or unsealing the
biocathode to atmospheric conditions affects performance of the MFC, with the sealed
biocathode performing better in some instances than the unsealed biocathode. The sealing of
the biocathode could act in minimising external contamination of the algae therefore not
limiting biocathode performance. The use of ACF also helped and enhanced biocathode

performance through the clumping of algae in the electrode.
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Chapter 6 : Overall operational and cost analysis

6.1 Introduction

In order to contextualise the research into the use of algae as feedstock in MFCs, it is
necessary to consider cost in terms of energy and materials as key factors.

It is understood that the prices used for the cost analyses, are not market related but relate
more to the materials used in this study. More favourable prices could be obtained through

bulk purchasing.

With any technology the analysis of the cost is important. Minimising costs may affect the
quality. A way to minimise the costs would aid in making the technology economically
viable (Russel et al., 1996). Cost effectiveness evaluates the cost of the technology against
the outcomes and shows the results as cost effectiveness ratios (Russel et al, 1996). This
allows one to choose certain trade-offs to minimise cost and not quality, therefore allowing

decision makers to get important data for informed judgements (Russel et al, 1996).

MFC have a low power density output compared to other fuel cells (Kim et al., 2011).
Therefore, in order to make the technology viable, the costs have to be lower than other
related technologies. This has been the main disadvantage of using platinum as an effective
cathode as the total cost of platinum as an electrode accounts for about 50 % of the whole
MFC (Kim et al., 2011). Substitutions for platinum and possibly other reactor configurations
will benefit MFC research (Martin et al., 2011). Low cost materials like carbon have been
used in research and its modification has shown to be effective in improving reactor
performance (Liang et al.,, 2011) as evident in our research. Furthermore, iron
phthalocyanines and multi-walled carbon nanotubes serve as effective cathode modifiers in
our study to replace platinum. Portability of the MFC where it can be moved close to the
biomass or waste source would also offset costs (Das and Veziroglu, 2008).

Using the results from the experiments, the cost effectiveness ratios were calculated to show

how each configuration performs from a financial point of view.
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6.2 Cost of raw material used

6.2.1. Sonication
Sonication was performed using a Vibra cell sonicator for a period of 30 minutes. The
frequency used for sonication was 20 kHz and the power output for 30 minutes was 20 W.
Two litre samples were sonicated which contained 66 g of substrate. For MFC studies, 150
ml were used of the samples which contained 4.95 g dry weight of sample. For each MFC
operation, the effective power used for sonication was 0.6 W. The power output and the

frequency for sonication were obtained from the Vibra cell sonicator manual.

6.2.2 Autoclaving
Autoclaving was performed using an RAU 530 D autoclave with a power output of 2 kW per
hour. Autoclaving was done for 15 minutes resulting in the use of 500 W of power. All the
samples were autoclaved at once, giving 10 litres of autoclaved material each round. For an
MFC operation 150 ml of substrate media was needed (4.95 g dry weight of sample), which
meant that for each MFC operated, 2.66 W was used during autoclaving. The power output

for the autoclave were obtained from the RAU 530 D manual.

6.2.3 Arthrospira

Arthrospira (Superfoods, Ceres certified, India) was used for the studies. As of 5 February
2014, 1 kg of Arthrospira (Spirulina) costs R 599.00. For the purpose of this study, the
currency of South Africa, the Rand (R) is employed.

6.2.4 Chlorella

Chlorella (The Real Thing, Pharmaceutical grade, South Africa) was used for the studies. As
of 5 February 2014, 100 g of Chlorella costs R 172.00.

6.2.5 Carbon paper
Carbon paper (Toray TGP-060) (Alfa Aesar GmbH & Co. KG) electrodes were used for the
studies. As of 5 February 2014, 1 600 cm? of carbon paper costs R 1 650.00 excluding
shipping from the suppliers used. For each MFC setup, 4 cm? are needed for each electrode,

which translates to R 4.13 per each electrode per MFC study.
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6.2.6 Activated carbon fibre
Activated Carbon Fibre (ACF) Non-Woven Fabrics (SO-EN CO., LTD) with a BET of 1000
+ 50 m%.g™" was used. As of 5 February 2014 the cost of a square metre of ACF was R8.20.
For an MFC operation 4 cm? are needed which equal to R 0.03 for each electrode.

