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ABSTRACT

Production of biodiesel from microalgae has received worldwide recognition as an alternative
to petroleum diesel. The process involves culturing, harvesting, drying, extraction,
transesterification and characterisation of the microalgae biomass to biodiesel. The research
aimed to investigate the potential of Dunaliella salina microalgae in Botash Company’s solar
ponds for biodiesel production. Optimum salinity and nutrients concentrations that produced
maximum biomass and lipids were investigated. Furthermore, the lipids and the biodiesel
produced were identified, quantified and characterised.

D. salina microalgae were isolated from the solar ponds and cultured in /2 media under
optimum conditions. One Factor at A Time (OFAT) design was used to determine the optimum
salinity for the growth and lipid accumulation of the microalgae. A salinity concentration of 2.5
M produced the highest biomass concentration of 2480 mg L, biomass productivity of 58.40
mgL"td, lipid content of 22.65 % and lipid productivity of 14.43 mgL*d™. In regard to nutrient
optimisation, Plackett-Burman and Box-Behnken designs of response surface methodology
(RSM) were used to optimise the culture media by selecting significant nutrients and their
concentrations for culturing D. salina and promotion of lipids accumulation. In the first stage,
Plackett-Burman method identified NaHCOs, NaH2P04.2H>0 and NaNOgs as factors that
significantly influenced the biomass concentration, lipid content and lipid production.
MgS0O4.7H20 and micronutrients solution had a significance effect on the lipid content. The
relationship on biomass concentration, lipid content and lipid production were predicted using
a model that had an R? value of 99.3% with a P-value of 0.000. In the second stage using Box-
Behnken design, the nutrients selected in the first stage were further optimised and a predicted
model was generated with an R? value of 95.8%. The optimum medium that constituted 1302.4
mgL* NaHCOs, 22.5 mgL™* NaH,P04.2H,0, 181.1 mgL™* NaNOs, 44.7 mgL™ CaCl,, 2355.0
mgL* MgS04.7H,0, 5.6 mIL* of micronutrients solution produced maximum lipid production
of 181.1 mgL™, which is 12.3% more than the 127.0 mgL ™ produced using the un-optimised

medium.



After approximately 36 days of culturing the cells were harvested and used to extract lipids by
solvent extraction method, Thin Layer Chromatography (TLC) screened and approximated
lipids to linoleic acid, oleic acid, and some triglycerides. Biodiesel was produced from the
extracted lipids using alkali transesterification process. Fourier Transform Infrared (FTIR)
identified chemical bonds in biodiesel with a strong peak at 1743 - 1742 cm™ wavelength as
triglycerides ester carbonyl functional group. Furthermore, the D. salina biodiesel’s chemical
composition was quantified using Gas Chromatography (GC) and Mass Spectrometry (MS)
spectrum that verified the presence of monounsaturated methyl esters.

The physiochemical characterisation of D. salina biodiesel was in the recommended
specification of the EN 14214, ASTM D6751 and SANS 1935:2004 standards indicating a good
quality of the fuel. The D. salina biodiesel when compared to sunflower biodiesel and
petroleum diesel had the highest ignition temperature, burnout temperature, ignition index and
also the least comprehensive performance reflecting good thermal properties of the fuel. The
thermal kinetics of D. salina biodiesel show a high pre-exponential factor (A) and Gibbs energy
(AG) but low activation energy (E) and entropy (AS). The enthalpy (AH) and higher heating
value (HHV) were comparable to the ones for sunflower biodiesel and petroleum diesel. Based
on the results of physio-chemical and thermal characterisation, the D. salina biodiesel could be
used in boilers such as the ones in Botash Company for ignition and steam production purposes.
In conclusion, the study was able to enhance lipids production during culturing stage, produce
biodiesel through an effective selection of the best catalyst during the transesterification stage,
identified and characterise the biodiesel.
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CHAPTER 1: INTRODUCTION

1.1 Background

The combustion of fossil fuels has increased the greenhouse gas emissions resulting in heat to
be trapped in the atmosphere thereby causing an increase in global warming [1]. Global
warming increase results in changes to the weather conditions, raise in sea levels, droughts and
extinction to biodiverse species [1]. Therefore, a clean energy resource that can meet the global
energy demand without harming the environment becomes relevant and of most importance.
Future reduction of carbon footprint in the energy sector depends on sequential integration of
multiple renewable energy technologies like the solar, biofuels and wind. Biofuels are deemed
the answer to the energy crisis the world will face soon. Biofuels are categorised by the type of

feed used which are categorised as either the first, second or third generation biofuels [2—4].

The biofuels from the first generation are produced from starch crops (maize, sunflower etc)
and animal fats [3-5]. The controversy in using crops in biofuel production is that the same
crops support the agricultural industry (human and animal consumption) and the production
process requires arable land as well and potential water for human consumption [6,7]. This
results in farmers and investors shifting from food crops to cash crops, leading to an increase
in food prices and thereby threatening global food security [8]. Second generation biofuels are
produced from lignocellulosic material (wood, forestry waste), organic wastes and specific
biomass crops [9]. The feed substrate undergoes a pre-treatment process, for example, the
thermochemical process in which a biochemical reaction will occur to expose the sugars
embedded in the fibre to the surface [3]. This process requires a secondary external energy
source and in most cases, the potential energy in the biofuel becomes less than the production
energy, hence resulting in the process being economically unsustainable to upscale [9]. The
third generation biofuels are produced from algae, both native [10] and engineered microalgae
[11]. Compared to the first and second generation biodiesel, diesel derived from microalgae has
high energy density [12].



Microalgae have the advantages in that they grow rapidly, have the ability to grow on waste
nutrients. For microalgae to be a sustainable source for biodiesel, it is important to use less
costly methods to grow them. These include less water usage, inexpensive nutrient supply, and
less susceptible to contamination. As such, microalgae with tolerance to unique environments,
where other contaminating microorganisms will not thrive are highly sorted after. Biodiesel is
a renewable fuel produced from a diverse feedstock as animal fats, oils and microalgae lipids
etc [9,13]. Microalgae stand as the preferred sustainable raw material to produce biodiesel
because of its ability to thrive in non-portable water and non-arable land [11]. Biodiesel reflects
as a promising fuel to substitute diesel in the power plants industries as it offers better benefits
in application than petroleum diesel. Biodiesel has a high cetane number with no aromatic
compounds as compared to petroleum diesel hence offering a long ignition delay [2,14,15]. In
addition, biodiesel has a lower greenhouse gas emission as compared to gasoline and petroleum
diesel with 4.5 folds and 3 folds respectively [2,16,17]. Most importantly biodiesel has the
ability to reduce the greenhouse gas emissions through utilising the carbon dioxide it produces

during combustion to be used by the microalgae during culturing of the feed [2,17].

