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ABSTRACT

Biological hydrogen production is a promising replacement for the current modes of hydrogen production
seen in industry today. However, key issues with the process still need to be solved, such as its economic
viability and whether environmentally sustainable production is possible. The use of photosynthetic
bacteria such as the purple non sulphur bacterium Rhodopseudomonas palustris to produce hydrogen
via photofermentation has shown to have a low environmental impact but the required energy input is
greater than the energy derived from the hydrogen produced. To increase the efficiency of the hydrogen
production process the ratio of energy consumed to energy produced must be improved. One method of
enhancement is the design and development of photobioreactor (PBR) systems to improve the hydrogen
production of the process. The majority of PBRs have been designed for microalgae systems, with very
few reactors designed for photosynthetic bacteria. PBR designs are therefore required to improve the
hydrogen production of bacterial systems. Outdoor operation has also been earmarked as a means to
improve the economic viability of the process as the required light energy will be provided by sunlight,
which is a free source of light energy. However, the effect of light intensity on the growth of R. palustris
is fairly poorly understood. The aim of this study was to determine the effect of light intensity on the
growth of R. palustris, and to design and construct a multipurpose PBR that can be used for the cultivation

of planktonic and immobilised R. palustris to produce biological hydrogen.

The first objective was to compare the effect of changing light intensity on the growth kinetics of
R. palustris. The results of this comparison showed that R. palustris grows readily over the range of light
intensity investigated (70 to 600 W/m?), with photo-limitation occurring at low intensities (30 and
70 W/m?), photosaturation occurring between 200 and 400 W/m?, and photo-limitation occurring when
the light intensity increased to 600 W/m?. The highest maximum specific growth rate of 0.0420+0.014 h!
was achieved at a light intensity of 400 W/m?. A predictive model for the cell growth and substrate
utilisation of R. palustris over the range of light intensity investigated (70 to 600 W/m?) was successfully

developed with the model showing good fit to the experimental data.

A PBR that facilitated hydrogen production by R. palustris either as a growing planktonic cell culture or
immobilised in a PVA cryogel matrix was successfully designed and constructed. The performance of the
PBR operating with planktonic cells was compared to immobilised cells operating as a fluidised bed PBR
(FBPBR) and a packed bed PBR (PBPBR). The FBPBR achieved the highest maximum specific hydrogen
production rate of 15.74+2.2 mL/g/h. The planktonic culture and PBPBR achieved lower production rates
of 12.6+8.0 mL/g/h and 4.53+0.8 mL/g/h respectively. In terms of the substrate conversion efficiency, the

FBPBR achieved a conversion of 43% which outperformed the PBPBR which only achieved a conversion
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of 26.7%. The conversion efficiency of the planktonic cell culture was between the two immobilised cell

configurations with an efficiency of 32%.
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1 INTRODUCTION

1.1 Background

Anthropogenic greenhouse gas emissions are ever increasing due to mankind’s need to produce energy
and have been identified as one of the main causes of climate change (IPCC, 2007). Fossil fuel
consumption is seen as the key factor in the release of greenhouse gases, specifically carbon dioxide
(CO3), due to the fact that approximately 70% of anthropogenic greenhouse gas emissions originate from
the energy sector (H66k and Tang, 2013). Thus, dual challenges have arisen: the need for development
of possible alternatives for the depleting fossil fuel reserves and reducing the greenhouse gas emissions

within the energy sector.

Hydrogen (H) is seen as a potential answer to the above stated problems due to it being a clean and
renewable fuel source (Crabtree et al., 2004; Crabtree and Dresselhaus, 2008). Hydrogen has an energy
content of 141.8 MJ/kg which is comparatively larger than methane and diesel which have an energy
content of 55.5 MJ/kg and 47.3 MJ/kg respectively (Cengel and Boles, 2006). In fact, hydrogen has one of
the highest known energy contents. Higher energy content on a unit mass basis than current fuels used
in the energy sector combined with the fact that combustion of hydrogen only produces water and no
harmful greenhouse gases emphasises why hydrogen has been identified as a suitable replacement for
fossil fuels. However, it should be noted that there are significant limitations which make it difficult to
use hydrogen as a fuel. Production of hydrogen often occurs at atmospheric pressure where it is in the
gaseous phase. Compression is required for use in fuel cells (Blomen and Mugerwa, 2013) and as fuel in
the transportation sector (Balat, 2008). Storage also requires expensive materials due to the low

molecular weight of hydrogen.

The majority of hydrogen (48%) is produced using natural gas, with petroleum (30%), coal (18%) and
water electrolysis (4%) used to produce the balance (Konieczny et al., 2008). This illustrates that 96% of
hydrogen is produced using fossil fuels. Production of hydrogen from fossil fuels still results in the
formation of greenhouse gases which means that the production of these harmful gases is merely shifted
upstream within the energy production process. Renewable hydrogen production methods have seen an
increased focus due to its lower greenhouse gas emissions. These renewable methods are divided into
three main categories, namely biological, thermochemical and water splitting methods for hydrogen
production. Of these three methods, biological hydrogen production has been identified as an attractive
option due to the possibility of waste reformation and its lower capital cost in comparison to the other

two methods.

There are three major categories of biological hydrogen production: biophotolysis, dark fermentation

and photofermentation (Hallenbeck and Ghosh, 2009; Hay et al., 2013; Shiva Kumar and Himabindu,
1
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2019). The theoretically high conversion of organic substrates to hydrogen during photofermentation
makes this category an attractive option as a renewable hydrogen production method.
Photofermentation of organic waste could possibly reduce an environmental burden with the added
advantage of producing a clean source of energy. Glycerol has been selected as the organic waste test
example as it considered a financial and environmental burden, because it is no longer financially viable
to refine the crude glycerol for use in the food and pharmaceutical industries and is therefore disposed

of as a waste product (Pott, 2013).

1.2 Research motivation

Although biological hydrogen production is promising, key issues with the process still need to be solved,
such as its economic viability and whether environmentally sustainable production is possible. According
to Adessi and De Philippis (2014) the use of photosynthetic bacteria to produce hydrogen has a low
environmental impact. However, the required energy input is higher than the energy derived from the
hydrogen produced. Therefore, to increase the efficiency of the biohydrogen production process the ratio
of energy consumed to energy produced must be improved. One method of improvement is the design
and development of an optimal photobioreactor (PBR) (Adessi and De Philippis, 2014). Comparison
between multiple PBR systems has been identified as a potential strategy to enhance the efficiency of

the process.

Microbial hydrogen production provides the added benefit of potential waste degradation. This increases
the economic viability of the process as unwanted waste material can be used as the feed to the PBR

systems.

1.3 Objectives

The aim of this research is to produce biological hydrogen from a synthetic waste stream (glycerol) by
the selected photosynthetic bacteria Rhodopsuedomonas palustris (R. palustris). This could lead to a
renewable and clean source of energy as well as the biodegradation of a waste stream that would be an
environmental burden if not used as the feedstock. Specific focus has been placed on investigating the
effect of light intensity on the growth of R. palustris as well as the design and development of a PBR that

can be used for production of hydrogen by planktonic and immobilised R. palusrtris.

In order to achieve the project aim and answer the key questions that arose from an in-depth literature
review, the experimental research is divided into five objectives. Firstly, to examine the effect of light
intensity on the R. palustris cells in terms of growth, substrate utilisation and pigment production when
cultivated in a tubular PBR. This experimentation leads to the next objective which is to then model the

response of cell growth and average light intensity in the tubular PBR at various light intensities. The third
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objective is to design and construct a PBR system that could be a viable option in the culturing of
R. palustris in both free-cell and immobilised form, performing at a similar or enhanced level in terms of
hydrogen production and substrate conversion efficiency when compared to current lab-scale bioreactor
systems. The developed PBR can then be used to determine whether the hydrogen production of the
immobilised bacterium is comparable to that of the free cell bacterial cultures. The last objective is to
compare the performance of the fluidised bed PBR versus the packed bed PBR based on their biological

hydrogen production and substrate conversion efficiency.

1.4 Thesis overview

Chapter 2, Literature Review, is a review of previous literature to develop an understanding on the
metabolism of the photosynthetic bacteria, R. palustris, and to identify gaps in the research field that

require further investigation and experimentation.

Chapter 3, Research Scope, outlines the main aim of the project, the objectives along with a discussion
on the reason for each objective and the identified gap in literature, and the development of key

questions whose answers will help to meet the stipulated objectives.

Chapter 4, Materials and Methodology, provides a description of the experimental methods and

materials used in this investigation that are required to answer the key questions developed in Chapter 3.

Chapter 5, Results and Discussion, provides a discussion into the experimental results obtained for the
effect of light intensity on R. palustris growth, modelling of this growth and the design and testing of the
novel PBR in terms of the hydrogen production and substrate utilisation performance of planktonic and

immobilised cells by R. palustris.

Chapter 6 is a general conclusion to the work done in the thesis with specific conclusions for each

objective of this project.

Chapter 7 outlines some recommendations for future work in this research field and provides a research
scope and intended contributions for this thesis to be considered for upgrade from a master’s project to

a PhD due to the contribution of this work to the research field.
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2 LITERATURE REVIEW

2.1 Status of energy production and environmental ramifications

Energy is an indispensable commodity that we require for everyday life. The demand for global energy is
ever increasing and is expected to increase by more than 50% by the year 2025 (Khanal et al., 2008). The
International Energy Agency (IEA) reports the total primary energy supply by fuel in 2015. As can be seen
in Figure 2.1 below, majority of energy is supplied from oil, coal and natural gas making up approximately
81.4% of energy supplied. Thus, 81.4% of fuel supplied is a fossil fuel which when combusted to produce
energy releases an unwanted by-product: carbon dioxide. The major problem with carbon dioxide is that

it is a greenhouse gas which have been identified as one of the main causes of climate change.

1.50%

9.70%
O Biofuels and waste
@ Coal

@ Hydro

O Natural gas

B Nuclear

@ Oil

B Other
4.90%

Figure 2.1: World total primary energy supply of 13 647 Mtoe by fuels in 2015.

According to McMichael (2013) global climate change is part of the proposed epoch known as the
Anthropocene syndrome. This forms a large part of the human-induced global environmental changes
which also include ocean acidification, disruptions and depletions of the ozone concentration, etc.
McMichael (2013) also describes how greenhouse gas emissions through generation of energy using fossil
fuels as well as emissions from the agriculture and transport sectors are leading to global warming due
to increase heat retention in the lower atmosphere. In fact, it is estimated that the surface temperature
of the earth has increased by approximately 0.74°C over the past 100 years by recent estimates

(IPCC, 2007).

With global carbon dioxide emissions not set to decrease in the near future, prompt and considerable
international action to lower these emissions is required. Without any actions it is estimated that by 2050

surface temperature is likely to have increased by 1 to 2°C and by 3 to 4°C by 2100 (McMichael, 2013).
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Depleted fossil fuel reserves, rapidly increasing consumption rates, the environmental ramifications of
energy production and the energy insecurity with regards to regional instability means that the demand
for an energy source that is both clean and renewable is ever increasing (Khanal et al., 2008). Hydrogen
is seen as a potential answer to these problems as it is a clean fuel source with one of the highest known

energy contents.