6.2.7 MWCNT
MWCNTSs (diameter = 110 nm — 170 nm, length = 5-9 nm; >90 % purity) (Sigma-Aldrich)
were used. As of 5 February 2014, MWCNTSs cost R 6000.00 per 100 g. For electrode
modification, 1 mg is required which is equal to R 0.06.

6.2.8 FePc

Iron (I1) phthalocyanines (FePc) (Dye content ~ 90 %) (Sigma-Aldrich) were used for the
MFC studies. The cost as of 5 February 2014 for 10 g is R 1 431.00. For each MFC
operation, for the cathode electrode, 1 mg is required. This gives a cost of R 0.14 per MFC

operation.
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6.3.2 Cost benefit analysis of experimental results

Table 6-1: Analysis of carbon paper studies versus activated carbon fibre for an MFC
run over 14 hours at 35° C. Temperature of the room was not factored in as a cost.
Monetary values were expressed using the South African currency, Rand (R) and cents

(©).
Anode Cathode Cost of | Cost of | Total cost of | Total Total Total cost
material material anode cathode MFC power average (c/mW.h)
material material electrode (in | output energy
used (in | used (in | c) (mW) (mW.h)
c) c)
BCP BCP 413 413 826 33.51 2.39 24.69
CP CP 419 433 852 1034 73.83 0.82
(MWCNT) | (MWCNT:
FePC)
CP ACF 419 3 422 760 54.31 0.56
(MWCNT)
ACF CP 3 433 436 874 62.43 0.50
(MWCNT:
FePc)
ACF ACF 3 3 6 679 48.50 0.01
ACF ACF 9 3 12 810 57.85 0.01
(MWCNT)
ACF ACF 3 23 26 718 51.27 0.04
(MWCNT:
FePc)
ACF ACF 9 23 32 1106 79.07 0.03
(MWCNT) | (MWCNT:
FePc)

The cost effectiveness ratio is shown in table 6.1, as a

calculation of the cost required to

produce a mW of power per hour. The results show that higher power density was achieved
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from modified carbon paper when compared to ACF. When factoring in the cost, ACF is a

comparable substitute for carbon paper which not only greatly affects performance but also

substantially minimises costs.

Table 6-2: Analysis of the estimated external total power input vs estimated total power
output required for the operation of an MFC at 35° C for 120 hours. Estimates were
calculated from the power input from the autoclave and sonication according to the
specifications listed in the respective manuals.

Substrate Estimated | Estimated Gross power | Estimated Estimated Gross
Power power output | output (W) | power input | power output | power
Input (W) | (W) for 14 hr | after 14 hr | (W) for 120 | (W) for 120 hr | output (W)
for 14 hr | run run hr run run after 120 hr
run

RCM 1.33 1.04 -0.29 1.33 6.48 5.15

Chlorella 0 0.04 0.04 N/A N/A N/A

Chlorella (a) | 1.33 0.19 -1.14 N/A N/A N/A

Chlorella (a & | 1.93 0.43 -1.50 N/A N/A N/A

s)

Arthrospira 0 0.54 0.54 N/A N/A N/A

Arthrospira 1.33 0.53 -0.80 1.33 6.77 5.44

(a)

Arthrospira (a | 1.93 0.64 -1.29 1.93 6.16 4.23

&)

EBRU 0 0.23 0.23 N/A N/A N/A

EBRU (a) 1.33 0.23 -1.10 1.33 2.71 1.38

EBRU (a&s) | 1.93 0.77 1.16 1.93 8.01 6.08

From the feedstock, a denotes autoclaved and s denotes sonicated.

Table 6.2 shows that when more upstream processing is done for a 14 hour MFC study, the

gross power input is likely to exceed that of the gross power output. The extension of the

MFC operation from 14 hours to 120 hours makes the gross power input insignificant
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compared to the gross power output. This makes the case for extended operations in this case
being more economical and energy positive. The advantage of using algae recovered from a
wastewater treatment facility as feedstock for an MFC, such as is in the case of the EBRU
consortium, is that it is sustainable and very cheap. Therefore the input cost of the feedstock
for an MFC is considerably reduced. However the EBRU consortium medium requires more
upstream processing compared to Arthrospira medium, which after only a single autoclaving
step results is about four times the gross output of autoclaved EBRU consortium medium.
This analysis shows that Arthrospira is a viable feedstock and efficient RCM medium
substitute in an MFC. Nevertheless, there needs to be further consideration when accounting
for the cost of using algal feedstock in the operation of MFCs, since harvesting algae incurs
considerable capital and operational costs. Arthrospira is possibly the most economically
harvested alga as it requires, at maximum, a coarse mesh (50 um) for harvesting (Celekli and
Yavuzatmaca, 2009).
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Table 6-3: Cost-benefit analysis of the different feedstock use in an MFC run of 14
hours