UNdata [18] reported a 25 % annual increase in biodiesel growth, with microalgae contributing
5 %. UNdata [18] reported a total biodiesel production of 2603 metric thousand tonnes annually
by the United States of America. Transport, production and power industries had higher
consumption at 87 %, 21 % and 0.84 % respectively that is 1 % being equivalent to 31 250
tonnes. The power plant industry was identified to have increased the biodiesel consumption
from year 2012 to 2015 at 0.32 %, 0.46 %, 0.66 % and 0.85 % respectively [18]. In Africa,
biodiesel development is still at an early stage with most countries developing their renewable
energy policies [19]. Botswana national development plan 11[20], reported an annual
production of 15000 L of biodiesel from waste vegetable oil and to increase its capacity through

an initiative plan of developing jatropha species as a feedstock.

Dunaliella salina (D. salina) microalgae have a motile green colour, unicellular with a diameter
ranging between 1 to 50 um and thrive in high saline environments either as an individual,
chains or group forms [21]. It falls under Chlorophycophyta division of the VVolvocalesfamily.
D. salina can accumulate oils and glycerol at 22 % and 70 % respectively making it a potential

biodiesel feed [22,23]. Also, the D. salina thrives in saline water [22] making it less susceptible
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to contamination and competition of resources (nutrients and land) with other microalgae
species and food crops. In Botswana, D. salina is found in the brine ponds of Botash (Pty) Ltd
and Okavango river. However D. salina in Okavango river has low population compared to
Botash (Pty) Ltd.

Botash (Pty) Ltd is a soda ash and salt producing company that is situated in Sowa town, the
northeastern part of Botswana. The plant has eleven active solar ponds that convert brine water
to soda ash and salt through the densification process (evaporation process). During the
evaporation process of producing soda ash and salt, the cells of D. salina increase in population
and stain the soda ash and salt. Botash report of 2017 reported poor quality of soda ash and salt
due to high D. salina density accumulation (4 x 10° cellsmI™) above the plant specification
recommended level of 2 x 10° cellsmlI™. Currently, the nuisance D. salina is controlled through
chemical treatment using hydrochloric acid and brine shrimps but the high densities of the D.

salina make these treatments expensive and less effective.

The purification of soda ash requires 84% pure carbon dioxide, steam and electrical energy to
drive the auxiliaries. These inputs are supplied by the Babcock and Wilcox boiler which has a
steam capacity of 76 000 kgh', flue gases for carbon dioxide at 3 500 m®h*and 15 Mw of
electrical energy. To start up the boiler, it requires petroleum diesel which should be consumed
within the specification quantity. Botash report of 2017 noted an annual diesel consumption
224 179 L which was above the expected 145 920 L that resulted in increased production cost
by 570 000 pula.

1.2 Statement of the problem

The use of fossil fuels is unsustainable since it highly contributes to carbon footprint globally.
Combustion of petroleum diesel results in increased greenhouse gases emissions to the
atmosphere leading to global warming. Therefore, renewable and environmentally friendly
alternatives such as biofuels are imminent. Biodiesel stands as a future alternative and green
renewable biofuel for sustainable energy production. Currently, microalgae is a potential
sustainable feedstock to produce biodiesel and in Botswana Dunaliella salina (D. salina) type
is found in abundance at Botash (Pty) Ltd. High density accumulation (4 x 106 cellsmI™Y) of D.

salina above the plant specification recommended level of 2 x 10° cellsml™.has reduced
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products quality by developing soft hopper crystals on soda ash and colouring the salt. In
addition, high petroleum diesel consumption of 224 179 L above the expected 145 920 L has

resulted in increased production cost by 570 000 pula annually.

Therefore, the main driver for this study is not only to mitigate energy and global climate
disruption but also to collect or remove the microalgae from the soda ash and salt ponds as a
means of product purification. To help the plant manage the microalgae, the study will explore
this challenge into an opportunity by harvesting and concentrating the biomass to produce
biodiesel

1.3 Main aim of the study

This research aims to investigate the potential of utilising D. salina microalgae from the solar
ponds as a lipid source for biodiesel production through addressing the following specific

objectives.
1.3.1 Objectives

1. To culture D. salina and determine its optimum salinity for the maximum biomass and
lipid production.

2. To optimise the medium nutrients using the response surface methodology for
maximum biomass and lipid production.

3. To extract, characterise and perform transesterification of lipids extracts from D. salina
to biodiesel.

4. To perform physio-chemical, thermal characterisation and kinetics studies of produced

biodiesel.
1.4 Hypothesis/ research questions

1. Does salinity affect D. salina biomass yields and lipid production?
2. Which medium nutrients are significant to the lipid production and what are the
optimum concentrations required to produce a maximum lipid production?

3. Are the lipids extracted from D. salina suitable for convention into biodiesel?



1.5 significance of the study

The study will highlight the potential of biodiesel production from D. salina microalgae on
Botswana’s extreme environments. The production of biodiesel from D. salina microalgae will
contribute positively to energy security and a reduction in greenhouse emissions. On the plant
operational side, harvesting D. salina from solar ponds will benefit the company by reducing
costs on using chemicals to treat the microalgal cells, thus improving the quality of and soda

ash and salt.
1.6 Conclusion

This chapter provides background information on D. salina microalgae as a potential raw
material for produce biodiesel. The problem statement, main aim, objectives, hypothesis
questions and justification are explained in this chapter. Chapter 2 (literature review) describes
explains previous work carried out on D. salina on culturing, harvesting, lipids extraction,

biodiesel production and characterisation.