2.2 Hydrogen production

Hydrogen has been identified as a potential replacement for fossil fuels in the energy production sector
as doing so will lead to reduced carbon emissions which will aid in slowing down the estimated increase
in the earth’s surface temperature. As mentioned above, hydrogen is also an attractive alternative source
of energy due to its high energy density and its increased efficiency with regards to conversion to usable
power (Hallenbeck and Ghosh, 2009). The production of the hydrogen itself plays an important role in
whether it will be a suitable source of renewable energy that is both environmentally benign and
sustainable (Dincer and Joshi, 2013). This is due to the majority of current hydrogen production methods
being non-renewable and the greenhouse gases, such as carbon dioxide, merely being shifted upstream
to the production of the hydrogen. This upstream shift of carbon emissions is discussed in more detail in

section 2.2.1.

Hydrogen can be produced using both renewable and non-renewable sources of energy. Hydrogen
produced using renewable sources currently has the advantage of being environmentally friendly (Dincer
and Joshi, 2013) whereas energy produced using non-renewable resources is currently the most

economical method of hydrogen production.

2.2.1 Non-renewable methods of hydrogen production

Approximately 96% of hydrogen is produced using fossil fuel processing technologies which convert
hydrogen containing fossil fuels, such as natural gas, coal, hydrocarbons and methanol or ethanol into a

gas stream that is rich in hydrogen (Kalamaras and Efstathiou, 2013; Konieczny et al., 2008).

There are a number of technologies for converting hydrocarbons into synthesis gas (a mixture of carbon
monoxide and hydrogen). Currently the most common options are steam reforming (SR), partial oxidation
(POX) and autothermal reforming (ATR). Plasma reforming is a recently developed technology that is a

very promising facilitator of the SR, POX and ATR processes (Kalamaras and Efstathiou, 2013).

These three main technologies all require significant downstream processing. Fossil fuels contain sulphur
which must be removed from the production gas using desulphurisation techniques (Kalamaras and
Efstathiou, 2013). This is due to hydrogen and sulphur possibly reacting to form hydrogen sulphide, which

is a poisonous and corrosive gas. Due to the nature of the hydrogen production technologies, large
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guantities of carbon monoxide are also produced alongside the hydrogen gas. Therefore, subsequent
steps are required to convert carbon monoxide (poisonous) to carbon dioxide (inert) via the water-gas
shift reaction (Kalamaras and Efstathiou, 2013). This illustrates how we are left with a fuel that is
environmentally benign, based on zero carbon emissions, but the release of greenhouse gases (carbon

dioxide) have merely been shifted upstream to the formation of hydrogen.

2.2.2 Renewable methods of hydrogen production — a focus on biological production

Methane, coal and oil are currently the main sources for the production of hydrogen, with major research
going into the minimisation of environmental damage due to the resulting greenhouse gas emissions
(Dincer and Joshi, 2013). It is therefore necessary to move towards renewable methods of hydrogen
production to obtain a clean source of energy in a sustainable manner. Figure 2.2 provides a breakdown
of the current methods of renewable hydrogen production with Table 2.1 providing some of the major

advantages and disadvantages associated with each discussed method.

Renewable Hydrogen Production Methods

Biomass Processes Water Splitting
Thermolysis Photolysis Electrolysis
Biological Thermochemical
) . Dark Photo L . . . .
Biophotolysis fermentation farmentation Gasification Pyrolysis Combustion Liquefaction

Figure 2.2: Breakdown of the current renewable hydrogen production methods. Figure adapted from Kumar and

Himabindu (2019).
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Table 2.1: Renewable hydrogen production methods with some of their major advantages and disadvantages (Acar

and Dincer, 2014; Dincer and Joshi, 2013; Hallenbeck and Ghosh, 2009; Shiva Kumar and Himabindu, 2019).

Renewable hydrogen
production method

Advantages

Disadvantages

Biophotolysis

Byproduct is O, carbon negative process and
uses sunlight as energy source.

Low light conversion efficiencies and
hydrogenase sensitivity to O..

Dark fermentation

H, production with no light source required,
not limited by O,, carbon neutral and uses a
waste stream.

Low conversion efficiency and
volatile fatty acid (VFA) production
common.

Photofermentation

Uses organic compounds in waste streams
and has very high substrate conversion
efficiencies.

Low hydrogen yields and production
rates.

Biomass gasification

Feedstock is plentiful and is generally a waste
stream such as municipal or animal waste.

Still sees the release of CO, when the
biomass is oxidised and fluctuating
H, production.

Pyrolysis Abundant and cheap feedstock. H, yield fluctuations due to
feedstock impurities and tar
formation.

Thermolysis Clean H; and O; as products with abundant High capital costs as well as

feed stream. corrosion problems.

Photolysis Clean H; with O; as a byproduct, carbon free  Low efficiency and high cost.

and only requires light energy from the sun.

Electrolysis Clean H; with no CO; or sulphur emissions. Very high capital costs ~25 times

more than current fossil fuel-based
methods.

The majority of thermochemical and electrochemical hydrogen production methods provided in Figure
2.2 and Table 2.1 are energy-intensive and in some cases not entirely environmentally friendly compared
to the biological hydrogen production methods. Hydrogen production from the biological methods also
allow for utilisation of substrates associated with waste streams which leads to renewable energy from
a waste stream that is possibly inexhaustible (Das and Veziroglu, 2001). Based on this, biological hydrogen

production methods will be investigated further.

There are three major categories of biological hydrogen production: biophotolysis, dark fermentation
and photofermentation (Hallenbeck and Ghosh, 2009; Hay et al., 2013; Shiva Kumar and Himabindu,
2019). All three technologies rely either on hydrogenase or nitrogenase enzymes which catalyses the
reduction of certain compounds leading to hydrogen evolution. The enzymes derive energy via two
methods, either directly from light or indirectly from carbon compounds (Hallenbeck and Ghosh, 2009).
The mechanism of these enzymes is discussed in more detail in section 2.3.3.2. These three categories of

biological hydrogen production are discussed in the sub sections below.
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2.2.2.1 Direct biophotolysis

Direct biophotolysis occurs in certain organisms such as cyanobacterium and photosynthetic microalgae,
both of which obtain their energy through photosynthesis. Due to this nature the organisms use solar
energy to split water molecules (H,0) to produce oxygen and electrons are used for reduction of redox
carriers, such as ferrodoxin and nicotinamide adenine dinucleotide phosphate (NADP*) (Hallenbeck and
Ghosh, 2009; Lee et al., 2010). It is the reduction of the redox carriers that can be used for the production
of hydrogen which is catalysed by hydrogenase enzymes present in certain cyanobacteria and microalgae

(Lee et al., 2010).

Biophotolysis is a very attractive technology, as the process sees water converted to hydrogen and
oxygen which results in a carbon free process that is powered by solar energy, the ultimate renewable
energy source (Hallenbeck and Ghosh, 2009; Lee et al., 2010). However, low light conversion efficiencies
and the hydrogenase enzymes sensitivity to oxygen has limited the process (Hallenbeck and Ghosh,
2009). The hydrogenase is inhibited by the presence of oxygen, as it irreversibly inactivates the enzyme

(Kim and Kim, 2011).

2.2.2.2 Dark fermentation

In the dark fermentation process microbes are used anaerobically to breakdown substrates that are rich
in carbohydrates to produce hydrogen along with some acids and alcohols (Hallenbeck and Ghosh, 2009).
A diverse group of bacteria can be used in the dark fermentation process. During dark fermentation the
bacteria utilizes pyruvate-ferrodoxin-hydrogenase or pyruvate-formate lyase with the electron donor

being an organic compound (Lee et al., 2010).

The consortium of bacteria (usually mixed-cultures) used in dark fermentation are robust and can
consume a variety of organic substrates, ranging from cellulose to municipal waste (Lee et al., 2010). The
fact that no light energy is required for the process means that the only energy input required is that of
mixing, therefore decreasing the energy input to the system (Hallenbeck and Ghosh, 2009; Lee et al.,
2010). The formation of the undesired products (acids and alcohols) is a known disadvantage (Hallenbeck
and Ghosh, 2009) as this leads to the creation of a waste stream that will either need to be processed
further to obtain a useful product or to be disposed of in an environmentally safe manner. The gas stream
produced (product stream) is usually an equal parts mixture of hydrogen and carbon dioxide and
therefore will also require downstream processing to purify to mixture in terms of the hydrogen content
if it is to be used in a fuel cell (Levin et al., 2004). Purification is required due to fuel cells such as the
proton exchange membrane fuel cells (PEMFC) requiring streams of gas with more than 99% hydrogen

purity.
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Hallenbeck (2009) states that dark fermentation can only have a maximum conversion efficiency of 33%,
i.e. only 33% of potential electrons available go to the production of hydrogen, with the remainder going
to the production of the before mentioned waste products. This is illustrated in Equation 1 and 2 below,

where Equation 1 is the Thauer limit for glycerol and Equation 2 is the reaction in theory.

Thauer limit: CoH1,06 + 2H,0 — 2CH3;COOH (acetic acid) + 2C0, + 4H, [1]
Theory: C6H1206 + 6H20 il 6602 + 12H2 [2]

Therefore, in practice only 4 moles of hydrogen can be produced in comparison to the theoretical amount
of 12 moles, with the remainder of the hydrogen going to the formation of the acid by-product which in
this case is acetic acid. Thus, the limiting factor for the commercial application of dark fermentation is its

low conversion efficiency.

2.2.2.3 Photofermentation

Photofermentation is the conversion of organic substrates to hydrogen and is displayed by a variety of
photosynthetic bacteria. As the name suggests it differs from the afore-mentioned dark fermentation
process as photofermentation requires light to proceed. One class of photosynthetic bacteria are purple
non-sulphur bacteria (PNSB), which carry out anaerobic photosynthesis to produce adenosine
triphosphate (ATP) and high energy electrons that reduce ferredoxin (Hallenbeck and Ghosh, 2009). The
reduced ferredoxin and ATP then drive proton reduction to hydrogen via the nitrogenase enzyme. The
PNSB derive electrons from organic compounds which means that photofermentation has potential for
waste treatment due to the conversion of organic compounds (waste) to hydrogen and carbon dioxide

(Hallenbeck and Ghosh, 2009).

McKinlay et al., (2014) provides the reaction network for the theoretical maximum amount of hydrogen
that can be produced via photofermentation when acetate (organic substrate) is fully oxidized. This was
used to develop a general reaction network for any organic substrate fed to the process and is provided
in Equations 3 to 5. Equation 5 can now be used to determine the theoretical moles of hydrogen that can

be produced per mole of organic substrate used.

CpnH,0, + 2m — 0)H,0 > mCO, + (4m + n —20)H* + (4m + n — 20)e~ [3]
(4m+n—20)H++(4m+n—20)e‘—>(2m+%—0)H2 [4]
CinHn O, + (2m — 0)H,0 > mCO, + (2m +2 = 0) H, [5]

10



https://scholar.sun.ac.za

The PNSB family has been the most studied photosynthetic bacteria for its use in photofermentative
processes to produce biological hydrogen. This is likely due to its high conversion efficiency that will be

discussed in section 2.5.