Substrate Total cost | Total average | Total cost | Total average | Total cost
of MFC run | power output | (14 hour | power output | (14 hours)
(inc) (14 hours) | run) (c.mW" | (14  hours) | (c.mW-h’

(mW) ) (mW-h) )

RCM 3006 1034 3 73.9 41

Chlorella 2173 45 48 3.21 677

Chlorella (a) | 2173 188 12 134 162

Chlorella (a | 2173 431 5 30.8 71

& s)

Arthrospira | 2149 545 4 38.9 55

Arthrospira | 2149 534 4 38.1 56

(a)

Arthrospira | 2149 636 3 45.4 47

(@a&s)

EBRU 2026 229 9 16.4 124

EBRU (a) 2026 233 9 16.6 122

EBRU (a & | 2026 777 3 55.5 37

s)

From the feedstock, a denotes autoclaved and s denotes sonicated.

Table 6.3 represents the economic cost of MFC runs for a 14 hour run. The input required
was converted to monetary terms using current average rates as of February 2014. The use of
untreated Chlorella as feedstock in an MFC is unfeasible as it results in a low power density
output, which translates into higher costs for the power output of R 6.77 per mW.h. The use

of Arthrospira untreated, autoclaved and sonicated and autoclaved media as feedstock for the
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14 hour run results in low cost for the power output, but slightly higher than that of RCM
medium with the former between R 0.47 and R 0.56 per mW.h and the latter at R 0.41 per
mW.h. The EBRU consortium media that are not sonicated (autoclaved and untreated) results
in costs in excess of R 1.00 which is more than double the cost per mW.h of Arthrospira
sonicated and autoclaved, autoclaved and untreated media and RCM medium. Sonication of
the EBRU consortium medium results in a higher power output which translates into a lower

output cost of R 0.37 which is the lowest of all the feedstock tested.

Table 6-4: Cost-benefit analysis of the different feedstock use in an MFC for a 120 hour
run

Substrate Total cost of | Total average | Total cost | Total average | Total cost
MFC run (in | power output | (120 hour | power output | (120
C) (120 hours) | run) (c.mW™) | (120 hours) | hours)
(mW) (mW.h) (c.mW.h™)
RCM 3006 6 481 0.5 54.0 56
Arthrospira | 2149 6 769 0.3 56.4 38
(a)
Arthrospira | 2149 6 154 0.3 51.3 42
(@a&s)
EBRU (a) 2026 2711 0.7 22.6 90
EBRU (a & | 2026 8012 0.3 66.8 30
s)

For the feedstock, a denotes autoclaved and s denotes sonicated.

Table 12 shows that longer operation times for the MFC, with greater total power density
outputs, lowers the cost per unit of power produced. This reduces the overall cost of the MFC
operation. For the longer run times, the algal-based media derived from Arthrospira and the
EBRU consortium (sonicated and autoclaved) are more efficient and cost effective compared
to RCM.
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Current prepaid electricity costs in Grahamstown, South Africa, as of 30 March 2014, are R
1.42 per kW-h. While the current costs of the MFC are not feasible, the concomitant
biodegradation of waste in an MFC is an attractive benefit supporting its larger scale
application. Nevertheless, comparison of costs here serves as useful benchmark for further
studies in the use of algae as feedstock in MFCs.
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Chapter 7 : Overall conclusions and future studies

7.1 Conclusions

Chapter 3 examined the potential use of selected microalgae as feedstocks in the anodic
chamber of a microbial fuel cells (MFC). In this study Chlorella, Arthrospira and a mixed
algae consortium from the high rate algal ponds from an integrated algal pond system (EBRU
consortium) were studied utilising Enterobacter cloacae as a biocatalyst in an MFC. The aim
of the study was to examine sonication and heat for treating the algal based feedstock for
cultivating E. cloacae in an MFC and to observe how the treatments would affect utilisation
of the algal feedstock compared to a control using standard media preparation for reinforced
clostridial media (RCM) as feedstock.

