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[bookmark: _Toc468205725]Summary
The main focus of the research presented in this thesis is on improving the downstream processing of algae, specifically the harvesting and disruption technologies. The algae based fuel industry faces an economic feasibility problem when compared with the petroleum industry because of the high processing costs of harvest, disruption, extraction and conversion to biodiesel. This problem extends into the algal biotechnology industry as the harvest, disruption and extraction steps are often economic bottlenecks in production of high quality commercial products that are derived from algae.
To this end, novel technologies were experimented with aimed at combating these problems. One such novel technology that emerged from the research was the use of ultraviolet light for the disruption of microalgae. Ultraviolet light reduced cell disruption energy costs by approximately 13 times when compared to the literature. Furthermore, this idea was expanded upon by designing and constructing a solar tracker to concentrate sunlight and utilise its ultraviolet region. The solar tracker was effective in concentrating the ultraviolet region of sunlight to disrupt algae and provides a cheap disruption method for algal cells in sunny climates.
Harvesting and extraction steps were also addressed with the development of a novel recyclable magnetic flocculant nanoparticle that can be switched from flocculation/deflocculation by changing pH. Due to the flocculant’s ability to harvest and concentrate algae directly from the culture media it may reduce the reliance on centrifuges in industrial processing of microalgae. The synthesis method developed also provides a platform for the possible development of a recyclable nanoparticle capable of extracting specific chemicals.
As well as addressing the bottlenecks of the algal biotechnology/fuel industry, research also looked at the quality of biodiesel than can be produced from microalgae. Specifically, its storage and stability properties and the conclusion arose that increased concentration of unsaturated fatty acid methyl ester in biodiesel reduced stability. However, careful species selection may help reduce this concentration and hence increase biodiesel stability.
Additionally, hydrogen production using algae was investigated as a means to produce fuel continuously without harvesting a culture. Wavelength tuning was used to selectively enhance hydrogen production rate and indicated a wavelength region that may allow for continuous photohydrogen production. However, additional experiments are required to conclude that continuous photohydrogen production from algae is possible.
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Climate change teaches us that the decisions we make today, will have effects for generations to come. One such decision is to reduce our carbon emissions to mitigate climate change. The current infrastructure of developed and developing countries does not adequately support this vision and thus research must come up with solutions to provide renewable energy and a means to sequester waste carbon dioxide. Research into algal biotechnology may provide suitable solutions.
[bookmark: _Toc468205729]What are algae?
Algae are a diverse group of generally autotrophic organisms [1]. They exist in uni and multi cellular forms and typically carry out photosynthesis to produce energy from sunlight and water; two resources in abundance in their environment [1]. Algae are similar to plants but they have no leaf or root structures which generally characterise plants. 
In the past, especially during the 20th century, the mass culture of algae has received much scientific interest as a means of meeting food production demands of the increasing world population [2]. Whilst providing some success, the dietary supplements manufactured from algae weren’t particularly palatable and in the latter part of the 20th century, food agriculture production rates boomed through the use of pesticides and chemical fertilisers [3]. 
In the 1970s the idea of using algae to develop biofuel was first proposed in order to combat dwindling oil supplies [4]. Shortly afterward, oil deposits were discovered and the research declined. More recently, algae have been of great interest in the scientific community as a means of producing biofuel for renewable energy and reducing carbon dioxide emissions [5]. Algae don’t require agricultural land that could be used for growing food and have faster growth rates compared with plants that produce first generation biofuels e.g. biodiesel from oilseed rape [6]. With the eventual depletion of fossil fuels and the continual increase in carbon emissions, strategies need to be implemented to ease the transition to renewable energy resources. Algal biofuels allow solar energy to be stored and transported via liquids, which is a huge advantage when compared to other forms of renewable energy (solar panels, wind farms, tidal etc.). In addition, current industrial infrastructure supports liquid biofuels with little alteration [6]. 
Species selection
Selecting the correct species of algae to use adds an additional layer of complexity to the hunt for economical, environmental and energy productive biofuel. It is not as straightforward as selecting the species that produces the largest amount of oil. Several factors are involved, including growth rates, oil variety produced, growth requirements, survival rates, ability to colonise, biomass per litre of culture and dry weight oil percentage. Various species have been researched in the hope of producing large quantities of oil for biofuel with a quick turnaround from growth to harvest. 
One species of note is Botryococcus braunii (B. braunii); a green microalgae which forms colonies and synthesises a large amount of hydrocarbons (up to 86% of its dry weight has been reported) [7]. Its tough cell wall makes extraction troublesome; fortunately the majority of the hydrocarbons are located extracellularly in the colony. It is of particular interest due to the hydrocarbons it produces which vary depending on its race which can be A, B or L; A producing alkadienes and alkatrienes, B producing triterpenoid hydrocarbons and L produces lycopadiene [8]. It is exclusively race B which produces triterpenes that can be cracked to produce octane and kerosene; feeding into current industrial fuel production easily. Because not all the carbon dioxide the algae sequester is used for hydrocarbon production this mechanism of conventional fuel production could be environmentally positive.
However, the percentage of hydrocarbons produced by a specific race of B. braunii varies between different sources of the race; most likely due to genetic differences imposed by the environments. Meaning a suitable strain would have to be sourced that produces the correct hydrocarbons, grows quickly and has a high survival rate. In general B. braunii has slow growth, approximately doubling every 72 hours. Qin showed by optimising growth conditions, a doubling rate of 48 hours can be achieved [9].
B. braunii is a good example of a microalgae species with a high amount of diversity even between its own races. Many algal species share this level of diversity and often differ vastly from one another by morphology, physiology and habitat. Adding the fact approximately 300,000 species are known, the selection of a species becomes challenging [6].
This work focusses on three species of note, as follows. Chlamydomonas reinhardtii (C. reinhardtii) (wild type CCAP 11/32A) is a well studied algal species that possesses a robust multi layered glycoprotein cell wall [10]. Dunaliella salina (D. Salina) (wild type CCAP 19/30) is another well studied species and lacks a cell wall. Micractinium inermum (M. inermum) is a species with a strong thick cell wall which is similar to Chlorella [11]. The cell wall strength of these species is important as a large part of this work looks as cell disruption, which is often effected by cell wall strength. C. reinhardtii has a cell wall of similar thickness to Chlorella however is much weaker due to its lack of covalent cell wall bonding [11]. D. Salina is strongly effected by osmotic pressure due to its lack of a rigid cell wall and is therefore likely to be the easiest to disrupt [12]. Thus, the cell wall structural differences between these three species provides an effective means to measure cell disruption across a range of cell wall strengths.
Growth conditions
Algae often behave differently in the lab, or on a mass culture scale, than in their natural habitat; presumably this is due to differences between nutrient availability and growth environment compared with artificial conditions. If natural environmental conditions are mimicked via growth vessel design and nutrient availability there should be no reason why growth rates similar to nature cannot be achieved. This may even be enhanced if any limiting factors were removed to improve conditions.
Growth vessel design
The two common routes for the mass production of algae are open pond systems and photobioreactors. Open ponds can be natural water sources (ponds, lakes, sea) or artificial (shallow ponds, tanks, raceway ponds) [5]. The main argument against open pond systems is that whilst they are simple and require little energy input or maintenance they produce very low concentrations of biomass per litre of culture [5]. They have no method of temperature regulation, have low growth rates and are susceptible to contamination [5]. In addition, unless the pond is very shallow, light does not penetration to all algae and unfortunately shallow ponds are more susceptible to contamination. Whilst shallow ponds are easy to operate and construct they also have high evaporation rates, carbon dioxide losses and land requirements [5].
Photobioreactors can effectively regulate and control all growth factors and produce much higher growth rates with little chance of contamination [5,13]. They can also be used to sequester waste carbon dioxide and other atmospheric pollutants in waste flue gas from power plants [5,13]. However heating, aeration, vessel production, light optimisation/intensity and growth medium optimisation cause additional energy and economic costs. Whether the enhanced growth and biomass rates offset the increased costs is a difficult judgement to make.
Closed photobioreactor
Photobioreactors are generally classified into three types; tubular, flat plates and columns [13]. Due to the higher concentrations of biomass in a culture mediums compared to open pond systems, harvesting costs are reduced. Photobioreactors with internal lighting have also been studied, however for the mass culture of algae; utilising sunlight seems the most economically logical route.
Tubular photobioreactors
Tubular photobioreactors are well suited for outdoor applications. They provide a large surface area for illumination, are fairly inexpensive and have relatively good biomass productivities [13]. Unfortunately they can develop gradients of pH which can lead to slow growth and algae can foul against the walls [13]. They also require large amounts of land. Mixing and aeration is often through airlift systems but unfortunately oxygen build up is a problem which leads to slow growth due to inhibition of photosynthesis [13].
Flat plate photobioreactors
Flat plate photobioreactors have the largest surface areas available for illumination and like tubular photobioreactors are suitable for outdoor applications [13]. They are cheap, easy to maintain, relatively quick to construct and have low oxygen build up [13]. Wall growth can occur to an extent and temperature control can be a problem; a large surface area for light also means greater heat loss [13]. Flat plate bio reactors are known for high photosynthetic efficiencies and are suitable for mass cultures of algae [13].
Column photobioreactors
Bubble column and airlift photobioreactors have been reported to have algal biomass concentrations comparable to tubular photobioreactors [13]. They allow good mixing, have low energy requirements, scale well and have low levels of photoinhibition [13]. Unfortunately, unlike other photobioreactors, they have small surface areas for illumination and require more complex materials for construction [13].
Mixotrophic and autotrophic growth
Algae generally obtain the energy they require for growth autotrophically from photosynthesis. However some species of algae are capable of mixotrophic, autotrophic and heterotrophic growth. Tanoi et al. examine the effects of different sugars on growth and morphology of B. braunii under different light conditions [14]. They concluded that B. braunii can grow under mixotrophic, autotrophic and heterotrophic growth [14]. Glucose promoted growth in dark and light conditions, increases the size of the cells, colonies and quantity of hydrocarbons [14]. Whilst this mixotrophic phenomenon is interesting, it is important to note the use of photosynthesis in algal biofuel production is essential. In order to produce renewable energy and to sequester carbon dioxide, photosynthesis must be the energy source for growth of algae. It is worth noting that this phenomenon could be useful for symbiotic relationships, especially if another microorganism is capable of producing an organic carbon source from B. braunii waste.
Photosynthetic efficiency
Algae are currently being heralded as the leading biomass to convert into biofuel.  This is partly due to their higher photosynthetic efficiency compared with land plants. Singh et al. review the literature on photosynthetic efficiencies of various microalgae [15]. Different research groups have reported differing efficiencies even for the same species, most likely due to different growing conditions or genetic diversity [15]. Of the species reviewed, there is a spread of 6-20% in photosynthetic efficiencies [15]. It is to be expected that different species will have large differences in efficiencies [15]. Most importantly the photosynthetic efficiencies are much greater than typical plants and crops which usually have efficiencies around 1%. 
Photoinhibition and adaptation
Algal photosynthesis can actually be inhibited if the culture is exposed to high intensities of light for prolonged periods; this is often characterised by reduced photosynthetic capability and alteration in pigment concentration [16]. This is linked to the reduced activity of photosystem I and II; protein complex’s that absorb light and transport the necessary electrons for the reaction. Whilst the exact mechanism of photoinhibition is debated, the main conclusion is that high irradiance decreases electron passage through photo system II and causes a significant increase in the turnover rate of the D1 protein; D1 turnover is directly related to the requirement of photosystem II repair following photoinhibition [16]. Thus the intensity of photoinhibition is related to the rate of D1 protein damage and repair [16].
Photoinhibition is an important phenomenon which occurs in algae. In order to mass grow cultures for the production of biofuel, its effect must be diminished as photoinhibition causes low photosynthetic rates and thus slow growth. Photoinhibition could be overcome through genetic engineering, species selection, vessel design (shading/filtering) or through natural photo adaption of the algae.
Photo adaptation of algae is another phenomenon which is linked to photoinhibition. Photo adaptation is the ability of an organism to alter its physiology (cellular composition and structures alter) based on the variety of light in its environment. This physiological response varies between the environment and the species in question; a general effect is that the composition/quantity of chlorophyll within the culture alters. It is also worth noting that smaller cultures more readily adapt than larger ones, potentially through a form of cell signalling (perhaps similarly to bacterial colonies) that is faster in smaller cultures. Guy et al. grew Spirulina cultures with different levels of irradiance and, as expected, cultures under full sunlight had greater resistance to photoinhibition [17]. However at midday those grown with 50% shading had greater photosynthetic activity; biomass growth rates were also higher in cultures protected from photoinhibition [17].
Photoinhibition and photo adaptation are two processes which must be kept in mind when attempting the mass culture of algae; you cannot simply put them in a high irradiance environment.
Oxygen inhibition of photosynthesis
Photosynthesis is inhibited by high concentrations of oxygen; instead a reaction known as photorespiration occurs. The key enzyme in photorespiration RuBisCO, is also the key enzyme in the Calvin cycle (photosynthesis); thus oxygen and carbon dioxide compete for binding to RuBisCO. If the oxygen concentration is too high, photorespiration takes over photosynthesis, which actually results in carbon dioxide and ammonia production which is a disadvantage for the algae [18].
Shelp et al. studied photosynthesis inhibition by oxygen in Chlorella pyrenoidosa and noted 12% and 24% inhibition of photosynthesis under 50% and 100% oxygen respectively [19]. 
Zimmerman et al. demonstrated that microbubbles can be used to prevent oxygen inhibition of photosynthesis by removing oxygen from the culture [20]. Higher growth rates and gas monitoring analysis led to the conclusion microbubbles strip oxygen from the cultures [20]. Alongside this effect, microbubbles provide good mixing, accessible carbon dioxide for enhanced growth and prevent fouling of bioreactor walls.
Carbon dioxide sequestration
Sequestration of carbon dioxide from the atmosphere and flue gas is an important research field for combating climate change. Whilst catalytic processes can be designed to reduce carbon emissions, plants and algae contribute to this sequestration naturally through photosynthesis.
Thus, an obvious partnership between sequestering carbon dioxide in flue gas and biofuel production was inevitable. Ge et al. studied the effects of varying carbon dioxide concentration (2, 5, 10 and 20% CO2, 600 mL min−1) on B. braunii growth to understand the application of flue gas in biofuel production [21]. B. braunii grew under all conditions and increasing carbon dioxide concentration had no detrimental effect on culture pH. 20% carbon dioxide aeration resulted in the largest biomass and colonies, and led to greater hydrocarbon and lipid products. 2% produced similar growth rates but had the lowest lipid and hydrocarbon content [21]. Unfortunately, the study didn’t record the concentration of carbon dioxide sequestered from each treatment.
Singh et al. noted the carbon dioxide concentration various species can tolerate and their useful products, from fuel to pigments to glycerin [15]. Interestingly they also review the state of algal industry from multiple angles and note there is a distinct lack of expertise; no research group has demonstrated an optimal route for biofuel production [15].
Kumar et al. reviewed developments in carbon dioxide ﬁxation and biofuel production using algae [22]. From the literature they note the rate of sequestration of carbon dioxide from several species and find there are differences in fixation rates between species. [22]. They come to the conclusion that harvesting processes, dewatering and extraction, are challenges that must be overcome because they consume large amounts of energy [22].
Waste water growth
In additional to sequestering waste carbon dioxide, growing algae in waste water is another important industrial challenge that must be met. Algal growth requires large amounts of water and nutrients. Wastewater often contains these nutrients necessary for algal growth as demonstrated by accidental eutrophication of rivers, lakes etc.
Singh et al. reviewed the current literature on waste water algal growth [15]. They include several literature reports of using waste water from several sources such as a steel plant, hazardous wastewater,  a refinery and a municipal treatment plant [15]. Waste water is useful for increasing algal growth through the nitrogen, phosphorus and trace metals it contains [15]. In addition the algae actually remove pollutants from waste water, cleaning it for human use [15].
Órpez et al. grew B. braunii in secondarily treated sewage to remove nitrogen and phosphorus contaminants [23]. They conclude that using only wastewater and a low supply of carbon dioxide could be a feasible method to grow algae [23]. In addition the method showed notably good lipid and biomass yields [23].
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Producing fuel from microalgae
Once an algal culture has been grown sufficiently they can be processed to produce fuel. Various biofuels can be developed from algae; biodiesel from lipid transesterification, bioethanol and bio butanol from carbohydrate fermentation, bio gasoline from algal biomass and methane/bio oil from gasification or pyrolysis [24]. Unfortunately, these methods require numerous steps to convert the biofuel into conventionally usable fuel which adds cost. The energy input into these processes is also intensive which is somewhat counterproductive in fuel production [25–27].
Various technologies exist that allow the production of fuel from microalgae and these are briefly reviewed.
Transesterification
Algae often contain large amounts of lipids. These lipids can be converted into fuel using a process known as transesterification. Lipids used in biodiesel production generally consist of triglycerides (TAGs) or fatty acids. TAGs are reacted with methanol in a transesterification reaction forming fatty acid methyl esters (FAMEs), which are the main constituents of biodiesel. It is a stepwise reaction in which one molecule of methanol reacts with a TAG to form a diglyceride and so on until only FAMEs and glycerol remain as shown in Figure 1 [28].
[image: ]
[bookmark: _Ref449973631][bookmark: _Toc449709264]Figure 1- Transesterification of a triglyceride (TAG) to fatty acid methyl esters (FAME). Adapted from Chisti et al.[28]


Transesterification is regarded by the research community as a feasible technique to convert algal oils to biodiesel, especially considering that various species of algae grow quickly and have a high dry weight oil percentage [29]. However, the extraction of the oils from algae isn’t always a straightforward process and adds energy and monetary costs to fuel production. Another problem is that the alcohol and catalyst must also be obtained from chemical processes, adding to the total cost.
Carbohydrate fermentation
Aside from lipids, another high energy product from algae is carbohydrates [29]. Algal biomass can be fermented to produce bioethanol. Usually the carbohydrates from green algae come from starch residing in chloroplasts and the polysaccharide cell walls; prior to fermentation these polymeric sugars must be broken down into their monomers [30]. The fermentation reaction is shown below. 
[image: ]
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2
 Fermentation of glucose to ethanol and carbon dioxide.
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Cell wall breakdown has two main methods; acid hydrolysis and enzyme hydrolysis. Acid hydrolysis is a faster and easier method though it may inhibit fermentation [30]. The alternative is enzyme hydrolysis which is environmentally friendly but slower, more costly than acid hydrolysis and may require expensive chemical pre-treatment [30]. 
Whilst most systems require the breakdown of the algal cellulose cell walls prior to fermentation, certain species of bacteria can breakdown cellulose and ferment it into ethanol and hydrogen. When plant matter decays in an anaerobic environment the cellulose undergoes decomposition by microorganisms in the environment [31]. Due to the fact the organisms (bacteria, fungi)  cannot absorb cellulose, its degradation occurs exocellularly through association with the cell wall or just extracellularly [31]. 
Cellulose degradation research in the past has often focussed on thermophiles such as Clostridium thermocellum however in reality these strains require a temperature too high to be the main source of cellulose degradation in nature. Mesophilic strains are more likely to be the main organisms involved in cellulose degradation and also fermentation of cellobiose, glucose, xylan and pentoses [31]. The main products of their fermentation are acetates, ethanol, carbon dioxide and hydrogen. 
For use in biotechnology, however, thermophiles may be the preferred organisms due to their ability to withstand high temperatures and temperature fluctuations.
C. thermocellum and most cellulolytic bacteria carry out cellulose fermentation through a large extracellular multi enzyme known as a cellulosome which is comprised of approximately 20 catalytic subunits [32]. Unfortunately the organism often produces low yields of ethanol due to multiple fermentation pathways, resulting in the synthesis of not only ethanol but also acetate, formate and lactate [32]. Advances need to be made in ethanol/hydrogen yield from fermentation to make these processes commercially feasible, perhaps through species selection or genetic engineering.
It may be feasible to devise a protocol encompassing lipid extraction, carbohydrate fermentation of the remaining biomass and transesterification using the ethanol and extracted algal lipids thus producing biofuel from algae using a holistic approach.
Gasification
Instead of utilising cellular high energy compounds for fuel production, gasification is a technique used to fully extract stored energy in algal biomass. To this end, the process of gasification converts organic carbon matter into a mixture of gases known as syngas which is comprised of carbon monoxide, hydrogen, nitrogen, carbon dioxide and varying levels of methane [33]. During the reaction carbon is reacted with controlled levels of oxygen and steam at temperatures often exceeding 800 °C; with combustion not permitted [33]. Syngas can be burned directly in gas engines or even further processed to a synthetic fuel source via the Fischer-Tropsch process [34]. If biomass is used as the carbon source, gasification can be considered a source of renewable energy. 
Lv et al. studied the optimisation of syngas production from biomass gasification and attempted to determine economic viability [35]. They detailed yield ratios of hydrogen to carbon monoxide against different operating conditions and concluded that a temperature of 750 °C and high levels of nickel catalyst were required for high ratios [35]. Several gasifiers are used for commercial means and this study was conducted with a fluidized bed gasifier and a downstream fixed bed. The fluidized bed gasifier is useful for fuels with high levels of corrosive ash, such as biomass fuels. The downstream fixed bed gasifier produces fuel with low amounts of tar and an air-steam mixture was used as the gasifying agent. Overall they conclude gasification is applicable for processing biomass ready for liquid fuel synthesis [35]. 
Whilst an effective method to convert biomass to useable fuel, algae biomass must also be dewatered and dried prior to gasification, increasing costs. However, Aziz et al. demonstrated high energy efficiency with a power generation efficiency of 40% [36].
Thermochemical liquefaction
Wet biomass is a problem inherent in many algae derived fuel processes. Even after dewatering, the resulting algal slurry may need to be dried which adds to the energy and economic cost. In the case of thermochemical liquefaction wet algal biomass can actually be converted into liquid fuel. Typically temperatures of around 300 °C and system pressures in the range of 5–20 MPa are required for biomass to fuel conversion [33,37]. Under these conditions using a catalyst and hydrogen, bio-oil production is achieved. Whilst the reactors are complex and thus expensive, a huge benefit to the technology is its ability to produce liquid fuel straight from wet algal biomass; alleviating the need for a time consuming and expensive drying process. This process’s ability to ignore the water content is believed to be due to its similarities to the natural geological processes thought to be the original source of fossil fuels [37]. 
Dote et al. performed thermochemical liquefaction on B. braunii and achieved 57-64 wt.% oil which was equivalent in quality to petroleum oil [38]. A positive energy output input ratio of 6.67:1 was reported. Experimentally 30 g of algal cells underwent thermochemical liquefaction at 300 °C in a 300 mL autoclave [38]. Whether this result will scale to larger quantities is yet to be seen.
This energy ratio seems promising, but unfortunately the algal cultures must still be concentrated via filtration or another dewatering technique and solvents must be used to enhance oil extraction from the product mixture. Taking the production of solvents and concentration step into account, the energy ratio becomes less favourable. Additional monetary costs on top of the already expensive reactors may make the technology economically unfavourable.
Pyrolysis
Another technique that attempts to capture all chemical energy stored within algal biomass for conversion into useable fuel is Pyrolysis. Pyrolysis is used to produce fuel from biomass via its thermochemical decomposition at high temperatures in the absence of oxygen. Products of the reaction include bio char, bio oil and syngas; syngas can be further processed to liquid fuels as previously mentioned [33]. Currently, conventional diesel cannot be produced from pyrolysis of plant and algal biomass, bio oil is the main product of pyrolysis and can still be used as a fuel. In order to achieve higher efficiencies flash pyrolysis is the preferred method. During flash pyrolysis, biomass is finely ground and rapidly heated to approximately 500 °C for less than 2 seconds [33]. 
Thangalazhy-Gopakumara et al. studied the use of the catalyst H+ZSM-5 to improve bio-oil yield and composition from the pyrolysis of algae [39]. Fixed-bed pyrolysis was performed on Chlorella vulgaris giving a bio-oil yield of 52.7 wt.% [39]. Pyrolysis without and with the catalyst had hydrocarbon content of 0.9 and 25.8 wt.% respectively, confirming bio-oil composition was altered; reducing the nitrogen and oxygen content [39].
As with gasification, pyrolysis requires a large input of thermal energy, again lowering the overall energy gain of the process; biomass dewatering and drying is also required. Thus pyrolysis may not be the optimum method of biofuel production if a more energy efficient process is possible.
Hydrogen synthesis
Along with the various methods to produce liquid biofuel from microalgae, certain species can be manipulated to photosynthetically produce hydrogen gas. Chlamydomonas reinhardtii (and other species) possesses an enzyme known as hydrogenase which synthesises hydrogen gas under specific conditions. The reaction is shown below where “D” is an electron carrier which donates its electrons received from photosynthesis.
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Figure 3 - Hydrogen synthesis by hydrogenase. Adapted from Melis et al. [40].