Equation 6 and 7 below provide the stoichiometric reaction for the production of hydrogen when the
same substrate (in this case glycerol) is either used in photofermentation or dark fermentation.
Equation 6 shows that 7 moles of hydrogen can theoretically be produced per mole of glycerol fermented,
whereas during dark fermentation a theoretical maximum of 3 moles of hydrogen per mole of glycerol is

possible with acetic acid as the by-product.

Photofermentation: C3HgO5; + 3H,0 — 3C0, + 7H, [6]
Dark fermentation:  C3HgO3 + H,0 — CH3COOH (acetic acid) + CO, + 3H, [7]

Thus, photofermentation can theoretically produce 4 extra moles of hydrogen per mole of glycerol when
compared to dark fermentation. The theoretically high conversion of an organic substrate to hydrogen

during photofermentation makes it an attractive option as a renewable hydrogen production method.

2.3 Rhodopseudomonas palustris

Rhodopseudomonas palustris (R. palustris) has been identified as a PNSB that has been used in the
photofermentation of multiple organic substrates to produce hydrogen. This photosynthetic bacterium

has consequently been selected for this study.

2.3.1 Taxonomy and reproduction of R. palustris

R. palustris is a PNSB that belongs to the proteobacterium phylum and the alphaproteobacterium class
(Larimer et al., 2004). The robustness and versatility of R. palustris is illustrated by the wide range of
environments that R. palustris can be found: from earthworm droppings to pond water and swine waste

lagoons (Larimer et al., 2004).

According to Whittenbury and MclLee (1967) one of the most prominent features of the R. palustris
bacterium was the variation in the size, shape and opacity of the cells. This variety in size and shape
suggested that these organisms possess a ‘life cycle’. This life cycle is known as the budding cell cycle
which produces two morphologically distinct phases, i.e. the ‘mother cell’ that is immotile and the

‘swarmer’ that is smaller and motile.
The budding cell cycle is presented in Figure 2.3, reproduced from Westmacott and Primrose (1976).

The cycle has been described by Whittenbury and McLee (1967) and Pott (2013) as follows: the small

‘swarmer’ cell (a) begins to extrude a short phase contrast-translucent tube, which is narrower than the

11
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original cell (b through c). At the end of this tube a bud develops (d) which swells to give the whole
structure a dumbbell shape (e). Division then occurs between what is now distinctly the ‘mother cell’ and
the smaller, motile ‘swarmer cell’ (f). The ‘swarmer cell’ has a single polar or sub-polar flagellum whereas
the ‘mother cell’ remains immotile. The tip of the ‘mother cell’ (on the pole opposite to the tube) is known
as the ‘holdfast’ and is sticky. This allows the ‘mother cells’ to join one another by their ‘holdfast’ which

creates a rosette like structure.

= _ %

Figure 2.3: Representation of the budding cell cycle of Rhodopseudomonas palustris. Diagram reproduced from

Westmacott and Primrose (1976).

Individual R. palustris cells are rod-shaped to ovoid in shape and are occasionally curved (Brenner et al.,
2005). The size of individual cells can vary significantly but are usually in the range of
0.6 - 0.9 x 1.2-2.0 um (Brenner et al., 2005). R. palustris cell cultures are a red to brownish-red colour
(Brenner et al., 2005) due to the individual cell colour being a red/pink colour as can be seen in Figure 2.4

(a digitally-colourised image of R. palustris strain TIE-1 that was obtained via electron microscopy).
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Figure 2.4: Electron micrograph image of R. palustris strain TIE-1 (American Society for Microbiology, 2009)

2.3.2 Metabolic pathways of R. palustris

R. palustris can grow via all four main modes of metabolism that support life, which are as follows:

photoautotrophic (energy from light and carbon from carbon dioxide), photoheterotrophic (energy from

light and carbon from organic compounds), chemoautotrophic (energy from inorganic compounds and

carbon from carbon dioxide) and chemoheterotrophic (carbon and energy from organic compounds)

(Larimer et al., 2004), these growth modes are summarised in Table 2.2. This characteristic lends to it

being one of the most metabolically versatile bacteria.

Table 2.2: Summary of the modes of growth of R. palustris: photoautotrophic, photoheterotrophic,

chemoautotrophic and chemoheterotrophic and some of their key traits (Pott, 2013).

Growth mode Aerobic/ Light/ Carbon Electron source/ Hydrogen
anaerobic no Light source energy source production?
Photoautotrophic Anaerobic Light Carbon Hydrogen, thiosulphate Hydrogen
dioxide and other inorganic consumption
electron donors/light
Photoheterotrophic  Anaerobic Light Organic Organic carbon/ light Significant hydrogen
carbon production in the

absence of ammonia

Chemoautotrophic Aerobic No Light Carbon
dioxide

Hydrogen, thiosulphate
and other inorganic
electron donors

Hydrogen
consumption

Chemoheterotrophic Aerobic No Light  Organic
carbon

Organic carbon

None

13
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2.3.3 R. palustris metabolism with regards to hydrogen production

This investigation focuses on the production of hydrogen. The metabolic pathway of R. palustris facilitates
this, which motivates the selection of R. palustris for this study. Table 2.2 indicates that R. palustris
produce hydrogen only under photoheterotrophic growth and in the absence of ammonia. Further
investigation into the hydrogen production metabolism under these conditions is required.
Brenner et al. (2005) suggests that R. palustris preferred mode of growth is photoheterotrophic growth

under anoxic conditions which bodes well for the production of hydrogen gas.

2.3.3.1 Hydrogen production metabolism

As stated above hydrogen production by R. palustris occurs under photoheterotrophic growth, and thus
occurs when the culture is subjected to an anaerobic atmosphere, under illumination and with an organic
substrate available for utilisation. According to Koku et al. (2002) ammonium, which is commonly used
as a nitrogen source in the culturing of PNS bacteria, inhibits hydrogen production as it suppresses the
synthesis of nitrogenase and also inhibits the nitrogenase enzyme activity. The inhibition of the
nitrogenase is reversible which means that when the ammonium is fully consumed the nitrogenase
enzyme activity will fully recover. This is also the case for other non-ammonium containing nitrogen
sources, which means that the culture should be under nitrogen limitation to ensure hydrogen
production. According to Koku et al. (2002) and Pott (2013) hydrogen production with glutamate as the
sole nitrogen source is also possible as it is able to stimulate the synthesis and activity of the nitrogenase
enzyme. The hydrogen production metabolism under these conditions is made up of several key
components, i.e. the nitrogenase and hydrogenase enzyme, the photosystem, the Calvin-Benson-
Bassham (CBB) cycle and the storage compounds (Pott, 2013). Figure 2.5 illustrates the biological

hydrogen production metabolism in the conditions mentioned.

In Figure 2.5 light photons are absorbed by the light harvesting complexes (LH1 and LH2) which then
rapidly transfer the energy to the photosynthetic reaction centre (RC). This energy is used to initiate the
cyclic electron transport (curved purple arrows) between the RC and the cytochrome b/c; (Cytbc;). Here
the reducing equivalents are transported by ubiquinone (Q). Figure 2.5 indicates that a proton gradient
is produced that is utilised by the ATP synthase (ATPase) to produce the required ATP. A flux of reducing
equivalents (e’) leaves the ubiquinone pool and are transported by ferredoxin (Fd), which mediates
electron transfer, to the nitrogenase (Nase) enzyme to fix nitrogen to ammonia with the concomitant
obligate of hydrogen produced. As discussed previously the hydrogenase enzyme present in the
cyanobacterium and photosynthetic microalgae used in direct biophotolysis is used in the production of
hydrogen. However, generally in PNS bacteria the hydrogenase (Hup) (if there is an active hydrogenase

enzyme), converts hydrogen to electrons and protons used for ATPase. The reducing equivalents are also

14
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used in the Calvin cycle (CBB pathway) to fix carbon dioxide and to store the carbon as
poly(hydroxybutrate) (PHB) and glycogen. The tricarboxylic acid (TCA) cycle, also known as the Krebs
cycle, metabolises organic substrates to produce protons and electrons. Protons are used in the
formation of hydrogen and electrons are used as reducing equivalents in the photosystem. (Pott, 2013;

Roszak et al., 2003)

hv

Hup
LH2
RC

H, 2H* + 2e

e Fd H, + NH;
Substrate

— N,ase

. H* + N,
CBB Fixed CO,
pathway
PHB Glycogen
polymerase synthase
. N ’
PHB granules Glycogen

Inner membrane

Outer membrane

Figure 2.5: Schematic diagram of the biological hydrogen production metabolism of R. palustris which occurs during
photoheterotrophic, anaerobic and nitrogen fixing conditions adapted from Pott (2013). The outer most grey line
indicates the outer membrane of the cell. The thick grey line indicates the inner cell membrane. The yellow lightning
symbols indicates light excitation. Straight black arrows indicate the flow of electrons. The blue arrows indicate the
flow of CO; or fixed CO,. The red arrows indicate proton (H*) flow. The curved black arrows indicate a reaction
occurring. The curved purple arrows indicate the cyclic electron transport system that forms part of the

photosynthetic apparatus.
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2.3.3.2 Major enzymes

As discussed in the section above, two major enzymes are involved in the evolution of hydrogen by
R. palsutris, i.e. the hydrogenase and nitrogenase enzyme. The total hydrogen produced is the balance
of the two enzymes. According to Koku et al. (2002) the primary inhibitor/repressor of these enzymes is
the presence of oxygen. The presence of oxygen irreversibly deactivates the enzymes (Kim and Kim, 2011)
and is therefore the major reason why R. palsutris must be cultivated in anaerobic conditions if hydrogen

production is required. The mechanism of each major enzyme is discussed in detail below.
a) Nitrogenase

R. palustris produces hydrogen via the nitrogenase enzyme (McKinlay et al., 2014). The nitrogenase
enzyme catalyses the energy intensive process of reducing dinitrogen to ammonia which is driven by ATP
hydrolysis (Burris, 1991). According to Wall (2004) the action of the nitrogenase enzyme can be described
by the following reactions, where the stoichiometry is dependent on the metal cofactor (either

molybdenum (Mo), vanadium (V) and iron (Fe)):

Mo: N, + 8H* + 8e~ + 16ATP - 2NH; + H, + 16ADP [8]
V: N, + 8H* + 8e~ + 24ATP - 2NH; + 3H, + 24ADP [9]
Fe: N, + 8H* + 8e™ + 42ATP —» 2NH; + 7.5H, + 42ADP [10]

In PNS bacteria the Mo-cofactor is the most frequently occurring isozyme as it has the lowest energy
requirement to catalyse the reaction. However, this isozyme also has the lowest conversion efficiency
and therefore large enzyme concentrations are required to ensure a high rate of hydrogen production

(Pott, 2013).

However, when PNS bacteria such as R. palustris is cultured in a nitrogen free atmosphere, a different
reaction path is followed, because the absence of dinitrogen means the reducing equivalents are
redirected entirely to hydrogen production (Burris, 1991). In these conditions the hydrogen production

is stoichiometrically four-fold higher as illustrated in Equation 11 provided by (Burris, 1991).