CHAPTER 2: LITERATURE REVIEW

Research on microalgae culturing, harvesting, drying, lipids extraction, biodiesel production
and characterisation are explained in detail in this chapter. The chapter focus on the current

technology’s to produce biodiesel from microalgae and the research gaps.
2.1 Microalgae for biofuel production

Microalgae’s ability to produce high lipids in a short time makes it a potential feedstock that
can commercially produce biodiesel to replace petroleum diesel [24-27]. Many microalgae
species such as Tetraselmis, Isochrysis, Porphyridium, Nitzschia, Chlorella, Phaeodactylum,
Cylindrotheca, Schizochytrium, Nannochloris and Dunaliella can accumulate lipids naturally
and when induced they can accumulate up to 75 % of lipids [28]. However, most of the species
cannot thrive in a stressful environment with limited nutrient supply [11]. D. salina has the
ability to accumulate lipids in stressful environments under limited nutrient supply and high

salt concentration and when induced it doubles its lipids levels [28,29].
2.1.1 Dunaliella species as a biofuel source

The microalgae used in this study is Dunaliella salina (D. salina), which falls under phylum
Chlorophyta of Polyblepharidaceae family [22,30,31]. The D. salina is halotolerant, unicellular
in shape, and ranges between 4 and 25 um in size [32]. Under high salinity concentration, D.
salina has the ability to maximise its biomass growth, while at the same time yielding
competitive lipids, with the highest lipid productivity comparable to other Dunaliella genus
such as Dunaliella tertiolecta, Dunaliella sp. ABRIINW, Dunaliella peircei, Dunaliella parva,
Dunaliella Viridis, and Dunaliella bardawil [33,34].

2.1.2 Microalgae growth and lipid production

Critical understanding of the growth behaviour of microalgae contributes to a significant
optimisation of the culturing conditions during the production process [35]. Microalgae goes
through five different phases during the growth under batch culturing being; lag or induction,

exponential, declining growth, stationary and death phases. Figure 2.1 depicts the microalgae



growth behaviour with respect to time and Table 2.1 explains the growth behaviour of the

microalgae per each stage [35,36].

Log(cel concentration)

Time

Figure 2.1: Microalgae growth phases in a batch culture system [36]



Table 2.1: Microalgae growth behaviour per each phase of the growth

1 Lag or induction  The cells undergo physiological adoption of its metabolism  [35-37]
to the new culture conditions.

Cell growth increases slightly but not significantly.

2 Exponential The biomass growth rate increases exponentially and at a [35,38,39]
significant rate with time.

The microalgae start to adapt to ecological conditions.

Thinning of the culture ensures maximum availability of
sunlight and nutrients to the microalgae cells

3 Declining growth  The maximum peak on growth is reached and there is a [35,36]
phase drastic reduction in cell division due to nutrients depletion,
carbon dioxide intake reduction and increase on surface
thickness restricting light provision.

4 Stationary phase | The growth rate is at zero due to the limiting factors on [35,37,40]
growth (light, nutrients, carbon dioxide and temperature).

Lipid content starts to change its fatty acids composition
structures.

5 Death phase Microalgae cells start to deteriorate and bacteria starts to [35]
form.

Cell metabolism cannot be maintained and the cell density
starts to decrease rapidly.

The stationary phase is important when targeting lipids because it marks the stage of nutrient
deprivation [37]. Lipids are secondary metabolites produced in a cell during the photosynthesis
process as the energy is generated [41,42]. Figure 2.2 shows a simplified pathway involved in
lipid synthesis in the microalgae cell. Photons of light energy are captured in the antenna
complex, transferred and split into electrons, hydrogen ions and oxygen in the chloroplast centre
that contains chlorophyll molecules [41,43,44]. Adenosine triphosphate (ATP) and NADPH



energy sources made from photons of light are used during photosynthesis reaction to transform
inorganic carbon (CO>) to carbon organic compounds mainly the acetyl-CoA which are further
converted to malonyl-CoA [45]. The transacylase (MCAT) transfers the malonyl-CoA to
malonyl-ACP. The malonyl-ACP catalysed by ketoacyl-ACP synthases enzymes is converted
to fatty acids [45]. The glyceraldehyde-3-phosphate (G3P) with enzymes acts as catalysts to
transport cytosol that is used to synthesise fatty acids to triglycerides [41,44,46-48]. The
produced fatty acids and triglycerides are the lipids and when harvested from cells they can

produce value-added bio biased products such as essential oils in case of this thesis biodiesel.
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Figure 2.2: Simplified pathway for lipid synthesis in microalgae cell [45]

Lipids are fatty acids that are organic in nature. They compose of carbon chains that range from
12 to 24 carbons (C12to Ca4) [49]. The lipids are classified as neutral or polar with respect to
the solubility in organic solvents. The neutral lipids are soluble in organic solvents hence
making them best for biodiesel production as compared to polar lipids [50]. Neutral lipids are
further classified as saturated, monounsaturated or polyunsaturated due to their ability to be
synthesised. Microalgae lipids are classified for usage based on their carbon number. Saturated

(C14 to Cy) fatty acids are normally used for biodiesel production, and fatty acids with  more



than Czo, which are called polyunsaturated fatty acids (PUFAs) and are used as food
supplements [51]. Fatty acids found in the microalgae are shown in Table 2.2 below [49,50,52].

Table 2.2: List of fatty acids typically produced by microalgae [49,50]

Lauric saturated 12
Myristic saturated 14
Palmitic saturated 16
Stearic saturated 18

Oleic monounsaturated 18

Alpha-linolenic polyunsaturated 18
Linoleic polyunsaturated 18
Arachidonic polyunsaturated 20
Eicosapentaenoic polyunsaturated 20
Docosahexaenoic polyunsaturated 22

Growth kinetics of microalgae biomass and lipids are necessary to quantify the productivity
and effectiveness of the yield during the culturing phase [22,53]. The parameters measured are
the biomass growth (concentration, specific growth and productivity and lipid (content,

productivity and production) as shown in Eqns. (2.1) — (2.5) respectively [54-56].

u= ;) (2.1)
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LP=BCxLC (2.5)

Where: p is the specific growth rate measured per day (d?), X1 and X; are the biomass
concentration (mgL.1) at time t1 and t> measured in days (d), Py is the biomass productivity
(mgL-1d-1), LC is the lipid content ( % w/w), mL is the mass of lipids (mg), myis the mass of
the biomass (mg), LP is the lipid production (% w/w) [55,56].