Hydrogenase is irreversibly inhibited in the presence of oxygen. Thus it is rare hydrogen gas is evolved under natural conditions. A method of continuous hydrogen production has been developed by removing sulphur from the growth medium [40]. This causes repair of structural proteins in the photosystem II (PSII) complex to be inhibited, causing the degradation of PSII and resulting in the suppression of oxygen generation via photosynthesis.
Inhibiting PSII but allowing photosystem I (PSI) to function is key to hydrogenase synthesis and hydrogen production; oxygen production halts but electron passage from PSI to hydrogenase occurs. However, in practice removing sulphur is a troublesome task which on a large scale becomes a problem. Sulphur deprivation also causes slow growth and repair and may inhibit other intracellular processes, often resulting in sulphur reintroduction to keep a culture viable.
Microalgae fuel production technology
The above bioengineering techniques, as well as other less prominent methods to produce biofuel from algae, unfortunately do not currently provide a platform for an industry to replace fossil fuels or to sequester sufficient carbon dioxide to prevent climate change. These competing technologies are still in their infancy and various challenges must be overcome before economic, environmental, energy productive biofuel from algae is a reality. Whilst these challenges have not been met despite years of research, that does not mean they are insurmountable, primarily as too little attention has been focussed on the downstream processing of the algae; more specifically harvesting and processing the fuel. In the recent past, much of the focus has centred on how to increase the growth/fuel production rates of the algae through growth vessel design, growth conditions, photosynthesis optimisation and genetic engineering. These aspects are important but such research is unlikely to override other inherent issues with the biotechnology.
More focus should instead be on the highly energy intensive processes needed to disrupt the algae cells to harvest and purify the biofuel. If that energy requirement was lowered, biofuel production from microalgae will have the potential to become a more attractive avenue of renewable energy.
[bookmark: _Toc468205731]Algae harvesting and disruption
Prior to fuel production, microalgal cells generally have to be harvested from a liquid medium. This process can be costly depending on the method and species used. In addition, in the case of biodiesel production, harvested cells generally need to be broken apart before lipids can be extracted. Lee et al. discuss the energy consumption of current cell disruption methods (homogenisation, cavitation, sonication, microwaves etc.) on microalgal cells and noted that those considered were highly energy inefficient [41]. Whilst the energy requirements may be optimised by selecting relatively efficient disruption processes (and optimising them), for example by using high cell concentrations and adding solvents assisting disruption and lipid extraction; they also incorporate further energy costs and may not overcome the energy deficit [41].
The energy consumption of current disruption methods requires a specific energy consumption of at least 33 MJ kg−1 of dry biomass [41]. This specific energy consumption actually surpasses the energy recoverable from the microalgae; though surprisingly it is a factor of 105 greater than the estimated minimum theoretical energy consumption [41]. The average force and energy required for the indentation and disruption of a single Tetraselmis suecica (a typical algae species) is approximately 17.43 pJ cell-1 (673 J kg−1 for a kg of dry microalgal biomass); a value that is actually very small [41].
Therefore, the energy required to harvest the biofuel need not be a limiting factor to the efficacy of algal biofuels as a renewable energy source. Developing a process to disrupt the algal cells and extract the lipids therein may not need to be so sophisticated or energy intensive as that of the present technology.
Large amounts of energy is wasted in conventional disruption techniques through the culture medium i.e. the dissipation of energy in the water. Thus if disruption energies were focussed more directly on cells rather than the culture medium, the required energy would be markedly lower than conventional disruption. Disruption techniques may lyse cells following dewatering (or before), though often the algae slurry remaining still contains a large amount of water unless completely dried. Removing the water from the culture is another energy intensive process and complete drying compounds this problem. Thus a technique that disrupts cells directly without dissipating energy in the surroundings would be preferential.
Regardless of how the cells are lysed the useful product oil/chemicals must generally be extracted from the mixture. In some cases, such as carbohydrate fermentation, the culture may not always need oil extraction (though generally favourable to remove oil as a useful product before the fermentation). In certain processes such as thermochemical liquefaction the cells may not even need to undergo cell lysis or complete drying.
[bookmark: _Toc468205732]Harvesting, dewatering and drying techniques
As previously discussed, before algal biofuel can be produced, algal cells must first be harvested from the culture medium. This generally involves a process where the majority of the water is removed from the culture in order to concentrate the algae cells ready for lipid extraction, pyrolysis or fermentation etc.
These techniques are diverse in mechanism of action and their efficacy is described below.
Centrifugation
Centrifugation is a technique heavily used in multiple industries and is incorporated into most lab based algal processing as well as in industry. Centrifugation for the harvesting of algae has high recovery yields but generally also high energy requirements and low flow rates [42]. Efficient centrifugation systems do allow continuous dewatering which is a benefit to industrial processing for time and cost. Kothandaraman et al. noted an 84% efficiency of algal dewatering at 3000 rpm for a 0.2 g/L algal culture at a 379 L/min [43]. Looking at the energy cost associated with centrifugation, Sim et al. notes that approximately 1.3 kWh is required to concentrate a culture from 0.04% to 4% dry weight for each m3 of pond water [44]. In fact, for efficient drying (dewatering to at least 20% dry weight) centrifugation has been shown to use approximately 8 kW h/m3 [42]. Unfortunately, under these conditions, the use of centrifuges for algal dewatering often isn’t a feasible route due to costs. 
Flocculation 
During flocculation, biomass is concentrated together allowing for easier removal of the culture medium. Flocculation involves the formation of “flocs” by the aggregation of particles in a solution. Essentially smaller particles aggregate into bigger flocs.  During the process particles adhere to one another upon collision; chemical flocculants are usually added which promote the effect [45]. This phenomenon can also be applied to microalgal cells in order to cause algae sedimentation ready for removal of the excess water.
Generally flocculation works through three mechanisms, charge neutralisation, electrostatic patching and chain bridging [46]. Charge neutralisation involves the absorption between positively and negatively charged particles, cancelling the overall charge and causing particles to aggregate due to loss of electrostatic repulsion [46]. Electrostatic patching is where a polymer binds to a particle of opposite charge and locally reverses the charge of the particle surface (causing an opposite charge) [46]. This in turn causes particles to connect to each other through patches of opposite charge, resulting in flocculation. Chain bridging involves a polymer binding to at least two particles causing a bridging effect between particles which leads to flocculation [46].
Mass cultured Chlorella vulgaris has been shown to be effectively flocculated by a microbial ﬂocculant from Paenibacillus sp.; the flocculent AM49 has an increased efficacy with increased pH from 5–11 [47]. Its flocculation effectiveness was 83%- higher than the 72% and 78% produced by aluminium sulphate and polyacrylamide respectively, two commercial flocculants [47]. 
Occasionally algae spontaneously form flocs through an interesting phenomenon known as autoflocculation [48]. It is thought to be due to an increase in culture pH from carbon dioxide removal through consumption by the photosynthetic activity of the algae.  The alkaline conditions cause precipitation of ions which can bond together such as calcium and magnesium. These inorganic precipitates are said to act as chemical flocculants and aid the flocculation of algae [48]. 
Vandamm et al. report that pH induced autoflocculation of Chlorella vulgaris requires a medium change to pH 11 via the addition of a base [49]. They also reported that only magnesium (less than 0.15mM) and not calcium appeared to be crucial to induce flocculation of the algae [49]. 
Gravity sedimentation
Flocculation often involves the addition of chemicals whereas gravity sedimentation has no such requirement. Instead this simple technique relies on gravity alone and is used to separate algae cultures into sediments; with a top layer of clear liquid mostly comprised of water and a bottom layer that consists of thick algae slurry. Depending on the algae strain the efficacy of this technique varies but sedimentation using just gravity can be enhanced using specialised separation tanks. Lamella separators are often used as further enhancements to provide an increased surface area for settling (due to lamella plate orientation) [50].
In addition, the slurry sediment can be continuously removed whilst more unsedimented material is added. It is possible to add chemical flocculants to the mixture to aid sedimentation rates and often is a requirement as without flocculants the procedure is unreliable.
Depending on the strain flocculation sedimentation may not be possible. Some microalgal particles have a low density and a specific gravity close to water resulting in poor settling [50].
Flotation
Flotation separation can be loosely compared to sedimentation separation; where a top layer of product forms on the water surface which can be skimmed from the water. Bubbles are introduced into the mixture which rise to the surface on which the product adheres (oil, protein, algae cells etc.).  
The size of the separating particles and the bubbles are important factors in the separation. Smaller particles more readily rise to the surface and smaller bubbles reduce product collision probabilities. Hydrophobicity often plays a role in flotation separation [51].
Dissolved air flotation
[bookmark: citeref_c43][bookmark: citeref_c44][bookmark: figref_f3][bookmark: citeref_c26]Dissolving air in pressurised water can create the bubbles necessary for flotation separation; the air saturated pressurised water is injected into the culture causing depressurisation and thus formation of air bubbles which cause flotation through the usual mechanism [50,52]. The bubbles range in diameter between 10 and 100 μm and their size depends on pressures used, air saturation levels and injection rate [50]. High pressures and injection rates lead to small bubble size. Similarly, to sedimentation, flotation can be combined with flocculation to achieve higher biomass percentages in the skimmed product slurries.
Suspended Air Flotation
An interesting variation on dissolved air flotation is suspended air flotation; where bubbles are generated using surfactants rather than an air saturator and compressor [52]. Wiley et al. compared suspended and dissolved air flotation concluding that under certain conditions, suspended air flotation could separate larger volumes than dissolved air flotation with higher rates and less energy consumption [52]. 
Foam fractionation 
Foam fractionation is a process similar to froth flotation and is a method used for the extraction of chemicals or solids from water mixtures; it is also known as dispersed air flotation or protein skimming. First researched in the 60s by Levin et al. the process is fairly simple; a surfactant is added to a mixture (though not always required) which is then aerated to form surface foam [53,54]. Rising bubbles provide a surface for hydrophobic solids to adsorb on to escape the water and form a suspension in the foam on the water surface [54]. Water readily drains from the foam due to gravity and the suspension can be skimmed from the surface to recover the solids [54]. 
More recently the use of ozone and peroxone in dispersed air flotation has been investigated and is discussed later in this chapter.
Electrolytic separation
Algal cell surfaces have a negative charge due to cell wall functional groups [55]. Similarly, to how flocculants utilise the surface chemistry of algae, many electrophoresis techniques have been developed using this knowledge to aid in harvesting. 
Electrolytic coagulation
One such technique that relies on the surface charge of algae is electrolytic coagulation. To initiate coagulation an electric current is passed through electrodes (iron, aluminium etc.) to produce metal ions (coagulants) in the algal solution that induce aggregation of algal cells [50]. The ion concentration depends on the current of electricity passed through the system. The metal cations electrostatically bind to the negatively charged algal cells which then travel together to the anode.
Uduman et al. conducted a study on the potential of electrocoagulation for the recovery of marine microalgae [56]. At 60°C electrocoagulation allowed recovery of 96% of Chlorococcum sp. and 94% of Tetraselmis sp. [56]. Interestingly at 5 °C recovery was markedly different, 5% for Chlorococcum sp. and 68% for Tetraselmis sp. [56].  
Electrolytic flotation
Uduman et al. also demonstrated electrolytic flotation during the same experiment [56]. Hydrolysis occurred at the cathode producing hydrogen bubbles which led to additional separation from a flotation effect known as electrolytic flotation; the rising bubbles assist microalgal floc movements to the surface. As with flotation techniques, flocculation of the algal cells through flocculants, autoflocculation etc. prior to the electroflotation assists algae recovery [50].
Electrolytic flocculation
Electroflocculation relies solely on the negative charge of algal cell walls and an electric current passed through electrodes [50]. The negative charge causes a migration of the algae cells to the anode and, upon arrival, cell aggregation [50]. Flotation can also be incorporated if hydrolysis occurs within the electrochemical cell. Poelman et al. achieved 95% recovery of several algae species with varying concentrations between 2.7 and 36.1 mg dry mass/L, which required a reasonable cost of 0.3 kWh/m3 [57].  However, recovery for one algal suspension was only 50%, surmising the species used is important and may reduce the efficiency of technique [57].
Electrolytic separation techniques convey certain benefits such as removing the need for chemical flocculants, high recovery yields, reasonable electrical cost and simple operation. Unfortunately, scaling the electrochemical cells is difficult and they require regular electrode replacement or cleaning due to fouling. It is also important to note, drying of the algal slurry is still often necessary after electrolytic concentrating.
Filtration
Moving away from complex systems, filtration seems the obvious choice to separate algae due to its relative simplicity and non-reliance on chemicals. However, the nature of algae cells can result in fouling and flow rate problems.
Microstraining and screening are simple filtration processes but vary from modern conventional filtration in that no direct pressure is applied to the system, to force the fluid through the filter pores [58]. Instead they operate through gravity, vibration or centrifugation. Microstrainers are fine mesh filters which rotate with a constant backwash. Flow rate is determined by filter pore size which, as expected, depends on the size of the algae species you are filtering; the smaller the species, the smaller the flow rate. High concentrations of algae can block the pores resulting in poor efficiency. Vibrating screen filters is another traditional technique and involves vibrating sieves which often have high harvesting yields [58]. 
However, modern systems can provide superior scalability as well as additional advantages, the preferred method for harvesting algae using filtration is now through membrane filters. Higher flow rates, better efficiency and consistency are some of the benefits micro and ultra filtration provide over microstrainers and vibrating screens.
Membrane filtration
Membrane filtration technology has become an important industrial technique to harvest algae and to purify the metabolites they produce. Filtration conveys benefits over other conventional separation mechanisms due to its simple operation, its isothermal nature and requiring no addition of chemical agents [59]. In particular, cross ﬂow microﬁltration and ultraﬁltration are ideally suited for the separation of algae. Rossignol et al. show that an ultraﬁltration membrane made from polyacrylonitrile, is very effective in the continuous separation of micro algae and only requires a low pressure of 0.5×105 Pa [59]. As with all filtration technology there is a risk of membrane fouling halting production. Membranes also tend to require regular replacement to ensure efficiency is maintained.
Vacuum filtration is also possible for algal harvesting; the driving force arising from suction from the filtrate side of the system. An interesting variation on filtration techniques is through the use of magnetic particles. Magnetic filtration utilises magnetic particles (e.g. Fe3O4) that coagulate with algal cells. The medium is then passed through a filter with a magnetic field, to retain the cells. Yadidia et al. harvested pond grown algae Scenedesmus obliquus using a magnetic filter with Fe3O4 as a coagulant in the presence of ferric chloride [60].  They reported lab and pond algae recovery rates greater than 90% under low magnetic fields and reasonable coagulant agent dosing [60].
The most sensible usage of filtration is selecting a process that highly concentrates algae and requires no or little addition of chemicals with low energy input. Membrane filters are likely the best option because they are tuneable, simple, reliable and fast operating.
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The algal slurry produced from the dewatering processes described previously is usually still very wet. Depending on the method of fuel production, dewatered algae often need to be dried. The simplest method is heating (i.e. oven) the algae slurry directly to evaporate off the water; whilst useable in a lab, it is obviously far too expensive to be scaled to an industrial level. The processes below represent more efficient, commonly used procedures.
Solar heat
Using the heat energy of the sun is a simple and free method to dry algae. In areas where electricity is unavailable it is the only realistic option [61]. It is highly dependent on the weather and thus unreliable at times. Using direct solar radiation also can also cause product and algae damage. Thus the preferred method is by designing a solar water heating system [61]. If designed correctly, higher drying rates can be achieved without causing damage to the algal biomass.
Becker et al. designed a solar dryer, painted black internally with a glass cover [62]. In approximately 6 hours, the temperature was between 60-65oC and the algae were dried to approximately 4-8% water content [62]. 
Drum rotary dryer
 A more industrially viable method is drying using a rotary dryer. A rotating sloped cylinder moves the algal slurry from one side to the other. Drum dryers are heated and when rotated form a thin film on the inner surface, allowing faster evaporation of water. In order to fully evaporate the water, a large amount of energy is required. Becker et al. reported drying a 30% dry weight Scenedesmus algal slurry amounted to 52 kWh [62]. 
This helps depict the magnitude of energy consumed during algal biofuel production. Even after dewatering a large amount of energy is required to dry the slurry, which then must be processed into fuel; adding more energy and monetary costs.
Spray dry
A slightly more complex method known as spray drying involves rapidly drying a slurry/liquid by a hot gas. It is often used in the pharmaceutical industry as a method to dry drugs [61]. It is particularly useful for manufacturing a product to a consistent particle size; hot air is the drying gas often used. The slurry undergoes atomisation (using a spray nozzle/atomiser) to create a fine spray before drying using the hot air [63]. Essentially the surface area for evaporation is maximised using a spray. Spray drop size can be altered to meets product needs. Spray drying algae is unfortunately an expensive process and may not be best suited industrially.
Freeze dry
A common lab scale drying method is freeze drying and is useful when requiring an especially dry sample. Freeze drying involves the freezing of the algal slurry usually at around -70oC, though possibly colder if liquid nitrogen is used. The frozen water then undergoes sublimation to water vapour by lowering the surrounding pressure using a vacuum. If the slurry is allowed to freeze slowly, large ice crystals form intracellularly which cause cell disruption. Freeze drying is a well understood technique which is quite expensive and does not scale well to industry. 
Vacuum dry
Vacuum drying is another method to effectively dry algae slurries. It is used widely across various fields of science and engineering on a lab and industrial scale. Under vacuum water boils at a lower temperature due to the lower pressure and thus drying rates are enhanced with lower temperatures [63,64]. Heating by radiation or conduction is usually used for simplicity. Becker et al. compared cross flow air drying and vacuum drying [62]. They dried Spirulina using a vacuum shelf dryer (50-65°C, 0.06atm) or using crossflow air drying at 62°C for 14h. Both procedures produced dried matter with approximately 4% water remaining. They conclude that vacuum drying had higher capital and running costs than cross flow air drying [62].
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Whether an algae culture is dewatered then dried or not for biofuel or chemical extraction, the cells often have to be lysed. The methods for disruption are generally done through the techniques described below.
Chemicals
There are a variety of different chemicals that can be used to disrupt algal cells. Surfactants or detergents can be used to lyse algal cells by disrupting lipid interactions and thus generally cannot be used for biodiesel production although can be used for bioethanol production.
Osmotic shock has also been used to disrupt algal cells. Yoo et al. induced osmotic shock and cell lysis using NaCl and sorbitol [65]. Subsequent solvent extraction showed a twofold lipid recovery compared with no cell disruption [65]. Prior to osmotic shock the culture was concentrated using flocculation [65]. 
Solvents are often used in the disruption of algae as well as the extraction of useful lipid/compounds from the algae. Occasionally it has been observed that some species of algae can survive lipid extraction by solvents, resulting in no cell disruption. Frenz et al. extracted hydrocarbons from B. braunii using hexane [66]. The algae were first concentrated using filtration and then hexane was added for a short period; the algae recovered and continued to grow and produce hydrocarbons even after several extractions [66].
Generally, solvents are used once the cells have been already disrupted in order to extract the lipids. Lee et al. compare several methods of disruption and conclude microwaves were the most efficient disruption technique for lipid extraction; a methanol chloroform (1:1) solvent mixture was used for the extraction [67]. They confirm disruption prior to solvent extraction is beneficial for higher lipid extraction yields compared with no disruption [67].
Solvents have different efficiencies for lipid extraction and this differs between species. Liu et al. compared different solvent oil recoveries, concluding that 1,2-dimethoxyethane is the most effective solvent for B. braunii (cells disrupted prior to solvent extraction) [68].
Solvent lipid extraction generally requires dewatering of algae and cell disruption. The solvent must firstly be obtained and when the lipid is finally purified transesterification can occur. Overall many steps are involved which offset the value of biofuel produced and from a net energy viewpoint there is a large loss from processing. 
Enzymes
A less common method of cell disruption is through the use of enzymes that can be used to digest the cell walls of algae. However, due to the difficulty and expense of extraction or synthesis they may not be the best choice. Ehimen et al. compare mechanical and enzymatic pre-treatment of Rhizoclonium for anaerobic digestion and note that enzymatic pre-treatment (multiple enzymes used) improved methane yields from anaerobic digestion by over 20% [69].
Homogenisation
A more traditional method of disruption is homogenisation. Homogenisers are used in the dairy industry to emulsify milk; they are useful in creating uniform consistency in a liquid. The forces involved in the process also cause the disruption of microorganisms. The algal slurry is forced through a small orifice at high pressure and collides against an impact ring. Various theories attempt to explain the exact mechanism of cellular disruption but the main point is that the disruption is primarily caused by the high pressure and impact. 
Balasundaram et al. measured cell disruption via homogenisation of S. cerevisiae (yeast) by enzyme release [70]. At 4000psig for 15.4 minutes they observed 90% efficiency for enzyme release (and thus 90% cell disruption can be inferred) [70]. This required 2.09kW which scales to approximately 96.6 MJ for a kilogram of algal dry mass; a large energy requirement which may reduce its feasibility industrially [70].
Cavitation
Another physical method to disrupt cells is cavitation which refers to the implosion of bubbles formed from large changes in pressure in a liquid. This implosion releases a significant amount of energy and often in engineering processes causes wear to machinery.
Balasundaram et al. also measured disruption of S. cerevisiae (yeast) by enzyme release via hydrodynamic cavitation [70]. Whilst hydrodynamic cavitation showed to be more effective in cell disruption compared with homogenisation, it consumed over a third more energy with only a slight gain in specific yield of enzyme [70].
Sonication
Sonication works via the same mechanism as hydrodynamic cavitation whereby the collapse of bubbles on a cells surface causes disruption. It differs from hydrodynamic cavitation because bubbles are formed from sonic waves rather than the effect of high pressure on liquid.
Balasundaram et al. compared sonication against hydrodynamic cavitation and homogenisation [70]. Whilst only consuming 54KJ it should also be noted that very little cell disruption occurred; certainly far too little for any industrial applications [70].
Bead beating/milling
Bead milling is another physical technique for cell disruption. Beads are added to the culture medium which is then shaken causing collisions between cells and beads; the beads erode the cell surface and cause disruption. Lee et al. used bead beating as one of the methods compared for cell disruption. Interestingly it was only slightly less effective than microwaves but cost even more energy; 504 MJ per kilogram of algal dry mass [67].
Microwaves
Microwave disruption uses radiation to lyse cells. Microwaves induce molecular rotation and vibration which result in heat [67]. This means microwaves can heat intracellular water causing cell disruption.
Lee et al. compared different methods for cell disruption and concluded microwaves were the most effective method as it led to the largest lipid content extraction [67]. Unfortunately the energy consumed amounted to 420 MJ per kilogram of dry algal mass which is a factor of over 4 times that of homogenisation [67]. It would be difficult to optimise this process due to the fact that most of the microwaves are wasted on extracellular water in the culture medium. The efficiency has, however, been improved by dewatering the algae into a concentrated slurry ready for microwaves and its subsequent solvent extraction though additional energy for dewatering is required.
Ozone flotation
An interesting mechanism of algae lysis and separation has been devised using ozone through dispersed air flotation. Nguyen et al. showed that ozone and peroxone can induce cell lysis, and cause the release of organic intracellular compounds and mineralise organic compounds [71].  After 30 minutes of ozone flotation 95% of the algal cells were separated [71]. Prior to flotation algae were flocculated using the surfactant cetrimonium bromide, which assists flotation separation [71].
Whilst a good mechanism for incorporating lysis and separation steps into one, ozone must be generated from pure oxygen. Recently groups have worked on cold plasma for energy efficient ozone generation with some success but generation of pure oxygen also adds an energy deficit [72].
The above is a short summary of the conventional processes involved in producing biofuel from microalgae; from harvesting to fuel production. These methods are far from perfect but do show promising developments in biomass renewable energy. Unfortunately, the majority of papers effectively demonstrate good processing steps but are lacking in detailing the energy constraints and rarely discuss total energy requirements and background costs. 
Using ultraviolet light for disruption?
Subsequent chapters in this thesis look at the efficacy of ultraviolet light for disruption of microalgae. However, currently ultraviolet light (UV) is already heavily used in wastewater treatment by damaging the DNA and RNA of microorganisms in order to disinfect water for safe consumption; Paris uses UV to disinfect 170000 kl of water per day [73]. The infrastructure for large scale usage of ultraviolet light is already well established and thus is one of the reasons research into its potential as a disruption method for microalgae was explored. 
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Polymers can be used as flocculants and have other useful properties to assist in the harvesting of microalgae or extraction of useful chemicals. Later chapters in this thesis detail the use of polymers in such capacities. Polymers are long molecules formed from repeated monomer units covalently linked together [74]. They have a diverse range of applications from everyday plastics to highly specialised purposes such as chemical coatings. In fact, DNA and proteins are examples of natural polymers, which show the complexity and functionality that polymers can exhibit.
Key physical properties include average molar mass and dispersity, both of which can be controlled by the synthetic method [74]. Average molar mass is generally defined as the average of the molar mass of all polymer chains and can be thought of as the average chain length from polymerisation. The dispersity refers to the distribution from the average polymer chain length. A dispersity of 1 indicates uniform chain length; hence as dispersity increases differences between chain lengths increase [74].
Average molar mass and dispersity can have a huge impact on the polymers properties such as tensile strength and toughness [74]. Degree of branching is a measurement of chains growing from the polymer backbone and can have a significant impact on polymer characteristics [74]. The efficacy of a polymer’s function may be affected by average molar mass, dispersity and degree of branching for example solubility or binding capacity [74].
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The properties of a polymer depend on their method of synthesis. In general polymers are produced via step growth or chain polymerisation mechanisms. Later chapters include the synthesis of novel polymer flocculants thus their synthesis method is important.
Step growth polymerisation
Step growth polymerisation typically involves a condensation reaction (or similar) whereby a small molecule such as water or hydrochloric acid is a leaving group [74]. Step growth polymerisation involves mechanisms where monomer groups react together to form dimers, then trimer and higher oligomers and finally a polymer [74]. This is contrary to chain polymerisation whereby individual monomers are sequentially added during polymerisation [74].
Chain polymerisation 
Chain polymerisation involves the growth of a polymer chain through the sequential addition of monomers. The simplest and most utilitarian polymerisation is free-radical polymerisation, however there are numerous alternatives [74].
Free radical polymerisation typically involves three steps [74,75]. Firstly, an initiation step where a reactive species is created. A chemical initiator is used to create a reactive species with free radicals, which then transfers radicals to the monomer to begin polymerisation. Once a monomer has been activated chain growth begins and the propagation step occurs. The free radical on the activated monomer attacks a vinyl group in another monomer which leads to bond formation between the two monomers and results in free radical formation on the new monomer [74,75].
This new end group can react with another monomer thus beginning chain growth. During this step the chain grows until no monomer is left or termination occurs. The termination step occurs once the reactive end group is deactivated and polymerisation ends. This commonly occurs through combination of two growing chains which form a single polymer molecule or through disproportionation [74,75]. Two unreactive polymer chains are formed, one with a vinyl end group and the other a methylene.
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Living polymerisation or more accurately reversible-deactivation radical polymerization is another form or chain polymerisation where a polymer chains capacity to terminate is almost entirely prohibited. Living polymerisation offers superior control over average molar mass and dispersity because termination  is unlikely to occur [75]. This can also be applied to free radical polymerisation and the most common methods are atom transfer radical polymerization (ATRP) and reversible addition-fragmentation chain transfer (RAFT) [75]. 
Atom transfer radical polymerization 
Atom transfer radical polymerization involves reversible end capping of a growing chain in order to prevent termination. Initiators are usually organic halides which react with a metal catalyst to form a radical and begin the initiation step [75]. The growing chain is capped by a halide atom via a metal catalyst throughout the reaction (causing the catalysts oxidation) and reactivation of the chain is via the oxidised metal catalyst. This deactivation/reactivation is in an equilibrium [75]. The equilibrium is controlled so that capping is preferable and exchange is rapid, and monomer concentration is kept low to ensure probability of termination is unlikely [75]. Due to the low probability of termination and ability to initiate all polymer chain growth simultaneously, average molar mass and dispersity can be well controlled. In addition, copolymers can be produced such as block copolymers by polymerising two different monomers one after another [75].   
Reversible addition-fragmentation chain transfer                                                                                                                                                                                                                                        
Reversible addition-fragmentation chain transfer is another method of free radical living polymerisation and is essentially a normal free radical polymerisation with the inclusion of a RAFT agent that greatly reduces the chances of termination [75]. The RAFT agent is a thiocarbonylthio compound such as a dithioester which reacts with a growing polymer chain to stabilise the radical on the end group and then subsequently fragments to generate a new free radical on a leaving group [75].
The growing chain is thus capped by the RAFT agent until reactivation by another fragmentation event with the capping RAFT fragment and another growing chain radical [75]. As with ATRP, the low probability of termination and quasi-living state of polymer chain growth means that average molar mass and dispersity can be well controlled [75].
[bookmark: _Ref463006428]Polymers uses in algal biotechnology
Polymers are often currently used as flocculants for algae. Many synthetic polymer flocculants have been used in the processing of algae to reduce harvesting time and costs. Lam et al. studied various commercial polymers for harvesting microalgae and concluded that due to the algae’s negatively charged cell wall cationic polymers were most suited [76]. The negative charge was neutralised by a positively charged polymer and facilitated the formation of polymeric bridging between algal cells resulting in flocculation [76].
Polymers have also been used as an anti-fouling coatings to prevent algae from fouling surfaces [77]. Wan et al. grafted poly(3-sulfopropyl methacrylate) to a replica surface of a leaf to determine its anti-fouling properties and concluded anti-fouling was improved by modification with the polymer brushes. Interestingly they utilised a surface initiated ATRP method for polymerising off the replica leaf surface.
[bookmark: _Toc468205737]What are magnetic nanoparticles?
Magnetic nanoparticles (MNPs) are often defined as solid particles that are in the size range of between 1-100nm and exhibit superparamagnetism (when around 20nm); meaning they have no magnetic memory and are single domain particles (no variation in magnetism in the particle) [78]. The literature often describes nanoparticles above 100nm and this disparity has led to the term nanoparticle representing sizes from 1-1000nm [78]. Recently magnetic nanoparticles have been of great interest to the scientific community due to their high surface area to volume ratio, non-toxicity, non-immunogenicity, cheap production and rapid synthesis [78,79].
Additionally MNPs can functionalised for many applications such as drug delivery, biological labelling, protein detection and molecular/cell separation to name a few [80,81].
[bookmark: _Toc468205738]Synthesis methods for magnetic nanoparticles
The synthesis method for magnetic nanoparticles often depends on the desired application as different methods can produce nanoparticles with varying size and stability. Common methods include co-precipitation, thermal decomposition and microemulsion, and are described below [78,82].
Co-precipitation
Co-precipitation is a simple method to synthesise iron oxide nanoparticles from solutions of salt such as ferrous and ferric chloride [78]. Base is added to the mixture of salt solutions under an inert atmosphere and causes the precipitation of iron oxide nanoparticles from the solution [78].  Salt type, temperature, pH, ionic strength and stirring speed can affect the size and shape of the nanoparticles production [78].
Thermal decomposition 
Thermal decomposition of organometallic compound such as iron pentacarbonyl followed by oxidation can produce monodisperse iron oxide nanoparticles smaller than 20nm [83]. Hyeon et al. synthesised MNPs smaller than 16nm via thermal decomposition of iron pentacarbonyl at 100 oC [84]. Oleic acid was present during the reaction as a surfactant to stabilise formed MNPs and is often used to prevent agglomeration in various synthesis methods. The oxidation was facilitated using trimethylamine oxide [84].
Microemulsion
Microemulsions are thermodynamically stable emulsions of two immiscible phases such as oil and water and a surfactant. They can be used to synthesise nanoparticles by containing the nucleation and growth within an emulsion droplet and thus can lead to the production of small nanoparticles often in the range of 3.5nm [83]. In a general synthesis two microemulsions are mixed, both of which contain a different reactant within the dispersed emulsion droplets [83].  During mixing the droplets collide and begin the reaction, leading to a dispersion of nanoparticles in the mixture [83].
Functionalisation of magnetic nanoparticles
Often following nanoparticle synthesis, it may be necessary to modify the nanoparticle surface to provide increased stability or provide chemical functionality. For instance, simple ligand exchange of the surfactant layer around a nanoparticle with another ligand can transform the nanoparticles from hydrophobic or hydrophilic [83]. It may also involve more complex functionalisation such as silanization of the surface and polymerising from it using ATRP [83].
The literature has an abundance of different nanoparticle surface functionalisations, usually highly specific to the area of research specified. For example, Lunov et al. use carboxydextran functionalised iron oxide nanoparticles to model endocytosis by human macrophages. In many cases surface modifications involve a silanization step or ligand exchange before further functionalising to prepare the surface for polymerisation, for example [83]. 
Magnetic nanoparticle use in algae biotechnology
Magnetic nanoparticles have previously been used to harvest microalgae. In fact Prochazkova et al. magnetically separated Chlorella vulgaris from medium with 95% efficiency [85]. There are many examples of magnetic nanoparticle technology being used in the scientific literature for harvesting microalgae. However, the majority of them do not re-use the nanoparticles following harvesting. Some methods do involve regeneration or recycling but usually this entails multiple steps/chemicals and would not scale well to industrial levels.
[bookmark: _Toc468205739]Conclusion
This review aims to summarise the current understanding and methodologies of biofuel production from algae. This is in the hopes of widening the scientific community’s research focus to combat and overcome the real difficulties in algal renewable energy. Unfortunately, in order to alter the world’s reliance on fossil fuels to renewable energy, considerable scientific breakthroughs will be required. This is largely due to fossil fuels being so inexpensive currently, although this is based on over 100 years’ research to optimise the process. Steady progress down a route of research in renewable energy is beneficial, but realistically, renewable energy will not replace fossil fuels until it is economically viable (governmental financial backing can promote this) and of course actually produces net energy.  
The burning of fossil fuels is a large contributor to climate change, if that wasn’t the case, steady slow progress in renewable energy research would be acceptable. Unfortunately, we cannot afford to wait until fossil fuels are exhausted as the planet may become uninhabitable for human life; in the meantime, algal biofuel is a critical research area to prevent this scenario. It is especially important for the transport industry as other sources of renewable energy do not produce liquid fuels (which fits into current infrastructure).
However, whilst algal biofuel is crucial, it is important that research is to be focused and funded on many key aspects of renewable energy such as solar, wind, hydrodynamic or geothermal energy. It is likely we will eventually use a combination of these multiple sources. 
Presently the literature doesn’t lean towards any one process as the most effective route to produce algal biofuel. As previously discussed, there seems to be a lack in coherent expertise in the overall field, especially in an industrial setting. Much work needs to be undertaken to improve biofuel feasibility, this may require the development of new technology or the adaptation of existing but doesn’t necessarily mean a complex solution is required. In fact, simple key aspects need to be kept in mind throughout designing biofuel processes.
These key aspects can be summarised into three factors. Firstly, the environmental impact of biofuel production must be a positive one else we hasten the effects of climate change. Secondly, production must be economically favourable; to the extent that an investor’s sole goal is to make profit from the enterprise. Finally, it is absolutely crucial that the process involved in biofuel production has a large net energy gain. Every energy cost from the materials to growth to harvesting must be counted into calculating the energy worth of the biofuel produced. Speaking plainly, unless there is a large energy gain and sufficient financial incentive fossil fuels will continue to dominate the market. All three factors, the environment, economy and energy must be met for sustainable production of biofuel at an industrial scale.
[bookmark: _Toc468205740]Objective of this research
The work presented in this thesis explores the possibility of producing biofuel from microalgae with novel technology that has not been previously explored by the scientific community. To this end five experimental chapters discuss various technologies. The first chapter explores the use of ultraviolet light as a method for disruption of algae to enhance lipid extraction. In keeping with this idea the second chapter explores the use of sunlight as a source of ultraviolet light for microalgae disruption. The third chapter addresses another problem of downstream processing of microalgae, the energy cost of harvesting, thus a novel recyclable magnetic flocculant was developed. The fourth chapter looks at the quality of biodiesel that can be produced from microalgae. Therefore, a novel 50L bioreactor for growth of microalgae was designed and built, before accelerated aging was performed on biodiesel produced from the bioreactors algae. Finally, the fifth experimental chapter explores tuning wavelengths of light to improve the generation of hydrogen from microalgae, with an aim to allow continuous production.