8H* + 8¢~ 16ATP — 4H, + 16ADP [11]
Thus, theoretical maximum hydrogen production will be obtained when R. palustris is grown via the
photoheterotrophic metabolism, where light and organic carbon is supplied, in an oxygen and nitrogen

free atmosphere. An inert gas such as argon can be used to sparge the culturing system to remove

nitrogen and oxygen from the systems atmosphere.
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b) Hydrogenase

The hydrogen uptake of the hydrogenase enzyme is defined by the reversible reaction provided in

Equation 12.

2H" +2e~ o H, [12]

The direction of the hydrogenase enzyme reaction is dependent on the culturing condition. In general,
the conditions utilised during photofermentation favour the reverse reaction and thus the hydrogenase
enzyme consumes hydrogen. Therefore, the hydrogen produced by the nitrogenase subtracted by the
hydrogen consumed by the hydrogenase is equal to the total hydrogen that can theoretically be
produced. It should be noted that there are certain strains of R. palustris, such as R. palustris CGA0Q9,

that have an inactive hydrogenase and therefore do not consume any hydrogen.

2.3.4 Photosystem

Photosynthesis is the process by which solar energy is converted into chemical energy through the
synthesis of complex organic molecules (Blankenship et al., 2006; Hu et al., 2002).The process can be
carried out by a variety of organisms such as photosynthetic bacteria, algae and plants (Hu et al., 2002).
Purple photosynthetic bacteria, such as R. palustris, have been studied extensively due to their relatively
simple photosystems (Roszak et al., 2003) that is similar to the photosystem Il found in higher order
plants. However, there is a significant difference between photosynthesis of PNSB and the
photosynthesis carried out by plants and algae and that is that PNSB does not contain photosystem |,
which means it does not have the ability to split water to evolve oxygen (Pott, 2013). Thus,
photosynthesis in PNS bacteria can only take place in anoxic conditions as the low oxygen presence

triggers formation of photosynthetic pigments (Mcewan, 1994).

A diagrammatic representation of the major membrane proteins involved in the light reaction of purple
photosynthetic bacteria is provided in Figure 2.6. The photosynthetic reactions begin with photons
(yellow arrows) absorbed by the LH2 antenna at wavelength bands of 800 and 850 nm (labelled B800 and
B850in the LH2 complex) which correspond to absorption maxima of bacteriochlorophyll-a (BChl-a)
pigments (Roszak et al., 2003). The LH2 BChl-a then passes the absorbed energy to the BChl-a (denoted
by B880) in the second antenna complex (LH1) (Roszak et al., 2003). The BChl-a in the LH1 complexes
usually have one adsorption band in the wavelength range of 870 to 890 nm. Charge separation in the
RC reduces the lipid soluble electron carrier (ubiquinone), then the aqueous phase cytochrome c re-
reduces the RC. After adsorption of a second photon a twice reduced ubiquinone diffuses into the
cytochrome bc; complex, which passes the electrons from the ubiquinone to reduce the water phase in

the cytochrome c (Cyt c) (Pott, 2013). Thus, the cyclic electron transport chain is closed with the
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generated chemical potential preserved as a proton (H+) gradient, which can then be used by the ATP

synthase to produce ATP from ADP.

Periplasm

Light Cytochrome b/c;,

H* LH2 LH1 e e H*

ADP Cytoplasm

H* H*
ATP synthase

Figure 2.6: A representation of the major membrane proteins involved in the light reaction of purple photosynthetic
bacteria, adapted from Roszak et al. (2003). Photon energy is represented yellow arrows. The LH2 antenna is the
purple complex with the labels B800 and B850 representing the wavelength of maximal absorption. The LH1 antenna
is the red complex with the B880 label, again referring to the wavelength corresponding to maximal absorption. The
reaction centre is labelled RC. Red arrows represent electron flow. The cytochrome bc; complex is represented by

the blue block. The ATP synthase which sees ATP synthesised is represented by the orange figure.

There are various pigments present in the LH complexes such as carotenoids, bacteriochlorophylls
(BChl’s) and bilin pigments (Blankenship et al., 2006; Damjanovi¢ et al., 1999). With specific focus on
R. palustris the two major pigments present in their LH complexes are carotenoids and BChl-a (Brenner
etal., 2005). BChl a pigments’ major function is light harvesting whereas carotenoids perform three major
roles: (i) light harvesting at lower wavelengths (blue-green wavelength range), (ii) photoprotection and

(iii) stabilising LHs as structural components (Damjanovic et al., 1999; Paulsen et al., 1999).

2.3.5 Current industrial usage of R. palustris

Wastewater treatment facilities use a combination of microbial populations in the digestion section of

the process, PNSB being one of the major components (Larimer et al., 2004). According to Larimer et al.
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(2004) R. palustris thrives in the environments that are common in wastewater treatment facilities and
has the ability to metabolise lignin monomers, fatty acids and dicarboxylic acids, animal fats, seed oils
and multiple other organic compounds. R. palustris also has the ability to degrade nitrogen-containing
compounds such as amino acids and some aromatic compounds. Some common chlorinated compounds
found in industrial wastes can also be dehalogenated and degraded using the R. palustris bacteria

(Larimer et al., 2004).

The ability of R. palustris to degrade organic waste streams to produce high purity hydrogen makes it

highly attractive in the context of this investigation.

2.4 Modelling of biological processes

Combining experimental work with mathematical modelling allows for meaningful and quantitative
interpretation of the results obtained from the experimental results and can possibly reveal new aspects

of microbial physiology (Mahanta et al., 2014).

2.4.1 Modelling of biological growth

Blackman gave one of the earliest models for describing biotechnological processes in 1905 (Kovarova-
Kovar and Egli, 1998; Mahanta et al., 2014). In the Blackman model it is assumed that the specific growth
rate (W) is proportional to substrate concentration (s) when the substrate concentration is low. When the
substrate concentration is high the growth rate is independent of the substrate concentration. This
relationship is described in Equation 13 (Mahanta et al., 2014). From Equation 13 it can also be seen that
the function is not smooth, due to the transition from first order to zero order when the substrate

concentration is larger than half-saturation coefficient (Ks) (Mahanta et al., 2014).

Hmax'S :
s)=—— if s <K,
Mo =t ifs <k, 13)
H = Hmax if s =K

For the past 70 years, most of the modelling of microbial growth has seen the Monod equation employed
(Liu, 2007). The Monod model provides a relationship between the specific growth rate and the substrate
concentration in the form provided in Equation 14. The Monod model is often mistakenly thought of as

a theoretical model when in fact it is empirical based on curve fitting to experimental data.

uis) = o= [14]

The Monod model describing the specific growth rate can be used to quantify cell growth using

Equation 15, which is known as Monod growth kinetics (Clarke, 2013).

ax

dt='uX [15]
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The Monod model and the various variations thereof are used to model the growth and substrate
utilisation of many different bacteria, but are not considered to be applicable to photosynthetic bacteria
due to the models not taking into account the effects of light on these parameters. The Aiba model,
shown in Equation 16, has often been employed to simulate the effect of light intensity on the growth
rate of photosynthetic bacteria (Palamae et al., 2018; Zhang et al., 2015b, 2015a). According to
Zhang et al. (2015a) the Aiba model is capable of modelling the photolimitation regime that can occur at
low light intensities, the photosaturation regime under optimal light intensities, and the photoinhibition

regime under very high light intensities.

1
ull) = pfhmax - —7

12
I+ I+K_i

[16]

In Equation 16, I is the light intensity, K is the light saturation coefficient and K;, the photoinhibition
coefficient. The Aiba model assumes the growth rate is only dependent on light, however substrate
utilisation should also be taken into account if it has a limiting effect on the growth. The model can then

be adjusted into the form provided in Equation 17.

I

_ Hmax'S
ul,s) ==~ 2
stS 4K j+—
Ki

[17]

With a suitable equation to describe the specific growth rate of photosynthetic bacteria (either Equation
16 or 17) the growth rate (dX/dt) can be determined using an equation such as the one supplied in

Equation 15. This equation can be modified to take into account the death rate (uq) of cells that occurs in
the death phase (Palamae et al., 2018). Equation 18 provides a modified form of Equation 15 that includes

the death rate.

ax
T = MK — X [18]

In cases where the specific growth rate is a function of light and substrate concentration (Equation 17),
Equation 18 cannot be explicitly solved on its own, hence an equation describing the substrate
concentration and light intensity is required. Robinson and Tiedje (1983) provide an equation
(Equation 19) describing the rate of change of substrate consumption by a bacterium growing in a batch
culture that can be used in conjunction with Equation 18 to simultaneously solve for both the biomass

and substrate concentration.

ds N

at —Yslbmax (m) X [19]
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2.4.2 Modelling of light through biological culture

According to Molina Grima et al. (1999) the growth rate is a function of the light intensity and the light
profile which the cells are subject within a homogenous culture. Denser cultures cause light penetration
to be impeded due to self-shading and light absorption by the cells, thus zones of different levels of
illumination exist in the culture (Molina Grima et al., 1999). This means that cells nearer to the light
incident surface experience higher intensities in comparison to cells in other regions of the cell culture,
therefore the cell growth varies according to their position in the culture. Based on the effects of cell
concentration and cell shading a mean value of irradiance is used to define the light intensity that each
cell is experiencing with in a homogenously distributed culture. This mean value, which will be referred
to as the average light intensity, is dependent on the following factors: (i) the incident light intensity (lo)
on the surface of the reactor, (ii) the geometry of the reactor which the bacteria is being cultured in, (iii)
the concentration of the cells in the culture, (iv) the absorption of the cell pigments (Molina Grima et al.,
1999) and (v) the direction(s) of light on the culture. A method for quantifying the light intensity through

the reactor that accounts for the above factors is therefore required.

One of the most well-known equations used in the assessment of radiant light energy profiles is the Beer-
Lambert law (Equation 20), however due to the aggregation of the effects of cell adsorption and light
scattering by cells into a single extinction coefficient it has been stated to have poor accuracy with regards

to modelling light attenuation in PBRs (Cornet et al., 1995).
1(X,z) = e *X* [20]
Where a is the aggregated extinction coefficient and z is the light path length.

Modified versions of Equation 20 have been developed to improve the accuracy of the model by including
an additional extinction coefficient that takes into account scattering by bubbles (Palamae et al., 2018;
Zhang et al.,, 2015a) or by increasing the measured light path length using an optical path length

multiplication (PLM) factor in order to take into account light scattering (Wagner et al., 2018).

On the other end of the spectrum the general theory of radiative transfer, which is far more complex (see
Equation 21), has been applied to model radiant light energy transfer in PBRs.(Cornet et al., 1995). This

is, however, no easy task and comes at a great computational cost (Cornet et al., 1995).

dl (7.,5)
ds

2 4
+ (a2 + o0 ) (7, §) = 2T 4 22 (L (7, 5) (57, §)d [21]

T
Where I, (7, 5)is the wavelength (1) radiation intensity at a specific light path direction (§) and position
vector (7*); a, is a wavelength dependent absorption coefficient; 0)s is a wavelength dependent
scattering coefficient; s is the light path length, 5, is the scattering direction; n the refractive index; o is

the Stefan Boltzmann constant, T is the local temperature and d(); solid angle.
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Due to the complexity of the radiant light transfer equation and the simplicity of the Beer-Lambert law,
a compromise was proposed by Cornet et al. (1995): a simple two-flux model which was derived based
on assumptions made by Schuster (1905), that takes into account absorption and scattering of light by
cells and that provides an analytical solution. The two-flux approximation is provided in Equations 22 to

24 below (Huang et al., 2015).