2.1.3 Factors influencing microalgae growth and lipid production

Several factors influence microalgae biomass growth and lipid production. These are generally
classified into physical and chemical factors. The optimisation of these factors is important in

microalgae culturing.
2.1.3.1 Physical factors

In both natural and controlled culturing system, physical factors play a crucial role in the
microalgae metabolic induction to enhance biomass and lipid growth [24]. The factors are light
intensity, temperature and salinity. Light intensity is a critical factor to the microalgae’s
biomass and lipid growth [22,41,56]. Light intensities between 90 and 3000 lux are
recommended for D. salina cultures [57,58]. Nadzir [59] demonstrated that light intensity of
23500 lux produce maximum lipid productivity and lipid content of 27 mgLd* and 23 %,
respectively when Tetradesmus obliquus was cultured. Cheirsilp and Torpee [60] also noted
Nannchloropisis sp and Chlorella sp achieving maximum lipid production (572.8 mgLand
397.8 mgL1) at 500 lux and 8000 lux respectively both with increased biomass growth and

decrease in lipid content [60].

Temperature plays a crucial role in microalgae biosynthetic metabolic such as lipid synthesis,
with species behaving differently to the effect of temperature [24,41,61]. Seasonal variations
that result in fluctuations on temperature affects the growth and lipid accumulation of the
microalgae [62]. Temperatures above optimal value result in a decrease of biomass growth and
change of fatty acid composition due to the imbalances of the energy demand with the tri-
phosphates production [62,63].

Biomass growth and lipids accumulation are directly affected by the salinity levels in the culture

medium [41]. Salinity is the total amount of salts per kilogram of water that is measured using
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the water electrical conductivity [41,64]. Salinity above the optimum levels results in stress
(ionic and osmotic) and ionic ratio modification in the microalgae cells [21]. Ahmed [21]
reported that D. salina microalgae achieved the best yield of lipidsat 2 M of salinity. Above
2.5 M of salinity, the biomass and lipid growth decreased and below 0.5 M the cells were
weakened resulting in a decrease of growth [21].

Mixing of culture medium ensures that microalgae absorb nutrients easily, reduces thermal
stratification, increases gaseous exchange (CO: absorption and Oz removal), increases light
utilisation as well as the suspension of cells so that the biomass does not settle in dark zones
[41,65]. Therefore mixing enhances biomass growth. Mixing can be achieved by bubbling air,
shaking the culture flasks in orbital shakers or shaking the culture flasks by hand twice a day
[41,66].

2.1.3.2 Chemical factors: Nutrients

Nutrients are an important factor in the growth of microalgal cells with the nutrients
optimisation or limitation inducing the accumulation of biomass or lipids through rapid cell
growth [67,68]. The nutrients constituents are divided into macro and micro, and play a vital
role in the biomass growth and induction of lipids [69,70]. Ahmed [23] listed essential nutrients
for D. salina biomass growth and lipids under macronutrients as follows: NaNOs,
NaH2P04.2H20, CaClz, MgS04.7H20, NaCl, and NaHCOs and micronutrients as follows:
CsHgFeO7, ZnS04.7H20, CO(NO3)2.6H20, H3BOs3, Na:M00..2H.O, MnCl2.3H20,
ZnCuS04.5H20 [71].

The NaNOs ensures microalgae health, growth, and free fatty acid structuring [41]. The
NaHCOz is essential for the microalgae metabolism and it contributes to almost 50 % on a dry
weight basis of the microalgae biomass weight [72,73]. Metabolism of microalgae is
maintained by ensuring an adequate supply of NaH2PO4.2H-0 to the cells [74]. Micronutrients
are also relevant for the metabolic activities and the growth of microalgae [75].

2.2 Response Surface Methodology (RSM)

RSM is an arithmetical design used for process optimisation during experimental design where

it evaluates the interactive effects of independent variables on dependent with an aim to

12



determine the optimised operational specification [76-80]. RSM utilises quantitative data from
relevant experiments to solve complex interactions multivariate equations [80]. RSM utilises a
few numbers of experiments as selected by the design compared to One Factor at A Time
(OFAT) method which experiments on all experimental combinations [80,81]. In addition,
RSM has a rapid, high precision prediction that collects a high volume of data per experiment
making it cost-competitive and beneficial for application during experimentation [82]. The

response surface in RSM can be expressed as shown in Egn. (2.6):
Y = (X1, Xoy Xgpeeey X 10Xy ) (2.6)

[83]; where Y is the performance characteristic of the system, ¢ is the performance function, x
is the independent parameter and K is the number of parameters [78,83].

RSM will be used in this study to determine the optimum nutrient concentration (independent
variables) and the outcome design will be used to culture D. salina to produce the maximum

lipid accumulation that will be used for biodiesel production [84]
2.3 Culturing and harvesting methods of microalgae biomass

Indoor (photo-bioreactors) or outdoor (open raceway ponds) methods are used for culturing
microalgae [85]. Photo-bioreactors utilise controlled conditions where nutrients, carbon
dioxide, temperature, light intensity and mixing are optimised to ensure the desired growth of
biomass, whereas raceway ponds utilise natural weather conditions and natural air mixing to
culture microalgae biomass [85,86]. For sustainability, open raceway ponds are the best choice
due to their low investment and operational costs. Integrating flue gas (COz) from power plants
and wastewater (nutrients) to the process offers further opportunity for effective culturing at
low cost [36,87]. However, the raceway ponds consume more land space, water and carbon

dioxide while producing less biomass as compared to the photo-bioreactors [36]

Selection of the harvesting method is based upon the desired end product and the culture
corrosiveness. Microalgae such as D. salina tends thrives in high saline environments hence
harvesting machinery are prone to high corrosiveness [22]. Ralefala [22] noted that filtration,
centrifugation and flocculation were applicable harvesting methods to D. salina. Table 2.3 lists

harvesting methods that are applicable D. salina at laboratory scales. Electro flocculation and
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ultrafiltration are the best applicable harvesting methods that efficiently extract wet biomass at
the low energy consumption as compared to the vacuum filtration, centrifuge and air floatation

methods.

Table 2.3: Different harvesting methods for D. salina biomass

Electro flocculation 97.44 0.62 [88]
Ultrafiltration 95.00 0.87 [89]
Vacuum filtration - 59 [90]
Centrifuge - High
Air floatation - High

The biomass is dried just after harvesting before extracting the lipids. Drying contributes
significantly to the operational costs and removes most of the outbound moisture (>90%) in the
microalgae [36,90]. The drying increases the effectivity of lipids extraction as compared to the
wet biomass extraction process [49]. D. salina is mostly dried using the sun, oven or freezer-
drier, as such a good selection of the best method is usually based on the type of microalgae
harvested. Oven and freeze-drying methods produce more lipids as compared to sun drying.
However, freeze-drying has a high energy consumption compared to oven and sun drying
methods [49]. Therefore the use of the oven drying method was used in this study.