[bookmark: _Toc468205741]Experimental methods
[bookmark: _Toc468205742]Materials
The following lists comprises the materials used in experimentation, these are discussed individually in the relevant method sections. Ferric chloride hexahydrate, ferrous chloride tetrahydrate, sodium hydroxide, azobisisobutyronitrile, ethylene glycol dimethacrylate, acrylic acid, bold-Basal medium, chromatography silica gel (60738), squalene, tween80, iron pentacarbonyl, general purpose viscosity standards N2/N10, trimethylamine N-oxide, octyl ether, ammonium persulfate, StratoSpheres™ PL-DIPAM, StratoSpheres™ PL-Deta, Aniline polymer-bound, 1-methyl-2-pyrrolidone, piperazine, urea, (3-Chloropropyl)triethoxysilane, methyl iodide, (3-Aminopropyl)triethoxysilane, methanol, dimethoxydimethylsilane, trimethoxymethylsilane, cetyltrimethylammonium chloride, Poly(acrylamide-co-diallyldimethylammonium chloride), 10% BF3 in methanol, lugol’s solution, triethylamine, potassium iodide, dimethyl sulfoxide, magnesium sulphate, sodium carbonate, potassium bromide powder and toluene (reagent grade) were purchased from Sigma Aldrich. 
18MΩ water was obtained from an ELGA PURELAB Option-Q ultrapure water system. N,N-dimethylaminopropyl acrylamide was purchased from Fluorochem Ltd. 1H,1H,2H,2H-Perfluorodecyltrichlorosilane was purchased from Alfa Aesar. Hydrochloric acid (12M, 37%) ethanol, acetone, sulphuric acid and 1,4 dioxane were purchased from VWR Chemicals. Acetic acid, ethyl acetate and n-hexane were obtained from fisher scientific. PVDF powder was obtained from Solvay. Oleic acid was obtained from Tokyo Chemical Industry UK LTD. Tungsten spare filaments for eVision II were purchased from MKS Instruments UK Ltd. Optical components used for hydrogen gas experiments were purchased from Thorlabs, including longpass filters FGL665, FGL695 and FEL0700 (dielectric filter). Trypan blue was obtained from Beckman Coulter. 
The Arduino mega 2560 R3 microcontroller and light dependant resistors were purchased from Rapid Electronics Ltd and the Pololu Dual VNH5019 Motor Driver Shield from Technobots Ltd. The Fresnel lens was purchased and custom made from Knight Optical (UK) Ltd. Cut sheet glass was purchased from Central Glass Ltd, Sheffield, and the Point four 100 MBD diffusers from Sterner Aqua Tech UK Ltd. The carbon dioxide canister and aluminium flow meters (models 846021, 246027) were purchased from BOC. The aluminium profile was purchased from KJN Automation Ltd and the linear actuator from Gimson Robotics Ltd. The geared DC motor was purchased from Premier Farnell UK Limited.
[bookmark: _Ref463120273][bookmark: _Ref463301185][bookmark: _Toc468205743]Algae strains and cultivation
Micractinium inermum (M. inermum) was cultivated phototrophically in Bold-Basal Medium from algae originally obtained from Dr Gilmour’s lab in the Department of Molecular Biology and Biotechnology at University of Sheffield. The original source was a local pond.
Chlamydomonas reinhardtii (C. reinhardtii) (wild type CCAP 11/32A) and Dunaliella salina (D. Salina) (wild type CCAP 19/30) were grown in 250 mL conical flasks with TAP medium and Vonshak’s medium (1986) respectively at 25 °C under magnetic stirring and positioned approximately 10 cm from 36 W fluorescent tube light sources [86,87]. Cells were grown up to approximately 0.7 mg/mL. These species were selected as suitable organisms for UV irradiation studies. Their broad background literature and contrasting cell wall characteristics give good insight into the effectiveness of UV radiation to lyse cells regardless of cell wall strength.
Nitrate stressing when necessary was performed by reinoculating a late log phase culture in nitrogen free TAP medium, which was made by omitting ammonium chloride from the TAP medium recipe [88].
[bookmark: _Toc468205744]Culturing of Micractinium inermum in a 50 L bioreactor
M. inermum was cultivated phototrophically at 25oC in Bold-Basal Medium in a 50L flat plate air lift bioreactor. The 3-fold Nitrogen and Vitamins (3N-BBM+V) variety was not used in order to observe limiting growth through nitrogen starvation. Algae undergo lipid storage under nitrogen stressing and thus limiting nitrogen and adding nitrates throughout growth was deemed useful in order to harvest a culture that had accumulated lipids for efficient biodiesel production [89]. 
The bioreactor was inoculated with M. inermum with a 180 times dilution and grown for 3 weeks prior to harvesting; this was when the optical density reached a suitable value. Daily optical density measurements were taken with a Perkin Elmer UV/Visible spectrometer at 595nm. Optical density samples had to be diluted with culture medium before measuring as the culture became denser.
[bookmark: _Ref462949069][bookmark: _Toc468205745]Ultraviolet light irradiation of algae
Various 3 mL samples of C. reinhardtii/ D. salina/ M. inermum cultivated using the method in Section 2.2 in a quartz cuvette were exposed to a series of irradiation periods ranging from 15s to 300s with 9 W/cm2 UVA (320-395 nm) and 1.5 W/cm2 UVB (280-320 nm) using a BlueWave 75 UV Curing Spot Lamp, as shown in Figure 50, Section 11.4. The area of irradiation was approximately 1cm2. In this case of using a solar tracker for the UV source, quartz cuvette algae samples were taped in place at the 1cm2 focal point of the Fresnel lens for given irradiation periods, under water cooling from a hose placed to have a stream of water onto the cuvette. Following this the samples were left for 24 hours in the dark. A cell count distinguishing between viable and non-viable cells was then undertaken using trypan blue as detailed below by means of an Olympus BX50 microscope and a Neubauer haemocytometer as described by Wu et al. [90]. Briefly 5 µL trypan blue stained samples (1:1 ratio) of control (unirradiated cells) and UV irradiated samples were loaded into the haemocytometer. Cells were observed for morphological changes by counting live and dead cells in 16 small squares within each of the 4 large squares and averaging the live and dead cells before comparing the total live to dead ratio to calculate the percentage viability, with each experiment repeated in triplicate. Disruption efficiency was then calculated for each irradiation duration. 
Trypan blue vitality stain was used to stain C. reinhardtii cells, but could not be used with D. salina as the stain had poor miscibility in the saline media. However distinct morphological changes in D. salina following irradiation meant determining cell viability was possible without a stain. Additionally, Lugol’s solution was applied to D. salina to inhibit their motility during counting [91]. 
[bookmark: _Ref463004914][bookmark: _Toc468205746]Lipid extraction 
As described above, samples of C. reinhardtii or M. inermum were irradiated with UV from the curer or solar tracker. Additional control (where only a solvent extraction was performed with no method of cellular disruption) and bead beated samples were prepared. Samples were then centrifuged (8500 rpm) and pellets retained in Eppendorf’s with a 1.2 mL methanol:chloroform mixture (1:2), supernatants were also collected to determine free lipid content.
UV exposure and control samples were kept on ice and bead beating samples were bead beaten using a cell disruptor (Genie, VWR, U.K.) for 15 cycles (1 minute in ice after each cycle). This bead beating protocol was developed and optimised by Rahul Kapoore at the University of Sheffield, Department of Chemical and Biological Engineering. 400 µL chloroform and 400 µL ultrapure water were added to each sample before centrifuging (8500 rpm). Bottom organic phases were retained in Eppendorf’s. Samples were then evaporated to dryness with nitrogen gas and reconstituted with 250 µL of methanol:chloroform mixture (1:1).
[bookmark: _Toc468205747]Transesterification
Following this samples were transferred to glass vials and 100 µL of 10% BF3/methanol added before incubation at 80 oC for 90 minutes. Samples were cooled for 10 minutes before addition of 300 µL of ultrapure water and 600 µL hexane then vortexed for one minute. The aqueous top layers were discarded before evaporating the remaining organic phase to dryness under inert nitrogen gas using six port mini-vap evaporator (Sigma-Aldrich, Dorset, U.K.). Samples were reconstituted in 100 µL hexane and submitted for gas chromatography flame ionisation detection (Thermo Finnigan TRACE 1300 GC-FID System, Thermo Scientific, Hertfordshire, UK) coupled with a TRACE™ TR-FAME GC column (25 m × 0.32 mm ID × 0.25 µm film, Thermo Scientific, UK). The experiment was repeated in duplicate.
[bookmark: _Ref463280379]Statistical methods
A students t-test was applied to the data in Figure 9, assuming unpaired data and unequal variances using Microsoft Excel Spreadsheets.
[bookmark: _Ref463103692][bookmark: _Toc468205748]Solar tracker design and manufacture
A dual axis (x,y) solar tracker was designed in order to facilitate the concentration of ultraviolet light from the sun using a Fresnel lens at any time of daylight. The lens must be perpendicular to the incoming parallel light from the sun in order to concentrate solar wavelengths to a focal point. To accommodate this, the tracker has four parallel light dependant resistors (LDRs) linked to an Arduino microcontroller that responds to changes in light intensity by the moving x and y axis motors of the tracker until all four LDRs are in equal light intensity, see Figure 5 for wiring schematics and Figure 14 Section 4.5 for a solar tracker diagram and schematic.
A 2nd year Mechanical Engineering student, Sam Davison, assisted with the construction of the solar tracker. He performed the majority of workshop tasks, in particular the milling and cutting of aluminium sheet. Overall design, part sourcing, electronics and programming was performed by Thomas Sydney. Final construction was performed together. The project was over a 6 week summer period and by the end of the fifth week, the solar tracker was completed.
The tracker frame was made of aluminium sheet combined with aluminium profile that was screwed together at right angles with fittings (KJN Automation Ltd Aluminium Profiles). A hole with a milled groove was cut into an aluminium sheet to accommodate the lens.
A Fresnel lens with an area of 0.164 m2 was utilised to concentrate sunlight into an area of 0.0001 m2.  The lens is in a fixed position with respect to the base platform, so that the sample can be mounted onto the platform. The lens plate is able to slide up and down its support rails, so that the focal point of the lens can be controlled. In Sheffield the maximum tilt angle required is 57° as this corresponds to the highest solar altitude angle that the sun reaches [92]. Thus the tracker was designed to accommodate an angle of 60° to ensure it could be used anywhere in the UK. The tracker was made weatherproof by sealing the electrical components in a plastic container lined with silicon sealant. The power supply was also sealed in a separate waterproof box and armoured cable was used to ensure long term durability.  The motors and LDRs were also sealed in plastic sheeting. The overall design was made as simple and cheap as possible, costing less than £500 (not including the lens) which demonstrates that it could be used in a variety of locations with little expertise and expense. The lens cost £1287.78, however future lenses would cost much less as a mould had to be specially made to produce the lens. This adds a large cost to the overall design but should a project utilise multiple lenses the price per lens would be greatly reduced as the lens material (polymethyl methacrylate) is relatively inexpensive.
The tracker was designed to be future proof experimentally so it could be adapted and is lightweight, transportable and weatherproof. The Y axis movement is driven by a geared DC motor with low output speed (2.9rpm). This is attached to a pulley that moves around a timing belt which is adhered to the outer race of a lazy Susan bearing. This was a simple solution to enable Y axis movement (360o of freedom) as well as being cheap and have low power requirements, see Figure 14 Section 4.5.
The X axis movement is driven by a 12 V DC linear actuator to tilt the lens and algae sample to the desired position. It can take a maximum load of 4000 N of which approximately 3000 N is required at maximum. This over specification was necessary to allow for later expansion and increased load from wind.
The tracker is controlled from an Arduino mega 2560 microcontroller board with a motor shield adapter (Pololu Dual VNH5019 Motor Driver Shield) that allows a 12 V output across each motor and a maximum current of 12 amps. A shield was required to pull the necessary power requirements for the motors without damaging the Arduino. The board is connected to the 4 LDRs with appropriate resistors (see Figure 5) and using their resistance calculates where the sun is and moves the motors appropriately to align the Fresnel lens perpendicularly to the sun. The programming code was partially based on [175], see Figure 13, Section 4.4.2, for a simple flowchart of the programming loop. 
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Design improvements
Following successful manufacture of the tracker several improvements became apparent that would be useful if the tracker was scaled or mass produced.
By installing the actuator at a position further from the pivot point of the tilting platform, a mechanical advantage would allow for a reduction in power consumption. In the current design, the actuator position compromised efficiency and ensured that in the summer months the platform could rest low enough to align perpendicularly with the sun. The smallest tilt angle is currently 30o and the sun has a maximum altitude angle of 60o in the UK, resulting in the tracker being fit for use all year in the UK.
Should the tracker need to be used in other countries where the platform would need to be at 0o, another square frame could be added below the current base which would house both motors. In this way, the actuator could be positioned to allow for the platform to rest flat and be moved all the way to 90o to accommodate any angle of the sun.
If the tracker was to be used intensively or for commercial purposes extra support may be required for the tilting platform. This would help reduce power required from the actuator and increase its durability in harsh conditions such as high winds. Gas struts were considered as a viable option to provide the additional support.
Additionally, the rotating mechanism would need to be redesigned to be more durable for intensive usage as the current design is susceptible to wear.
[bookmark: _Toc468205749]Oil extraction methods
Preparation of oil-in-water emulsions
Oil-in-water emulsions were prepared to test the ability of various separation techniques. A squalene emulsion (10% in water, sonicated for 10 minutes) and a surfactant stabilised emulsion (10% squalene in water with 0.2% Tween80) were used as model emulsions [93]. Algal emulsions consisting of disrupted (bead beating, UV, sonication) algae (0.7 mg/mL in media) were also used. Various oils were also used as models such as castor oil, mineral oil and vegetable oil.
Oil-Water separation membrane synthesis
Superhydrophobic-superoleophilic polyvinylidene fluoride (PVDF) membranes were prepared via phase inversion as described by Zhang et al. [94]. PVDF powder (0.5 g, Solef 1015, Solvay) was dissolved into 1-methyl-2-pyrrolidone (9.5 mL) and stirred to form a solution. Various aliquots (50 μL, 100 μL, 150 μL, 200 μL, and 400 μL) of 25–28% ammonia in ultrapure water were added to separate samples of the above PVDF solution and left to stir for 6 hours. The solutions were then cast onto a clean PTFE substrate. The substrate was then immersed in a water bath at 60 oC for approximately 24 hours to undergo phase inversion. Following this, the substrate was dried in an oven at 180 oC for 4 hours before peeling off the resulting PVDF membrane. This method was based on Zhang et al.’s work but their original method did not explain key details such as water bath duration, temperature and drying method. After much trial and error involving the water bath duration and drying method a functional membrane was produced as detailed above. The various aliquots of ammonia give rise to different mechanical strengths of a resulting membrane [94].
Superhydrophobic-superoleophilic sponge synthesis
Superhydrophobic-superoleophilic sponges were synthesised by mixing  dimethoxydimethylsilane (0.014 mol), trimethoxymethylsilane (0.021 mol), urea 5 g and n-hexadecyltrimethylammonium chloride 0.8 g in 15 mL dilute aqueous acetic acid (5 mM) under a nitrogen atmosphere, magnetic stirring for 60 min at room temperature (for hydrolysis) before gelation at 80 °C in an oven for several hours [95]. The obtained gels were then washed with ethanol and chloroform before drying at room temperature over several hours. The experiment was based on Hayase et al.’s work but had to be adapted by experimenting with pH conditions and alkoxysilane ratios to obtain structurally sound sponges; using the original experimental procedure produced brittle sponges that easily broke up upon squeezing. Functional sponges still generally had poor durability. Upon querying the authors as to why, they offered some experimental suggestions such as increasing the ratio of trimethoxymethylsilane and increasing the amount of acetic acid solution which were taken into account but did not improve sponge quality sufficiently [95].
Oil absorbing polymers (Kraton)
Kraton is a block copolymer and depending on its polymer constituents can absorb oil and was provided by Farapack polymers, a company based in The University of Sheffield. Weighed quantities of Kraton were added to an aliquot of an algae stock culture and a bead beated aliquot, stirred for 24 h with a magnetic stirrer at 200 rpm, removed, dried and then re-weighed to determine if any oil had been retained.
Superoleophilic surface fabrication
Superoleophilic surfaces were prepared as follows [96]. Glass microscope slides and Pasteur pipettes were ultrasonicated for 30 minutes in Decon 90 before washing with ultrapure water and drying in an oven for 20 min at 120 oC. Following this 50% of the glass substrates were placed in piranha solution (H2SO4:H2O2 - 7:3 by volume) for 2 h. Substrates were then washed with ultrapure water and oven dried as before. The dried substrates were immersed in a solution containing toluene 4 mL (hydrous toluene:anhydrous toluene - 3:2 by volume). Immediately upon immersion of glass substrates 0.005 mL 1H,1H,2H,2H-Perfluorodecyltrichlorosilane was added to the solution [96].
Following this the glass substrates were washed in sequence with toluene, ethanol, ethanol:water (1:1) and water and repeated for several cycles. The glass substrates were then oven dried as before.
Polyelectrolyte emulsion breakers
Poly(acrylamide-co-diallyldimethylammonium chloride) solution (10 wt. % in H2O) was used as a cationic polyelectrolyte in the emulsion breaking experiments. Three 10 mL samples of C. reinhardtii were taken and mixed on a magnetic stirrer table at 200 rpm. Two of the sample tubes had 1 µL of the polyelectrolyte added whilst the other tube had 1 drop (approximately 50 µL) added. The samples were left to stir for 2 hours at 200 rpm before reducing the speed to 120 rpm for 48 hours. This experiment was repeated in duplicate.
[bookmark: _Toc468205750]Magnetic Iron Oxide Nanoparticle synthesis
Nanoparticles were prepared via the following method [97]. Sodium hydroxide (11.54 g, 0.28 mol) was added to 500 mL of water and deoxygenated for 30 minutes through purging with nitrogen gas. This solution was heated to 80 °C. Separately, into 40 and 60 mL of water, ferric chloride (2.7 g, 10 mmol) and ferrous chloride (2.0 g, 10 mmol) were dissolved respectively and deoxygenated as before. The two solutions were then combined using a cannula, to ensure deoxygenated conditions were maintained, before dropwise addition into the hot sodium hydroxide solution under vigorous mechanical stirring. The resultant magnetic black precipitate was washed twice with water, then twice with acetone and dried under nitrogen. A permanent magnet was employed to aid in the washing process. 
Iron pentacarbonyl synthesis route
An alternative MNP synthesis route based on the work of Park et al. was also undertaken [98,99]. Here, 1.28 g of oleic acid was added to 10 mL of dioctyl ether and heated to 100 oC under nitrogen. Subsequently 0.2 mL [Fe(CO)5] was then added and refluxed for 1 h. The solution was then cooled to room temperature before addition of 0.34 g Trimethylamine oxide and heating to 130 oC for 2 h under a nitrogen atmosphere. The reaction was then slowly heated to reflux, and refluxed for 1 h. The solution was subsequently cooled to room temperature and washed twice with ethanol before magnetic separation and drying.
[bookmark: _Toc468205751]Surface functionalisation of nanoparticles
Uncoated MNPs were surface functionalised with piperazine, amine or quaternary ammonium groups. 
Amine or quaternary ammonium
Amine or quaternary ammonium end groups were synthesised as follows [97]. 0.5 g of MNPs were dispersed into 100 mL of ethanol/water (1:1, v/v) before addition of 2 mL APTES and heating to 70 oC under nitrogen with a mechanical overhead stirrer. The APTES binds to the surface, with an amine end group. The obtained product is washed with ethanol and distilled water twice before magnetic separation and drying. This product can then be functionalised to quaternary ammonium end groups via an amine methylation step [100]. Briefly the APTES coated MNPs were dispersed via mechanical stirring (overhead mechanical stirrer) in 100 mL of ethanol and 4 mL of methyl iodide and left at 41 oC for 24 h. The obtained product was washed as before.
Piperazine
Piperazine functionalisation was as follows [101]. 0.5 g of uncoated MNPs were dispersed into 100 mL of anhydrous toluene before addition of 0.5 mL CPTES and mechanical stirring under reflux for 20 h. The product was washed with toluene three times before magnetic separation and drying. The MNPs now have chlorine end groups susceptible to nucleophilic substitution. The CTPES functionalised MNPs were then dispersed in 100 mL of anhydrous toluene before addition of 0.9 g piperazine, 0.7     mL triethylamine and 0.83 g potassium iodide. The solution was then mechanically stirred using an overhead stirrer under reflux and nitrogen for 48 h. The obtained product now has piperazine surface functionalisation. The product was washed with ethanol and distilled water three times before magnetic separation and drying.
[bookmark: _Toc468205752]Magnetic functionalisation of ionic exchange beads.
Anion exchange resins were magnetically functionalised using a polymer swelling process. Resins used were StratoSpheres™ PL-DIPAM (Diisopropylaminomethyl), StratoSpheres™ PL-Deta and Aniline, polymer-bound [102]. The method was based on the work of Lin et al. [103]. 
0.25 g of resin was placed into solution of 1-methyl-2-pyrrolidone/water (3:4, v/v) and left for 24 h at room temperature under stirring (200 rpm). 2.5 mL of MNPs (5 mg/mL in toluene) was added to the resin NMP/water solution and the pH was increased to 12 via the addition of sodium hydroxide. The solution was then left at 30 oC for 48 h to allow MNPs to enter the resin. Subsequently the resins were washed with water and air dried at room temperature. The resins showed magnetic properties due to the influx of MNPs into the particles. 
[bookmark: _Toc468205753]Polymer synthesis
The polymer coated on the nanoparticles was designed based on work of Morrissey et al [104]. The polymer described in their paper was separately synthesised for comparison with this system. A complete synthesis method can be seen in their paper but in brief, the monomers acrylic acid and DMAPAA, and the initiator ammonium persulfate, were dissolved in deionised water. This mixture was then heated to 70oC and stirred for 48 hours. Following polymerisation, the mixture was precipitated into ice cold acetone. The obtained polymer product was then washed repeatedly with acetone.
Polymer ligand exchange
0.25 g of MNPs synthesised by thermal decomposition or precipitation (plus oleic acid) methods were dispersed in 10 mL of 1,4 dioxane. 0.24 g of polymer was added to the mixture and left under overhead stirring for 48 h at 60oC [97,98,105]. The polymer was not fully dissolved by the solvent which resulted in a swelled polymer gel containing magnetic nanoparticles. This gel subsequently dissolved in water but polymer did not remain bound to MNP meaning ligand exchange did not occur.
[bookmark: _Toc468205754]Polymer coating of nanoparticles 
Coating of nanoparticles involved an in situ dispersion polymerisation as follows [104]. 250 mg of uncoated MNP and 450 µL oleic acid were added to 250 mL of toluene. Oleic acid was added to act as a weak surfactant before dispersing using a sonicator at 40oC. The solution was then placed in a water bath at 65oC with vigorous overhead mechanical stirring and deoxygenated with nitrogen gas for an hour. Two 10 mL toluene solutions were then prepared for free-radical polymerization; a monomer cross linker solution containing 12 µL acrylic acid, 115 µL DMAPAA, 4.4 µL EGDMA and an initiator solution containing 6 mg AIBN. 
These solutions were deoxygenated with nitrogen (via sparging 100% nitrogen from the fume hood supply attached to plastic tubing with a syringe needle and fitted into a Suba-Seal within the neck opening of a flask) for an hour before drop wise addition to the MNP solution using syringe pumps and metal luer lock glass syringes at a feed rate of 1 mL per hour, for five hours. At the five hour mark (i.e. 5 mL added) the monomer solution was swapped out for another 10 mL toluene solution containing 12 µL acrylic acid and 115 µL DMAPAA but with the omission of EGDMA crosslinker. The feed rate was maintained for another 5 hours until the initiator feed was completed with 5 mL of the second monomer feed remaining. The polymerisation was left to progress overnight for another 24 hours to ensure completion. A nitrogen atmosphere, vigorous stirring and 65oC temperature was maintained throughout the polymerisation.
Following polymerisation, the solution was stored under nitrogen and aliquots were removed and rotary evaporated for testing. 
Alternative method for polymer coating of nanoparticles 
An alternative MNP-P synthesis method is as follows based on the work of Robinson et al. [99]. 0.04 mmol of polymer was dissolved in 10 mL of DMSO at 100oC. 3.56mmol of iron pentacarbonyl was added to the solution under nitrogen with vigorous mechanical stirring. Following this the solution was refluxed for 30 minutes then cooled to room temperature. MNPs were then separated via a permanent magnet. The MNPs were then washed in water and ethanol to remove excess polymer. Unfortunately, this synthesis method failed to produce MNPs with coated polymer.
[bookmark: _Toc468205755]Flocculation of microalgae
5 mL aliquots of MNP-Polymer (MNP-P) solution were taken and rotary evaporated at 30 oC to dryness. Following this they were washed with water twice, then acetone before redispersion in 1 mL of water. 1 mL of algae was then added to the 1 mL solution of MNP-P made up to 10 mL with water before rapid shaking and 30 seconds of sonication. Within seconds flocs begin to form and are immediately drawn to a magnet when placed next to the vial. 
Any unflocculated MNP are magnetically decanted from the vial, leaving the algal MNP-P flocs behind. Using an Olympus BX50 microscope it was observed that algal cells were coated in MNP-P. 
Flocculant recycling
Following flocculation, recyclability was demonstrated by pH switching. Algal MNP-P flocs were dispersed in water and sodium hydroxide solution (1M) was added drop wise until pH was approximately 14. Immediate deflocculation occurs given slight agitation and the MNP-P disperse into solution (solution turns a brown colour). This is best seen in Figure 30 or by video on the supplementary material CD. Following this hydrochloric acid is added drop wise until the pH is approximately 3 and upon light agitation flocculation occurs once again (solution becomes clear with large flocs). This cycle can be repeated multiple times. The supporting video demonstrates reflocculation 3 times, each step adding excess acid or base. As salt builds up reflocculation became increasingly difficult, to mitigate this more precise control of pH, by using weak acids and weak bases could be applied as well as multiple washes with water.
Thermogravimetric analysis (TGA)
Samples of pure polymer, uncoated MNP and MNP-P underwent thermogravimetric analysis (TGA) under nitrogen from 25-800oC. By monitoring mass loss with increasing temperature, it is possible to determine the mass fraction of the coating materials. 
Light microscopy
An Olympus BX50 microscope was used with various magnification lenses to observe binding MNP-P and binding to algae.
Transmission electron microscopy (TEM) 
Samples of coated and uncoated nanoparticles were prepared for TEM as follows, a MNP and MNP-P were dispersed in ethanol and toluene respectively until dilute and 20 µL of each were placed on carbon coated grids. Solvent was allowed to evaporate and the grids were loaded into the TEM for imaging (FEI Tecnai BIotwin 120Kv, Gatan Orius 1000c camera, Gatan Digital Micrograph software). TEM imaging was performed by Chris Hill at the Electron Microscopy Unit of the Department of Molecular Biology and Biotechnology at The University of Sheffield.
Scanning electron microscopy (SEM)
Samples of coated and uncoated nanoparticles were prepared for SEM as follows, a MNP and MNP-P were dispersed in toluene respectively until dilute and 20 µL was evaporated and placed onto an SEM stubs using a Leit-C adhesive tab. The samples were then sputter coated in gold and loaded into the SEM (Philips XL-20 SEM). SEM imaging was performed by Chris Hill, Electron Microscopy Officer in Department of Biomedical Science at the University of Sheffield.
Infra-red spectroscopy
Dried iron oxide nanoparticles samples were mixed with dried KBr powder in a pestle and mortar before being pressed into a disk and left under vacuum for approximately 15 minutes. Disks were then measured using a Perkin Elmer Spectrum Two.
Zeta potential and dynamic light scattering
Samples of MNP and MNP-P were diluted in toluene or water for size and zeta potential measurements. 1 mL dilutions were placed in the appropriate cuvette and then size and Zeta potential was measured using a Malvern Zetasizer Nano ZS.
X-ray photoelectron spectroscopy
Samples of surface functionalised MNPs were placed onto carbon tape using a spatula and measured using a VG Escalab250 with a high intensity monochromated Al K-alpha source focussed to a 500 µm diameter spot size (electron take-off angle is 90°). The CasaXPS software package was used for data analysis. X-ray photoelectron spectroscopy data was converted to elemental composition percentages by Dr Kellye Curtis at the Leeds EPSRC Nanoscience and Nanotechnology Facility at the University of Leeds.
[bookmark: _Toc468205756]Bioreactor harvesting and biodiesel production
The 50 L bioreactor was sequentially drained into six 500 mL tubes for centrifugation (J-25, Beckman Coulter, UK) at 8500 rpm for 5 minutes (approximately 250 mL per tube). The supernatant was discarded and the pellet reconstituted with more algal solution. This was repeated until the tank was drained (5 L was retained in the tank as an inoculant for the next batch). 
The algae concentrate was collected into a 1 L flask before freezing with liquid nitrogen and undergoing lyophilisation. This process had to be performed batch wise and thus after each round of lyophilisation more concentrate was added (stored in a 4oC fridge).  The resultant freeze dried powder had approximately 600 mL of methanol added for lipid extraction. The solution was stirred for 2 hours using a magnetic stirrer bar at 200 rpm (a second lipid extraction with methanol was performed to maximize extraction). 
The solution was then filtered to remove any solids ready for transesterification. 10% sulfuric acid was added (by weight) before refluxing at 100oC for 2 hours with constant stirring (200 rpm) [106]. The resultant product is crude biodiesel in methanol. Methanol was stripped from the crude product using a rotary evaporator. The remaining product was run through a paper filter (Grade 315, 24cm, cat. number 28331-081, VWR-UK) with hexane.
100 mL of aqueous sodium carbonate was added to neutralise any excess sulfuric acid. Magnesium sulphate was added under stirring to remove any water and filtered. The crude product was then rotary evaporated to constant weight before storage in a 4oC fridge. A small sample in dichloromethane with a 1:250 dilution ratio was and submitted for gas chromatography flame ionisation detection (Thermo Finnigan TRACE 1300 GC-FID System, Thermo Scientific, Hertfordshire, UK) coupled with a TRACE™ TR-FAME GC column (25 m × 0.32 mm ID × 0.25 µm film, Thermo Scientific, UK). 
[bookmark: _Ref463015542]Biodiesel aging and viscosity measurements
A biodiesel sample was heated to a constant temperature of 95oC in an oven over the course of two and a half months. Viscosity measurements were taken at various time points (days 0,3,5,7,14,21,27,33,42,50,59,69) using an Ostwald viscometer in a temperature controlled water bath at various lower temperatures.
Operation of the viscometer was as follows; a sample was drawn up to the line above the bulb in the right hand tube (as shown in Figure 37, Section 6.7).The sample was then released permitting flow and the time taken to reach the line below the bulb was measured. Time taken was then converted to kinematic viscosity based on calibration curves obtained by measuring oils with known viscosities at various temperatures with the same method.
Biodiesel column separation
Crude biodiesel was also columned to obtain a pure product using a glass gravity separation column. The glass separation column was filled with a solid phase consisting of a bottom layer of sand followed by flash chromatography silica gel and a small top layer of sand. The liquid phase consisted of 9 extractions with hexane followed by 5 extractions with a 4:1 hexane:ethyl acetate mixture and thereafter ethyl acetate until no more elutions were obtained. Samples were rotary evaporated and pure FAME elutions combined. Pure FAME obtained was a sweet smelling viscous yellow oil. Samples of biodiesel underwent differential scanning calorimetry (DSC) under nitrogen from 25-300oC and a TGA as previously described. 
[bookmark: _Toc468205757]Hydrogen synthesis
80 mL aliquots of magnetically stirred C. reinhardtii in aluminium foil covered flasks were sealed with a Suba-Seal and sparged with pure nitrogen gas for 30 minutes in the dark before being left in the dark for a further 2 hours prior to irradiation [107]. This protocol was based on the work of Hoshino et al. [107]. The flasks were then irradiated using a high power fibre optical light source through a small hole in the foil. The light was filtered using glass filters. Initially just coloured glass was used before using a dielectric filter. A dielectric filter can be made to alter the wavelengths of light it permits by changing the angle of incidence of incoming light. Filters used were purchased from Thorlabs and included longpass filters FGL665, FGL695 and FEL0700 (dielectric filter).
A specialised optical setup, integrating the variable long pass filter, was also built to provide precise alteration of wavelength as seen in Figure 47, Section 7.8. By altering the angle of the filter, the wavelengths of light it permits can be shifted downward to a desired cut off, see Figure 41, Section 7.6.
Mass spectrometry for measurement of hydrogen production
Samples of C. reinhardtii in flasks were irradiated with filtered light and the hydrogen produced was continuously measured using a mass spectrometer as seen in Figure 42, Section 7.6. A small bore metal tube (attached to the mass spectrometer) was inserted into the Suba-Seal of the flask. The vacuum on the mass spectrometer continuously sampled gas from the headspace of the flask through the metal tube; this flow was controlled with a needle valve. Additionally, the nitrogen partial pressure was used to calibrate partial pressures of the other gases thus had to be kept at approximately the same pressure. To accommodate this, as the vacuum displaced gas from the headspace of the flask, lost nitrogen was replaced through another tube that was attached to the flask which fed into a liquid nitrogen Dewar.
The mass spectrometer used was an e-Vision 2 residual gas analyser supplied by MKS UK and both tungsten and thoriated filaments were used. Easyview software was used to analyse the spectra of the sampled gas.
Gas chromatography for measurement of hydrogen production
Samples of C. reinhardtii which had been previously irradiated for a given duration had their headspace measured using a Perkin-Elmer Autosystem XL gas chromatograph (GC) coupled to a thermal conductivity detector. The headspace gas was displaced into the sampling needle by injection of fresh media into the sealed flask. The hydrogen content of the gas was then measured using the GC, which has been previously calibrated with a hydrogen standard as seen in Figure 40.