IZ _ 4(11
Ip  (1+aq)?-e%2—(1-a;)%-e~%2

Eq
@ = lea+Es [23]

a,=(E,+Ey) a;- Xz [24]

[22]

From the equations above, E, is the mass absorption coefficient and E is the scattering coefficient. It
should be noted that the two-flux approximation simplifies to the Beer-Lambert law (Equation 20) if the
effects of scattering are ignored (E; = 0). The effects of scattering can be ignored at low biomass
concentrations (Krujatz et al., 2015); however, when the biomass concentration increases the Beer-
Lambert law cannot be applied to predict the light intensity profile inside the PBR (Berberoglu et al.,
2007).

2.5 Substrates for hydrogen production by R. palustris

As previously stated, R. palsutris has the ability to metabolise a wide variety of compounds due to its
metabolic diversity. Therefore, a copious number of substrates have been investigated in literature. Table
2.3 below provides a short list of some of the carbon sources that have been used to culture R. palustris
to produce hydrogen. The reported specific hydrogen production rates are also provided to illustrate

their ability to produce hydrogen through photofermentation.
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Table 2.3: Hydrogen production rates (mL/gau/h) by R. palustris from different carbon sources

Carbon source Hydrogen production rate (mL/gq4w/h) Reference

~23 (Pott et al., 2013)
Acetate

~38 (Barbosa et al., 2001)

~20 (Pott et al., 2013)
Butryate

~22 (Wu et al., 2010)

~24 (Pott et al., 2013)
Crude glycerol

~12 (Ghosh et al., 2012)

~28 (Pott et al., 2013)
Glucose

~37 (Tian et al., 2010)

~31 (Pott et al., 2013)
Glycerol

~32 (Sabourin-Provost and Hallenbeck, 2009)

~24 (Pott et al., 2013)
Lactate

~39 (Vincenzini et al., 1982)

~15 (Pott et al., 2013)
Malate

~40 (FiBler et al., 1995)

Equation 6 in section 2.2.2.3 provided the reaction network for the theoretical maximum amount of
hydrogen that can be produced via photofermentation of glycerol. This Equation is provided once more

below for easy reference.

Equation 6: C3H803 + 3H20 4 3C02 + 7H2

According to Hallenbeck and Liu (2016) with glycerol as the carbon source a yield of 6.9 mol of H, per mol
of crude glycerol has been achieved which is 96% of the theoretical maximum of 7 mol of H,. Pott et al.
(2013) also reported high yields of H, compared to the theoretical maximum (80-85%) when glycerol was
used as the carbon source. The ability to achieve near stoichiometric conversion of glycerol to hydrogen

makes it an extremely attractive substrate for photofermentation.

Glycerol is a polyol compound that is an obligate concomitant produced during transesterification in the
biodiesel production process. Due to glycerol being a useful commodity chemical that was used in a
multitude of industries, it was initially considered as a bonus in the biodiesel industry as it was a by-
product that could improve the economics of the entire process (Pott, 2013). There has been a significant
increase in the production of biodiesel which has seen the value of glycerol decreasing due to the inverse
relationship between price and supply when the demand remains the same. Glycerol is now considered

a financial and environmental burden because it no longer financially viable to refine the crude glycerol
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for use in the food and pharmaceutical industries and is therefore disposed of as a waste product which

is costly and has possible negative effects on the environment.

Photofermentation could therefore be used as a sink for this waste stream for the production of

hydrogen.

2.6 Immobilisation of R. palustris

The immobilisation of microorganisms in solid supports has frequently been used in laboratory scale
experiments as well as in industry. Cell immobilisation has been a highly discussed aspect of
biotechnology for the past four decades because of i) its ability to improve performance and economics
of fermentation processes (Zhu, 2007), due to improved thermal and mechanical stability, and ii) higher
production rates due to the possibility of increased biomass loading when compared to free-cell cultures
(Coiffier et al., 2001). Therefore, immobilisation of R. palustris has been considered as a promising avenue
in the attempt to improve biohydrogen production (Wang et al., 2010). Pott (2013) provides a few key
characteristics that an immobilisation matrix should display if it is to be used in the production of
biohydrogen by R. palustris: i) the matrix should be non-toxic to the cells as well as biocompatible, ii) it
should be translucent as the R. palustris hydrogen production metabolism is light driven, and iii) the

material should be chemically and mechanically stable at the intended operating conditions.

Zhu (2007) cites several studies that attempted to utilise immobilised cells in fermentation processes.
Vincenzini et al. (1982) immobilised R. palustris in an agar matrix and reported that immobilised cells
retained their hydrogen producing activity for longer than free cell cultures that were operated at the
same conditions. FiBler et al. (1995) immobilised R. palustris in multiple matrices, namely agar,
carrageenan and sodium alginate, and reported high hydrogen yields when compared to the theoretical
maximum for all matrices. They also reported that hydrogen production by R. palustris doubled when
immobilised in alginate compared to free-cell cultures, and was also able to produce hydrogen for

extended periods (55 days) with slow decrease in efficiency.

Another method of bacterial immobilisation is the immobilisation on glass beads. Investigations into
hydrogen production using porous glass plates and non-porous glass beads were done by Zagrodnik et
al. (2013) and Zagrodnik et al. (2015) with Rhodobacter sphaeroides (R. sphaeroides) as the PNS bacteria
of choice. The main drawback with this method of immobilisation is the low concentration of bacteria
within the volume of the glass bead as the bacteria is only immobilised on the surface of the glass. This
would result in ineffective use of reactor volume as most of the reactor will be filled with non-reactive
glass beads with only the surface, where the bacteria are attached, able to metabolise the substrate
within the reactor. This method of immobilisation is also extremely difficult in comparison to other

immobilisation techniques. Immobilisation on porous glass also only lends itself to bioreactors with very
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high surface to volume ratios such as flat panel bioreactors in order for the photosynthetic bacteria to

receive the required light.

Wang et al. (2010) developed a hybrid matrix of polyvinyl alcohol (PVA)/sodium alginate/carrageenan
which was immobilised with R. palustris and showed good hydrogen production. Pott (2013) developed
novel PVA cryogel with glycerol as the co-solvent that was immobilised with R. palsutris. This matrix was

reported to have similar hydrogen production to free-cell cultures.

From the above short literature survey, it is clear that PNS bacteria (in particular R. palustris) has been
extensively investigated in the field of immobilisation. This is due to the fact that immobilisation of the
bacteria in a hydrogel has been identified as covering several key areas relating to optimisation of process
parameters that need to be improved to scaleup processes using PNS bacteria to produce biohydrogen.
These areas include but are not limited to i) protection from physio-chemical challenges, ii) cryptic
growth, iii) higher biomass concentration than in planktonic systems, and iv) reduced number of cell
divisions resulting in metabolic energy being focused on product formation (Dervakos and Webb, 1991).
Several hydrogel types have been developed and used in the immobilisation of bacteria. They are

discussed next.

2.6.1 Hydrogel immobilisation matrices

Hydrogels can be defined as a network of cross-linked polymer chains that are often found as colloidal
gels with water as the dispersion medium (Ahmed, 2015). These hydrogels can retain a significant fraction
of water due to the hydrophilic functional groups present on the polymeric backbone with the cross-
linked polymer chains preventing dissolution in water (Ahmed, 2015). These materials are used in various
biomedical applications (Pott, 2013), due to their tissue-like degree of flexibility (Ahmed, 2015) and
macroporous structure which allows for quick diffusion of substrates and products through the matrix.
Several types of hydrogels are examined below with specific focus on the key characteristics that an

immobilisation matrix should display if it is to be used in the production of biohydrogen by R. palustris.

2.6.1.1 Chitosan hydrogel

Chitosan is a biopolymer that is produced by N-deacetylation of chitin and cellulose (Dambies et al.,
2001). Chitin is extracted from cuticles of anthropods and fungal biomass and is considered the most
abundant natural polymer (Dambies et al., 2001). Chitosan gel beads are produced by dissolving the
chitosan powder in acetic acid before dropwise addition to a molybdate solution or a sodium hydroxide
solution coagulating bath (Dambies et al., 2001; Zhao et al., 2007). Zhao et al. (2007) state that after the
chitosan gel beads solidify during preparation they became opaque. Thus, chitosan gel beads present

stumbling blocks, as the required light will not reach the immobilised photosynthetic bacteria.
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2.6.1.2 Carrageenan hydrogels

Kappa-carrageenan (k-carrageenan) is a natural sulphated polysaccharide extracted from red seaweed
(Yang et al.,, 2018). It is often used in the food industry as a thickener, stabiliser or texturing agent as well
as in the cosmetic and pharmaceutical industries due to its distinguished biocompatibility and
biodegradability (Yang et al., 2018). k-carrageenan forms a thermo-reversible hydrogel when cooled in
an aqueous solution containing either mono or double positive ions (K*, Na* or Ca?*) (Yang et al., 2018).
During this gelation process the k-carrageenan powder is dissolved in the aqueous solution at
approximately 80°C, which means it would be unviable as an immobilisation matrix if a temperature-

labile bacterium is used.

2.6.1.3 PVA cryogels

Polyvinyl alcohol (PVA) is a readily available non-expensive synthetic polymer that is used in a wide range
of industries (Patachia et al., 2009). PVA is manufactured via hydrolysis of polyvinyl acetate that has been
synthesised from free radical polymerisation of vinyl acetate. It also consists of a secondary alcohol group
that is attached to a linear carbon chain (Wan et al., 2014). The alcohol group plays an important role in
the production of a hydrogel that has a high-water content when the PVA is dissolved in an aqueous
solution, as it leads to the formation of hydrogen bonds (Wan et al., 2014). PVA cryogels are produced by
freeze-thaw cycling of cells suspended in an aqueous PVA solution (Lozinsky and Plieva, 1998). Firstly, the
PVA is dissolved in an aqueous solution that is then brought down to temperatures of -20°C to freeze the
water phase present in the solution. The freezing of the water phase creates two regions, namely a high
polymer concentration region where crystallites are formed and a low polymer concentration region,
where pores are formed. Subsequently, the cryogel is thawed down to room temperature which leads to

the formation of a solid gel (Lozinsky and Plieva, 1998; Patachia et al., 2009; Wan et al., 2014).

PVA has sought-after properties such as biodegradability, biocompatibility, water solubility and non-
toxicity (Patachia et al., 2009). These exceptional properties are then passed on to the PVA cryogel. Wan
et al. (2014) investigated the mechanical properties of PVA cryogel in terms of its compressibility, tensile
strength and its stress relaxation characteristics. These tests illustrated that the PVA crygol is very

durable, is non-brittle and it has a high modulus of elasticity (Hyon et al., 1989).
a) Opaque PVA cryogel

Currently PVA cryogels performance has not been investigated with photosynthetic bacteria as the
immobilised cell. This is likely due to the PVA cryogels’ opaque and translucent characteristics (Hyon et
al., 1989). This opacity means that light may not be able to penetrate the solid PVA cryogel and reach the

bacteria (in this case R. palustris). This may be detrimental to the hydrogen production as it was
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concluded in section 2.3.1 that to produce hydrogen R. palustris would need to operate

photoheterotrophically.
b) Transparent PVA cryogel

Many applications may require a transparent PVA cryogel, such as photofermentation processes and the
biomedical field where they can be used for ocular medical devices or sensor design (Patachia et al.,
2009). Hyon et al. (1989) also stated the need for a PVA cryogel that has excellent transparency. Hyon et
al. (1989) achieved a PVA cryogel with 99% light transmittance (at 570nm) when the aqueous solution
used with the PVA had a dimethyl sulfoxide (DMSQ) co-solvent with a concentration of 80% in water
(w/w%). This level of transmittance would be ideal for photosynthetic bacteria. The problem with DMSO,
however, is that it is cytotoxic at these high concentrations, and will therefore cause irreparable damage

to cells during immobilisation (Pott, 2013).