2.4 Transesterification of lipids to produce biodiesel

Renewable feeds such as oils and animal fats are used to produce biodiesel through
transesterification [91-93]. Transesterification is a process that converts the alcohol functional
group to methyl esters (biodiesel) using a nucleophilic substitution method at a ratio of 3:1 for
alcoholic catalyst and triglycerides respectively [35,94]. Figure 2.3 below shows the

transesterification.
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Figure 2.3: General transesterification process using methanol as a catalyst, adopted from
[35,94]

The transesterification reaction involves a four-step process explained as follows [94]:
1. The alcohol is deprotonated with the catalyst
2. Triglycerides positive carbon ester bonds react with the negatively charged carbonyl
oxygen from step 1 to form a tetrahedral intermediate.
3. Pairwise electrons from the double-bonded ester oxygen detach the triacylglycerol
molecule from the triglycerides.

4. Three fatty acid methyl esters (FAME) and one glycerol per triglycerides formed.
Normally, biodiesel is composed of FAME that has a carbon chain between Cisto C1g[35,92].

The biodiesel transesterification reaction is accelerated by the use of a catalyst, which is either
an alkali or an acid [95]. A summary overview that distinguishes these catalysts is explained in
Table 2.4. Alkaline catalysts react faster than acidic catalyst producing a high yield of biodiesel.
Acidic catalysts are best applicable to poor oil quality that has water saturates and high content
of free fatty acids [96]. In addition, the acidic catalysts require a high temperature and high
methanol to oil molar ratio compared to alkaline catalyst [96]. In this study, alkaline catalysts

were used.
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Table 2.4: Difference between alkaline and acidic catalysts [49,97-101]

Acidic HCL 100 30:1 3-18 >6 high difficult low
H2SO4

Alkaline  KOH, NaOH, 60-65 6:1 2 <1 low difficult high
CH3ONa

Where: Temp is the temperature, A:O is the alcohol to oil ratio, Rxn Time is the reaction time,
FFA is the free fatty acids in lipids.

2.5 ldentification and quantification of lipids and biodiesel

The method used for identification and quantification of lipids organic functional groups is Thin
layer chromatography. Fourier Transform Infrared and Gas Chromatography-Mass
spectroscopy were used to identify and quantify the biodiesel. Only the methods used in this
study will be discussed in the next subsections.

2.5.1 Thin Layer Chromatography (TLC)

TLC is a method used to separate components of a mixture chromatographically using a thin
stationary phase (silica) [102]. It is a quick way used for initial screening to monitor the
presence of fatty acids, methyl esters in lipids and their biodiesels [103]. Small droplets of lipids
extracts are applied on a TLC plate which is then placed in a TLC chamber for 30 minutes filled
with 150 ml of hexane, diethyl ether and acetic acid solvents mixture (60:40:1, v/v/v) later dried
and sprayed with iodine for spot identification [104,105]. The identified spots are cross-
referenced with standard compounds for specific molecules identification [106]. It is simple to

use, cheap, with high sensitivity and high separation speed [107].
2.5.2 Fourier Transform Infrared (FTIR)

FTIR spectroscopy is a rapid non-destructive method that requires minimal sample preparation

for qualitative analysis of organic functional groups such as lipids and biodiesels [108-112].
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For the characterisation of fuels, FTIR is used to differentiate the composition of fuels at a
specific intensity with an exact frequency where maximum transmittance of the bands appear
as shown in Figure 2.4. The technique involves infrared absorption in relation to the molecular

concentration using the Beer-Lambert law as a function of the wavelength [113].

SINGLE ! 'l'lun.: DOUBLE
BOND STRETCH BONDS
/"h
'__.'_._ﬂ-"'—'\'_,_.-
O-H, N-H
STRETCH
C-H llrlllu.lc _ B
Cmc B
Cum . c<
A Al..‘.lA...l‘...l‘...ll..‘l. A
4000 3500 3000 2500 2000 1500 1000 S00

WAYENUMBER (cm™")

Figure 2.4: Transmittance peaks of chemical components in oils and biodiesel [109,114]

As shown in Figure 2.4, the single bonds stretch, triple bonds, double bonds and fingerprint are
the regions where organic compounds in fuel are identified. Alkoxy esters, ethers, trans-
disubstituted alkenes and aromatics are identified in the fingerprint region. The carbonyl groups
and the ester carbonyl group that are present in biodiesel are in the double bond region [49].
Table 2.5 shows the wavelength, vibrational type and functional group of different lipids and
biodiesel. Different oils and biodiesels have a common vibration type but varying functional
groups. The wavelength stretched from 3949 — 730 cm™ all oils and biodiesel indicating that

the functional groups were mostly fatty acids in the carbon chain from Cg —C2o.
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Table 2.5: Functional groups at a specific wavelength of oils, biodiesel and petroleum diesel

Wavelength

()

Type of vibration

Functional group

Fingerprint L

CO

PO, B,
C.vulgaris. L

Double bonds L, B, PB
Lipids

PB, C.vulgaris.

L

Triple bonds C.vulgaris. L

730

1400-930

1436
1198
1465-1377
960
850
721
678
1200
1183
1740-1745
1870-1540
1602

2145

in-plane bending
stretching
out of plane bending
asymmetric
stretch
bending and rocking

out of plane bending

rocking
out of plane bending
asymmetric axial
stretching
Stretching
stretching

bending

stretch

18

C-H
C-O-H
C-0-C; C-O
O-H
-CHs
O-CHs
-CHs

=C-H,-(CHz,
=C-H
C(C=0)-0
0-C-C
V(C=0)
c=0
c=C

alkynes group

[49,109,111,115,116]

[117]

[111,116]

[118]

[49,108,109,116]
[115]
[111,116]

[111]



Single bond L,B,D 2800 symmetrical stretching C-H [49,109-111,115,116,118]

stretch .
asymmetrical C-H
stretching
3007 =C-H
3300-2500 O-H
PB 3500 stretching O-H [116]
C.vulgaris. L 3949, 3840 - amines [110,111]

Where: L is the lipids, CO is the canola oil, PO is the peanut oil, B is the biodiesel, PB is the peanut biodiesel, D is the petroleum
diesel.
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2.5.3 Gas Chromatography and Mass Spectrometry (GC-MS)

GC-MS is a resourceful tool that quantifies and identify individual components in a mixture at
a micro-scale level. The analyser has a high component separation efficiency, speed,
reproducibility and accuracy [49]. The sample is injected into the GC component where the
sample mixture molecules are separated, charged while non-broken (parent ions) and detected
with respect to the abundance per second [119]. The parent ions are transferred to the MS
component where they are ionised in a beam of electrons. The parent ions and fragments then
travel through the quadrupole to the electromagnetic rods that are four and parallel to each other
and charged with radiofrequency voltage [50]. The fragments with certain mass to charge ratio
(m/z) will then pass through the electromagnetic rods to the detector normal to their trajectories
were they are recorded as a mass spectrum (abundance on the vertical axis and m/z on the
horizontal axis ) [49]. Using chromatographic data (peak height and peak area), the components
are quantified using signal processing method to estimate the peak intensity. The GC-MS has a
database of various mass spectra, which makes it simpler to verify the spectra of the components
with the ones in the library.