[bookmark: _Toc468205758]The effect of high intensity ultraviolet B (UVB) light in eliciting microalgae cell lysis and enhancing lipid extraction
[bookmark: _Toc468205759]Summary
Optimisation of algal cell disruption is often overlooked when processing algae for biochemical extraction, especially in biofuel applications. The primary focus of the scientific community has been on the cultivation of algae and the enhancement of biochemical synthesis. Current disruption methods do not effectively scale to industrial levels and this creates a bottleneck on downstream processing [108]. The use and efficiency of ultraviolet light as a method to disrupt algal cells for extraction of intracellular biochemicals has not previously been investigated. This chapter explores the use of UVB as a method of disruption. Following UVB irradiation, the effectiveness of disruption by lipid extraction for biodiesel production was determined and after 232 seconds of ultraviolet light exposure at 1.5 W/cm2, cultures of C. reinhardtii showed 90% cell disruption. This correlates to an energy consumption of 5.6MJ/L algae (based on the power of the light source). Biodiesel yields following irradiation and lipid extraction demonstrate UVB as a potential method for large scale disruption of algae (bead beating achieving 45.3 mg/L culture and UV irradiation achieving 79.9 mg/L culture). These results indicate that ultraviolet light could prove useful as a scalable technique in the production of biofuel from algae that is simple, effective and economic.



[bookmark: _Toc468205760]Introduction
Algal biofuels are the subject of large investment and a great deal of interest due to the promise of renewable, affordable, sustainable energy. Thus far, no company has achieved the full commercial potential that algae promise as a fuel source. Current processes to produce conventionally usable fuel from algae require numerous conversion steps. In particular, the energy input required for fuel production is intensive and can be greater than the energy derived from the fuel which is counterproductive to commercialisation [25]. Accessing intracellular biochemical products that are useful in a low energy and economic manner has proved difficult and remains a challenge. 
Conventional disruption techniques used to lyse algal cells ready for processing such as homogenisation, microwave, sonication and bead milling have a high associated energy cost and remain expensive [41]. Techniques that disrupt algal cells must rupture the rigid cell wall in order to extract the commercially interesting compounds such as lipids and proteins. Additionally, the traditional techniques do not have the same disruption efficiencies on all species. Algae such as Chlorella possess a thick cell wall which is highly resistive to mechanical stress.
Lee et al. compare different methods for cell disruption and concluded microwaves were the most effective method as it led to the largest lipid content extraction [41]. Unfortunately, the energy consumed amounted to 420 MJ per kilogram of dry algal mass which is a factor of over 4 times that of homogenisation. This technique also proves difficult to optimise as the microwave energy is wasted on heating the extracellular water in the culture medium. Lee et al. also compare bead milling, a simple technique for cell disruption [41]. Beads are added to a culture which is then vigorously shaken causing collisions between cells and beads; the beads erode the cell surface and cause lysis. This is slightly less effective than microwaves and higher in energy at 504 MJ per kilogram of algal dry mass [41].
Whilst these methods achieve cell disruption they scale poorly on an industrial level. A low cost scalable method for disruption is still sought. Such a technique would need to be low energy, low cost, continuously operable and importantly maintain the quality of the desired compounds extracted.
Current disruption methods do not adequately fit these parameters and thus this chapter explores development of a low energy method to disrupt algal cells using ultraviolet (UV) light. UV light can lead to cell lysis and its usage as a method of cell disruption for algae has not been investigated by the scientific community. UV radiation is not photosynthetically active apart from a small part of the UVA region and often has a negative impact on a cells health [109]. Therefore, algal species which are exposed to high intensity UV irradiation often develop defensive mechanisms to reduce injury. This high intensity may lead to a decrease in photosynthesis, growth and cell division through damage to DNA, lipids and proteins. If exposure duration is low enough that it does not result in irreparable damage or death, the cell may repair upon being returned to normal growth conditions such as light and temperature.
Much of the research on UV radiation in algal cells focuses on the long term effects of low dosages of UVB and UVA from sunlight on growth and morphology [110]. Masi et al. looked at the effect of UVB radiation during growth of Dunaliella salina and concluded that UV radiation caused damage to photosystem II [111]. Cells were also larger when grown under UVB and had lower growth and photosynthesis rates. 
Researchers have looked at the ability of UV to induce lipid accumulation as reviewed by Sherma et al. with varying results of success across different species, again at low dosages [110]. It is not unexpected that a stress such as UV could lead to an increase in lipid, similarly to nitrogen or salt stress [110]. However, few if any studies have looked at effect of high intensity UV radiation for cell lysis, especially for extraction of chemicals. Moharikar et al. do look at the effect of UVC to induce apoptotic or necrotic pathways, but not from a biotechnological viewpoint [112]. They conclude that UVC causes apoptotic and necrotic pathways in C. reinhardtii following sufficient exposure to UVC, which correlates with findings presented here in the case of UVB/UVA radiation.
Algal cells also exhibit defence mechanisms to UV radiation. Hartmann et al. show species of algae and cyanobacteria upregulate amino acids and nucleosides following UV irradiation as a defence mechanism, effectively acting as a “algal sunblock” [113].
However, as irradiation dosage increases, cells cannot cope and defence mechanisms are overwhelmed which leads to cell lysis. The short wavelength, high energy photons of UVB/UVC can lead to significant cell damage and are the most damaging wavelengths of UV light [114,115]. UVA is less effective causing indirect damage to cells through the production of reactive oxygen species that may damage DNA, proteins and lipids [115].
UVB and UVC cause direct DNA damage through absorption of photons by DNA bases resulting in chemical quenching and the formation of pyrimidine dimers in the sequence [116]. Irradiation of algae cells followed by a dark cycle to prevent photorepair can produce the desired lysis [117,118].
The use of ultraviolet light as a method of cell disruption on algal cells for downstream biofuel production has been poorly reviewed by the scientific community and thus the possibility is explored here. Chlamydomonas reinhardtii (C. reinhardtii) and Dunaliella salina (D. salina) were irradiated with UV light at various durations to determine cell disruption efficiency via microscopy. Lipid extraction and transesterification on various irradiated samples was also undertaken to determine effectiveness as a disruption method for biodiesel production.












[bookmark: _Toc468205761]Results and discussion
Cell counting
Irradiated samples of C. reinhardtii and D. salina were examined for morphological differences between control samples using an Olympus BX50 microscope. Disruption efficiencies were calculated using microscopy and a Neubauer haemocytometer. 
C. reinhardtii irradiation
 (
A
)Following irradiation, morphological changes to C. reinhardtii cells were apparent and showed that the majority of cells were no longer viable at the longer exposure durations. In particular, loss of a well-defined cell wall at the boundary between cell and extracellular media indicated cells were not viable and damaged beyond repair. Often cells appeared as clusters of beads which is most likely an indication of the formation of apoptotic bodies. Trypan blue was used as a stain, thereby identifying cells with compromised walls, though sometimes cells were not stained but were obviously no longer viable due to fragmentation.
 In fact, the task of counting viable and non-viable cells was difficult due to the stain not always binding to cells. Thus effort was made to only count cells as non-viable if it was unmistakable as not to overestimate the efficacy of UV disruption. Additionally, most intact cells were swollen, indicating a loss of osmotic control leading to an influx of surrounding media, perhaps due to cell wall damage or even a critical mutation in the cells homeostatic regulatory genes. 
Highly bleached cells indicative of a loss of the chlorophyll complex were also present. Both swollen and bleached cells were likely non-viable due to imminent cell lysis through accumulation of damage beyond repair. However, it should be noted that in general, morphological changes were distinct enough to rule out any concern over bias reporting.
At higher exposure times of 150s and more so at 300s, a large amount of cell debris was present which indicated many cells had broken apart completely. This is likely due to cells undergoing necrosis or apoptosis as can be seen in Figure 8. 
Experiments with C. reinhardtii in stationary phase showed an exponential decrease in cell viability as exposure time increases as shown in Figure 6. Lysis of 50% of the cells occurred at 71s and 90% occurred after 232s (equivalent to 348 J/cm2 UVB). 
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)A log phase C. reinhardtii culture under UV irradiation had a severe decline in cell viability with increasing exposure time. In this case there was a prompt initial decline in cell viability as seen in Figure 6. Here 50% of algae cells were non-viable after 34s and 90% after 127s (equivalent to 190.5 J/cm2 UVB). 

The more severe decline of log phase cells compared to stationary phase may be due to increased vulnerability of algal DNA during cellular fission. In the process of fission, DNA has a larger surface area and because DNA injury is implicated as the overall damaging effect of UV, there is a greater chance that the DNA will be damaged during fission. 
D. salina irradiation 
Viable and non-viable cells of D. salina were more distinguishable between one another than C. reinhardtii cells. Once again clusters of apoptotic bodies, swollen cells and a loss of a well-defined cell wall were visible, as seen in UV exposed C. reinhardtii. However, it was not possible to use trypan blue as a stain as it became apparent it had low miscibility with the saline media and unfortunately caused non-viable cells to aggregate. 
Fortunately, the lack of a suitable stain proved insignificant as the cellular markers for viability were evident. D. salina cells are typically bright green and resemble a tear drop. They also are highly motile and possess large flagella. These marked characteristics are easy to recognize and any changes due to UV radiation were distinct. After exposure cells were more spherical and at high exposures there was a discernible reduction in motility, often rendering them non-motile. An increase in motility over the control was noted at lower exposure times when not treated with Lugol’s solution. 
This is likely a defence mechanism to help the cells to quickly evacuate an area of high irradiance. Holzinger et al. noted that cyanobacteria which regularly endure UV radiation have evolved such defence mechanisms as directed gliding motility to escape areas of high UV radiation [119].
However, in this case the cells could not escape and sustained irradiation was overwhelming leading to motility declining over time. Increased cell debris was present at high exposure times as in the case of C. reinhardtii, indicating many cells have been completely destroyed and thus do not show up in cell counts. 
D. salina was irradiated in its stationary phase and Figure 7 shows the relationship between UV exposure and cell viability. Viability was similar to that of C. reinhardtii, with D. salina appearing marginally more susceptible to UV radiation.

 (
Figure 
7
 - 
Relative Cell viability of 
D. salina 
at various exposure times to ultraviolet light in the stationary phase
. n = 3. Error bars represent the range. Control at 0 seconds of irradiation. UVB intensity at 
1.5 W/cm
2
. Carried out as in materials and methods Section 
2.4
.
)
It was anticipated that D. salina would be far more susceptible to UV radiation than C. reinhardtii due to the difference in cell wall chemistry. The former lacking a cell wall and the latter having a reasonably durable multi-layered glycoprotein based cell wall [10].
However, due to the mechanism of UV disruption, cell wall characteristics may not affect its disruption efficacy. UV light does not need to interfere with the cell wall to cause DNA damage (although it can damage cell wall lipids and proteins as well) which can cause death through necrosis or apoptosis. This may mean that even thick cell walled genera such as Chlorella could be candidates for algal biotechnology or biodiesel production using UV radiation as a disruption method [10]. 
[bookmark: _Toc468205762]Cellular signalling after ultraviolet irradiation
On the biochemical level DNA, RNA, protein and lipids can all absorb UV radiation which can lead to structural damage and signalling/metabolic disorder [114]. DNA replication may be defective following UV exposure if correct repair does not take place, and may lead to mistakes in transcription and translation which result in protein synthesis with incorrect sequencing and misfolds [116]. DNA damage can be repaired after initial exposure, photorepair will occur if the algae are placed back into natural light through the enzyme cyclobutane pyrimidine dimer photolyase [116]. In these experiments algae were stored in the dark following irradiation in order to reduce photorepair and maximise disruption. At low UV doses this repair mechanism can prevent lysis [116]. Additionally, other DNA repair methods such as excision repair and recombination repair are possible but cannot be prevented by dark storage [114].
The cellular signalling cascade that leads to cell death following UVB exposure is both incredibly complex and fascinating and has not been fully investigated in algae. UVB radiation causes the formation of pyrimidine dimers in DNA which often lead to mutation of a cell’s genome. In mammalian cells if sufficient mutations are caused the cell may lyse through necrosis or apoptosis (see Figure 8); two pathways that operate differently but ultimately lead to cell death [120]. It has been previously shown that algae have a similar process [121]. Under intense trauma the cell undergoes necrosis, the uncontrolled release of intracellular components. Cells which undergo this premature death rupture and this is usually caused by mutations in genes which regulate key cellular processes. In contrast, apoptosis involves the regulated release of intracellular components and DNA fragmentation. It is often called programmed cell death due to its highly regulated nature and is activated if sufficient DNA mutations occur in particular genes. During apoptosis cells “pack” intracellular components into apoptotic bodies which are then released into the culture medium; some of which have high lipid content and can be referred to as lipid bodies. 
In this work, the structural markers of apoptosis, necrosis and lipid bodies can be visualised using light microscopy and were present during cell counting experiments. Mutations arising from UV radiation can elicit both necrotic and apoptotic pathways due to the random nature of base mutation. Importantly the mechanism of cell death initiated by UV radiation should work consistently with any species of algae as it attacks an organisms DNA. There will be varying degrees of effectiveness due to different cellular characteristics and some species may have developed more complex defences to UV. However, given a sufficiently high enough intensity these defences can be overcome.
Borderie et al. look at the effects of high doses of UVC on Chlorella and determined UVC induces chlorophyll bleaching, metabolic inactivity, oxidative stress and programmed cell death [122]. This evidence supports the theory that algae do undergo apoptosis and that cell death pathways may have been transferred to early eukaryotes through ancient viral infections prior to the evolution of multicellular organisms [121,122].  Whilst the mechanism for DNA damage induced by ultraviolet light is well understood, this is not the only causal factor for cell death. Ultraviolet light can cause intracellular generation of harmful reactive oxygen species that chemically attack lipid membranes, proteins and DNA [123]. It is likely that the random distribution of cell morphology and destruction following irradiation is not only due to differences in which genes are inactivated but also the effect of oxidative stress on chemical signalling and cell membrane chemistry within an individual cell. It should also be noted that extracellular reactive oxygen species may attack the cell wall and contribute to cell death. Damage to biomolecules other than DNA may eventually cause sufficient damage to elicit necrosis as seen in Figure 8.
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[bookmark: _Toc468205763]Ultraviolet light compared to conventional disruption 
Ultraviolet light as a method for algal cell disruption is a non-mechanical technique which differs from most conventional methods. There are other disruption techniques that utilise non mechanical means such as chemicals, enzymes or microwaves but ultraviolet light is particularly effective because it targets DNA specifically; effectively shutting off an organism’s ability to function [120]. Additionally, water is highly transparent to UVB and hence no energy is wasted in treating the water, only the algae are affected [124]. Measuring UV absorption during irradiation of the culture to calculate the efficiency of UV absorption of the culture would have been advantageous in order to optimise cuvette path length or culture density. However, unfortunately this was not possible with standard equipment and the required instrument is prohibitively expensive.
However, the magnitude of cellular damage depends on what sections of DNA have been affected. The biochemical pathway a cell enters following random DNA damage may have a large variance and thus the effect on morphology and the cell wall will also vary. It is also important to consider the secondary effects of UVB radiation; such as reactive oxygen species generation and their effect on intracellular biomolecules. The resultant damage either to DNA or other biomolecules differs from conventional cell disruption and thus a method was devised to determine if sufficient damage occurs for effective biodiesel production. 
[bookmark: _Toc468205764]UV radiation as a disruption method for biodiesel production
Samples of C. reinhardtii were irradiated with UVB radiation (1.5 W/cm2) alongside bead beaten samples as a control before lipid extraction and transesterification to determine efficacy of UV radiation as a disruption method for biodiesel production.  A detailed explanation of the experiment is within the methods section. Samples of C. reinhardtii were irradiated for 300s or bead beated.  The samples were then solvent extracted with methanol:chloroform mixture (1:2) before heating at 80oC for 90 minutes with 10% BF3/methanol. Following this the samples were submitted for TR-FAME GC column FID analysis in hexane.
Fatty acid methyl esters (FAMEs) produced from C. reinhardtii samples that underwent lipid extraction and transesterification are shown in Figure 9, demonstrating that the new UVB radiation method was more effective than bead beating, bead beating having 45.3 mg/L culture and UV irradiation having 79.9 mg/L culture (approximately 0.7 mg/ml algal culture density). Meaning an approximate lipid extraction of 7.7% and 11.3% for bead beating and UV irradiation respectively. This indicates ultraviolet light is an effective method to disrupt algal cells for biodiesel production. The simplicity of using light for disruption has great potential for scaling the technology to an industrial level. In fact, flowing a culture past an ultraviolet bulb could be a simple continuous way to disrupt a culture. It may even be possible to recycle growth medium afterward. 
Additionally, a t-test was run on the data in Figure 9 between bead beating and UV irradiation FAME yields and came out to a significance of p = 0.31, as described in Section 2.6.1. Whilst this is not below the confidence threshold of 95%, care must be taken when interpreting this information as it does not indicate that the method is not suitable for the disruption of algae or enhancement of lipid extraction. It does however point out that additional data is required in order to ascertain for certain how effective ultraviolet light is when compared to bead beating. The trends indicated in this data and additional data in chapter 4 show that UV irradiation has promise as a method for cell lysis and enhancing lipid extraction from algae. Ideally in the future it would be tested on a larger scale with multiple repeats to give a more thorough statistical investigation.
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[bookmark: _Ref463283010][bookmark: _Toc468205765]Lipid peroxidation and biodiesel yield
Prior to experimentation on the effect of high intensity ultraviolet light on algae, it was hypothesised intracellular compounds such as lipids and proteins may be damaged and thus there is the possibility they will no longer be commercially valuable. The effect of UV on proteins requires further investigation, however the effect on lipids was less than anticipated and in fact proved a better extraction method than bead beating. UVB/A irradiation promotes formation of reactive oxygen species which is indicated to be the major cause of lipid peroxidation [123]. However, when compared to bead beaten samples from a lipid rich culture FAME production was higher (see Figure 9); UV irradiated samples have higher yields. The major difference between the lipid yield was an increase in C:8 and particularly C:10 chain lengths. Interestingly this difference is not the same in Figure 10, though as the FAME levels detected in Figure 10 were so low it is difficult to draw any conclusions. Typically FAME produced from algae is high in the C16 and C18 chains and are the most suitable chain lengths for biodiesel [125]. Future FAME profiles in this thesis follow this trend as shown in Figure 16-B where the majority FAME peaks are C16 and C18. Nevertheless due to an increase in overall FAME without a significant decrease in any particular FAME chain length this led to the conclusion that the lipids were not damaged sufficiently by UV radiation to reduce the yield of biodiesel. 
In Figure 10 UV irradiation and bead beating have similar FAME profile intensities, however this is most likely due to low intracellular lipid content. Work et al. looked at FAME yield of Chlamydomonas following a simple in situ thermal lysis and transesterification [126]. Whilst not industrially scalable this does give a good indication of a total lipid yield following nitrogen starvation, with their Chlamydomonas strain producing approximately 40 mg FAME/L culture (approximately 2.5 × 106 cells/mL). Comparing to Work et al. FAME yield from C. reinhardtii grown in nitrate rich media was approximately half as seen in Figure 10 [126]. This highlights harvest time as crucial for maximum biodiesel yield.
[bookmark: _Toc468205766]Ultraviolet light cell disruption energy efficiency
In order to determine the efficacy of a cellular disruption technique the energy cost must be weighed against the disruption efficiency, especially for a biofuels application. The Bluewave dymax curer light source draws 75W of power to function. Approximately 225s of irradiation results in 90% cell lysis of a 3 mL aliquot of C. reinhardtii; this translates to an energy consumption of 5.6MJ/L algae or 8 KJ/mg algae. It should be noted this is for a UV irradiation path length of only 3 mL with an approximate culture density of 0.7 mg/mL. Should a culture be concentrated through centrifugation, it is probable that higher efficiencies could be achieved using appropriate intensity, duration and path length. Eventually a limit will be received where path length or culture density becomes too great for UV to pass through the culture, and this needs to be determine in future to allow scale up of the technique.  
This is considerably lower energy (approximately 13 times) than other methods as shown by McMillan et al. such as microwave treatment, which achieved 94.92 ± 1.38% lysis with an energy consumption of 74.6 MJ/L algae (1.8 × 108 cells/mL) [127]. Though it should be noted that the above 95% disruption efficiency was achieved with Nannochloropsis oculata; a smaller algae with a resistive cell wall. However, the fact that UV irradiation does not need to mediate the cell wall to cause disruption suggests disruption efficiencies will be similar across many species. Disruption efficiencies for D. salina and C. reinhardtii are comparable in their stationary phase and support that theory. This energy efficiency could further be improved upon through the use of reflective surfaces, more efficient bulbs or balancing irradiance intensity against duration.
[bookmark: _Toc468205767]Conclusion
This chapter was aimed at demonstrating that ultraviolet light can be used as a method for algal cell disruption and can enhance lipid extraction. Through techniques of microscopy, transesterification and gas chromatography flame ionisation detection it has been shown that UV irradiation causes cell death/disruption and enhances lipid extraction by solvents and subsequent biodiesel production. When compared to a traditional cell disruption method such as bead beating, UV disruption was more efficient. More specifically approximately 225s of irradiation (equivalent to 335.7 J/cm2 UVB) resulted in 90% cell lysis of a 3 mL aliquot of C. reinhardtii; this translates to an energy consumption of 5.6MJ/L algae (UVB intensity at 1.5 W/cm2). In turn bead beating has similar efficiencies to other methods of cell disruption such as sonication or microwaves [67]. 
Furthermore, GC-FID data indicates that the new UVB radiation method was more effective than bead beating for lipid extraction (measured with FAME yield), bead beating having 45.3 mg/L culture and UV irradiation having 79.9 mg/L culture. This coupled with the presented evidence indicates UV irradiation is a viable method of cell disruption and to enhance lipid extraction and requires deeper investigation across multiple species. 
Future research should be aimed at scaling up this process to determine the efficacy of ultraviolet light for processing large volumes of algae for biodiesel production. In addition, the effect of UV light for extraction of other chemicals of commercial value from microalgae should be investigated.