Pott (2013) developed an alternative novel transparent PVA cryogel that could be used as an
immobilisation matrix for photosynthetic bacteria. This was done by substituting DSMO with glycerol as
a non-cytotoxic co-solvent has the additional advantage of cryoprotection during the before mentioned
freeze-thaw cycle. Pott (2013) investigated the effect of glycerol concentrations on the percentage light
transmission through the hydrogel matrix. During these experiments PVA concentration was kept
constant at 10% (w/v). From this investigation it was concluded that a glycerol concentration of 50% in
water was optimal with high light transmittance (>89%). As mentioned previously it was concluded that
this matrix had similar hydrogen production levels when immobilised with R. palustirs compared to free-

cell cultures of R. palustris.

Due to the novelty of the PVA cryogel immobilisation matrix there has been no work done with regards
to the design of a bioreactor system or configuration that can utilise the immobilised R. palustris to

produce hydrogen.

2.7 Bioreactor engineering

A bioreactor is defined as a vessel in which a biological reaction takes place, with these reactions executed
through the metabolic activity of enzymes, microorganisms or tissues (Wang and Zhong, 2007). The
purpose of the reactor vessel is, for example, to provide a microorganism with the optimum external
environment to facilitate the biological reactions to produce the desired product (Wang and Zhong,
2007). In this investigation the desired product is hydrogen and the biological activity is the nitrogenase

activity carried out by the R. palustris bacteria.

Not all bioreactors require illumination by light, however this is critical when designing a bioreactor for

the culturing of R. palustris to produce hydrogen. This is due to the requirement of photon energy in the
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hydrogen production metabolism of R. palustris (see section 2.3.3). Therefore, any proposed bioreactor
systems must be able to accommodate light within the system, which means a PBR is to be designed.
Currently the majority of PBRs used for the production of hydrogen have been designed and developed
for the cultivation of green algae with the most noteworthy designs being column reactors, tubular
reactors and flat panel reactors (Xu, 2007). The photosystem and hydrogen metabolism of green algae is
substantially different to that of R. palustris, and therefore many of these common reactor systems are
not interchangeable in terms of culturing algal and bacterial cultures. This has led to many novel reactor
designs for the culturing of R. palustris for photofermentative hydrogen production, such as novel optical
fibre-illuminating PBRs (Chen et al., 2006) and anaerobic fluidised bed with carbon fibre as a bacterial
carrier (Ren et al., 2012). Following the novelty of the PVA cryogel immobilisation matrix developed by
Pott (2013) there has been little work done with regards to the design of a viable bioreactor system or

configuration that can utilise the immobilised R. palustris to produce hydrogen.

According to Wang and Zhong (2007) biological reaction systems can be divided into two main groups,
namely suspension systems and immobilisation systems. Within the free cell category some common
bioreactors are stirred-tank reactors’, membrane bioreactors and bubble columns and with the
immobilised category packed bed reactors, fluidised bed reactors and stirred-tank reactors (Wang and
Zhong, 2007). Stirred-tank reactors mixing regime often results in low homogeneity with regards to
incoming light, which means it is often not ideal for PBR systems without modifications, such as the
insertion of optical fibres (Chen et al., 2006) into the stirred-tank. This is not the case with packed bed
and fluidised bed reactors. Due to the photosynthetic requirements of R. palustris these reactor systems
stand out as viable options for the production of hydrogen using R. palustris immobilised in the PVA

cryogel matrix.

The subsections below delve into the possibilities of both a packed bed PBR (PBPBR) and a fluidised bed
PBR (FBPBR).

2.7.1 Packed bed reactor

Packed bed systems have been studied for more than a century with initial investigations into the flow of
water through a packed bed of sand in 1856 by Henry Darcy (Rhodes, 2008). The viability of packed bed
reactors in bioreactor processes was only realised when immobilisation of bacteria became possible.

Packed bed reactors operating as bioreactors with immobilised cells are discussed next.

When cells are immobilised in the selected matrix, they are packed into the reactor which results in high
solid-liquid specific interfacial contact areas. Film resistance to mass transfer is also lessened due to the
low velocities of liquid over the stationary solid particles (Wang and Zhong, 2007). Other advantages of a

packed bed reactor is the fact that it is simple to operate and its ability to achieve high reaction rates.
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However, a major disadvantage of the packed bed reactor is the achievable mass and heat transfer rates
which are relatively poor due to the low liquid velocities (Wang and Zhong, 2007). Low liquid velocities
are expected due to the similarity in densities between the feedstock and the immobilised matrix as

fluidisation of the bed is not desired.

According to Wang and Zhong (2007), packed bed reactors are the most frequently used bioreactor for
immobilisation systems, this is likely due to them being used in wastewater and waste gas treatment
facilities. This illustrates their applicability to biodegradation processes, which is an integral part of this
investigation. Wang et al. (2013) studied hydrogen production using immobilised R. palustris in a flat
panel packed bed reactor. Flat panel reactors are often used in PBR systems due to their high surface to
volume ratio, however a major disadvantage with this configuration is that it has limited scalability. As
stated previously the PVA cryogel has high light transmittance which could allow for a column reactor to
be used instead, which would have a lower surface to volume ratio, but could be scaled-up with more

ease.

An equation that describes the flow of fluid through a randomly packed bed of spherical particles was
developed by Sabri Ergun in 1952 through extensive experimentation (Rhodes, 2008). The developed
equation is known as the Ergun equation and is provided in Equation 25 below. The Ergun equation can
be used to calculate the pressure drop over the packed bed reactor when the particle diameter, fluid

velocity and voidage is known.

(-Ap) _ vU (1-¢)? prU? (1-¢)
E00) — 15020 Ao 41752 C29) [25]

x &3

( laminer ) (turbulent)
component component

Where,

Ap = pressure drop

H = height of the bed

v = visocity of the fluid

U = velocity of the liquid

x = diameter of the immobilised gel beads
& = voidage of the bed

py = density of the fluid

The pressure drop across the bed of a packed bed reactor is one of the most important parameters when

designing these reactor systems. This is due to the pressure drop being related to the flow distribution
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and pumping power required, as illustrated in Equation 25. The higher the pressure drop is, the bigger

the effect will be on the operational cost of the reactor.

2.7.2 Fluidised bed reactor

When a fluid passes upwards through a packed bed a point is reached where the drag force exerted by
the fluid on the particles is equal to the apparent weight of the particles. When this occurs the particles
are lifted upwards by the fluid, causing bed expansion and fluidisation (Rhodes, 2008). This is the

fundamental principles of the fluidised bed reactor.

The fluidised bed reactor is commonly used as a bioreactor system when immobilised bacteria are
employed. Wang and Zhong (2007) provide a list of advantages that fluidised bed reactors present over

packed bed reactors:

1. The system is closer to homogeneity, meaning it is easier to control the operating conditions, i.e.
temperature and pH.

2. The reactor system has good mixing brought about by upward movement of fluid.

3. Higher mass and heat transfer rates occur in comparison to packed bed reactors, due to the mixing
movement of the particles (immobilised beads).

4. Easy particle sampling can.

5. The fluidised bed reactor can be scaled-up without increasing the concentration gradient.

One major advantage that FBPBR present over PBPBR that is not mentioned by Wang and Zhong (2007),
due to it being specific to PBRs, is the fact that the fluidization of the immobilised bacteria allows each
individual particle a higher light ‘residence time’. This is due to the homogenous mixing that will occur
when fluidised, compared to when the bed is packed, and the solid phase is static. There has been no

work done on fluidised photosynthetic organisms immobilised in hydrogel matrices.

A disadvantage of fluidised bed reactors is that scale-up is hampered by the unpredictability of
fluidization, back mixing as well as the narrow range of optimum operating conditions (Wang and Zhong,

2007).

A force balance over a fluidized bed results in an equation that can be used to determine the pressure
drop over the bed at any point during expansion. This is shown below in Equation 26. This pressure drop
equation is only valid at the point of fluidisation, before then Equation 25 is used to calculate pressure

drop over the bed.
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Ap =H(1 —¢&)(pp — pr)9g [26]

Where,

Ap = pressure drop

H = height of the bed

€ = voidage of the bed

pp = density of the particle

py = density of the fluid

g = gravitational acceleration constant

The velocity of the fluid at the point where the upward drag force is equal to the apparent weight of the
particles is known as the minimum fluidisation velocity (Uy,r). At the minimum fluidisation velocity
Equation 25 also applies as the bed is still on the verge of fluidisation. Thus, Equation 26 can be

substituted into Equation 25. This substitution results in three Equations shown below:

Ar = 15022 Reyyp + 1,755 Rel, [27]
Repy = “2L22f [28]
Ay = PL@o2 0T [29]

Where,

Ar = Archimedes number

&€ = voidage of the bed

Re = Reynolds number

U = velocity of the liquid

x = diameter of the immobilised gel beads
py = density of the fluid

v = visocity of the fluid

pp = density of the particle

g = gravitational acceleration constant

With the physical properties of the fluid and particles all defined, the minimum fluidisation velocity can
easily be determined using the above equations, this makes it easy to determine the minimum velocity

that the feedstock must be fed at in order to fluidise the bed.
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2.8 Production conditions

Production conditions refer to the feedstock and the operating conditions of the PBRs. These are critical
to the operation of the bioreactors as the function of the system is to provide an optimal environment to

the bacteria (Wang and Zhong, 2007).

2.8.1 Feedstock

Based on R. palustris’ versatile metabolic ability it can use both organic and inorganic compounds as
sources of energy. Possible inorganic compounds include thiosulphate and hydrogen gas (Larimer et al.,
2004). However, based on propensity of R. palustris to operate photoheterotrophically, organic
compounds must be used as the substrate available in the feedstock for the reactor to produce the
desired product, namely hydrogen. R. palustris can consume a wide range of organic compounds, such
as organic acids (acetic, lactic, succinic butyric and malic acids), animal fats and seed oils (Larimer et al.,
2004; Pott et al., 2013). However, Ghosh et al. (2012), Sabourin-Provost and Hallenbeck (2009) and Pott
et al. (2013) have all shown that the photofermentation of glycerol is possible and that near
stoichiometric reforming to hydrogen and high yields of hydrogen is possible when glycerol is used as the

substrate.