2.6 Characterisation of biodiesel as a fuel
2.6.1 Physio-chemical characterisation

Physio-chemical characterisation ensures the fuel is well matched to its application for it to
perform efficiently and effectively [46,120]. The regulatory standards of American Society for
Testing and Materials (ASTM D6751), European Standard (EN12412) and South African
National Standard (SANS 1935:2004) regulate the physio-chemical quality of biodiesel
[49,121]. Physio-chemical properties such as the density (p), acid value (AV), saponification
value (SV), free fatty acids (FFA) iodine value (V) are important parameters to characterise
the feedstock oils and biodiesel, as they reflect the quality of the fuel [120]. Saponification
value (SV) is the measure of mass in mg of potassium hydroxide required to neutralise free
fatty acids (FFA) and to saponify a mass of esters in mg of a substance [49,122,123]. The
relative molecular mass of triglycerides (TGA) is dependent on the SV of the biodiesel that

means a lower relative molecular mass indicates a higher SV, a high methanol consumption
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during the transesterification reaction and a low yield of fuel output [49,123-125]. South
African National Standard (SANS 1935:2004) recommends a saponification value between 185
to 198 mg KOHg™* of biodiesel [49]. Acid value (AV) in mg of KOH is a measure on the extent
of the oxidation and hydrolysis in fuel, with good quality not exceeding 0.5 mg of KOHg™ of
fuel under the ASTM D6751 and EN 14214 standards [93,121,126,127]. High acidity in
biodiesel tends to degrade the biodiesel quality, to oxidise the fuel and thereby degrading the
double chain bonds and hydrolyse the ester bonds which shortens the shelf life of the fuel
[49,120,126]. In addition, high acidity corrodes the rubber seals, hoses, clogs, drops pressure
and power in an engine [49,121,126]. Furthermore, high acidity indicates poor fuel quality and
produces a low yield of biodiesel [128]. The iodine value (1V) is the quantification degree of
unsaturation (double bonds) in fats, oils and their fatty acid derivatives in biodiesel, determined
using the Hunus method [49,121]. Acceptable IV should not exceed 120 g I per 100g of FAME
under the EN1424 standards [49,125]. Each oil or fuel has its own 1V due to different structures
of double bonds and unsaturated fatty acids [124]. A high IV above the recommended value of
120 gl,100g™ reflects pre-oxidation, polymerisation and soot deposits in internal combustion

engines whereas a low IV resembles low NOx emissions during combustion [124].

Ester value for ester bonds is the measure of the mass in mg of KOH required to react glycerol
after saponification of a gram of fats [49,124,129]. For better quality delivery of the fuel to the
engine, the ester value should be close to the saponification value hence the fuel delivers the
best ignition to the engine [129]. Density is a measure of the mass per unit volume of fuel at a
specific temperature which depends upon the raw material used to produce the biodiesel and
the FAME profile of the biodiesel [49,123]. The fuel density directly affects the engine
performance (injection systems, pumps and injectors) with a high density above the
recommended resulting in incomplete combustion and particulate matter emissions [123].
Comparison between different biodiesels, high density indicates more thermal energy and better
promising fuel efficiency [121]. The ASTM D6751 standard specifies that the biodiesel’s
density should be between 860 kgm™=to 900 kgm measured at 40 °C [123].
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2.6.2 Thermal characterisation

Thermal analysis is the study of the transition process in a substance under a specific technique
in which the substance is subjected to a programmed temperature [130,131].
Thermogravimetric analysis (TGA) is a thermal analysis method which measures substance
mass as a function of time or temperature [132,133]. Derivative thermogravimetry (DTG) is the
first derivative of the TGA curve and is used to give an in-depth analysis on the thermal
behaviour of a sample by identifying infliction points (peaks) on a curve [134]. The analysis
can determine thermodynamic properties (phase transitions temperatures, enthalpies, activation
energy and heat capacities) and the kinetics (combustion, decomposition, polymerisation,
reduction, crystallisation and oxidation) of a substance [134-136]. TGA has three types of
analysis (Dynamic, isothermal and quasistatic) which are influenced by samples’ physical form,
mass, volume, scanning rate, samples holder status and the chamber pressure. Dynamic TGA
measures at a continuous temperature whereas isothermal TGA is at constant temperature and

quasistatic is at a constant weight [136].

Plateau region, initial temperature (Ti), peak temperature (Tp), final temperature (Tf) and
maximum combustion rate are observed during thermal decomposition [137]. In the plateau
region, the temperature change while the thermal property of the fuel remains unchanged [132].
Significant thermal change is noticed at the first mass loss where ignition temperature is noted
[132,133]. The maximum mass loss rate is a point where the peak temperature is depicted that
is the maximum combustion rate point [138]. Burnout temperature is at a point where the fuel
reaches a mass loss of about 95% [133,139]. Ignition temperature and burnout temperature of
a substance on a TG/DTG and DSC curves are determined by three different methods that are
conversion (degradation), thermal acceleration and intersection methods [139]. The methods
are explained as shown in Table 2.6.
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Table 2.6: Methods used to establish ignition and burnout temperatures using the TGA/DTG
and DSC curves [131,138-140]

Conversion TGA/DTG 10% of mass loss 95% of mass loss
Thermal DSC Mass loss rate raised to Mass loss rate reached 1
acceleration 1 mass%min* mass%mint
Intersection TGA/DTG Tangential point Tangential point connecting point
method Fi connecting point A C and D, the corresponding
( 2|95ure and B the temperature or the point where the
-9) corresponding mass loss rate is less than 0.1
temperature mass%min

DTG (% min")
TGA (%)

100 200 300 400 500 600 700 800
Temperature (°C)

Figure 2.5: TGA/DTG curve of a substance [138]

The shape of the TGA curve determines its classification. There are seven different types of
TGA curves and each type is explained in Table 2.7 and depicted in Figure 2.6 [56,132,133].
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Figure 2.6: Classification of different TGA curves [132,133,137]

Table 2.7: Explanation of the classification of different TGA curves [132,133,137]

6
7

No mass loss

Substance decomposition temperature is higher than the instrument’s
temperature range

A large mass loss rate is observed followed by a plateau mass.
It is the evaporation of volatiles or polymerisation.
Single stage decomposition with initial and final temperature.