Heat treatment through autoclaving and treatment through sonication had a disruptive effect
on the integrity of the algal cells. Autoclaving resulted in a loss of pigment colour for all the
algal based feedstock. For Chlorella, the autoclaving step including a loss of pigment colour
and also resulted in larger and less dense clumps compared to untreated Chlorella. For
Arthrospira, autoclaving resulted in fragmentation of the Arthrospira trichomes, into smaller
particulates that were distributed evenly in the medium compared to the large filamentous
spiral cells of the untreated Arthrospira. For the mixed EBRU consortium (comprising of
microalgae including Chlorella, Pediastrum, Scenedesmus and Micractinium), autoclaving
had a similar result to the autoclaved Chlorella medium. For Chlorella, Arthrospira and the
mixed consortium, sonication proved to be a more effective pre-treatment method, resulting
in disintegration of the cells and visible cell disruption. A carbohydrate and protein assay of
the pre-treated media compared to untreated media showed that the process of autoclaving
resulted in an increase in the carbohydrate and protein concentration in the medium.

Sonicating the media resulted in further release of carbohydrates and proteins to the media.

Growth kinetics of E. cloacae at 35° C under anaerobic conditions showed that the E. cloacae
was able to proliferate in all the media studied. Growth was most favourable in RCM, which
had the highest absorbance at peak growth and was least favourable in the autoclaved
Chlorella feedstock and the autoclaved EBRU consortium feedstock. For the autoclaved and

sonicated Arthrospira feedstock, as well as the autoclaved and sonicated EBRU consortium
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feedstock, the peak absorbances were similar. Unlike the other sonicated and autoclaved
algae-based media, the peak absorbance measurements in the Chlorella feedstock was low,
being almost half of the autoclaved and sonicated mixed consortium and autoclaved and
sonicated Arthrospira media. This result showed that the complexity of the different
feedstock and the released nutrients result in different effects on E. cloacae activity for the
study, with Chlorella feedstock utilisation being low also possibly due to the different
bioavailability of the released nutrients. The doubling time for E. cloacae was shortest in
RCM medium. As this medium had been set up specifically for microbial growth this was
expected. However, doubling time was longest in the EBRU mixed consortium media (both
autoclaved and sonicated and autoclaved) as well as in the autoclaved Arthrospira medium.
Of all the algal-based media, growth was lowest in the autoclaved Chlorella medium. This
result showed that although growth may differ in the different algal-based media, the
adaptation of E. cloacae in the media over a period of time was also different, with E.
cloacae adapting faster to the autoclaved Chlorella media compared to the other algal based

media.

MFC studies using the different feedstocks, showed greatest power density from the RCM
medium and lowest power density from untreated Chlorella medium. The autoclaved and
sonicated EBRU consortium had the greatest power density of all the algal-based media. For
the autoclaved and sonicated algal-based media, sonicated and autoclaved Chlorella medium
had the lowest power density compared to the sonicated and autoclaved EBRU mixed
consortium medium and sonicated and autoclaved Arthrospira medium. Arthrospira
autoclaved and untreated Arthrospira media however, outperformed the other algal based
media with the same pre-treatment. These results showed that, the power density from
autoclaved or untreated Arthrospira media were favourably comparable to algal-based media
with more pre-treatment steps and outperformed the other algal-based media with the same

treatment steps.

Chapter 4 examined the internal factors that affected the MFC performance such as pH of the
anode media, temperature of the anode media and the performance of the proton exchange
membrane. The aim of the study was to monitor the change in pH and temperature of the
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anodic microenvironment during MFC operation and how the change affects MFC

performance. The fouling of the PEM after MFC operation was also examined.

From the study of the pH microenvironment using RCM medium, the EBRU mixed
consortium media and the Arthrospira media was used as feedstock in MFCs and anaerobic
growth reactors. It was shown that in the first 14- 24 hours, the pH of the anodic
microenvironment and the anaerobic growth reactors tended to decline to slightly acidic pH.
After 24 hours, in MFCs for all the media studied the pH started to increase. The fall in pH
for the MFC studies coincided with an increase in power density and the increase in pH after
24 hours coincided with a levelling off as well as a subsequent decrease in power density.
The peak power density was observed in the feedstock buffered at pH 7. However, over a 120
hour MFC operation, the total power output, was the most at pH 5. Total power output at pH
6 and pH 4 was more than the total power output at pH 7. These results confirmed that E.
cloacae in an MFC performs under slightly acidic pH and low performance at alkaline pH.
The low pH supports protons and this appears to have a greater impact on power density in
the longer term than any negative impact of E. cloacae growth at sub optimal conditions. An
increase in pH results in lower proton availability for the system. The low availability of
protons results in a fall for the forward drive for proton transfer through the PEM lowering

power density.