Pott et al. (2013) provides a comparison of maximum growth rates (h) and hydrogen production rates
(mL/gaw/h) for R. palustris on a variety of carbon sources, namely glycerol, treated crude glycerol (TCG),
acetate, butynate, sucrose, glucose, malate, lactate and untreated crude glycerol. All sources contained
10 mM carbon and 5 mM glutamate. It was concluded that glycerol had the highest maximum growth
rate and hydrogen production over the other carbon sources investigated, with TCG only slightly less in

both cases.

2.8.2 Operating conditions

As discussed above photofermentation is influenced by nutritional factors such as the choice of carbon
and nitrogen source, as well as the initial carbon to nitrogen ratio in the substrate. Photofermentation is
also influenced by environmental factors such as temperature, light intensity and the pH of the substrate
(Eroglu and Melis, 2011). These factors all contribute to the operating conditions of PBRs and have some
influence on the production of hydrogen. Therefore, it is necessary to determine the recommended
ranges for these operating conditions to ensure that hydrogen production in the PBRs will not be

hindered by factors that are not being investigated.

The operating conditions discussed in the subsections below are temperature, light intensity and pH.
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2.8.2.1 Temperature

According to Basak et al. (2016) hydrogen production can be reduced significantly if temperatures vary
during photofermentation processes. This may be due to the bacteria expending energy on the
adaptation to changes to high or low temperatures. It is therefore crucial to keep the temperature as
stable as possible around a set value. The question remains at what temperature the photofermentation
process should operate at. The operating temperature will be dependent on the photobacteria that is
used in the photofermentation process, as bacteria can be divided into five groups with respect to the
temperature ranges they can survive in. Bacteria are either psychrophiles, psychrotrophs, mesophiles,
thermophiles or hyperthermophiles. The majority of R. palustris strains can only grow in the mesophilic
temperature range (20 to 45°C) with optimum temperature ranges between 25 and 35°C. Table 2.4 below
indicates the operating temperatures of photofermentation systems using R. palustris, either

immobilised or in a free cell system.
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Table 2.4: Operating temperatures of photofermentation systems using R. palustris.

Bacteria Immobilised/Free Reactor system Temperature Reference
R. palustris R1 Free Cylindrical bottle (0.15L) 30°C (Barbosa et al., 2001)
R. palustris DSM Angular triple jacket
Free 33+1°C (Basak et al., 2016)
123 photobioreactor (1L)
Tubular photobioreactor (Carlozzi and Sacchi,
R. palustris 420L Free 30+1°C
(53L) 2001)
R. palustris CGA009 Free Serum bottles (0.125L) 30°C (Ghosh et al., 2012)
Biofilm photobioreactor 30°C (tested
R. palustris CQWO01 Immobilised (Guo et al., 2011))
(0,125L) optimum)
Flat panel photobioreactor
R. palustris CQWO01 Immobilised 30°C (Liao et al., 2010)
(0,8L)
R. palustris NCIMB Conical flask (0.1L) or
Free 30°C (Pott et al., 2013)
11774 Schott bottle (0.5L)
(Sabourin-Provost and
R. palustris CGAO09 Free Serum bottles (0.125L) 30°C
Hallenbeck, 2009)
Biofilm photobioreactor 25°C (tested
R. palustris CQW01 Immobilised (Tian et al., 2010)
(1,2L) optimum)
R. palustris CQW01 Immobilised Packed bed reactor (0.8L) 30°C (Wang et al., 2010)
R. palustris CQWO01 Immobilised Packed bed reactor (0,8L) 30°C (Wang et al., 2013)
R. palustris W004 Free Photobioreactor (0.35L) 32°C (Wu et al., 2010)
Groove-type
R. palustris CQWO01 Immobilised 30°C (Zhang et al., 2010)

photobioreactor (0,1L)

2.8.2.2 Light source and intensity

As discussed in section 2.3.3 and 2.3.4, light absorption of the photosystem in the PNS bacteria such as

R. palustris is essential for hydrogen production. Thus, illumination of the reactor system is a critical

operating condition, as hydrogen production may be affected if the correct aspects of illumination are

not considered. There are two main aspects of illumination that must be considered: the light source and

light intensity.
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With regards to the available light sources, solar light energy is the most abundant natural light source
available on earth and is considered advantageous due to its abundance, the fact that it is a free in terms
of the available light energy and that it contains the full spectrum of light (Chen et al., 2008). Therefore,
sunlight has commonly been used as the light source for PBRs that are culturing algae or photosynthetic
bacteria (Chen et al., 2008). For lab-scale experiments it is therefore necessary to use an artificial light
source that can closely mimic the emission spectrum of sunlight so that any trends observed with regards
to the effect of light intensity on the lab-scale can be applied to outdoor conditions. Figure 2.7 below
provides a comparison of the emission spectrums of common light sources encountered in indoor
environments. From Figure 2.7, incandescent light bulbs provide the closest representation in terms of
spectral light emission when compared to sunlight over the wavelength range of 550 to 1000 nm. This
wavelength range was selected, as it includes all wavelengths of interest to the organism. Incandescent

light bulbs have been used for culturing of R. palustris in previous investigations (Pott, 2013; Xiao, 2017).
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Figure 2.7: Comparison of the emission spectrums of common light sources encountered in indoor environments.

Reproduced from Virtuani et al. (2006).

The light intensity can affect the growth (Carlozzi, 2009) and hydrogen production of R. palustris (Wang
et al., 2013; Xiao, 2017). Specifically, at too low a light intensity photo-limitation can occur and at too
high a light intensity photoinhibition can occur. Photoinhibition is a common term used to define the
damaging effects of light on the photosystem in oxygen-evolving organisms, where damage to PSII
electron transport and the D1 reaction centre subunits are initiated by oxidative damage by singlet
oxygen (Tandori et al., 2001). Tandori et al. (2001) reported that photoinhibition in anaerobic organisms
is also possible and is likely brought upon by visible light with inhibition of the electron transport and/or
possible damage to protein subunits occurring. Xiao (2017) reported reduced hydrogen production rates

within the light intensity range of 26 to 65 W/m? due to photo-limitation of R. palustris and that hydrogen
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production saturates over a light intensity range of 65 to 285 W/m?. Carlozzi (2009) reported that
hydrogen production decreased when the light intensity was higher than 500 W/m?. This is likely due to

the afore mentioned photoinhibition.

2.82.3 pH

Bacteria can be classified as either an acidophile, neutrophile or alkaphile with regards to the pH they can
grow in. Most bacteria are considered neutrophiles as they grow optimally at a pH of 7+1. According to
Pott et al. (2013) R. palustris was tolerant to pH values of 5 and 9 but showed very limited growth below
a pH of 5 and above a pH of 9. This points to R. palustris being a neutrophilic bacterium, with optimum

growth and hydrogen production being around a pH of 7.

Table 2.5 below provides the pH values of the media used during the production of hydrogen using R.
palustris. From this it is clear that the recommended pH of the media (feedstock) is approximately 7.0.
Pott et al. (2013), Tian et al. (2010) and Zhang et al. (2010) all investigated the optimum pH of the media
to achieve the maximum hydrogen production rate. All found that a pH of 7 was optimum for hydrogen
production where R. palustris is the photosynthetic bacteria.

Table 2.5: Operating pH of photofermentation systems using R. palustris

Bacteria pH Reference

R. palustris R1 7,0 Barbosa et al. (2001)
R. palustris DSM 123 6,710,1 Basak et al. (2016)
R. palustris 420L 7,0+0,05 Carlozzi and Sacchi (2001)
R. palustris CQWO01 7,0 Guo et al. (2011)

R. palustris CQWO01 7,0 Liao et al. (2010)

R. palustris NCIMB 11774 7,0 (tested optimum) Pott et al. (2013)

R. palustris CQWO01 7,0 (tested optimum) Tian et al. (2010)

R. palustris CQW01 7,0 Wang et al. (2010)
R. palustris CQWO01 7,0 Wang et al. (2013)
R. palustris W004 6,8 Wu et al. (2010)

R. palustris CQWO01 7,0 (tested optimum) Zhang et al. (2010)
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2.9 Performance parameters

2.9.1 Maximum specific growth rate

The maximum specific growth rate is when the rate of cell division is at a maximum and corresponds to
the exponential growth phase on the bacterial growth curve. The maximum specific growth rate can be
determined using a graphical method, by plotting In(n) versus t, where n is the biomass concentration
at time t during an experimental run (Clarke, 2013). The linear slope of the plot is equal to the maximum
specific growth rate, provided that the bacteria are in the exponential growth phase. Microsoft Excel’s
built in linear regression function was used to plot a linear regression line through the necessary data

points to obtain an equation where the gradient is the maximum specific growth rate.

2.9.2 Biomass yield
The biomass yield coefficient (Yy ) relates the cell growth directly to the substrate utilisation for cell

production and is described by Equation 30 (Clarke, 2013).

Yy o = at [30]
X/s — ds/dt

Where x refers to the biomass, s to the substrate and t to time. Integration of Equation 30 allows for
easy calculation of Yy s via Equation 31 below (Clarke, 2013). In this Equation, x, and syrefer to the initial

experimental conditions.

X—X,
So—S

YX/s = [31]

2.9.3 Substrate conversion efficiency

Conversion efficiency is defined as the number of moles of hydrogen produced in comparison to the
theoretical stoichiometric quantity possible (Hallenbeck, 2009; Pott, 2013). The stoichiometric moles of
hydrogen is governed by the substrate used and the corresponding reaction equation (see Equation 5 in
section 2.2.2.3). The conversion efficiency of carbon substrate to H, is provided in Equation 32 below

(Adessi and De Philippis, 2014):

mol H, obtained

conversion ef ficiency(%) = x 100 [32]

mol H, theoretical

The conversion efficiency is considered to be one of the most relevant parameters to be considered for
design and optimisation of PBRs for the production of hydrogen via photofermentation (Adessi and De

Philippis, 2014).
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2.9.4 Specific hydrogen production rate

The specific hydrogen production rate describes the hydrogen produced per gram of CDW per hour and

was calculated using Equation 33.

HZ,tz _HZ,t]_
(CDWt2+CDWtI)/
2

ty—ty

Specific H, rate (mL/gcpw/h) = [33]
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3 RESEARCH SCOPE

3.1 Aim

The aim of this work is to produce biological hydrogen from a synthetic waste stream (glycerol) by the
photosynthetic bacteria R. palustris. This leads to a renewable and clean source of energy as well as the
biodegradation of a waste stream that would be an environmental burden if not used as the feedstock.
Specific focus has been placed on the effect of light intensity on the growth of R. palustris as well as the
design and development of a PBR that can be used for the production of hydrogen by immobilised R.

palusrtris.

3.2 Objectives

1. Examine the effect of light intensity on the cells and cell growth of R. palustris in a tubular PBR

operating with a planktonic cell culture in batch configuration.

There is not sufficient literature on the effect of light intensity on the growth and substrate utilisation of
R. palustris. The work that has been done used bioreactors with relatively large diameters: 70 mm (Xiao,
2017) and 96 mm (Carlozzi, 2009). This has been identified as a possible shortcoming in these
investigations results, as the effects of light attenuation and cell mutual shading would have a significant
impact and therefore these relatively large diameters would not provide an accurate measure of the

effect of light intensity on the growth of R. palustris.

2. Model the response of cell growth and average light intensity in the tubular PBR to changing light

intensity.