[bookmark: _Toc468205768]The use of concentrated solar light for biodiesel production from microalgae
[bookmark: _Toc468205769]Summary
This chapter builds on the previous chapter’s investigation into the use of ultraviolet light to disrupt algal cells and enhance lipid extraction. To this end, research was conducted to determine if sunlight could be used as the source of ultraviolet light to lyse microalgae. This involved the design and construction of a solar tracker that housed a Fresnel lens to concentrate solar energy onto a small area to irradiate cells. The experimental results in this chapter suggest that solar light can be used as a source for ultraviolet light disruption of microalgae cells. In fact, lipid extraction was enhanced in many cases when using ultraviolet light for disruption. Additionally, this technology could be utilised in sunny climates as a method for cell disruption of algae to aid in biofuel production. Excess heat energy generated from solar concentration could also be exploited for growth of cultures or heating water to reduce carbon impact from fossil fuels.
[bookmark: _Toc468205770]Introduction
The use of solar energy is common in the generation of renewable fuel; for example solar panels, solar collectors, photo-hydrogen, and biofuels all make use of the suns energy to yield fuel. Production of algal biofuel often relies on the visible spectrum of sunlight for growth rather than artificial light from photo-bioreactors, thus reducing costs and energy requirements [128]. Following growth, the algal cells must be lysed to facilitate efficient extraction of their intracellular lipids which can then be converted to biodiesel. The method for lysis varies from several techniques such as sonication, microwave, ultrasound and bead milling, all of which have a high associated energy cost and are expensive to scale up [41].
In a previous chapter the use of ultraviolet light as a method for cell disruption which is effective, easily scalable, has a low energy cost and is cheap was demonstrated. Here the use of the ultraviolet portion of sunlight (UVB/UVA) to lyse algal cells is shown. To achieve this solar light was concentrated using a Fresnel lens which was positioned perpendicularly to the sun using a solar tracker designed for this specific purpose.
[bookmark: _Toc468205771]Ultraviolet light from the sun
Following the success of utilising ultraviolet light for cell disruption using an ultraviolet curer, the next logical step was to determine if sunlight could be used as the ultraviolet light source to further reduce energy consumption. The UV curer reduced cell disruption energy costs by approximately 13 times, when compared to one literature source, as demonstrated in the previous chapter. However, if the light from the sun could be used as a source of UV to disrupt cells, perhaps further reductions in energy usage could be achieved.
The UV spectrum of the sun is almost entirely made up of UVB and UVA after passing through earth’s atmosphere. UVB is capable of causing direct DNA damage and was the part of sunlight of greatest interest in this hypothesis. However, UVA also causes indirect DNA and cellular damage through the production of free radicals and reactive oxygen species [115].
Sunlight has approximately 59.6 W/m2 UVA and 1.8 W/m2 UVB based on spectral data from ASTM (American Society for Testing and Materials) recorded as an average across America, as seen in Figure 11. The original idea was to concentrate 1m2 of sunlight to 1cm2 using a lens, thus using a curer with approximately 1.8 W/cm2 seemed appropriate for initially testing ultraviolet light as a method for disrupting cells. Prior to testing the hypothesis of using ultraviolet light as a method for cell disruption, the idea of using sunlight as the UV light source was conceived. For this reason, the experiment was designed so that if the hypothesis proved true, it would be simple to compare to the results of testing concentrated UV light from sunlight as a method for cell disruption. In fact, using a curer with UVC would most likely be more effective due to increased DNA damage. The DNA absorption spectrum has an absorption maximum around 254nm, which is similar to the spectral maximum of most UVC bulbs, thus it’s likely a UVC bulb source would be more effective [129]. However, in this case the aim was always to eventually use sunlight as the UV source.
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)A UV curer that mimicked the suns wavelengths was used for experimentation. The intensity of the UV is approximately 9 W/cm2 UVA (320-395 nm) and 1.5 W/cm2 UVB (280-320 nm). The intensity of 1m2 UVA in sunlight concentrated to 1cm2 is considerably greater than this, however finding a light source with the exact requirements proved difficult. The curer was chosen as it was decided that UVB was the more important variable as it can damage DNA directly and as it was freely available. 
[bookmark: _Toc468205772]Concentrating sunlight
Concentrating such a large area of sunlight proved to be a difficult challenge, especially when keeping the costs reasonably low. Initial ideas included parabolic mirrors with a flow cell at the focal point to irradiate the algae and using a giant lens. Problems arose when designing a system that was robust enough to concentrate the UV portion of sunlight safety as well as efficiently. Parabolic mirrors have the obvious problem of keeping the mirrors clean. Mirrors of sufficient quality and size are also expensive.
Whereas the problem with using a conventional lens is that the material would have to be made of either quartz or a UV transmitting plastic. The size, weight and cost of a conventional lens were also a problem.
Fresnel lens
Following the realisation that using a conventional lens was too complex, a Fresnel lens appealed as a simple solution. French physicist Augustin-Jean Fresnel first integrated the lens into lighthouses to collimate light; allowing light transmission over long distances [130]. Fresnel lenses can also be used to concentrate large areas of light to a focal point with a short focal length. Additionally, they can be easily manufactured from plastic (polymethyl methacrylate in this case with a UVB cut off of 270nm) and require much less weight and volume than a traditional lens for a given area [131].
Initially a Fresnel lens of 1m2 was decided to be the optimum size to collect the required sunlight. However, the largest a supplier could cast a lens with suitable UV transmitting polymethyl methacrylate was 0.164m2, which is approximately 6 times smaller than originally desired. However, given this was the only option and a reasonably large area could still be concentrated it was concluded that the investigation was worth continuing.
Experiments began with simply holding the Fresnel lens in place perpendicularly to the sun and irradiating a culture in water cooled quartz cuvette for 30 seconds. Microscopy showed it had a negative effect on the viability of cells but a more precise method for irradiation was required for further experimentation. 
The lens as seen in Figure 12 has a circular design with a diameter of 470mm with 143 grooves per inch. These concentric grooves act as prisms, all refracting light to the same focal point [130].
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[bookmark: _Ref462938614]Solar tracker
A solar tracker which held the lens in place and followed the path of the sun across the sky was chosen as a suitable method for precisely irradiating cultures with some repeatability. The inherent nature of the sun’s varying irradiance and earth’s atmospheric conditions means that the irradiance a culture experiences is not always the same. Additionally, the weather and time of day have a huge impact on the irradiance so it is almost impossible to perform experiments that are true replicates. However, human error can be eliminated using a solar tracker.
The tracker was able to hold the Fresnel lens in place and align it perpendicularly to the sun. This was achieved by constructing an aluminium frame to hold the Fresnel lens that has two motors to control angle of elevation and rotation. This allowed the sun’s path to be followed throughout the day. The methods chapter explains the construction and operation of the device in detail. An Arduino microcontroller was programmed to move the motors based on the light intensity of 4 light dependant resistors (LDRs). The four LDRs were positioned in parallel in the four corners of the tracker. Their resistance varies with light intensity; thus a potential divider circuit was used to convert the varying resistance to voltage for the Arduino to measure, see Figure 5 Section 2.7.
A simple program controls the motors to move the lens to sit perpendicularly to the sun. If the lens isn’t in its correct position the LDRs don’t have equal resistances due to the different light intensities; only when they’re all perpendicular to the sun is the light 
intensity equal. Differences in resistance result in differences in voltages the Arduino reads. Thus the motors move to realign the tracker until the voltages are equal (within a given tolerance). The programming code was partially based on [175]; however, [image: ]Figure 13 displays the basic loop.

[bookmark: _Ref449963937]Figure 13 - Basic programming loop logic used to control the solar tracker.

[bookmark: _Ref463103391][bookmark: _Toc468205773]Concentrated solar irradiation of algae
The solar tracker was successfully built and waterproofed before installation onto the University of Sheffield’s Department of Physics and Astronomy roof. This location was ideally suited as there are few adjacent buildings and the sun is not blocked at any point during the day. The waterproofing ensured the tracker was still functional a year after installation.
Unfortunately, a quartz cuvette filled with algae could not simply be placed at the focal point of the Fresnel lens because of the risk of overheating. The sealed cuvette would likely explode due to the rapid boiling of water and resultant steam explosion. There is far more infra-red and visible energy present than in the curer. To put this energy into perspective, during testing of the lens, a wooden plank was ignited in under a second in full summer sunlight. Also too much heat would likely damage the lipids within cells. In addition, the quartz cuvette sat in a water bath for cooling during UV curer irradiation, whereas this is not possible on the tracker due to the angle of the bottom plate, the restricted space and limited mass the motors could move.
To tackle this problem a quartz flow cell with water cooling was constructed using quartz sheets and silicon sealant, however the algae aggregated as the dimensions were not well suited for a low flow rate. A 3rd year student’s project then looked at developing an aluminium flow cell with dimensions suitable for algae flow and also incorporated a IR-Visible filter that blocked the majority of wavelengths of light other than UV. This flow cell was designed to dissipate heat quickly and allow for maximum algae irradiation using reflective surfaces. Unfortunately, upon testing the dimensions did not allow for a slow enough flow and algae aggregated once more. In addition to this the IR filter shattered under the irradiance. 
A more suitable design could be achieved, however, in the interest of time and expense a simpler approach was opted for. Aliquots of algae were irradiated in a quartz cuvette at the lenses focal point and cooled using water from a hose that was taped in place with a high flow rate to dissipate heat. Whilst laborious this did mean a sample could be quickly irradiated ready for the next. 
The summer of 2015 had exceptionally few days with clear sky and UV light is mainly present between the hours of 11am and 1pm in the UK, meaning this research had to be carried out quickly with little time to preplan. The unpredictably of the weather also meant several attempts yielded no significant data due to cloud cover. Previous attempts in other seasons showed no increase in lipid extraction as detailed later in this chapter.
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A.
 Schematic representations of solar tracker in Solidworks ®Dessault systems.
 
B.
 Built solar tracker demonstrating solar concentration.
)
[bookmark: _Toc468205774]Results and discussion
[bookmark: _Toc468205775]Ultraviolet light irradiation from solar tracker
As seen in Figure 15, concentrated solar irradiance of aliquots of C. reinhardtii yielded little FAME following lipid extraction and transesterification. Previous attempts in winter months to utilise UV from sunlight produced similar results, indicating that UV light levels were too low to cause any cell disruption. It is interesting to note that FAME concentrations are lower in irradiated samples than even control samples where no concentrated light exposure has occurred. A likely explanation of this is that the intense IR/visible energy caused damage to any extracellular lipids present [132].
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Given the lack of success in winter or during low UV light levels it was determined that a clear sunny day with high UV levels was required to test the hypothesis that algae can be disrupted using UV from sunlight. A preliminary experiment can be seen in Figure 16-A. A trend of increasing FAME extracted from C. reinhardtii can be seen until after 45 seconds where FAME yield begins to decrease. This is again assumed to be due to intense radiation on the lipids, causing oxidation and eventual oligomerisation [132]. It is also important to note that FAME yield was actually higher than bead beating. Whether this is due to improved disruption and thus improved lipid extraction or a cellular mechanism such as sequestration of membrane lipid or conversion of lipids usually unable for transesterification is unclear. 
In fact, P. antarctica has been shown to increase total lipid fatty acid and TAG concentrations upon exposure to UVB light by Skerratt et al [133]. Sharma et al. review methods for inducing increased lipid production through stressing microalgae [110]. Interestingly they show UV light can increase lipid production. The time scale and intensity for irradiance in the reviewed studies is much lower than the experimental work presented here but it is still significant. They note that UV light has been suggested for lipid induction in large scale cultivations systems. The cellular mechanisms are unclear with conflicting literature reports of both structural and storage lipids being shown to increase and decrease concentrations upon UV irradiation depending on the species [133,134]. However, oxidation from UV was speculated to be the reason for decreases. It is clear that the effect of UV radiation at these lower dosages on microalgae is species dependant [110].
Regardless, it is clear that the increase in ultraviolet light in the summer has played a key role in increasing lipid extraction from cells irradiated using the solar tracker. Microscopy also confirmed that cells were disrupted and showed necrotic and apoptotic cells. Maintaining a balance between UV light and IR/visible is evidently important and in future an infra-red/visible filter would be preferential for any large scale operation. However, for research purposes this became too expensive to further query. 
Figure 16-B shows a follow up experiment to scope repeatability of using UV from sunlight, this time repeats were possible due to clear skies and sunny weather. It can be seen that a similar trend is present though at a larger general FAME concentration than in Figure 16-A because the culture was now in late stationary phase. The FAME profile also shows again the fact that the concentrated solar radiation may be causing damage to lipids, which may come about from peroxidation through IR radiation. 
The unpredictable weather meant it was difficult to predict when the experiment would be possible. In this case there is a larger variance in FAME yields and less of a clear trend. This is presumably due to the huge variability of solar radiation that a given sample will be exposed to. Experimentally it was difficult to remove any of these variables due to weather and atmospheric conditions. Attempts were made to measure UV light using a light meter for normalisation; however the instrument was not sufficiently sensitive to measure the variance and did not have the correct absorption range to obtain a full absorption spectrum. Additionally, given the lack of clear sunny days in the UK, these experiments were carried out whenever possible which meant sampling had to be performed rapidly with little warning. There was very little chance of repeat measurements due to the unreliability of the weather, but the data shows a similar trend even with the large variance. To gain further insight into the effects of concentrated sunlight on algae for lipid extraction a more thorough experiment would need to be performed. Namely where intensities of wavelengths of light could be measured and blocked if necessary. Moreover, a location with more predictable weather patterns and high solar irradiance levels would be preferred.
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A.
 Preliminary test of biodiesel yield from 
C. reinhardtii
 
under solar concentrated UV light. 
n = 1.
 
B. 
Repeat experiment of biodiesel yield from 
C. reinhardtii
 under solar concentrated UV light. 
n = 1 for bead beading, n = 2 for UV irradiated samples.
 The legend indicates different FAME chain lengths.
)
Infra-red and visible irradiation from solar tracker
In order to fully ascertain that the UV portion of sunlight was the key factor in increasing FAME yield a polycarbonate sheet was placed on top of the lens to block UV light. The sheet was 12mm thick in order to fully block ultraviolet light but transmitting visible and infra-red as seen in Figure 12. The effect of concentrated UV filtered sunlight on FAME yield from C. reinhardtii is shown in Figure 17. The experiment was performed on a sunny day with clear sky with high UV. As predicted the data is similar to the FAME yield on a day with low UV, suggesting the key part of sunlight responsible for the increase in FAME yield in Figure 16 A and B is the UV range. Intense thermal radiation has previously been shown to be detrimental to lipid integrity as well as in these data sets [132]. Due to UV light being the only variable that was absent when FAME yield was low indicates it is responsible for the increase in FAME yield. Using the data in Figure 17, Figure 16-B and the evidence in Section 3.7 is can be concluded that IR radiation is responsible for the decrease in FAME yield following the maximum yield at 30s in Figure 16-B. It appears that the C16:0 chains are the most susceptible to lipid degradation from IR radiation.
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[bookmark: _Toc468205776]Ultraviolet light irradiation from curer compared with concentrated solar irradiation
In the previous chapter ultraviolet light from a curer was demonstrated to disrupt algal cells and increase FAME yield beyond that of a typical lysis method, bead beating. An experiment was designed to compare the efficacy of UV light from concentrated sunlight and the UV curer to increase FAME yield. To this end aliquots of C. reinhardtii were irradiated for various durations at 1.5 W/cm2 UVB before lipid extraction and transesterification.
Figure 18-A shows the effect of ultraviolet light irradiation from the curer at various durations on FAME yield from C. reinhardtii. A trend of increasing FAME yield with increased irradiance duration is evident. This was expected and reinforces previous data that a sufficiently large dosage of ultraviolet light leads to cell disruption and thus increased lipid extraction. 
However, another experiment was performed to determine the effect of ultraviolet light on a nitrogen stressed stationary phase culture of C. reinhardtii. As seen in Chapter 3, log and stationary phases have a huge impact on a cells viability following a given dose of UV radiation.
An experiment to determine the effect of ultraviolet light on a culture that undergoes stationary phase and is then nitrogen stressed was the next logical step. However, the results were unexpected and brought about various questions.
Figure 18-B shows the effect of ultraviolet light irradiation from the curer at various durations on FAME yield of nitrogen stressed stationary phase culture of C. reinhardtii. The trend is the opposite of what would be expected. The highest FAME yield resulted from the lowest irradiance duration and with increasing duration FAME yield decreases until levelling off approximately equal to bead beating and the control samples. This immediately raises the question as to why bead beating (approximate total lipid) and the control have similar yields yet low dosages of UV appear to have higher yields. The only probable explanation appears to be that the cells are in a state of high solvent permeability. Meaning solvent easily penetrates into cells and extracts the majority of intracellular lipids. 
This could be due to multiple reasons and likely not a single one alone. Firstly, the cells may have only just left the log phase and entered their stationary phase; cells during log phase are more vulnerable as their intracellular “machinery” are preparing for fission or the cell may require motility. Cells may also still be vulnerable from increased DNA exposure due to recent fission. 
In fact, Blackwell et al. showed that the alga Chlorococcum submarinum increase cell wall thickness during stationary phase, a trait likely shared across many species [135]. It is probable C. reinhardtii behaves similarly and thus may not have increased cell wall thickness in their earlier stationary phase [135]. 
The culture may have been under high shear during mixing or be unhealthy due to a nutrient deficiency which can lead to cell damage or osmotic stresses. However, in this case both scenarios seem unlikely as fresh media was made up and the subculture was from a healthy stock. The culture was also under only continuous light stirring.
It may also be due to gamete formation during sexual reproduction. During sexual reproduction cells fuse and at one point the cell wall is partially digested accommodate this, which would allow solvent to permeate a cell more easily [2,136]. Nitrogen stress can also initiate autophagy which may limit the cells ability to elicit defence mechanisms [137]. 
However, this doesn’t address the increased FAME yield from low irradiances. A possible explanation is that exposure to short dosages of UV radiation causes the cell to undergo a defence mechanism similar to that in salt or nitrogen stress [138].  Nitrogen stress can cause cells to sequester lipids from the cell membrane for conversion to triacylglycerol which may increase solvent permeability [139]. In fact Hu et al. note that under various stresses algae can increase lipid concentration through de novo synthesis or conversion of existing membrane polar lipids into triacylglycerols [138]. UV stress may also cause cells to undergo a similar mechanism.
Therefore the cell could be storing lipids for survival or convert cell membrane lipids into a more useable forms [138,139]. However, as irradiation duration continues this response is mitigated as the cell abandons long term defence strategies in order to survive. 
The overall effect being that the solvent extracts the majority of intracellular lipids due to a more permeable cell wall and low dosages of UV cause cells to increase free lipid content as a defence mechanism.
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Lipid extraction efficiency
In order to test the hypothesis that the cell wall may be more vulnerable during early stationary phase or when under nitrogen stress a simple experiment was conducted. A nitrate stressed C. reinhardtii culture was irradiated with UV light and subjected to lipid extraction. Cells were exposed to 45 seconds of UV radiation or no radiation as a control. Following this lipid extraction was undertaken on the samples for different times; either a normal solvent extraction or a quick solvent extraction, both with 1.2 mL methanol:chloroform mixture (1:2) as previously described in the materials and methods Section 2.5. Under normal circumstances the cells are exposed to solvent for approximately 15 minutes. A quick solvent extraction was approximately 5 minutes. Figure 19 shows the difference in FAME yield between the two extraction methods.
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The experiment highlights the fact that the control and UV samples under normal solvent extraction have almost the same FAME yields. However, quick solvent extraction exhibits that FAME yield in the control is not as high as UV. Meaning lower solvent exposure resulted in a smaller lipid extraction in non-disrupted cells. UV exposed cells that underwent quick solvent extraction had a FAME yield almost as high as normal solvent extraction. This shows that the cells likely have increased permeability to solvent during early stationary phase/nitrogen stressing because a normal extraction resulted in similar yields between control and UV samples. However, during quick extractions the solvent was unable to fully permeate cells to extract lipids but had increased lipid extraction when cells were disrupted after UV radiation.
A more in depth study of the effects of cell cycle and health is clearly needed to understand its full effects on lipid extract efficiency. The data presented here shows the interaction between solvent and cells for intracellular extraction is complex. In fact in the majority of cases, research is focussed on maximising extraction yield through mechanisms such as nitrate stress and little focus is placed on how the cell biology may impact physical extraction processes. 




Ultraviolet light irradiation of Micractinium inermum
Following the irradiation of stationary phase C. reinhardtii it became apparent that whilst it is a useful species for study due to its growth characteristics and lipid yields, its electrostatically linked glycoprotein cell wall is not as strong as other more resilient species of algae [10]. In particular species such as Chlorella which possess a thick covalently linked cell wall that often has to be freeze thawed several times to lyse [10]. Micractinium inermum is another species which is similar to Chlorella and has a thick cell wall. Previous chapters demonstrate that ultraviolet light is capable of disrupting both C. reinhardtii and D. salina, however both lack thick cell walls that are difficult to disrupt. Therefore M. inermum was exposed to ultraviolet light at various dosages to determine its efficacy for cell disruption and FAME yield following lipid extraction and transesterification.
Figure 20 shows that with increasing UV irradiance, FAME yield from M. inermum increases. The duration of exposure required to fully extract lipids is much longer than seen with C. reinhardtii. This is likely due to the increased cell wall thickness and covalent nature. Bead beating was performed for 2min cycles fifteen times as opposed to 1min to ensure the cells were sufficiently disrupted. 
As expected the irradiation duration required was much higher but ultimately successful due to the mechanism by which UV light causes cell disruption; primarily though DNA damage. Even with the thick cell walls and smaller cells UV light successfully disrupted the cells given a high enough duration.
This approach is far quicker and has fewer steps involved than using a traditional freeze thaw or many bead beats, as well as scaling more easily to industrial applications using a flow cell.
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Bead beaten samples that underwent lipid extraction and transesterification had a smaller FAME yield. Perhaps as in the case of C. reinhardtii this could be due to a UV stress effect causing the cell to undergo de novo synthesis or conversion of existing membrane polar lipids into triacylglycerols. However, it is possible that UV radiation allows for enhanced lipid extraction due to cells packaging lipids into apoptotic bodies or simply that necrotic cell rupture causes more catastrophic cell wall damage than the physical process of bead beating. Regardless of the mechanism, in the cases of both C. reinhardtii and M. inermum, UV radiation has been shown to be a more effective cell disruption method than bead beating for lipid extraction.
[bookmark: _Toc468205777]The effect of ultraviolet light to disrupt cells and increase lipid extraction
The FAME yields from both C. reinhardtii and M. inermum following UV radiation demonstrate this technique as a viable alternative for cell disruption for algal biofuel. In fact, further research may conclude that UV radiation could be used as a possible downstream processing tool for microalgae in many algal biotechnological applications. The fact that UV radiation is already used for sterilisation of drinking and waste water means the infrastructure is already present to support this [140].
Using a UV curer is the optimal choice for a biotechnological application due to its ease of use and reliability (though a specific UV irradiation system would likely be developed for industry). However, the data presented on the use of a solar tracker for UV light concentration show it is possible to use sunlight as the UV source to disrupt algal cells for lipid extraction. Using sunlight in a biofuel application would be the preferred choice due to the cost and energy savings; however this would only work in a prevalently sunny climate. Additional research needs to be performed to conclude the ideal conditions for UV concentration such as wavelength selection and irradiance duration. However, the work presented here confirms its possibility as a low energy disruption method for algal cells, which would be particularly useful for algal biofuel production.
The data presented on the UV irradiation of C. reinhardtii shows a complex relationship between cell cycle/health and lipid extraction efficacy. Whether or not cell disruption occurs, the cell cycle and health of the cells clearly plays a huge role in susceptibility to solvents, as the data suggests. The variance between lipid extraction efficiency of C. reinhardtii across the figures presented indicates differences in solvent extraction efficiency, especially in the control samples. It would be expected that beat beating would always have a far larger lipid extraction that the control (where no disruption occurs). However, in some cases (including omitted data) the control samples had a similar efficiency to BB and UV. The only explanation to this (given its repeated occurrence) is that a cultures health and in particular its cell cycle phase is important, and impacts solvent permeability of cells. This is further shown by the difference in lipid extraction efficiency depending on solvent contact time in Figure 19. A shorter contact time leading to smaller FAME yield.
The effect of cell cycle on solvent permeability has not been previously reported in the literature but as mentioned a possible explanation is that cells in log phase or early stationary phase cells may not have cell wall thickness at optimal levels [135]. Cultures were grown using fresh media and the subculture was from a healthy stock meaning it is unlikely the cells were unhealthy. Again as previously mentioned sexual reproduction can cause cell wall partial digestion leading to increased solvent permeability. 
Regardless of the mechanism of increased solvent permeability due to a cultures cell cycle phase, it is clearly important in a biotechnological application and more research is required to ascertain its impacts on extraction of valuable chemicals from microalgae. Whether this effect is conserved across many species is unknown. However, the data presented here is sufficient to confirm that of UV radiation is an effective method to disrupt algal cells for enhanced lipid extraction. In fact, it may even be superior to other methods due to its scalability, high efficacy, low cost, low energy and transmission through water [124]. 
[bookmark: _Toc468205778]Conclusion
Putting the magnitude of this work into perspective, approximately 30 experiments were performed which include UV irradiation, lipid extraction, transesterification and GC-FID on multiple samples, which is by no means trivial and takes several days. Much of this data has been omitted due to the cells having too few lipids (possibly due to cell cycle) or low UV levels during summer months. Data that has been presented shows the most coherent depiction of the effect of UV radiation on algal cells for lipid extraction.
This chapter was aimed at determining if solar radiation could be concentrated in order to provide the necessary ultraviolet light to lyse cells in a similar manner to that of the previous chapter. An additional aim was to determine if M. inermum, a thicker cell walled species than C. reinhardtii could be lysed using ultraviolet light.
The ability of UV radiation to disrupt algal cells for lipid extraction has been shown using an ultraviolet curer and solar tracker. UV radiation has been shown as a more effective method for cell disruption and lipid extraction than bead beating, UV radiation (30s) achieving a FAME yield following transesterification of extracted lipid of 101 mg/L extracted algae and 89 mg/L extracted algae for bead beating. Ultraviolet light was also successful in enhancing lipid extraction of M. inermum, UV radiation (30 min) achieving a FAME yield following transesterification of extracted lipid of 226 mg/L extracted algae and 208 mg/L extracted algae for bead beating. A designed and manufactured solar tracker effectively demonstrated the usage of sunlight as a source of UV light for cell disruption. This adds an additional method of algal cell disruption for biofuel production in sunny climates which is cheap and simple. 
Future research should focus on using UV for cell disruption on multiple species for extraction of many valuable chemicals produced by microalgae. Additionally, the solar tracker design should be improved upon to select only wavelengths of importance, and utilise the other wavelengths as a method for heating cell cultures.











[bookmark: _Toc468205779]A recyclable magnetic flocculant for algal dewatering and lipid extraction
[bookmark: _Toc468205780]Summary
A large bottle neck in algal downstream processing is the harvesting step; where the algal biomass is separated from the culture medium. This generally involves an industrial centrifuge which due to high energy and monetary costs causes this bottleneck to hold back the industry. This chapter explores the use of a novel recyclable magnetic flocculant. This flocculant is comprised of magnetic nanoparticles which are coated with a polymer flocculant and has successfully flocculated algae, with flocculation/deflocculation switchable by altering pH. The novel synthesis method presented allows for industrial scale up, which using traditional synthesis methods would not be possible. The flocculant is capable of concentrating algae and with additional research may reduce the need for large centrifuges in industrial processing of microalgae. Furthermore, the method provides a platform for the synthesis of polymer coated magnetic nanoparticles with many novel properties that could potentially be used for extraction of specific chemicals or species.
[bookmark: _Toc468205781]Introduction
Microalgae have been used for a wide range of purposes throughout history. In the last century a great deal of research effort has been applied aimed at utilising algae for food and fuel production. They are in fact remarkable micro factories for a variety of useful chemicals and their biology can be manipulated to great benefit. For example, algae have been used in producing vaccines, pharmaceuticals and in a recent publication even to combat cancer [141].  
Regardless of the application the algal biomass must generally be harvested before use. This is especially true in the case of biofuel or high value chemicals production. The procedure generally involves an industrial centrifuge. This presents a problem as the high energy and monetary cost associated with centrifuging imposes financial and energy constraints in the downstream processing of microalgae. This has proven to be a difficult problem to solve, even with extremely high biomass and product yield, harvesting proves too costly. This constraint is a major factor holding up development of the industry preventing it from fulfilling the promise the technology holds.
In the case of producing biofuel this is such a bottleneck it often results in a net negative energy production, effectively meaning any advancement in growth, product yield or extraction has negligible impact on the overall viability.
Polymers may be able to provide solutions to this problem as they have applications in many fields and a wide range of practical uses and properties as detailed in Section   1.7 onward. Such applications include packaging material or casing; the polymer polystyrene is often used in such circumstances as it is a cheap thermoplastic that can be used as both in solid form or foamed to fit a desired application. 
Many polymers are now used in everyday applications for household commercial needs, however speciality polymers are also useful. Such speciality polymers include pH sensitive polymers which can increase size via swelling upon a pH change and thermoresponsive polymers which respond to temperature changes. Thermoresponsive polymers have promise in the field of biomedicine for drug and gene delivery where a polymer may be able to carry a chemical for release given a stimulus at the necessary site [142]. Polymers are also excellent flocculants due to their repeating unit nature and capacity to have electrostatic groups on monomer residues; they are often used in wastewater treatment [143]. 
Here the development of a magnetic flocculant that is effective at concentrating microalgae is reported. An important and unique aspect of this work is the fact that the flocculant can be recycled by altering the solution pH or salt concentration. This recyclable nature means the flocculant can be used multiple times and, by pH switching, release bound algae as desired. The magnetic properties allow facile recovery, separation and transport. Once extracted from growth media the algae can be processed for chemical extraction by normal methods or reconstituted into a smaller volume as desired. 
The flocculant may also be designed to bind more specifically to one species or chemical group. The concept is based on ionic exchange chromatography (IEC), to obtain specificity, whilst at the same time the discrete nature of the particles allow facile addition of the flocculant to a culture and its subsequent retrieval. Then similarly to IEC, reuse the particles afterward, this being aimed at a quicker, more scalable and cheaper process.
At the chemical level the flocculant is a magnetic iron oxide nanoparticle (MNP) that is coated in polymer with a cross linking agent to ensure the polymer remains fixed around the nanoparticle. The polymer can be tuned to the desired range of binding properties by selecting the appropriate monomers. The synthesis method is rapid, cheap and simple. In brief, the co-precipitation method is utilised for the synthesis of the uncoated iron oxide nanoparticles. The coating is formed through an in situ dispersion polymerisation; the polymer forms around the nanoparticles with crosslinker to form a shell.  This requires no surface modification of the nanoparticle, as the polymer is only held around the nanoparticle due to crosslinking. 
There is great potential for this flocculant to alleviate the need for a centrifuge in industrial processing of microalgae. Removing this bottleneck in downstream processing would allow the microalgal industry to grow and fulfil its expectations. The ultimate goal for this technology is to lyse an algal culture using ultraviolet light, add flocculant to the media and extract the desired species or chemical. Additional research needs to go into investigating the efficiency of this magnetic flocculant for the extraction of algae. It was unfortunately not possible due a lack of flocculant produced as well as time to produce more in order to perform the necessary experiments to calculate the efficiency. With that in mind this work is a more qualitative approach toward providing a solution, though is promising due to its mechanism of action and focus to provide an inexpensive solution that utilises a magnetic capacity, recyclability and large surface area for extraction. 
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Lipid extraction
One of the largest problems in downstream processing of microalgae is the reliance on using a centrifuge, which is costly and consumes a large amount of energy. Compounded to the problem of centrifugation, is once harvested, the cells must be lysed and then the chemicals extracted. 
Previously an effective method was developed to lyse cells cheaply with little energy cost that is scalable through the use of UV light as seen in chapter 3. Conventional lysis methods have a high energy and financial cost associated. Once lysed the desired chemical can be extracted using solvents. Solvents can be hazardous to health, expensive and particularly important in the case of biofuel, have a large energy input. Unfortunately, these factors add to the difficulty faced with downstream processing of algae.
Originally the focus was on providing a solution to the harvest and extraction problems without the use of a centrifuge by extracting directly from the lysed cells in aqueous media. To accomplish this a fresh approach was taken rather than optimising previous technologies, initially taking inspiration from polymers and their ability to extract proteins, lipids and DNA. Thus various solutions were synthesised and tested including oil-water separation membranes, superhydrophobic-superoleophilic sponges, oil absorbing polymers (Kraton) and superoleophilic surfaces.