In chapter 5 the use of alternative carbon based electrodes and the use of algal-based
biocathodes were examined. The aim of the study was to compare the use of carbon paper to
activated carbon fibre (ACF) in an MFC at 35° C and how the different electrode material
affects performance. The other aim was to study the use of algal based biocathodes and how

they affect performance under different temperature and light intensity conditions.

ACF was successfully used in an MFC, with modification of the ACF with MWCNTSs and
FePc resulting in the ACF having similar performance to carbon paper with the same
modifications. The peak power density for the modified ACF was 126.2 mW.m™ and the
peak power density for the modified carbon paper was 124.7 mW.m. Unmodified ACF
outperformed unmodified carbon paper with a peak power density of 85.4 mW.m™ for the

bare CF compared to a peak power density of 5.2 mW.m™ for the bare carbon paper. These

120



results showed that ACF could successfully be used as a substitute for carbon paper in an

MFC. The use of ACF in an MFC is substantially cheaper than the use of carbon paper.

The use of Arthrospira and Chlorella as biocathodes showed that the main limiting factor for
performance of the biocathode was light intensity. An increase in light intensity from 83
cd.m™ to 227 cd.m™ resulted in an increase in power density for the algal based biocathodes,

although the temperature was decreased.

Microalgae were successfully used as feedstock in MFCs albeit to varying degrees. Pre-
treatment of the microalgae using sonication and autoclaving aided in nutrient release from
the cells. E. cloacae growth kinetics and MFC performance were favourable in Arthrospira
and the EBRU consortium media and were least favourable in Chlorella medium after pre-

treatment.

After the successful use of microalgae in the MFC, the change in pH and temperature of the
anodic microenvironment during an MFC operation was examined. It was observed that MFC
performance was peak when the feedstock was under acidic conditions of between 4.5 and
6.5. Further studies into the role of pH, by buffering the feedstock, showed that peak E.
cloacae performance in terms of growth Kkinetics were at neutral pH. Over a short MFC
operation (14 hours), the peak performance of the MFC was also at pH 7. However, over
longer periods, MFCs with feedstock under acidic conditions (pH 4, 5 and 6 respectively)
outperformed the neutral and alkaline feedstock (pH 7, 8 and 9). Nutrient utilisation was also
specific to the pH of the anode microenvironment, showing that different metabolism by the

biocatalyst occurred at the different pH.

ACF was successfully used as electrode material in an MFC with and without modification
using MWCNTSs and FePc. Results were comparable to carbon paper when both ACF and
carbon paper were modified with MWCNTSs and FePc. However, ACF outperformed carbon
paper when no modification was applied. Use of live algal cultures as biocathodes was shown

to be more dependent on light intensity more than temperature.
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7.2 Future studies

Algal pre-treatment demonstrated an improvement in the utilisation of algal-based media by
E. cloacae for growth and during MFC operations. Sonication and heat treatment through
autoclaving were studied. Further pre-treatment studies for algal cell disruption to improve

nutrient release and minimise overall cost and energy input in treatment would be necessary.

During MFC anodic microenvironment studies, it was observed that the pH changes with
progression of MFC operation. The pH greatly influenced the power density output. Further
pH studies over longer periods which are not controlled would be necessary in order to get
insight into the pH regulation of the reactor over a prolonged period. Controlled pH studies
showed an improvement in MFC performance. However, the effect of pH over a prolonged
period versus short periods on the fouling of the PEM are not known, and investigations of

this would be necessary.

The use of ACF was successfully implemented in an MFC and power density generations
were more favourable than for carbon paper. ACF is a cheaper alternative to carbon paper
and is not as brittle as carbon paper. Further studies on the effective modification of ACF
would be required. Other studies such as microbial activity on the ACF should be performed

using SEM studies.

Bio-cathode studies gave insight into the potential use of algae as bio-cathodes. The light
intensity was shown to affect the power density. Further studies would be required on the use
of algae-based biocathodes, including expanding the range of algae used for the biocathode
studies. Further investigations into the effect of irradiance intensity and spectral quality on
performance of algae-based biocathodes would advance the understanding of this field of

study.
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