Multiple stage decomposition process of the substance with a slow heating rate
where the reaction is resolved

Multiple stage decomposition process of the substance with a fast-heating rate
where the reaction is not resolved

Increase in mass of a substance in the presence of atmospheric air

Surface oxidation followed by decomposition

Thermal indexes (ignition and comprehensive performance) does give detail regarding

combustion kinetics of a fuel [141]. Ignition capacity of fuel is represented by the ignition index

(Di) and it interprets the complexity level with the rate flow of fuel ignition [141-143]. The

ignition index is dependent upon the ignition temperature and maximum mass loss rate with its
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corresponding temperature [143,144]. Higher ignition index mean that the fuel has a good
ignition performance [139,144,145]. Comprehensive performance index (Dc) does evaluate the
combustion properties of a fuel [51,146]. The index critically reflects the fuel’s burning ability
which is dependent on the burning velocity, ease of combustion and burnout temperature
[147,148]. A high comprehensive performance index (Dc) value of the fuel means good
combustion performance [51,142,146,149].

Combustion kinetics is the study of the reaction mechanism of a substance to the extent of time
and temperature [150]. TGA is an efficient tool to investigate the fuel’s kinetic properties, that
is the activation energy (E), Arrhenius constant (A), reaction order (n) and reaction model f(a)
[131,150]. Numerical mathematical models such as Kissinger model-free and Ozawa Flynn
wall were applied to calculate the kinetics of biodiesel during the combustion process
[135,150]. The minimum amount of energy required for a molecule to generate a chemical
reaction is the activation energy (E) and the frequency of molecules collision per second is the
Arrhenius Constant (A) [130,134,151].

Enthalpy, Gibbs free energy, entropy and higher heating value are thermodynamic Kinetic
parameters that can be derived from the data of TGA/DTG and its kinetics defined as follows
[134,139,152]:

e Enthalpy (AH): It is the heat absorbed or released under constant pressure during a
chemical reaction of a substance.

e (ibbs free energy (AG): It is the available energy to do work and is used to determine

the spontaneity of a reaction.

e Entropy (AS): Is the measure of unavailable energy or system disorder in a closed
thermodynamic system. It is directly related to any reversible change in heat and

inversely with temperature in the system.

e Higher heating value (HHV): It is the amount of heat realised per unit mass or volume
of fuel during combustion at an initial temperature of 25 °C and final product
temperature returned to 25 °C latent heat of vaporisation of the combustion products

water taken into account.
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2.7 Conclusion

The literature about D. salina as a potential raw material for biodiesel production was addressed
in this chapter. The chapter described an in-depth review on culturing D. salina for high biomass
and lipids growth through optimising the salinity and nutrients. Also, RSM was described on
how it can be applied to optimise parameters to produce high biomass and lipids growth.
Identification and characterisation of lipids and biodiesel were explained. The next chapter

(Methodology) focuses on experimental methods applied to achieve the research aim.

26



CHAPTER 3: MATERIALS AND METHODOLOGY

The chapter explains in detail the methods used to produce biodiesel from D. salina microalgae.
The isolation, identification and collection method of D. salina is detailed in section 3.1. Section
3.2 explains the culture medium and growth conditions while section 3.3 investigates the
growth of biomass and lipids through optimisation of salinity and nutrients. Section 3.4 details
the harvesting, drying and lipids extraction. Characterisation method of lipids is explained in
section 3.5. Transesterification of extracted lipids to biodiesel and identification of the produced
biodiesel is detailed in section 3.6. The methods applied to physically and chemically
characterise the produced biodiesel from D. salina were explained in section 3.7. The

conclusion of this chapter is in section 3.8.
3.1 Isolation, identification and collection of microalgae samples

Isolation, identification and collection of microalgae is a technique of picking a strain from a
sample culture, identifying and collecting with the methods for these procedures explained in
this section. Modified methods of microalgae isolation, culturing, and identification was
adopted from Al-ansari [153] and Wang [154]. Brine water samples were collected from the
solar saltern ponds of Botash (Pty) Ltd company, located in Sowa Town, Botswana (20.5332°
S, 26.0740° E). Figure 3.1(a) shows one of the solar brine pond (E3) and (b) the layout of the
saltern ponds. During soda ash and salt production, the brine water is pumped from the
underground wells to W1 pond and then flows through EO, CS, E3. E6, NS, X, and ST ponds
respectively. The brine water evaporates and increases in brine concentration along the flow
passing through the mentioned ponds (EO, CS, E3. E6, NS, X, and ST ponds). CS pond also

acts as a fluid coolant supplier for the plant’s heat exchangers.
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PLANT 6

(b)

Figure 3.1: (a) Coloured water in pond E3 (b) ponds layout; where: W1 - well pond, EO -
evaporating pond zero, CS - cooling sump pond, E3 and E6 - evaporating ponds three and siXx,

NS - sodium chloride pond, X2 and X3 - crystallizing ponds and ST1 and 2 - storage ponds.

The Botash production report (2017) report that CS, NS, E3, and E6 ponds have significant
microalgae population, and these were selected as sampling points following a procedure shown
in Figure 3.2. The brine samples were collected in sterile bottles and transported to the
laboratory where they were filtered using the plankton nets of mesh sizes 100 um, 50 um and
20 um to remove debris and dead organics [155,156]. Unwanted microbial cells from the
samples were removed by centrifuging the samples (Thermo Fisher scientific, SL16R) at 3000
rpm for 15 minutes. The supernatants containing unwanted microorganisms were decanted and
solids containing microalgae cells were suspended in sterile brine water and thoroughly
vortexed. The procedure was repeated five times until a clarified cell suspension was achieved.
The microalgae cells from the suspension were observed under a light microscope (Fisher
brand, AX800) and morphologically identified as D. salina according to Ralefala [22]

identification key.