A vast amount of work has been done in the past fifty years on the modelling of biological processes.
However, there has been less focus on the modelling of photosynthetic bacteria. There has been no work
done on the modelling of the effect of light intensity on the growth of R. palustris and limited work on
the modelling of average light intensity in cylindrical PBRs geometries (commonly approximated as
square geometry). This gap in the literature has promoted an investigation into modelling the attenuation
of light through cylindrical reactors which allows for modelling the effect of light intensity on growth and

the determination of the average light intensity in a reactor based on biomass concentration.
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3. Design a PBR that could be a viable option in the culturing of R. palustris in both free-cell and
immobilised form, and that performs at a similar or enhanced level in terms of hydrogen production

and substrate conversion efficiency when compared to current lab-scale bioreactor systems.

Currently no major work has been done on possible bioreactor configurations for photosynthetic bacteria
immobilised in a hydrogel matrix. As a first step a bioreactor will be designed to grow planktonic cell
cultures as this can be compared to the hydrogen production performance of current laboratory
bioreactors. This comparison will indicate the viability of the reactor design for hydrogen production by
R. palustris. The reactor will be designed to allow for minor changes to the configuration to be able to

house cells immobilised in a PVA cryogel.

4. Determine whether the hydrogen production of the immobilised bacterium is comparable to that of

the free cell bacterial cultures.

With a PBR system designed and constructed for hydrogen production by R. palustris, either as a growing
planktonic cell culture or immobilised in a hydrogel matrix, the performance of the two possible
bioreactor systems could be investigated. With regards to hydrogen production and substrate conversion
efficiency the performance of the immobilised reactor system in comparison to the planktonic cell culture

is required, in order to determine if the immobilisation of the cells is warranted.

5. Compare the performance of the fluidised bed PBR versus the packed bed PBR based on their

biological hydrogen production.

As discussed in section 2.7 two possible reactor configurations stand out as promising options for the
production of hydrogen from immobilised cells, namely PBPBR and FBPBR. It is necessary to determine
which reactor configuration proves to be the more viable option for operation in the designed PBR in

terms of the substrate utilisation and hydrogen production kinetics.

3.3 Key questions

l. How are the growth and associated growth parameters of R. palustris affected by changing the
light intensity?
. Is the bacteriochlorophyll alpha to carotenoid ratio influenced by an increase in the incident light
intensity of the bacterial culture?
[l. Does the effect of light intensity on the growth of R. palustris influence possible outdoor

culturing?
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Do planktonic cells cultured in the designed and constructed column PBR show improved
performance with respect to growth, substrate utilisation, hydrogen production and conversion
efficiencies compared to current common lab-scale bioreactors?

Do immobilised systems outperform free cell systems based on hydrogen production
performance parameters when cultured in the column PBR?

Does the operating configuration of the column PBR loaded with immobilised R. palustris affect
the hydrogen production kinetics (specifically, the hydrogen production rate, substrate

conversion efficiency and light conversion efficiency)?
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4 MATERIALS AND METHODOLOGY

4.1 Materials

The major chemical reagents used in the experimental methods which are described in the subsequent
sections are provided in Table 4.1 below. The chemical names along with their respective formulas, purity

and the supplier of the reagents are provided.

Table 4.1: List of all chemicals used during experimentation along with purities and suppliers. TG — technical grade.

Chemical Formula Purity (%)  Supplier
Acetone (CHs),CO >99,5 Sigma-Aldrich
Bacteriological agar - - Biolab Diagnostics Laboratory Inc.
Boric acid HsBO3 99 UnilLab
Calcium chloride CaCl; 2H,0 99 MERCK
Cobalt () chloride CoCl, 6H,0 97 MERCK
Copper (ll) chloride CuCl; 2H,0 97 MERCK
Cyanocobalamin Cs3HssCoN14014P >98 Sigma-Aldrich
Dipotassium phosphate KaHPO, 98-101 MERCK
Ethanol C;HeO 99,9 MERCK

Ferric citrate CsHsFeOy TG Sigma-Aldrich
L-Glutamatic acid . .
monosodium CsHsNNaO4 >98,0 Sigma-Aldrich
Glycerol C3HsgOs 99 Science World
Hydrochloric acid HCI 32 Kimix
Magnesium sulphate MgS0O, 7H,0 >99 Kimix
Manganese (Il) chloride MnCl, 4H,0 >99 Sigma-Aldrich
Methanol CH4 >99,5 MERCK
Monopotassium phosphate KH,PO,4 299 Sigma-Aldrich
Nickel (ll) chloride NiCl; 6H,0 >97 Sigma-Aldrich
Ninhydrin CoHgO4 - MERCK
Para-aminobenzoic acid C;sH/NO; >99 Sigma-Aldrich
Poly(vinyl) alcohol (C2H40)x >98 Scientific Polymer Products Inc.
Potassium chloride KCl >99 Sigma-Aldrich
Sodium chloride NaCl 99,0-100,5 MERCK
Sodium hydroxide NaOH 98 MERCK
Sodium molybdate Na;MoOQO,4 2H,0 >99,5 UnivAR
Sodium thiosulphate Na,S,03 5H,0 99 Science World
Thiamine hydrochloride C12H1sCI;N40S AG Sigma-Aldrich
Yeast extract - - Biolab Diagnostics Laboratory Inc.
Zinc chloride ZnCl; 297 MERCK
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4.2 Microbial maintenance

4.2.1 Culture revival from lyophilised cells

In this investigation hydrogen was produced using R. palustris NCIMB 11774. This strain of R. palustris
was obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ). The
microorganism was delivered in a freeze-dried format and was revived using the methods provided by
DSMZ. This involved aseptically breaking the glass vile containing the freeze-dried cell pellet and adding
0.5 mL of liquid minimal medium (see section 4.3.2.2) to rehydrate the pellet. After rehydration an
inoculum loop was used to inoculate a test tube containing the liquid medium (see section 4.3.2.2) and a

nutrient agar plate (see section 4.3.1.1).

4.2.2 Culture long term storage in glycerol

Cultures were preserved in a solution of glycerol and water. The solution was made up of 30% glycerol
(v/v) in water and was used for the long-term storage of the microorganism. These stocks were made by
aseptically transferring 5 mL of the before mentioned sterile glycerol/water solution onto an agar plate
that had been streaked with R. palustris. The bacteria-rich solution was then pipetted into a sterile
Nalgene cryogenic vial (Thermo Fischer Scientific) and dropped into liquid nitrogen to instantly freeze

before being stored at a temperature of -20°C.

4.2.3 Periodic revival of culture from glycerol

These preserved cultures were restored from frozen stocks by aseptically transferring one loop (0.01 mL)
of the culture with an inoculating loop to 25mL of nutrient medium. The culture was then incubated in
an orbital shaker incubator (Labcon) at 30°C for 24 hours. Nutrient agar plates were inoculated with the
bacterium by aseptically streaking one loop of the incubated nutrient medium on the plate. The streaked
plates were further incubated at 30°C for 72 hours after which they could be stored at 4°C. These plates
were then used to streak subsequent agar plates on a biweekly basis and to inoculate media used for the

inoculation of experimental runs. Agar plates were made using the method described in section 4.3.1.1.

4.3 Culture medium

4.3.1 Solid medium

4.3.1.1 Long term storage solid medium

The solid nutrient agar used for the long term storage of streaked bacteria was produced by dissolving
15 g of bacteriological agar in 1 L minimal media (see 4.3.2.2) with no additions. The dissolving of the agar

in the minimal media was facilitated by mixing the solution with a magnetic stirrer at a slightly elevated
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temperature. The liquid agar was then sterilised to ensure that no microorganisms were present in the
nutrient agar solution. This was done by autoclaving (Speedy autoclave) the media at a temperature and
pressure of 121°C and 101 kPa for 30 minutes. The high temperature of the autoclave assisted in
dissolving any undissolved agar left in the solution. Once autoclaved the sterilised liquid agar was allowed
to cool to approximately 60°C before 10 mL of 5 M glycerol was added to the solution aseptically.
Approximately 25 mL of liquid agar was then aseptically transferred to each agar plate and allowed to

solidify.

4.3.1.2 Fast growing solid medium for checking contamination

The solid nutrient agar used to check for the contamination of experimental runs was produced by
dissolving 20 g of bacteriological agar in 1 L of Van Niels media (see 4.3.2.1) with no additions. This agar
promotes extremely fast growth which would allow contamination to be identified after 24 hours in the
incubator at 30°C. The nutrient agar was further prepared in the same manner described above. Once
autoclaved the sterilised liquid agar was allowed to cool to approximately 60°C before 10 mL of 5 M
glycerol was added to the solution aseptically. Approximately 25 mL of liquid agar was then aseptically
transferred to each agar plate and allowed to solidify. Figure 4.1 below provides an image of R. palustris

11774 streaked on the fast-growing solid nutrient agar.

-

Figure 4.1: R. palustris 11774 streaked on the fast-growing solid nutrient agar
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4.3.2 Liquid medium

4.3.2.1 Van Niels medium

Van Niels medium was used in all experiments pertaining to the investigation of the effect of light
intensity on the growth of R. palustris. This medium was developed through the adjustment of the Van
Niels Yeast Broth (ATCC Medium 12) through the addition of glycerol as the main carbon source. Table
4.2 provides a summary of the adjusted Van Niels medium along with the concentrations of each

component.

Table 4.2: Adjusted Van Niels Yeast Broth components and concentrations. *Sterile addition to Van Niels Yeast Broth

after autoclaving.
Component Concentration (g/L) Concentration (mM)
*Glycerol 3.684 40
K2HPO4 1.000 7.348
MgS04.7H,0 0.500 2.029
Yeast extract 10.000 -

The Van Niels medium was prepared by dissolving the monopotassium phosphate, magnesium sulphate
heptahydrate and yeast extract in deionised water using a magnetic stirrer plate. The final pH of the
growth medium was then adjusted to a pH of 7.0+0.1 using 0.1 M NaOH if necessary before it was
sterilised by autoclaving (Speedy autoclave) for 40 minutes at a temperature of 121°C and pressure of
101 kPa. A 4 M stock solution of glycerol was prepared and autoclaved separately, before 10 mL/L was

added to the above solution to obtain a final glycerol concentration of 40 mM in the growth medium.

4.3.2.2 Minimal medium

The concentration of the nutrient components within the minimal liquid growth medium were obtained
from Pott et al. (2013). The liquid medium can be broken down into three main components, i.e. the bulk
nutrients, the buffers and the sterile additions. The components and corresponding concentrations of
the bulk nutrients and the buffers are found in Table 4.3. The concentrations in Table 4.3 refer to the
stock solutions of each respective solution. When making up a litre of the minimal media 100mL of bulk

nutrients and 4 mL of each buffer stock solution were added.
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Table 4.3: Bulk nutrients and buffers components and concentrations stock solutions.

Solution Component Concentration (g/L)  Concentration (mM)
NaCl 4 68.446
Na,S,03.5H,0 2.51 10.113
MgS04.7H,0 0.2 0.811
Bulk
CaCl;.2H,0 0.05 0.340
Nutrients
Yeast extract 0,2 -
Ferric citrate 0.005 0.020
Para-aminobenzoic acid 0.002 0.015
K;HPO,4 142.9 820.321
Buff