[bookmark: _Toc468205783]Oil extraction technology
As discussed in Section 1.7 polymers have a wide range of useful applications across many sectors of academia and industry including oil separation and capturing technologies. Thus prior to the design of the nanoparticle flocculant, many of these technologies were investigated below. They are also of particular interest in fields of oil spillage clean-up.
Oil-Water separation membranes
In an attempt to develop a new methodology to extract lipids from the culture, the literature was reviewed on the current polymer membrane technology available for oil-water separation. A superhydrophobic-superoleophilic polyvinylidene fluoride (PVDF) membrane was selected for its ability to separate oil-water emulsions with oil as the permeate [94]. After much trial and error in attempt to recreate the membrane as described in the paper, a suitable membrane with the correct properties was produced [94]. The membrane effectively separated multiple oil types (castor oil, mineral oil, vegetable oil) from water with a high flux and low backpressure as described by the paper [94]. However, when attempting to separate oil-in-water surfactant stabilised emulsions such as the case in algal emulsions (lipids surfactant stabilised by either a single phospholipid layer or by various proteins) there was no success [144]. No material permeated the membrane using a model emulsion of squalene-in-water with tween80 as a surfactant or using an algal emulsion. Presumably this is due to a lack of oil coalescence at the membrane surface as there is no driving force for surfactant-oil micelle breakdown.
Oil absorbing polymers 
After the failure of the membrane separation oil absorbing polymers were investigated. Certain formulations of Kraton ® (tri-block copolymer, e.g. styrene-butadiene-styrene) spontaneously absorb oil upon contact, even absorbing to over ten times their own weight. A new hypothesis was formed that Kraton could be placed into a lysed algal solution to extract useful oils. The Kraton would then be removed, dried and pressed or heated/chilled to isolate the pure oil. Unfortunately, this was attempted with various lysing methods such as boiling, bead beating and sonication but each time the Kraton gained no weight after drying. It was concluded that perhaps an oil absorbing sponge that has been designed for oil spillage remediation could be a more suitable method for oil capture.
To this end superhydrophobic-superoleophilic sponges were synthesised [95]. After experimenting with pH conditions and alkoxysilane ratios, structurally sound and functional sponges were synthesised, though still having poor durability. Sponges were tested with a variety of model oils as mentioned in the methods section. The sponges spontaneously absorbed all oils upon contact and upon subsequent squeezing released absorbed oils; all in a timescale of seconds. They were also able to extract oil from a sonicated oil and water mixture without absorbing water.
Figure 21 shows two beakers; the left containing water and the right a Nile red and castor oil soaked sponge. Water and oil were mixed with Nile red added as a lipid stain. The sponge was placed in the solution removing the oil/Nile red and immediately improving the clarity of the solution. The sponge was removed to a separate beaker, leaving only water behind as no red dyed oil was observed in the left beaker.
Following confirmation of the sponge’s ability to extract oil in simple mixtures, more experiments were performed to determine its ability to extract oil from an emulsion. A fresh sponge was immersed for 24 hours in a disrupted algal solution under slight magnetic stirring. The sponge was then removed and squeezed. Unfortunately, the sponge had simply absorbed the algal emulsion and had not absorbed oil preferentially over water. This experiment was repeated with a squalene model emulsion with the same outcome.
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Oil-in-water emulsion stability
As concluded before with the oil-water membrane separation experiments, it is presumed there is no driving force for oil coalescence at the superhydrophobic-superoleophilic sponge surface. Emulsion stability relies on the free energy of coalescence, a function of oil droplet surface area [145]. Upon two droplets coalescing, total oil surface area decreases and thermodynamically this is favoured due to the resultant negative free energy change. Demulsification is a spontaneous process in systems containing only two components. However in biological systems or commercial products such as mayonnaise, emulsifying agents are present which reduce interfacial tension between the two phases resulting in the formation of a stable emulsion [145].
In the case of the algal emulsion, the lipids are emulsified by phospholipids and proteins [144]. The phospholipids form a single layer around the lipids with their hydrophilic heads contacting the aqueous phase and hydrophobic tails maintaining the lipid environment in the core. This creates a “shielding” effect between the lipids and the aqueous phase. It also reduces lipid coalescence due to the negative charge on the phospholipid head groups, resulting in lipid droplet electrostatic repulsion.
Superoleophilic surfaces
After noting the inability of Kraton, the separation membrane and sponges to extract oil from a surfactant stabilised emulsion due to a lack of driving force for lipid droplet coalescence, attempts were undertaken to create a system that promoted droplet coalescence.
This time the hypothesis was that by providing a strongly oleophilic environment through surface functionalization, droplet coalescence may occur. Thus a glass surface was functionalised based on Jin et al.’s work; using a pipette and glass microscope slides [96]. The experimental protocol was successful in functionalising the glass surfaces. They were oleophilic in water and amphiphobic (hydrophobic and oleophobic) in air. They were tested for their oleophilic capacity under immersion in an oil water mixture with success. Subsequent removal from the mixture also caused the oil to quickly run off the glass surfaces, demonstrating their amphiphobicity in air. 
Following this they were tested for the ability to separate oil from water in an algal emulsion and model emulsion. Both the slides and pipettes failed to instigate a droplet coalescence effect. Even when placing a droplet of each emulsion on the functionalised slides, no separation occurred. Unfortunately, there was no driving force for oil coalescence at the superoleophilic surface.
Breaking algal emulsions
The hypothesis is that the above approaches proved ineffective due a lipid stabilised emulsion forming in the aqueous media (assuming stabilisation in phospholipids vesicles). This emulsion prevented the various polymer technologies from interacting with the desired chemical. In systems with a large percentage of lipids or chemicals, agglomeration of emulsion droplets may occur leading to the formation of a surface oil phase but for most systems product yield will be too low to rely on this method.
At this point it was decided a fresh approach was necessary and thus the literature was reviewed again with a broader scope. Polyelectrolytes appealed as a method for removing low concentrations of contaminants from wastewater; a biological emulsion [145]. Polyelectrolytes are excellent for emulsion breaking in wastewater to remove many chemical contaminants and are used for oil-in-water demulsification by facilitating oil droplet coalescence. 
Polyelectrolyte flocculation
A cationic polyelectrolyte was used for emulsion breaking experiments. As described in the methods section polyelectrolyte solutions were added to algae under stirring. Samples tubes containing 1 µL of polyelectrolyte caused algae to aggregate on the solutions surface as seen in Figure 22. In this case the polyelectrolyte neutralised the negative charge on the algae cell walls, allowing flocculation of the cells. Various salts such as aluminium sulphate were also tested which successfully caused flocculation of algae. 
Upon lysing the cells with UV and addition of polyelectrolyte, an algal floc formed. The polyelectrolyte worked as an effective flocculant but didn’t cause an oil phase to form. It was not expected that the flocculants would break the emulsion, rather just flocculate the algae, however the emulsion breaking was possible thus an oil phase was checked for. Whilst flocculants are excellent methods for recovery of cells/chemicals, their one time usage adds a large cost to harvest at scale. This solution was not ideal but it was decided to investigate this avenue further by attempting to design recyclable flocculants, initially attempting to surface modify magnetic iron oxide nanoparticles with simple functional groups.
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[bookmark: _Toc468205784]Why nanoparticles?
Designing a recyclable flocculant seemed to be the next logical step and nanoparticles were well suited for this purpose. In fact, their usage in biomedical science for a wide range of precise applications demonstrates their potential. For instance protein targeting or drug delivery [146]. Their production is cheap and scalable, they have a large surface area to interact with and they can have magnetic properties which would aid in separation from aqueous media.
Jones et al. used ionic exchange columns with diisopropylaminomethyl, piperazine and aniline functional groups to bind and release algae, thus attempts to functionalise nanoparticles accordingly were taken as described in the methods section [102]. The hypothesis being that synthesising nanoparticles which had surface groups analogous to ionic exchange resins would be the simplest way to achieve the desired properties. Upon testing, the nanoparticles were correctly functionalised following synthesis and bound to algae but did not release upon a pH or salt change. After considerable attempts to understand the surface chemistry of the nanoparticles using zeta potential and X-ray photoelectron spectroscopy (XPS), the conclusion arose that whilst electrostatic interactions play a role in algae-nanoparticle binding it is likely ligand formation or even covalent linkages are present. XPS, infra-red spectroscopy and zeta potential supported that the surface was functionalised with the desired chemical group, however the assumption was made that the layer was too thin to obstruct iron oxide algae interactions. Ultimately meaning dissociation of the algae and nanoparticle would be unlikely to ever work with that system upon a pH change or adding salt.  











Infra-red spectroscopy of MNPs
Dried MNP samples were pressed into a KBr pellet to measure infra-red absorption (Kbr has very few IR peaks). FT-IR spectrums of unmodified, piperazine functionalised and (3-Chloropropyl)triethoxysilane functionalised MNPs are shown in Figure 23. Several peaks were present in all three spectras, a peak at around 594 cm-1 was attributed to Fe-O stretching vibrations and the broad peak around 3200-3600 cm‑1 to an O-H stretching vibration. 
Peaks around 1100 cm-1 in Figure 23-B and C are indicative of O-Si-O stretching vibrations, confirming the succesful functionalisation of via CPTES on the MNPs. This is further confirmed by the C-H stretching vibration at around 2960 cm-1. Piperazine functionalisation is confirmed with the N-H stretching vibration peak around 3220 cm-1 in Figure 23-C but absence in B. The spectras obtained were similar to those of Mobinikhaledi et al. who fuctionalised MNPs with similar end groups [101].
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X-ray photoelectron spectroscopy of MNPs
X-ray photoelectron spectroscopy is a technique used to characterise the top 100 Å layer of a material’s surface and was used in attempt to understand the surface chemistry of functionalised MNPs [147]. Typically, a sample is irradiated with X-rays and the kinetic energy and number of the electrons that are emitted are measured. This information can be used to determine the elemental and chemical nature of the surface of a material. XPS was performed at the Leeds EPSRC Nanoscience and Nanotechnology Facility at the University of Leeds. Unmodified iron oxide and piperazine, amine and quaternary ammonium functionalised MNPs were measured using XPS. The elemental compositions of the surfaces are shown in Table 1 below.
	Functionalisation
	Element

	
	Carbon
	Oxygen
	Iron
	Nitrogen 
	Silicon
	Chlorine

	Unmodified
	15.4%
	58.6%
	26.1%
	 
	 
	 

	Piperazine 
	35.3%
	42.6%
	14.7%
	3.5%
	3.4%
	0.5%

	Amine 
	70.0%
	25.7%
	2.7%
	0.1%
	1.6%
	0.1%

	Quaternary ammonium 
	42.4%
	41.2%
	14.1%
	0.1%
	2.3%
	 



[bookmark: _Ref449982331]Table 1 – Percentage functionalisation of MNP by element.

XPS suggests the successful functionalisation of piperazine on the surface of the MNPs due to the presence of nitrogen and increase in carbon and decrease of iron compared to the unmodified sample. However, amine and quaternary ammonium samples have little nitrogen present indicating functionalisation was incomplete or the end groups were unstable following synthesis. The presence of silicon, increase in carbon and decrease in oxygen indicates that the amine functionalisation was most likely successful. Therefore, it’s likely the amine group was not stable on the surface of the MNP.
Though the XPS data was inconclusive, it lead to the assumption that the amine and piperazine were functionalised to the MNPs. Additionally, MNPs bound to algae following functionalisation, whereas unmodified nanoparticles did not. Electrostatic repulsion between unmodified MNP and algae has been suggested to be the reason [148].
Zeta potential of MNPs
The zeta potential of MNPs was also tested to understand their surface chemistry. Zeta potential is a measurement of the electrostatic interaction between particles (repulsion or attraction) and gives an indication of the stability of a colloidal system [149]. Unmodified MNPs had a zeta potential of -22.6 mV as would be expected due to their negative surface charge. Following amine functionalisation, zeta potential increased to 29.6 mV, suggesting that functionalisation was successful as the amine group caused an overall positive charge on the MNP. Following quaternary ammonium functionalisation zeta potential further increased to 36.1 mV, again indicating functionalisation was successful.
As previously discussed the conclusion arose that the functionalisation of MNP with various end groups was successful. However, whilst the electrostatic interactions play a role in algae-nanoparticle binding and may facilitate the initial attraction between algal cells and MNPs, it is likely that ligand formation or covalent linkages that form result in permanent binding to cells. Unfortunately, this meant that altering pH or salt would not cause dissociation of MNPs designed with a small surface layer.
Magnetising ionic exchange beads
Surface functionalised nanoparticles with functional groups that were known to bind to algae unfortunately failed to release algae upon pH change or salt addition. Thus the investigation led to directly magnetising the resins, to aid in separation from media. StratoSpheres™ PL-DIPAM (diisopropylaminomethyl), StratoSpheres™ PL-Deta and Aniline, polymer-bound were the chosen resins due to their functional groups and were magnetically functionalised using a polymer swelling process. The method was based on the work of Lin et al. and the resins were chosen based on the work of Jones et al. due to their success with binding and releasing Neochloris oleoabundans and Chlorella [102,103].
Magnetic functionalisation of the resins was successful. Upon application of a magnetic field the resins could be manipulated and extracted from algal samples. Unfortunately, neither M. inermum nor C. reinhardtii bound to the any of the resins before or after magnetisation. Given Chlorella’s similarity to M. inermum, this discovery was difficult to explain. In fact, M. inermum has been mistaken for Chlorella in the past and many strains of Chlorella are often misidentified [11]. 
Regardless of this, it was decided that designing another system was required. This time by using a polymer which has been known to bind and release algae upon a pH change and then conceive a method to add a magnetic property to the polymer.
[bookmark: _Toc468205785]Polymer coated nanoparticle design
The lack of success using a conventional nanoparticle designed around surface modification or magnetising ionic exchange beads led back to polyelectrolytes that could bind and release algae following a pH change. 
Morrissey et al. concluded that a copolymer of N,N-dimethylaminopropyl acrylamide and acrylic acid can bind to and release algae when pH is changed due to its polyampholytic nature [104]. The copolymer was synthesised for testing and both C. Reinhardtii and M. inermum flocculated upon addition of copolymer and deflocculated upon changing pH. 
However, following deflocculating, the algae solution must be centrifuged to recover the flocculant. Whilst this system does work it seems counterproductive to have to centrifuge the mixture to recover the flocculant. Thus it was decided to combine the magnetic nature of iron oxide nanoparticles and the recyclable nature of the polymer.
Ligand exchange and polymer stabilising methods
Prior to the development of a successful synthesis method for coating MNP with the polymer, ligand exchange and polymer stabilising methods were attempted. Ligand exchange involves the exchange between a surface stabilising oleic acid molecule on the MNPs and the polymer [150]. This method is common in creating stable water soluble MNPs for biomedical applications that require functionalised MNPs. For example as MRI contrast agents [151]. This typically involves the direct biphasic replacement of oleic acid with a ligand that has a higher affinity for iron [151]. In this case the aim was to replace the oleic acid with the synthesised polymer as described in the methods section. 
However, the result was a polymer lump that contained MNPs. While the lump was water soluble, the MNPs did not remain attached to the polymer and ligand exchange did not take place. Given the difficultly in driving ligand exchange with oleic acid, stabilising the MNPs with polymer during their synthesis instead of oleic acid seemed a suitable route. This has been previously demonstrated by Robinson et al. but unfortunately for the desired polymer this synthesis method was ineffective [99]. In the work presented by Robinson et al the polymer is thermally responsive and its hydrophilic/phobic nature can be changed with temperature, meaning that the polymer stabilises MNP synthesis during thermal decomposition of iron pentacarbonyl. Then upon cooling the stabilised MNPs precipitate out due to the polymer surface. 
Attempts were made to solubilise the polymer into a range of solvents such as dioctyl ether, 1,4 dioxane and DMSO at high temperature. DMSO successfully dissolved the polymer and iron pentacarbonyl due to it being a polar aprotic solvent. However, following synthesis it was clear the MNPs were not stabilised by the polymer and instead formed a black mass of particles, separate to the polymer. The assumption was that this is due to the polymer not completely dissolving into solution or the MNPs themselves being partially soluble in DMSO.
[bookmark: _Toc468205786]Polymer coating of nanoparticles
With the lack of success attempting to coat MNPs with preformed polymer, it was decided to perform the polymerisation in the presence of the nanoparticle to gain more control over the process.
It was hypothesised that two designs are possible; growing polymer off the nanoparticle via surface-initiated atom transfer radical polymerisation (ATRP) and encapsulating polymer around a nanoparticle using in situ dispersion polymerisation. Surface initiated ATRP involves immobilisation of a polymerisation initiator on a surface from which polymer chains can be grown [152]. The ATRP method provides a stable platform to control molecular weight and dispersity which is useful when designing a particle that has specific binding to a chemical species and will prove advantageous in future when the precise control of binding is important. In this first proof of concept the decision was to use an in situ dispersion polymerisation method as ATRP can be costly and is not as scalable or simple to perform.
In situ polymerisation involves encapsulating the nanoparticles within a polymer shell using a crosslinking agent during polymerisation. The iron oxide nanoparticles are dispersed in a non solvent for the polymer, during polymerisation polymer chains grow until they crash out around the nanoparticles as this is entropically favourable. The growing polymer chains also prefer the oleic acid phase on the nanoparticles than the solvent which promotes polymer coating around the nanoparticles. The crosslinking agent causes the polymer chains to crosslink around each nanoparticle and form a shell. Additional monomers are also added after crosslinking to form free polymer chains on the surface of the shell that can more easily interact with algae. Toluene was chosen as a non solvent as reagents were readily soluble but polymer insoluble. Oleic acid was added as a surfactant to disperse nanoparticles in solution. 
Originally the monomers, initiator and crosslinker were added to the nanoparticles at once under rapid mixing but this proved ineffective and no shell particles formed. Instead polymerisation occurred so rapidly that the polymer crashed out in large particles without any interaction with the nanoparticles.
Thus reactants were added slowly dropwise over 24 hours. This proved an effective synthesis route as TEM and light microscopy demonstrate as seen in Figure 27. In addition, the particles behave as intended, akin to the pure polymers ability to flocculate and deflocculate but with magnetic properties which allow for quick and easy separation. In situ dispersion polymerisation also has the added benefits of scalability, ease of operation, low cost and rapid synthesis. Certainly for large scale extraction of algae or chemicals this method is the preferable option over ATRP, however ATRP may be more suitable for designing particles for a specific purpose before scaling up the process with in situ dispersion polymerisation.
Polymer coating calculations
In order to synthesise particles with the sufficient polymer coatings, the amount of reactants necessary to add for a given polymer thickness was approximated. Detailed calculations can be found in the appendix, however in brief by calculating the volume and surface area of an uncoated nanoparticle, estimates can be made on the volume of the polymer layer at a given thickness and number of nanoparticles, and hence can calculate the volume of monomers to add. Crosslinker volume was estimated simply as a small fraction of the monomer volume and is still subject to alteration to improve synthesis. A balance between forming a tight shell and overcrosslinking must be maintained in order to not cause crosslinking between shell particles resulting in a stiff unresponsive gel.
[image: ]
Figure 24 - Schematic of polymerisation around MNP. Cross linker in red, copolymer in peach.

[bookmark: _Toc468205787]Polymer design
[image: ]The copolymer chosen to coat nanoparticles with was based on the work of Morrissey et al. [104]. They found a copolymer of N,N-dimethylaminopropyl acrylamide (DMAPAA) and acrylic acid (75:25) was effective at binding to C. vulgaris cells and releasing them upon a pH increase to 13 with 10M NaOH. The polyampholytic nature of this copolymer is the reason used for the coating; increasing pH to 13 causes the net flocculant charge to change from positive to negative. They also tested a range of other copolymer compositions including the addition of a neutral monomer and each one successfully flocculated and released algae. The copolymer coating used herein is comprised of the both negative and positively charged monomers in order to maintain a recyclable capacity for a more diverse range of species with differing cell wall chemistry. A reaction scheme of the polymerisation can be seen in Figure 25.
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Reaction scheme.
 Polymerisation of monomers DMPAA and acrylic acid, and cross linker 
EGDMA. Adapted from Morrissey et al.
)
Polymer and MNP TGA
TGA of polymers and MNPs provide evidence that polymer is bound around MNPs. Figure 26-C shows TGA of pure MNP and Figure 26-B shows TGA of MNP-P. The stark difference of B to C is due to the presence of polymer in the MNP-P sample, and in fact Figure 26-A (pure polymer) confirms that polymer is present due to the similarities in mass loss trace to B. The majority of the MNP-P appears to be polymer due to a larger mass loss when compared to pure MNP. 
A TGA of unsuccessful MNP-P synthesis (see appendix, Figure 49) showed a mass loss trace similar to Figure 26-A, however it lost approximately 25% mass rather than 80% of Figure 26-B. Indicating much less polymer was present, presumably because the polymer wasn’t bound around the nanoparticles in a crosslinked shell. This synthesis route involved adding monomers, initiator and cross linker at once rather than overtime. The assumption was that synthesis failed due to polymerization occurring too fast. Resulting in polymer micelle formation rather than polymerization around a nucleating site (i.e. MNP). Blobs of polymeric material were present which collected on the walls of the flask after synthesis rather than a suspension of MNP-P following correct synthesis. These are likely large random clusters of crosslinked polymer chains. The lack of successfully coated MNP and large crosslinked clusters of polymer is likely the reason they were unsuccessful in flocculating algae.
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TEM and optical characterization
TEM images of MNPs before and after polymerisation in Figure 27-A and B respectively show polymer is present around the nanoparticles. The contrast difference in various areas of B, are areas with polymer present. Individual MNPs also have less defined edges indicating a bundle of nanoparticles coated in a crosslinked polymer; darkened areas with large clumps of nanoparticles that have been coated in polymer are also present.
Polymer MNP coating is further supported by optical microscopy images in Figure 27-D and E. Fibrous polymeric material with MNPs scattered throughout is visible. It’s clear that polymer is around the nanoparticles due to the difference in refractive index; edges and regions of varied contrast are well defined. In this case the refractive index difference isn’t sufficient to fully visualise the polymer. Additionally, it is important to note that individual MNP-P particles/clumps are likely to be much smaller, in these images polymer coagulated together as the toluene evaporated. MNP-P was put on microscope slides in toluene rather than water because the polymer is not distinguishable when imaged in water due to polymer chains being partially in solution.
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MNP size characterisation and zeta potential
Prior to polymer coating, dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS determined that the MNPs were approximately 246 nm in diameter and 374 nm following polymerisation. TEM images show a large dispersity in particle size as the majority of particles aggregate into clumps around 200-400 nm, individual MNPs appear to be around 10nm but generally form large aggregates. As previously discussed monomer volumes used during synthesis were approximated for a given thickness. These volumes were approximated using a coating thickness of 100nm. DLS gave a particle size increase of 128nm following polymerisation, which is in the same order of magnitude and given the rough approximation is a sensible value. This further indicates coating of the nanoparticles was successful.
The zeta potential of the MNP-P was measured at -86 mV at neutral pH (2mV at pH 3.7), which was unexpected as the polymer should be positively charged overall at neutral pH. This indicates that some nanoparticles are uncoated or voids present in the polymer shell mean that the iron oxide nanoparticle cores (which are negatively charged) cause an overall negative zeta potential. Indicating determining surface charge of the MNP-Ps would be difficult using zeta potential. In either case, the MNP-P work as intended thus it is not a problem from a practical viewpoint.




Algal flocculation
Flocculation of M. inermum using the synthesised copolymer based on work of Morrissey et al. can be seen in Figure 28 [104]. The polymer behaved as expected, flocculating M. inermum within seconds of agitation.  Following addition of sodium hydroxide to pH 13, the algae deflocculated. The algae then flocculated again upon addition of hydrochloric acid to pH 3. Following deflocculating the polymer could also be separated via centrifuge. This confirmed that the polymer was suitable for use as a coating for nanoparticles. C. reinhardtii could also be flocculated though the solution pH had to be lowered to 2. Upon increasing to pH 8 the solution fully deflocculated.
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)
[bookmark: _Toc468205788]Flocculation of algae using magnetic nanoparticles
Following successful synthesis of magnetic nanoparticles coated in the polymer flocculant they were tested for their ability to flocculate algae and release upon a pH change as well as their magnetic capability.
As explained in the methods section, a 5 mL sample of MNP-P in toluene was rotary evaporated (1 mg/mL toluene). Following a wash with water twice, then acetone they were redispersed in 1mL of water and 1 mL of M. inermum was added. This was made up to 10 mL with ultrapure water and mixed for 30 seconds. Flocs form in seconds and can be immediately drawn to a magnet when placed next to the vial. 
The solution can be deflocculated with the addition of sodium hydroxide to pH 13 and reflocculated with the addition of hydrochloric acid, exactly the same as with the pure polymer. It is of note that when dried, the MNP-P are similar in nature to the pure polymer; both a sticky gelatinous solid, though not to the same degree with MNP-P. MNP-P also successfully flocculated C. reinhardtii, as before the solutions pH had to be lowered to initiate flocculation (deflocculation also occurred at pH 8).
Figure 29 shows the flocculation of M. inermum cells under a microscope.  Cells are covered with MNP-P and can be seen in clumps. Initially the flocs formed from MNP-P appeared under the microscope as large dark brown masses and individual cells are difficult to discern. These images have been taken after a flocculation-deflocculation-flocculation cycle in order to observe smaller clumps of cells. The salt concentration had increased drastically due to the large swings in pH, which is why the flocculant was less effective during a second flocculation. The flocculant could be washed to remove salt for further uses if required. On a larger scale precise amounts of acid/base would be added to improve repeat usage without another step. In this case for ease and to test stability, imprecise amounts were added to alter pH.
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29
 - 
Optical microscopy images of MNP-P and algae. 
Flocculation of
 
Micractinium inermum 
cells
 
using MNP-P can be seen.  The MNP-P coats the algal cells and can be seen in clumps. This image is following a flocculation-deflocculation-flocculation cycle, thus some cells are not flocculated as salt concentration has increased. Top image 20 times magnification, bottom 40 times.
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Jar MNP-P flocculation cycling
A video of MNP-P flocculation of M. inermum cells is provided on the supplementary material CD; however Figure 30 shows the overall processing steps of flocculation cycling. After initial flocculation of the cells the floc is magnetically separated and ultrapure water is added before deflocculation using sodium hydroxide. The cells are then cycled between flocculation and deflocculation twice using acid/base. The final flocculation took slightly longer due to the increase in salt concentration and its effect on negating electrostatic interactions. As previously mentioned more accurate salt/base addition would result in more cycles being possible.
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 - 
MNP-P flocculation. 
An aliquot of 
Micractinium inermum 
is flocculated using MNP-P. Reversible nature of the MNP-P can be seen as flocculation and deflocculation occur upon switching pH from basic to acidic. pH switching using NaOH and HCl.
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[bookmark: _Toc468205789]Recyclable nanoparticles 
Using nanoparticles to harvest algae is not a new idea; however a review of the literature did not reveal a system whereby the nanoparticles can be recovered for multiple uses without significant losses in efficiency or another reconstitution/coating step. This technology adds a significant tool to the available methods for downstream processing of algae commercially. It also has the potential to reduce the bottleneck that downstream processing has been on algal biotechnology. Whilst it may not completely alleviate the need for a centrifuge, it does reduce the overall volume required for centrifugation which in turn lowers the energy and economic cost. In many cases such as extracting high value chemicals or lipid extraction, centrifugation may not even be required.
Hu et al. harvested Nannochloropsis maritima using naked Fe3O4 nanoparticles with a 95% efficiency rate in only 4 min at a 120 mg/L dosage [153]. They review traditional flocculation and membrane filtration methods and note that their method had a superior harvesting efficiency and shorter processing time. Indicating the advantages that magnetic separation gives. However, they also conclude that they can reuse the culture medium multiple times following separation with similar efficiency to using recycled medium from centrifugation. Whilst there is promise in the technology due to the efficiency, low cost and scalability, the obvious problem is the requirement of great quantities of nanoparticles at scale. Their system is also inflexible and may not work with many species. Once bound the algae cannot be released and will eventually die, meaning this process could not be used for selectively removing a species from a consortium for further growth. 
In contrast, the technology described herein has the possibility to reuse MNP-P and cells, a vast benefit over a single use flocculant. Lim et al. use MNPs and a polyelectrolyte flocculant for magnetophoretic separation of Chlorella sp. [154]. Whilst effective, no covalent linkages take place between flocculant and MNP, stabilisation is through electrostatic interactions meaning the flocculant will need to be replaced on a regular basis. Additionally, this method does not have potential for high species/chemical selectivity as reported later in this chapter.
Cerff et al. use a commercial silica coated magnetic nanoparticle and unmodified iron oxide nanoparticles to magnetically separate four species of algae including C. reinhardtii [155]. They show some partial reusability of nanoparticles with pH change. They also conclude that the adsorption mechanism of their MNPs cannot be electrostatic due to measured zeta potentials, meaning pH must be having a different effect on binding capacity. However, based on their data is seems unlikely that complete recyclability could be achieved and whilst feasible for the algae studied, may not apply to all species. Additionally, like with other reviewed literature this method does not have potential for high species/chemical selectivity.
Extraction of different species
Given the nature of algae grown naturally, sources often contain a consortium of species which may have symbiotic or rival relationships [156]. This MNP-P extraction system may be able to provide a method extract specific species from a meta culture. Already this polymer is capable of flocculating M. inermum and C. reinhardtii at different pHs. Altering monomers for polymer synthesis could potentially allow for tuning to a species’ cell wall chemistry. The simplicity of synthesis and design mean production of MNP-P for a particular task could be tailored. In fact the abundance of water soluble monomers with different charged groups illustrates the diversity of polymers that could be produced [157]. In addition, by varying molecular weight, degree of cross linking and dispersity a polymer could potentially be tuned to a more definite purpose.
In fact, Šafařı́k et al. looked at the use of magnetic techniques for the isolation of cells as well as purification of organelles and other cellular compounds [158]. They show that commercial magnetic particles are capable of isolating cells and valuable compounds. However, the method reported in this chapter provides a platform for high selectivity of magnetic nanoparticle surface properties whilst keeping synthesis rapid, cheap and simple. By alleviating the need for covalent linkages of polymer to nanoparticle, this new method may reduce costs and allow for more complex MNP surface functionalisations.
Extraction of specific chemicals 
Beyond the extraction of specific species, it may be possible to extract specific chemicals through altering the polymer coated on the MNP. This idea once again draws from ionic exchange chromatography and by using suitably charged monomers, proteins or other charged molecules, specific chemicals could be extracted. Additionally, water insoluble polymers could also be coated around the MNPs in a similar manner which dramatically increases the range of applications.
Furthermore, using a system similar to affinity chromatography, highly specific chemical extraction may be possible. One such example typically used in a biochemical application is the immobilisation of a ubiquitin binding protein onto Sepharose beads [159]. A solution of proteins containing ubiquitin can then be passed through the beads. The ubiquitin binds to the beads and other proteins pass through unaffected. Ubiquitin can then be eluted off with a suitable salt solution. This system or a similar idea could be adapted to be used with MNPs.
In fact, Franzreb et al. review the use of magnetic absorbent particles for protein purification and conclude that in order for methods of purifying proteins using magnetic absorbents to reach full commercial viability, advances need to be made in magnetic absorbent synthesis methods [160]. The work presented here could provide a method to rapidly synthesise MNPs that are cheaper and allow for new functionalisations in many research fields, not just algal applications.
The large surface area and magnetic properties of the MNP-Ps lend themselves well to chromatography applications. The suitability named in situ magnetic chromatography method described herein has prospects for improving extraction of specific chemicals on a large scale or to speed up difficult lab extractions. Interestingly Šafařı́k et al. review the use of magnetic techniques for protein purification looking at the advantages such techniques provide over traditional chromatography methods [161]. Some advantages include removing the need for centrifuges, filters and other expensive equipment. Proteins can actually be extracted to higher concentration and aren’t subjected to high shear forces that can cause breakage during traditional chromatography. Again, the new synthesis method presented in this chapter may provide benefits to these existing technologies.
Possibilities for the technology
The method for synthesising polymer coated magnetic nanoparticles described in this chapter has significant benefits over traditional routes. Specifically, because of its potential to lower costs and complexity, reduce steps and scale to large production far more easily. 
With reference to algae, the extraction of specific species and chemicals as previously mentioned are obvious possibilities for biotechnology. The MNP-P synthesised has the potential to remove a large bottleneck in algal harvesting due to its rapid effect, recyclable nature and design/synthesis simplicity. 
There is also the possibility that the polymer coating could be designed to flocculate both lysed algal cells and lipid by breaking the emulsion. The negative charge on the phospholipids vesicles (containing the lipids) may cause agglomeration of vesicles around the positively charged polymer flocculant, thus cause the algal cells and lipids to be contained in the magnetic flocs. 
An experiment was conducted that combined UV lysis and extraction with MNP-P to investigate any demulsifying properties the polymer may already exhibit. The cells were readily flocculated by the MNP-P following lysis and the magnetic floc was subjected to lipid extraction and transesterification for GC-FID. Both the supernatant and magnetic floc were collected for lipid extraction and transesterification in order to determine where the large proportion of the lipid fraction was. Bead beating was also performed which used traditional centrifugation to collect the pellet before lysis.
Unfortunately, because oleic acid was used as the surfactant during MNP-P synthesis, residual amounts remained during algal flocculation and caused a large overestimation of FAME present in the samples. In future experiments, MNP-P will have to be washed thoroughly after synthesis or just synthesised with a different surfactant such as oleylamine or oleyl alcohol (or a more traditional commercial non-ionic surfactant). It was only after using high pressure liquid chromatography to rule out polymer contamination and transesterification of a MNP-P only sample, that it became apparent some oleic acid had remained attached to the MNPs. This oversight meant this data was unfortunately unusable.
[bookmark: _Toc468205790]Conclusion
This chapter was aimed at developing a novel solution to harvest algae, specifically by synthesising a novel recyclable magnetic flocculant, with the goal of reducing a bottleneck in the downstream processing of algae. The original aim was to develop a method to extract lipids directly from lysed algae, though a recyclable flocculant to harvest algae (which could possibly be redesigned to extract lipids) came out of that idea. The data presented in this chapter confirms the successful synthesis of this flocculant; polymer coated magnetic iron oxide nanoparticles synthesised via a new method. This may provide benefits to existing technologies in many fields to reduce costs, allow for industrial scaling and offer new surface functionalisation designs. 
In the field of algal biotechnology, the MNP-P synthesised here can flocculate algae, with binding switchable on pH change and is recyclable. It has the potential to lower costs, energy consumption and remove a bottleneck in the downstream processing of microalgae by reducing the need for a centrifuge. By altering the polymer coating on the MNP, there is the possibility to selectively extract species or chemicals. 
This new technology holds a great deal of promise and future research should focus on improving the synthesis process to improve yield. This will likely be accomplished by altering crosslinker concentration to improve the shell around the nanoparticles to produce more defined particles. Crosslinker concentration could also be reduced over time to produce a gradually looser polymer network, with free polymer at the surface layer able to interact with algal cells. Additionally, different polymer coatings should be synthesised around the nanoparticles with functionalisations aimed at extracting useful biochemicals. Unfortunately, due to a lack of time it was not possible to synthesise enough MNP-P in order to calculate flocculation efficiency; future research needs to address this.










[bookmark: _Toc468205791]Accelerated aging of algal biodiesel: a macroscopic approach
[bookmark: _Toc468205792]Summary
This chapter looks at the quality of biodiesel that can be produced from microalgae. To this end a novel bioreactor was designed and built. The bioreactor was successful in cultivating microalgae and algae biomass was concentrated before lipid extraction and transesterification to biodiesel. Produced biodiesel was then aged in an oven at 95oC for two and a half months with viscosity measurements taken at various intervals using an Ostwald viscometer at controlled temperatures to determine its change in viscosity over time. Thermogravimetric analysis and differential scanning calorimetry of biodiesel was undertaken to give insight into its oxidation properties. Gas chromatography also gave insight into the percentage of unsaturated and saturated FAMEs before and after aging. Overall, experimental data indicated that the species used and growth parameters have a large impact on the quality of diesel produced, and supports the theory that oxidation and thermal stability decrease as concentration of unsaturated FAME increases.
[bookmark: _Toc468205793]Introduction
Microalgal biofuel is often credited as a potential solution to the growing problem of fuel demand and a means to offset climate change. Like all liquid fuel, long term storage of biodiesel is problematic due to increases in viscosity and changes in volatility [162]. This is generally caused by the formation of oligomers through oxidation of the fuel over time [162,163]. This oxidation also occurs in engines due to high temperatures or lack of use and the result is a dramatic increase in the viscosity of the fuel, the product slurry causing engine damage [162]. Commercially available fossil fuel and biodiesel both contain antioxidants to mitigate this, indicating it can be controlled to an extent but it is particularly concerning for biodiesel which typically has a higher viscosity than fossil fuel [162]. Traditional engines would have to be adapted to use highly viscous fuel, which is expensive and prohibitive for the development of biodiesel as a replacement for fossil fuels. Stable low viscosity biodiesel is what many research groups are currently attempting to produce.
The mechanism of biodiesel oxidation is through free radical attacks on hydrocarbon chains which then go onto form peroxides [162,163].
R1H   [image: http://www.compuhigh.com/demo/chem/arrow.gif]      R1.
R1. + O2       [image: http://www.compuhigh.com/demo/chem/arrow.gif]      R1OO.
Subsequently aldehydes and ketones form which can lead to resin formation. At this stage cross linking and oligomerisation has occurred to such an extent that fuel viscosity is so high the fuel is unusable [163]. 
R1OO. + R2H   [image: http://www.compuhigh.com/demo/chem/arrow.gif]       R1O-R2
Upon reviewing the literature, it was observed that few if any studies have taken a macroscopic view of biodiesel production from algal growth, lipid extraction/transesterification through to biodiesel viscosity and viability as a fuel. Thus an experiment was undertaken to determine algal biodiesel viability.
A flat plate air lift bioreactor was designed and built to optimise algal growth and provide sufficient biomass to extract a quantity of biodiesel for viscosity experiments. A recently isolated culture of M. inermum was chosen as a species due to their high growth rate and large lipid production. Biodiesel produced was then aged in an oven over several weeks and viscosity measured to give an idea of oxidation and viability as a fuel. 
Prior to beginning the experiment, the biodiesel viscosity was to be measured using a rheometer at various time points of aging. Following isolation and purification of the biodiesel it was decided to use an Ostwald viscometer instead to achieve appropriate consistency; upon using a rheometer large inconsistency with repeat measurements was encountered even with several different geometries of varying shape, size and material type. This also ensured the measured volume is fixed and sufficient biodiesel was available to complete the experiment.
[bookmark: _Toc468205794]Results and discussion
[bookmark: _Toc468205795]Flat plate air lift bioreactor design and manufacture
The 50L bioreactor was designed and built to provide experimental data for its efficiency as a growth vessel but also as a means to manufacture large quantities of algae for biodiesel production. The design focus being on a large surface area and short width allowing light to penetrate the vessel more equally.
Similar bioreactors have been designed in the past as shown by Hu et al., who demonstrate high photosynthetic efficiencies using their flat inclined modular photobioreactor [164]. In fact, the large surface area, light path, low cost and easy cleaning are some of the advantages flat plate bioreactors have over other systems [165]. Disadvantages include difficulty in controlling temperature, scale up and cause of hydrodynamic stress to certain strains [165].
Prior to the design and manufacture of the 50 L bioreactor, a 2.5 L prototype reactor was assembled out of Perspex. This underwent several reassemblies until a functional tank was produced with suitable mixing. The scaled up reactor with a 50 L capacity was then designed and built using cut sheet glass (Central Glass Ltd, Sheffield) and aquarium grade silicon sealant (Arbosil 1081). The paddles were locked into place by housing them around two glass supports which were fixed to the wall with silicon and two diffusers (Point Four MBD 100 diffusers) fixed to the base. 
Prior to this tubing for gas was fitted to the diffusers and threaded out of the tank. A carbon dioxide canister with a backflow stop valve and an air tap with pressure regulator were used as gas sources. These were fed into flow meters to control carbon dioxide concentration and then the tubing joined for mixing before attachment to each diffuser’s tubing. The diffusers evolve micro bubbles (diameter 100 to 500 microns) consisting of a 1% carbon dioxide and 99% air mixture; the carbon dioxide allows enhanced carbon fixation and microbubbles strip oxygen from a culture which promotes photosynthesis [20]. The microbubbles and positioning of the inner paddles cause a current that provides constant mixing of a culture. Two fluorescent tubes were placed adjacent to the bioreactor on each side approximately 10 cm away, totalling four. Three magnetic stirrers were also placed at the base of the tank, each one adjacent to a ceramic diffuser to eliminate mixing dead zones. If the tank was to be redesigned a diffuser that covers the length of the tank would be used to remove this issue.
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Figure 
31
 - (
A
) Side image of the bioreactor. 
The two glass paddles fitted against the bioreactor side which run along the length of the bioreactor are shown. 
(B) 
Schematic representation of the bioreactor from the side. 
The microbubble passage and current generated due to the glass paddles and bubbles to provide mixing are shown. Gas mixtures comprised 
1% carbon dioxide and 99% air
.
)
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32
 - (
A
) 50L bioreactor assembly. 
At this stage in assembly the bioreactor has the paddles and diffusers fitted and is being cleaned before sealing the lid on. 
(B
) Culture growth
 in the bioreactor. 
The bioreactor is successfully culturing algae. This is approximately 2 weeks into growth.
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Flat plate air lift bioreactor efficiency
[image: C:\Users\Tom\Desktop\Dropbox\IMG-20140131-WA0000.jpg]The 50L bioreactor facilitated the growth of 79.4g of M. inermum (dry weight) over 3 weeks giving a final density of approximately 2 g/L of algal culture; only 40L of culture was extracted from the tank, 5L was retained for the next batch and the headspace is approximately 5L. However, based on previous optical density data from the Department of Molecular Biology and Biotechnology this density is lower than expected; the algal culture density should be closer to 5 g/L. This is believed to be due to a problem with the centrifuge tubes when on two occasions the seal became loose and small quantities of algal concentrate was lost. This may mean the actual algal culture density is marginally higher than the data suggests but still below the 5 g/L expected.
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Figure 
33
 - 
Flat plate airlift bioreactor approximately 2 weeks into growth of 
Micractinium inermum
. 
L
ighting 
is positioned around the bioreactor to provide optimal lighting within the bioreactor
.
 Yellow magnetic stirrers are positioned below the bioreactor to
 eliminate dead spots 
where algae can settle between the diffusers. Magnetic stirrer bars are on the bioreactor base. 24-hour continuous light.
)
Limiting growth factors – Nitrates
Based on the optical density data shown in Figure 34 nitrogen starvation began to occur around days 8, 15 and 19. At days 9 and 15 additional nitrates (37.5 g) were added to increase growth, bringing the final nitrate concentration to that of Bold-Basal Medium with 3-fold Nitrogen and Vitamins (3N-BBM+V). The effect of nitrate addition on growth is apparent, especially at days 15 and 16, where perhaps nitrates should have been added on day 14 rather than 15. Growth begins to slow at day 19 and the culture was harvested on day 22 due to time restrains within the lab. Ideally the culture could have been monitored for nitrogen starvation and left for an additional week for lipid accumulation but this was not possible at the time.










Growth efficiency
As seen the in Figure 34 the growth curve generated from the optical density data resembles a relatively smooth curve. Had the total nitrates been supplied from the start it is expected the curve would have no slowing in growth as seen around day 15, where the nitrogen supply has been all but exhausted by the culture. As shown by OD and total biomass harvested after growth (79.4 g) the bioreactor provided a suitable vessel for algal growth. 
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34
 - 
Growth curve 
of 
Micractinium inermum 
in
 the
 50L bioreactor over
 21 days. 
Growth increases throughout the 21 days though nitrogen starvation is apparent at days 8, 15 and 19. Additional nitrate added at red diamond markers, days 9 and 15. n =1. Optical density measured at 595nm. Measurements taken indicated at blue/red diamond markers. Culture grown at 25
o
C in Bold 
Basal Medium
.
)



[bookmark: _Toc468205796]Bioreactor harvesting and biodiesel production
Harvested M. inermum underwent lipid extraction and transesterification. After various purification steps crude biodiesel was obtained as detailed in the methods chapter. Table 2 shows the FAME data from GC-FID analysis. Approximately 6.8 mL of crude biodiesel was obtained from 79.4 g of algae with a FAME purity of 91%. Thus every gram of dry algae had approximately 68.8 mg of lipids (6.88%). The Molecular Biology and Biotechnology department at the University of Sheffield has demonstrated this strain can produce up to 40% of dry weight lipids under nitrogen stress [166]. Thus a substantially larger volume of biodiesel would have been obtained had the algae been allowed to accumulate lipids through prolonged nitrogen starvation. Interestingly the main FAMEs present were C16:0, C17:0 and C18:2 chains which are suitable lengths for biodiesel (C18 denotes an 18 carbon length chain, and :2 having two double bonds) [125].  








	FAME chain length
	Percentage of FAME in crude

	C10:0
	0.11%

	C11:0
	0.13%

	C13:0
	0.02%

	C14:0
	0.55%

	C14:1
	0.14%

	C15:0
	0.80%

	C15:1
	0.09%

	C16:0
	23.39%

	C16:1
	1.24%

	C17:0
	14.56%

	C17:1
	0.27%

	C18:0
	0.19%

	C18:1 cis
	3.27%

	C18:2 cis
	41.75%

	C18:3n3
	4.26%

	C20:3n6
	0.08%

	C23:0
	0.03%

	C24:0
	0.14%

	 

	Total FAME in crude
	0.803 g/mL

	Crude density
	0.883 g/mL

	Total purity of crude
	91%





[bookmark: _Ref449967689]Table 2 - FAMEs produced by transesterification of lipids from harvested Micractinium inermum. The table shows the various FAME percentages in the crude biodiesel, as well as the purity of FAMEs in the crude.




Thermogravimetric analysis and differential scanning calorimetry of biodiesel
Prior to accelerated aging of the biodiesel, thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were run to determine phase transitions, decomposition temperatures and possible oxidation temperatures. TGA measures mass loss as a function of increasing temperature and DSC measures the difference in heat necessary to increase temperature between a sample and a reference sample. Figure 35 shows the TGA and DSC of a crude biodiesel sample. A vaporisation peak around 100oC is present during TGA which may be attributed to water loss and a possible slight oxidation peak is visible during DSC. Mostafa et al. also use TGA and DSC to measure oxidation stability of biodiesel [167]. They indicate that the weight loss represented by their TGA curve is in three steps, volatilization at 280oC, boiling of unsaturated FAMEs at 420oC and finally vaporization of non-transesterified algal oil at 480oC [167]. The TGA of biodiesel reported in this chapter resembles their TGA curve here but with an earlier onset. Volatilization at approximately 150oC, boiling at 176oC and vaporization at 270oC. Biodiesel reported by Mostafa et al. contained approximately 90% saturated FAMEs, which they indicate may be the reason it has a large thermal and oxidative stability (double bonds in unsaturated FAMEs being more reactive). The biodiesel reported in this chapter contained 51.09% unsaturated FAME, which explains why TGA demonstrated an earlier onset of degradation. This supports their explanation that an increased concentration of unsaturated FAME in biodiesel leads to a decrease in thermal and oxidative stability.
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[bookmark: _Ref463104618][bookmark: _Ref463104614]Figure 35 - (A) Biodiesel DSC. A sample of biodiesel underwent differential scanning calorimetry under nitrogen from 25-300oC (B) Biodiesel TGA. A sample of biodiesel underwent thermogravimetric analysis under nitrogen from 25-800oC. These techniques indicate decomposition temperatures and possible oxidation temperatures.
[bookmark: _Toc468205797]Aging of biodiesel 
Whilst only 6.8 mL of crude biodiesel was produced this proved to be ample crude biodiesel available for experimentation. An Ostwald viscometer was used for accelerated aging experiments, whereby the biodiesel sample was heated to a constant temperature of 95oC in an oven before viscosity measurements at various lower temperatures (controlled by a temperature controlled water bath) at time points over the course of two and a half months, carried out as described in materials and methods Section 2.15.1. Aging was performed in order to accelerate the natural oxidation and degradation processes that occur during biodiesel storage, and hence give an insight into how the composition of the biodiesel affects these processes over time via the measurements of viscosity and GC-FID. The hypothesis was that if the biodiesel consisted of mainly saturated fatty acids, only slight chemical crosslinking will occur and the viscosity won’t greatly increase. In contrast if the biodiesel contains many unsaturated fatty acids the viscosity will dramatically increase due to significant crosslinking between FAMEs. The nature of this fatty acid saturation in algae is heavily reliant on the species in question with different species able to produce an array of different fatty acids. Thus species selection is important for any large scale production of biodiesel. 
As expected, with increasing temperature biodiesel oxidation rates increase and thus viscosity increases due to oligomer formation, as seen in Figure 38. Figure 36 indicates that the composition of the biodiesel i.e. the fatty acid methyl esters (FAMEs) play a big role in oxidation rates. Typically, biodiesel containing more unsaturated FAMEs leads to increased oxidation rates and higher viscosities [163]. Zuleta et al. detail that linoleate and linolenate methyl esters have very low oxidative stability at 100 oC and in fact the biodiesel reported in this chapter contained a large concentration of linoleate methyl esters. This likely contributed significantly to biodiesel oxidation and in turn led to an increase in viscosity.
It is apparent that the ratios of FAMEs in the biodiesel produced from M. inermum changed due to oxidation over the course of the aging experiment. Figure 36 shows the FAME composition before and after aging with respect to the original crude composition. Prior to aging 51.09% and 39.92% of the crude was unsaturated and saturated FAME respectively, whereas afterward only 22.67% and 22.35%. Indicating that as the literature suggests, the unsaturated FAMEs were more oxidised [163]. Zuleta et al. discuss the increased susceptibility of unsaturated FAMEs [163]. They conclude that the hydrogen abstraction by free radicals during the propagation step of lipid oxidation occurs preferentially at hydrogen sites that are between two double bonds due to a lower binding energy [163]. This also is also supported by the increased susceptibility of linoleate and linolenate methyl esters to oxidation over other FAMEs due to them containing 2 and 3 double bonds respectively [163]. Furthermore, they also demonstrate decreased oxidative stability as number of double bonds in a methyl ester increases.
Comparing M. inermum biodiesel to literature reports of algal biodiesel produced from Chlorella vulgaris by Al-lwayzy et al. the FAMEs produced are of similar chain length [168]. Their main FAMEs being 23.74% Palmitic acid (C16:0), 16.48% Palmatoleic acid (C16:1), 21.84% Stearic acid (C18:0), 24.64% Linoleic acid (C18:2) and 13.29% α-Linoleic acid (C18-3). Whereas M. inermum mainly produced 23.39% C16:0, 14.56% Margaric acid (C17:0) and 41.75% C18:2. The biodiesel reported here meets the methyl ester chain percentages criteria from the European Committee for Standardization (EN 14214) for biodiesel, though due to the lack of replicate data is difficult to draw any solid conclusions [169]. However, due to the high content of α-Linoleic acid (C18-3), the biodiesel reported by Al-lwayzy et al. does not meet the EN 14214 criteria for methyl ester chains. Therefore, it is clear that the species used is important when manufacturing biodiesel in order to produce a fuel with the correct quality for engines.
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Fatty acid methyl ester profiles
. (A) Before aging of biodiesel. (B) After aging of biodiesel. (C) Before and after aging of 
biodiesel.
 Aging performed by heating
 biodiesel
 in an oven at 95
o
C for 
69 days.
 Ratios of saturated and unsaturated fatty acids alter after aging, indicating unsaturated FAMEs are more susceptible to oxidation. FAME percentages are given with respect to the original crude.
)



[bookmark: _Ref463016124][bookmark: _Toc468205798]Viscometer setup and calibration
As seen in Figure 37 viscosity is measured using an Ostwald viscometer. The viscometer is held in place with a clamp in a temperature controlled water bath which was set to the appropriate temperature for each viscosity measurement. This was carried out as described in the materials and methods Section 2.15.1. 
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Figure 
37
 - 
Setup of Ostwald viscometer in a temperature controlled water bath. 
Here it can be observed crude biodiesel viscosity is being measured.
)

Accuracy of the viscometer
Variation between measurements of viscosity were negligible; often differences in flow were less than a second and as seen in Figure 38, the error bars are small. This indicated that whilst this method of viscosity measurement was time consuming, it was reliable enough to produce quality data given calibration with ASTM international viscosity standards.
[bookmark: _Toc468205799]Viscosity of algal biodiesel
The viscosity change is apparent in Figure 38, the biodiesel exceeded the acceptable ASTM international kinematic viscosity limit (6.0 mm2/s) at 40oC even before aging; 6.95 mm2/s at 40oC [163]. In this case the fuel would not be suitable for commercial use though it has to be noted that blending with diesel may provide a way to use the biodiesel without increasing the viscosity of a fuel to a detrimental level [167]. Mostafa et al. blended algal biodiesel with diesel to determine its feasibility as an additive and conclude that with a 20% biodiesel in diesel blend, the blend is within the standard specifications as outlined by ASTM international [167]. 
In fact, their algal biodiesel has a high viscosity of 12.7 mm2/s and is considerably over the ASTM limit, which is what led them to use it as a blend with diesel [167]. Therefore, it is conceivable that the biodiesel reported in this chapter may also be suitable as a blend for use with diesel, perhaps even at a high concentration due to it only slightly exceeding the ASTM limit. 
Johnson et al. reported biodiesel produced from S. limacinum (heterotroph) with a viscosity of 3.87 mm2/s. This viscosity complies with ASTM standards, again indicating that species or energy source (heterotrophic or autotrophic) impacts biodiesel quality due to the differences in fatty acids synthesised. They also note that the biodiesel produced met most of the other ASTM specifications, which indicates that large scale production biodiesel from algae could be possible if the species and growth parameters are optimised.
Additionally, as the biodiesel viscosity reported here was measured/aged for the crude product (91% purity of FAME), the viscosity may be lower in the pure product. Crude biodiesel was measured as too little pure product was produced from the algae and initially rheometry studies were performed with the biodiesel, resulting in small amounts available for measurement with the Ostwald viscometer. Time restraints and lab relocation ultimately meant that producing more biodiesel would have been difficult, thus the crude was used instead.
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Figure 
38
 - 
Kinematic viscosity of accelerated aging biodiesel. 
A biodiesel sample was heated to a constant temperature of 95
o
C in an oven over the course of two and a half months. Viscosity measurements were taken at various time points (days 0,3,5,7,14,21,27,33,42,50,59,69) using an Ostwald viscometer in a temperature controlled water bath at various lower temperatures.
 n = 3. Error bars represent the standard deviation.
)





[bookmark: _Toc468205800]Viscosity increase over time 
As previously discussed it was expected that biodiesel viscosity would increase over the time of the aging experiment due to oxidation, which was confirmed by the increase in viscosity shown in Figure 38. Often accelerated aging studies bubble air into a biodiesel sample at a high temperate for a fixed period of time. Dunn et al. aged biodiesel at various temperatures for 6 hours whilst bubbling dry air at a constant flow rate [170]. The results demonstrated that viscosity increases are heavily dependent on temperature, but that under air bubbling at increased temperature viscosities drastically increase to the point of the fuel being unusable.
The accelerated aging experiment presented in this chapter shows a much slower increase in viscosity as air was not bubbled into the biodiesel. This and the aforementioned paper highlight oxidation reactions reliance on temperature and oxygen concentration, an obvious conclusion but important nonetheless. Care must be taken during storage to ensure fuel is kept to low temperatures and free of oxygen. The dramatic increase in viscosity toward the end of the aging experiment indicates that the oligomerisation rate is exponential. As oxidation occurs increasing numbers of FAMEs are attacked and go onto the propagation step of oxidation, increasing the number of chains that undergo oligomerisation. 
These results were expected outcomes from the accelerated aging of algal biodiesel. However, it is important to confirm the effects of unsaturated FAMEs on oxidative stability in algal biodiesel and the effects of high temperature on viscosity. Future research should keep these phenomena in mind when producing biodiesel from algae, as well as when storing commercial fuel.
[bookmark: _Toc468205801]Conclusion
In conclusion, the aim of this work was to take a macroscopic view of biodiesel production; specifically by producing biodiesel from algae in a bioreactor, aging it in an oven and measuring its change in viscosity over this aging process. To this end a flat plate airlift bioreactor was designed and built; firstly, on a 2.5L prototype scale before scaling up to 50L. The bioreactor was effective at culturing M. inermum though improvements could be made to remove mixing dead zones by using a larger diffuser. 
6.8 mL of crude biodiesel was obtained from 79.4 g of algae cultured in the bioreactor with a FAME purity of 91%. This converts to every gram of dry algae containing approximately 68.8 mg of lipids (6.88%).
The biodiesels viscosity exceeded the acceptable ASTM international kinematic viscosity limit (6.0 mm2/s) at 40oC even before aging; 6.95 mm2/s at 40oC [163]. With aging the viscosity increased dramatically overtime to 10.1 mm2/s at 40oC by day 69. The GC-FID indicated that the biodiesel produced from cultured M. inermum contained a large percentage of unsaturated FAME. This coupled with the viscosity increase and the TGA data all support the theory that oxidation and thermal stability decrease as concentration of unsaturated FAME increased, when data here was compared to the literature. 
The overall message of the experiment was that producing biodiesel from algae at scale is definitely possible, however, the species used and growth parameters have a large impact of the quality of biodiesel. On the other hand, even if the biodiesel produced is not up to the standards required for the petrochemical industry, blending biodiesel with diesel provides an option to sell biodiesel commercially.
[bookmark: _Toc468205802]Light wavelength tuning for hydrogen production from Chlamydomonas reinhardtii
[bookmark: _Toc468205803]Summary
Algae have been shown to evolve small amounts of hydrogen gas under anaerobic conditions via their photosynthetic apparatus and the enzyme hydrogenase [171]. Research led to the manipulation of algae to allow for continuous evolution by using sulphur deprived medium [171]. However, laborious medium changing on a regular basis is required in order to culture algae to constantly evolve hydrogen gas and this does not scale well industrially. Recent research explored the concept of filtering light to inhibit photosystem II (the first complex involved in light dependent reactions during photosynthesis), thus stopping oxygen synthesis and allowing hydrogen production to occur without breaking down hydrogenase [107]. This chapter explores this concept further by tuning the wavelengths of light that allow hydrogen synthesis, with the aim of partially restoring photosystem II to allow for healthy cells that evolve hydrogen.
[bookmark: _Toc468205804]Introduction
Algae can evolve hydrogen gas photosynthetically under certain conditions by using the enzyme hydrogenase to catalyse the reaction. One such species is Chlamydomonas reinhardtii and the reversible reaction mechanism for hydrogen production is shown in Figure 39. 
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39
 - 
Hydrogen synthesis by hydrogenase.
 
“D” is an electron carrier which donates its electrons received from photosynthesis.
 
Adapted from Melis et al. 
[40]
)
Under normal conditions algae do not generate hydrogen as the enzyme hydrogenase is irreversibly inhibited by oxygen. Mutant hydrogenases have been developed that have reduced oxygen sensitivity during hydrogen consumption, however during hydrogen generation the mutant enzymes were just as oxygen sensitive as the wild type [172]. The enzyme nitrogenase can also generate hydrogen, though is generally much less efficient, and also is irreversibly inhibited by oxygen.
Sulfur deprivation for hydrogen synthesis
In order to allow hydrogenase synthesis and thus hydrogen generation, researchers developed a strategy to reduce the amount of oxygen in a cell. It was successfully shown continuous hydrogen production can be achieved by manipulation of photosynthetic apparatus. Removing sulphur from the culture inhibits structural repair of key proteins in the photosystem II (PSII) complex. PSII and I (photosystem I) generate a proton gradient during photosynthesis resulting in ATP (adenosine triphosphate) generation through ATP synthase [173]. Light is absorbed by PSII, exciting proteins within PSII and causing electrons to be passed onto PSI, which leads to replenishment of lost electrons through the splitting of water [173]. This passage of electrons through the photosystems ultimately results in a culmination of reducing power that is used to generate ATP (the primary “fuel” molecule of a cell) from ADP (adenosine diphosphate) [173]. 
The proteins in PSII are regularly repaired and recycled within a cell, thus by removing sulphur which is a requirement for their repair, degradation of PSII occurs. This in turn results in the suppression of oxygen generation from photosynthesis.
Therefore, by inhibiting PSII thus promoting anaerobic conditions, hydrogenase expression is promoted. PSII inactivity inhibits photosynthetic oxygen production and instead electrons are passed from PSI to hydrogenase; leading to synthesis of hydrogen. Unfortunately removing sulphur from a culture on a large scale is difficult and its deprivation causes slow growth and repair. Sulphur must eventually be reintroduced to keep a culture viable.
This chapter explores the idea of inhibiting PSII by filtering the wavelengths of light a culture receives. This has been previously shown to work by Hoshino et al. and they demonstrated that hydrogen production was possible by simply filtering the light to deactivate PSII [107]. However, this chapter expands this idea by tuning light to specific wavelength cut-offs. With this in mind it was hypothesised it may be possible to ensure complete shut off PSII or even partially activate it to allow oxygen generation to keep a culture viable, but not inhibit hydrogenase to a significant degree that would halt hydrogen production.







[bookmark: _Toc468205805]Results and discussion
[bookmark: _Toc468205806]Light wavelength selection for manipulation of photosynthetic apparatus
As previously discussed it is possible to inhibit PSII through altering the wavelengths of light a culture receives. Both photosystems accept light at different wavelengths due to their pigment structures and thus providing PSI light only, results in PSII inhibition, permitting hydrogen evolution [107]. Oxygen generation is halted and to keep a culture viable white light must be provided at some point, thus the generation cannot be continuous. 
This phenomenon has the potential to be further manipulated to generate hydrogen on a constant basis. Partial activation of PSII could be achieved to create a low cellular oxygen concentration, permitting low levels of respiration to keep cells viable. Under partial PSII activation, hydrogenase might not be inhibited. With a low cellular oxygen concentration, it was hypothesised that respiration will occur and thus “free” oxygen won’t be available to bind to and irreversibly inhibit hydrogenase. This could keep cells viable as well as allow continuous hydrogen production.
Gas chromatography to measure hydrogen production
Based on Hoshino et al.’s work, experiments were performed to confirm their experiment was successful in producing hydrogen gas from C. reinhardtii [107]. Following their experimental procedure hydrogen gas was successfully produced, confirmed with GC as seen in Figure 40. Here C. reinhardtii (80 mL of approximately 0.7 mg/mL) was irradiated with light filtered through a FGL695 filter for 30 hours.
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H
ydrogen gas produced by 
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Producing hydrogen gas continuously 
Additional experiments were performed with the aim of producing hydrogen gas on a more continuous basis by partial activation of PSII. As discussed by Hoshino et al., they used a bandpass filter which cuts off any PSII activating light and does allow for hydrogen production as Figure 40 shows, albeit not continuously. 
However, if a small amount of light was provided to PSII by allowing a slight overlap into the PSII absorption wavelengths then partial oxygen production may occur. This could allow partial respiration whilst maintaining hydrogenase stability and hydrogen production. Rumpel et al. show the passage of electrons from PII to PII which leads to either NADPH (Nicotinamide adenine dinucleotide phosphate) or hydrogen production (NADPH is involved in the last steps in photosynthesis to produce glucose from carbon dioxide) [174]. With this electron passage in mind, in addition to keeping cells healthy, partially restoring PSII activity would provide more electrons, increasing hydrogen production.
[bookmark: _Toc468205807]Light wavelength tuning
Experimentally, wavelength tuning was achieved by altering the angle of incident light on the optical filter in order to tune the wavelengths the flask receives to a specific cut-off. This was previously explained in the methods chapter. The filter used was an FEL0700 interference filter purchased from Thorlabs. Interference filters are made up of multiple layers with different refractive indexes with specific thicknesses and number of layers. By controlling these parameters, the wavelengths permitted can be tuned for. Due to the nature of the wavelength selection resulting from the effect of interference of light between layers, by changing the angle of incident light on the filter, the wavelengths of light permitted shift downward. This effect can be seen in Figure 41.
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Wavelength tuning of 
FEL0700
 interference filter
. 
As angle o
f incidence of the
 light is increased from zero the wavelength of light the filter permits decreases
. Transmission in arbitrary units measured using an
 
Andor S
hamrock spectrograph
. Red indicates high transmission, green medium, and blue low/none.
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Problems using gas chromatography
Using a GC, it was demonstrated that Hoshino et al.’s novel method to produce hydrogen from C. reinhardtii was effective. However, the GC setup was only capable of measuring hydrogen produced at set time points and could not give real time measurements of change in hydrogen production rate. To this end it was decided another instrument would be required in order to get real time feedback of wavelength tuning. Otherwise too many experiments would be necessary to confirm any effects from wavelength tuning and other variables such as chlorophyll density would have to be carefully accounted for; which would likely be troublesome. Therefore, it was decided that a mass spectrometer was suitable for measuring hydrogen gas produced in real time. Additionally, other gases could be measured at the same time, perhaps giving further insight to what is occurring within the cells during the reaction.
[bookmark: _Ref462938480][bookmark: _Ref462938824][bookmark: _Toc468205808]Mass spectrometry to measure hydrogen production
A discussed in the method chapters, C. reinhardtii in flasks were irradiated with filtered light and hydrogen was continuously measured using a mass spectrometer as seen in Figure 42. Initially a mass spectrometer which had to be reassembled due to a lab move was used. However, after approximately 12 months of repairs and fine tuning a mass spectrometer in physics was used instead as the original was unfit for use. The mass spectrometer in physics was not quite as accurate but was fully functional.
A preliminary experiment determined the ability of the mass spectrometer to detect hydrogen by irradiating an aliquot of C. reinhardtii as previously discussed; in this case wavelength tuning was not used. As Figure 43 shows the mass spectrometer was accurate in detecting hydrogen. Throughout experiments measuring hydrogen production, the change in rate was considered rather than the total partial pressure as this unit is essentially arbitrary in this case. As changes in wavelength elicited immediate changes in rate, this also meant that data sets didn’t have to be directly compared in order to determine if wavelength tuning was successful.
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Mass spectrometer used to measure hydrogen produced by 
C. reinhardtii
 under filtered light irradiation.
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Mass spectrometry of 
C. reinhardtii
 under filtered light irradiation. Preliminary experiment
. 
Partial pressure of hydrogen corresponds to the 
signal for mass = 2. 150W high power fibre optic light source.
)






[bookmark: _Toc468205809]The effect of intensity on hydrogen production rate
Following the successful detection of hydrogen another experiment was performed to determine the viability of measuring hydrogen production rate in real time during wavelength tuning. To determine this, the wavelength was initially kept the same during irradiation as seen in Figure 44 (A0 denoting angle of incident light as 0 degrees). The intensity was then altered to see the effect on hydrogen production rate (I5, denoting 50% of the maximum light intensity of the fibre optic light source). As Figure 44 shows, altering intensity from I5 to I10 resulted in an increase in hydrogen production rate, and conversely decreasing it back to I5 caused a decrease.
Given the immediate effect of intensity on hydrogen production rate, the intensity was increased to maximum and the angle of incidence was changed to 20 degrees which resulted in a rapid decline in the hydrogen production rate. To demonstrate that this angle of incidence was too high it was reduced to 10 degrees and the rate once again increased. Finally, the angle was increased to 15, indicating that at 15 and 20 degrees the wavelengths of light permitted activate PSII and prevent photo hydrogen production. Thus based on the wavelength tuning of Figure 41 it was determined during irradiation below approximately 680nm (A15), photohydrogen production is prevented. 
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 - 
Mass spectrometry of 
C. reinhardtii
 under filtered light irradiation
.
 Intensity experiment.
 
Partial pressure of hydrogen corresponds to the 
signal for mass = 2. A denotes the angle (A10 = 10 degree angle of incidence). I denotes the intensity (I5 = 50% maximum light intensity of the 150W high power fibre optic light source).
)

[bookmark: _Ref462938512][bookmark: _Toc468205810]The effect of wavelength of light on hydrogen production rate
The effect of changing angle became apparent in the previous experiment as shown in Figure 44. Thus an experiment was performed were the angle of incident light was changed to determine the optimal wavelength for hydrogen production rate as shown in Figure 45.
Initially, 0 degrees with maximum intensity was used to begin photohydrogen production. The intensity was then lowered which showed a minor rate decreased. However, the angle was then moved to 10 and sequentially increased by 2 degrees approximately every hour until 16 degrees. The result was a decrease in production rate, until angle 16 where the rate began to increase and then switched between increasing and decreasing in a cycle over approximately 18 hours.
This result was unexpected and indicated that around angle 16, photohydrogen production is possible but PSII may be partially activating causing a cycling of oxygen concentration due to oxygen production and consumption within the cell; thereby periodically reducing the activity of hydrogenase available for hydrogen generation. Oxygen partial pressure measured did not change at this time which is possibly due to the produced oxygen being contained within cells and being used for respiration before it can be released. Interestingly, carbon dioxide rate increased from the start of the experiment until approximately hour 25. 
Given the fact most electrons are likely leading to hydrogen production rather than NADPH, a build-up of carbon dioxide could be explained by a lack of NADPH available for the Calvin cycle [174]. Hence oxygen from water splitting is being respired and the carbon dioxide produced is not being used in the Calvin cycle as much as usual [174]. These results whilst promising were difficult to derive any firm conclusions from. It should also be pointed out that at this stage of experimentation the optical setup was aligned manually without an optical table thus, there is a possibility the actual angle of incident light was slightly offset (the filter was in a rotational stage but the optical light source was not clamped in place as in Figure 47). This may explain the discrepancy that angle 15 caused a decrease in rate in Figure 44 but angle 16 caused an increase in Figure 45.
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Mass spectrometry of 
C. reinhardtii
 under filtered light irradiation
.
 Wavelength tuning.
 
Partial pressure of hydrogen corresponds to the 
signal for mass = 2. A denotes the angle (A10 = 10 degree angle of incident light). I denotes the intensity (I5 = 50% maximum light intensity of the 150W high power fibre optic light source). After A16 
the rate began to increase and then switched between increasing and decreasing in a cycle over approximately 18 hours.
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Mass spectrometry of 
C. reinhardtii
 under filtered light irradiation
.
 Wavelength tuning continued.
 
Partial pressure of hydrogen corresponds to the 
signal for mass = 2. A denotes the angle (A10 = 10 degree angle of incident light). I denotes the intensity (I5 = 50% maximum light intensity of the 150W high power fibre optic light source).
)

As the previous experiment was difficult to interpret, another similar experiment was performed but this time with longer intervals between changing angles to give a clearer insight into the effect on wavelength tuning as seen in Figure 46. Initial hydrogen production was omitted as the needle valve became loose and had to be reset (otherwise overestimation of pressure could have occurred). However, as in the previous experiment the angles were moved from 10 to 16 and a similar trend is present. Following an increase in hydrogen production rate at angle 14, the angle was increased to 16 which caused a decrease in rate. Moving back to angle 14 reversed this decrease.
At this point it was assumed that the region of angles 14-16 is approximately the cut off for photohydrogen production (and possibly partial PSII activation) thus the filter was rotated accordingly to 15 degrees. This resulted in an increase in rate over several hours. This filter was then moved to angle 16 to see a decrease in rate again, however an increase occurred instead. Moving to angle 18 then caused the expected decrease. 
This led to the conclusion that the angle of incidence required was around 15, however the source of error and discrepancy in measurements was likely due to improper optical alignment of filter and light source. Therefore, an optical system was designed to reduce human error as seen in Figure 47.
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47
 - 
Aligned optical table for wavelength tuning of light. 
Light from the 150W high power light source fibre optic cable is collimated using a lens before passing through the 
FEL0700
 filter (which can be rotated to given set angles to vary the wavelengths of light that are allowed through). The light then goes through an iris to reduce stray light and into the culture flask covered in aluminium foil.
)
[bookmark: _Toc468205811]Tuning light wavelengths for partial activation of PSII
The data suggests that as the angle is increased from 0 to 16, the rate of hydrogen production decreases slightly, however there is region around 14-16 that causes an increase in hydrogen production rate. The angle of incident light in this region is likely causing the filter to permit light which partially activates PSII and allows for an increase in rate of hydrogen production due to the advantage of a more efficient flow of electrons [107].
A possible explanation for this initial decrease is that partial activation of PSII has already began to occur at 10 degrees thus small amounts of oxygen are produced which reduces the activity of hydrogenase available for hydrogen production. However, as oxygen generation increases up to angle 16 so does the amount of electrons available for hydrogen production and thus the rate increases due to increased absorption of light by PSII. Thus more hydrogen is produced at wavelengths angle 16 corresponds to because more electrons are available. This also helps to explain the cyclic nature of hydrogen production rate seen in Figure 46. It is possible as chloroplast oxygen generation rate increases, hydrogenase is inhibited and hydrogen production rate decreases. Cellular mitochondrial oxygen consumption rate then begins to exceed this rate, which causes anaerobic conditions and promotes hydrogenase expression which once again increases hydrogen production rate. This cycle occurs three times over 18 hours and indicates that the cells could be manipulated to produce hydrogen on a continuous basis given further refinement of wavelength in this cyclic manner.
It was also theorised that the reduction in hydrogen production rate at angles below 16 could be due to a decrease in light intensity from surface reflections of the glass filter, or due to fluctuations in the light sources spectra. However, this was dismissed as the sources spectra had little fluctuations and the effect of reflections was thought to be minimal.
The 14-16 angle region corresponds to a wavelength cut-off of approximately 678-683nm as shown by Figure 41. This approximately lies around the spectral peak of PSI, and thus allows photohydrogen production [107]. PSII’s spectral peak lies at approximately 670nm but the wavelengths around 680nm have small absorption by PSII which results in partial activation [107].
[bookmark: _Toc468205812]Hydrogen production with an improved optical setup
Following the assembly of an improved optics setup an experiment was performed to confirm the wavelength cut-offs that prevents photohydrogen production and potentially allow for partial PSII activation as seen in Figure 48. Initially the rate of hydrogen production increased as usual, confirming the new setup worked. Unfortunately, the fibre optic light source malfunctioned at this point and subsequently the mass spectrometer required repairs and tuning. In fact, the mass spectrometer often had to have its fittings and filaments replaced. Thus it was decided to abandon this experiment, which was frustrating considering this data set may have provided crucial information regarding manipulating C. reinhardtii to improve photohydrogen production. However, due to equipment malfunction and time restraints this was the only option.
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Mass spectrometry of 
C. reinhardtii
 under filtered light irradiation
.
 New optical setup.
 
Partial pressure of hydrogen corresponds to the 
signal for mass = 2. A denotes the angle (A10 = 10 degree angle of incident light). I denotes the intensity (I5 = 50% maximum light intensity of the 150W high power fibre optic light source).
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Problems with the mass spectrometer
Unfortunately, many experiments carried out with this mass spectrometer failed due to a loss of vacuum pressure, filament burn out, bulb burn out or failure to detect hydrogen. In fact, over the course of a year the mass spectrometer was for the most part not functional. In future, a more robust system would be required to provide a reliable setup to perform the necessary experiments.
Improvements to the setup
This experiment was successful in measuring changes in production hydrogen rate during tuning the wavelengths of light in real time. However, improvements could be made to the setup in order to improve the accuracy and ease of experimentation. A better vacuum and needle valve would allow for finer tuning of the flow rate of gas into the mass spectrometer, which would in turn allow for more accurate measurements. Occasionally the needle valve became stuck or became difficult to control the flow rate. In addition to this problem, improving the seals on the vacuum system or simply reducing the number of seals (to reduce chances of losing vacuum pressure) may assist in allowing finer control of the flow rate. Metal fittings for gas sampling on the culture flask may improve accuracy to ensure the sampled gas cannot escape and reduce the chance of oxygen getting into the flask. 
Measuring hydrogen production using Raman spectroscopy
A novel technique using Raman spectroscopy to measure hydrogen was also investigated in collaboration with a group in the Department of Chemistry and would have allowed for calculating the amount of hydrogen produced in real time. This involved a very long path length with highly reflective mirrors to improve sensitivity (as the Raman hydrogen signal is not strong). Unfortunately, the hydrogen concentration was too low to measure using this method. A sample of gas was taken following this experiment and sampled on the mass spectrometer, which detected hydrogen, indicating the sensitivity was too low for this system.
[bookmark: _Toc468205813]Conclusion
This chapter was aimed at adapting the concept of filtering light to inhibit photosystem II, which in turn allows the synthesis of hydrogen through hydrogenase. By inhibiting photosystem II, oxygen synthesis is stopped which causes hydrogen production to occur without breaking down hydrogenase.
By adapting this existing system through fine tuning the wavelengths of light that allow hydrogen synthesis, it was hypothesised that partial restoration of photosystem II would allow partial oxygen synthesis. Thereby resulting in healthy cells that could produce hydrogen as the intracellular oxygen concentration would be too low to completely inhibit hydrogenase.
The experiments presented in this chapter indicate that wavelength tuning may be a useful tool for selectively enhancing hydrogen production rate in C. reinhardtii. The data also suggests that the 678-683 nm cut-off wavelength region may cause partial activation of PSII, which may increase hydrogen production rate and allow for continuous photohydrogen production. Ultimately additional experiments are required to draw any specific conclusions regarding the effects of tuning wavelength on C. reinhardtii cells, but these experiments provide a basis for future experimental design as well as some interesting insights into the mechanisms of photohydrogen production in C. reinhardtii.
[bookmark: _Toc468205814]Research conclusions
This main objective of this research was to develop technologies to improve the downstream processing of algae, with specific reference to the harvesting and disruption steps. Two novel technologies emerged that provide new methods to process microalgae for the production of both biofuel and high quality commercial products. Namely, using ultraviolet light for the disruption of microalgae and a recyclable magnetic flocculant for the harvesting of microalgae. Additional research needs to be undertaken in order to refine these technologies to achieve their full potential and maximum efficacies. However, the work presented in this thesis provides an excellent starting point to begin using these technologies to reduce the bottlenecks in the algae industry. 
The first experimental chapter of this thesis hypothesised that algae could be disrupted using ultraviolet light and that this cell disruption may enhance lipid extraction beyond that of conventional techniques for the production of biodiesel. The data generated supported this hypothesis as 225s of ultraviolet irradiation (equivalent to 335.7 J/cm2 UVB) resulted in 90% cell lysis of a 3 mL aliquot of C. reinhardtii. This translates to 5.6MJ/L algae (approximately 0.7 mg/mL, UVB intensity at 1.5 W/cm2). Additionally, GC-FID data demonstrated that UV irradiation achieved a FAME of yield 79.9 mg/L culture and bead beating 45.3 mg/L culture. Indicating that UV irradiation has the potential to enhance lipid extraction over conventional methods.
Furthermore, this research was expanded upon in Chapter 4 by the design and manufacture of a solar tracker which was used to concentrate solar radiation to harness the UV spectrum of sunlight for algal cell lysis. Data demonstrated that the UV spectrum of solar radiation was capable of lysing algal cells for lipid extraction and showed potential for an enhanced lipid yield. Additionally, it was concluded that IR radiation was responsible for any damage to lipids that appeared during longer concentrated solar irradiation periods than the maximum FAME yield extraction period (30-45s). M. inermum was also irradiated with ultraviolet light to determine the effectiveness of lysing thicker covalently bonded cell walled algae. A longer irradiation period was required but 30 min of UV radiation achieved a FAME yield of 226 mg/L extracted algae; which was slightly higher than the 208 mg/L extracted algae for bead beating.
Following the success of disrupting algal cells with a novel technique it was also important to develop a method for harvesting algal cells in order to provide another necessary solution to reduce the downstream processing bottleneck in algal biotechnology. Chapter 5 looked at developing a solution to this harvesting problem through polymers. Initially experiments involved polymer technologies that focussed on the extraction of lipids following disruption, however the research moved more toward an algal cell flocculant which would appeal to a wider range of applications. The data indicated that a flocculant composed of polymer coated magnetic iron oxide nanoparticles was successfully synthesised and was able to flocculate algae reversibly through pH change. Unfortunately, it was not possible to calculate flocculation efficiency with the data collected, however this technology shows great promise for industrial uses.
Alongside these chapters aimed at downstream processing, experiments into the quality of biodiesel that can be produced from algae resulted in the conclusion that species used and growth parameters have a large impact on the quality of biodiesel produced. A 50 L bioreactor was designed and built in order to facilitate the growth of algae to be harvested and converted into biodiesel. This resulted in a yield of 6.8 mL of crude biodiesel (91% purity) from 79.4 g of algae cultured (6.88% lipid w/w in biomass). This biodiesel was aged in an oven for two and a half months and its viscosity was measured over this time. The viscosity dramatically increased from 6.95 mm2/s at 40oC to 10.1 mm2/s by day 69. This coupled with the GC-FID data which showed the unsaturated FAMEs were more oxidised and the TGA data support the theory that oxidation and thermal stability decrease as concentration of unsaturated FAME increases. This chapter highlighted the importance of species selection and growth parameters. These factors greatly affect the quality of biodiesel produced and must be taken into consideration when producing biodiesel and care should be taken to not simply find a suitably high lipid, fast growing species.
The final chapter was aimed at developing a method of fuel production that kept the culture healthy and was as non-intrusive as possible. Thus, a method of producing hydrogen using only filtered light and an anaerobic culture was adapted. Photohydrogen production from algae was possible using a wavelength tuning method adapted from Hoshino et al.’s work [107]. Data indicated that increased hydrogen production on a continuous basis may be possible via wavelength tuning but no firm conclusions could be derived due to experimental problems prohibiting additional testing. The hypothesis being that partial restoration of photosystem II may permit both partial oxygen synthesis and hydrogen synthesis as the intracellular oxygen concentration would be low enough to not inhibit hydrogenase from catalysing hydrogen production. The experiments suggested that around 678-683 nm partial activation of PSII may occur and result in increased hydrogen production, though additional experiments are necessary to make more solid conclusions.
Overall, the research presented in this thesis gives fresh insights into processing microalgae into biofuel and high quality commercial products as well as documents the development of two new technologies. The overall aim of this research was to investigate ideas that do not currently exist within the scientific community but could be developed into technologies for integration into industry or academia to bolster the potential of algal biotechnology. In particular, the development of ultraviolet light as a cell disruption method and the magnetic flocculant are the most promising.
Currently, two chapters of this thesis are under review for publication, specifically 3 and 6, the work on ultraviolet disruption and investigation into biodiesel properties respectively. Additionally, Unilever are interested in continuing the research of chapter 5, the recyclable magnetic flocculant, with the possibility of patenting or licensing the technology.







[bookmark: _Toc468205815]Future work
Whilst the novel technologies presented in this thesis are promising, future research needs to provide further insight into their efficacies. Ultraviolet light for the disruption microalgae needs to be tested with a larger selection of species with varying cell wall thicknesses as well as scaling up the process, initially to litres then kilolitres per day. Optimisation of light path length, intensity, duration and reflective surfaces also need to be investigated to reduce energy consumption whilst providing effective disruption. Solar energy as the source for UV light must be further investigated to provide information regarding its feasibility at scale as well as filtering wavelengths other than UV and potentially utilising the excess heat generated for culture growth. Additionally, the UV stability of extracted chemicals needs to be addressed and if any problems arise, experiments should determine how to mitigate them. 
It would also be useful to design an optimised solar tracker which can lyse a culture from an open pond during daylight hours automatically. Such a system should flow a culture through the irradiation focal point during appropriate solar light intensities during the day, calculating the effective flow rate based on ultraviolet light intensity in order to maximise culture lysis. To achieve this an ultraviolet spectrophotometer should be connected to the Arduino which performs the necessary calculations. The Arduino should also be connected to the internet to record solar data using a WiFi shield. A spectrophotometer would also be needed to measure the OD of the algal culture to assist in flow rate calculations. It may also be useful to measure lysis using a camera and cell counting software following solar irradiation. The solar tracker should also utilise solar panels to provide electricity for its operation.
Furthermore, the novel recyclable magnetic flocculant nanoparticles require synthesis optimisation; specifically focussing on product yield and increasing surface coverage of polymer. The surface could also be adapted to different polymers with surface charge selectivity. Experiments also should be undertaken to determine the binding efficiency of the particles, recyclability limitations and scalability to industry.
Furthermore, should future research conclude that the flocculant is efficient enough for use in algal biotechnology, it would be interesting to integrate that into an optimised solar tracker. Following irradiation, it may be possible to flocculate lysed algal cells and debris to aid in lipid extraction. 
The feasibility of biodiesel as a replacement for petroleum based fuel must also be analysed, specifically looking at stability and the variance of biodiesel properties between the species it is derived from. 
With regard to algal photohydrogen production, further experiments should focus on providing a reliable method to quantify hydrogen produced from microalgae.  Wavelength tuning using an improved optical setup should then be optimised to investigate the possibly of partially activating photosystem II during photosystem I activation to allow for continuous photohydrogen production. An efficiency rating of amount of hydrogen produced per incident photon should also be calculated by accurately measuring both light intensity and hydrogen produced in real time.
Future work should continue the ideas developed in this work via the above mentioned experiments with the overall aim of advancing the scientific knowledge on how to convert algae into biofuel, be it through hydrogen production or biodiesel. This work provides a basis for future research to take the field of algal biofuel into a potentially industrially viable field. Research into fields such as algal biofuel is important to ensure it is an economically and energetically viable replacement for fossil fuels in the future, particularly in the automotive and aviation industries.
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Estimation of monomer to add
For a given mass, radius and polymer coating thickness of nanoparticles
Mass of iron oxide particles = 0.25g, Density (ρ) of Iron oxide = 5g/cm3
Approximate particle diameter from DLS = 250nm, Radius = 125nm, Desired thickness of polymer coating t = 100nm
Volume of a particle (VP), mass of a particle (MP), number of particles (NP), approximate volume of polymer coating layer (VL), total volume of monomers required (VM).

VP =  × π × r3	
MP = VP × ρ
NP =  
VL = 4π × r2 × t
VM = NP × VL = 0.12cm3

Thus total volume of monomers required is approximately 0.12ml, which was added in an 80:20 DMAPAA:Acrylic acid molar ratio.
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A schematic of ultraviolet irradiation of a 3 mL algal sample in a cuvette in a water bath is shown below. The arrow shows direction of ultraviolet light coming from the curer.
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