The identified D. salina cells were preserved in the Conway medium at a ratio of 1.9, v/v of
cell suspension and the medium [157]. Conway medium [157] is constituted of the following
reagents: 1 ml of solution A, 0.5 ml of solution B and 0.1 ml of solution C all in 1 L filtered
and sterilised brine water and their chemical composition are shown in Appendix Al, Table
Al. The preserved cultures were transported to Botswana International University of Science

and Technology (BIUST) in sterile Duran bottles for further culturing and analysis.
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Figure 3.2: Process flow chart of sample collection from the brine ponds and transportation to
the laboratory.

3.2 Culturing and growth conditions of the isolated D. salina
3.2.1 Culture medium

The /2 medium is a commonly used medium for culturing microalgae [158]. The /2 medium
was used in the study, with variations for different investigations. The f/2 medium is composed
of the following reagents: 1 ml of NaNOs, 1 ml of NaH2PO4.H20, 1 ml of Na2COs, 1 ml of
trace metals and 0.5 ml of vitamin solution all in 950 ml of sterilised brine (Volumetric flask,
1-L). The preparation of f/2 medium trace metals and vitamins is shown in Appendix A1, Table
A2-A3. The medium was prepared and autoclaved at 120 °C for 15 minutes as reported by
Robert [159].

The medium variation by Ahmend [21] was adopted for nutrient optimisation as it proved to
promote lipid production on D. salina microalgae. The medium was composed of the following
components: 0.42 gL of NaNOs, 0.0156 gL ! of NaH2PO4.2H20, 0.84 gL of NaHCOs3, 0.044
gL of CaCly, 1.23 gL of MgS04.7H20, 117 gL* of NaCl,, and 5.46 mIL™ of A5 solution.
The A5 solution composed of the following composition: 0.0005 gL of CsHsFeO7, 0.05 gL
of CO(NO3)2.6H20, 1.86 gL of MnCl..4H20, 0.39 gL of NazM004.2H,0, 2.86 gL* of
H3BOs, 0.08 gL of ZnCuS04.5H20 and 0.22 gL of ZnS04.7H,0 [23].

3.2.2 Culturing and growth conditions

Upon arrival at BIUST lab, the concentration of 1 ml of microalgae culture samples in Conway
medium was determined using the UV/vis spectrophotometer (VWR, UV-1600PC) set at 680

nm and Conway medium was used as blank during the measurement [21,160]. In order to obtain
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pure cultures of the D. salina (Figure 3.3), the cells were spread-plated on solid Conway agar
plates according to Suzuki [161]. Conway agar plates were prepared by mixing nutrient agar
powder (1.5 g) with 100 ml of sterilised brine water. The mixture was autoclaved (Hirayama
HiClave, HV-85) at 120 °C for 15 minutes and poured into sterilised petri dishes and left to
solidify. A 0.1 ml of culture sample was dropped and spread onto the solidified agar using a
sterilised glass rod, which was incubated for 8 days at room temperature and illuminated under
the fluorescent light for a 12-hour exposure with a light intensity of 1000 lux (Gastools digital
lux meter, VA-8050) [161,162]. To get pure isolates, the single colonies were picked and
streaked on the agar using a sterilised streaking hook. After getting pure cultures, single
colonies were aseptically transferred to test tubes containing 10 ml of Conway liquid medium
using a sterilised streaking loop. The test tubes were incubated in an orbital shaker (Max Q6000,
SHKE6000-8CE) at 120 rpm, 25 °C and 1000 lux intensity for 12:12 hour light to dark

photoperiod for 10 - 14 days.

A total of 14 flasks for stock samples were prepared for further biomass accumulation and the
cultures were subcultured once a month to maintain healthy microalgae cells. The growing cells
from the test tubes were transferred to 250 ml flasks at a ratio of 1:15 (v/v) in sterile Conway
medium. Cotton wool bud was used to close the flasks to ensure free air circulation into the
samples. The cultures were grown outside in natural sunlight (22.5946° S, 27.1233° E) at a
daily average temperature of 25 °C under 12:12 hour light to dark. Figure 3.4(a) - (b) shows the
change of D. salina microalgae growth from the 1! day to the 30" day of culturing indicating
an increase in cell population in cultures, (c) shows the experimental cultures at the outdoor

environment.
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Figure 3.3: D. salina microalgae culture preparation
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Figure 3.4: D. salina cell growth in liquid cultures: (a) day one, (b) day thirty culture (c) outdoor

cultivation.

3.3 Optimisation of culture conditions for biomass and lipids accumulation
3.3.1 Salinity determination for maximum biomass and lipids accumulation

Salinity affects the microalgae cell growth and lipid accumulation [23]. The One Factor at A
Time approach (OFAT) was used to determine the optimum salinity concentration to achieve a
maximum biomass and lipids accumulation [163-165]. Eqns. (2.2) - (2.5) (Chapter 2, section
2.3) was used for biomass growth rate, biomass productivity, lipid content and lipid productivity
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respectively. Salinity levels were varied at 1.5, 2.0, 2.5 and 4.0 M as obtained from different
brine ponds; CS, E3, E6 and NS respectively and the growth curves for different salinities were
plotted. Descriptive statistics with Levene's test and Turkey post hoc test were used to test the

significance with Anova on the samples using statistics software (IBM SPSS, 25v) [166,167].

3.3.2 RSM experimental design for nutrient optimisation for maximum biomass growth

and lipid production

Further investigation in this study was conducted to determine nutrients that significantly
affected biomass concentration, lipid content and lipid production. RSM was applied in the
experimental design model build-up, investigation and optimisation of culture nutrient
composition for lipid production [78,168,169]. The experimental design was divided into two
stages. The first stage employed the Plackett-Burman design to determine significant nutrients
that have effects on biomass concentration, lipid content and lipid production [170,171]. The
relationship of biomass concentration, lipid content and lipid were also determined and Eqn.
(2.6) (Chapter 2, section 2.3) was used to establish the relationship [172]. The second stage
used the Box-Behnken design, which identified and analysed the significant nutrients from the
first stage in order to investigate the optimum nutrient concentrations that yielded the highest
lipid production [173]. Lipid production is a dependent indicator on biomass concentration and
lipid content hence making it a reliable indicator for optimum nutrient concentration

determination.
3.3.2.1 Plackett-Burman experimental design

Placket-Burman design was used to identify independent variables that have a significant effect
on biomass concentration, lipid content and lipid production [173-175]. In this study, Stat-Ease
Design Expert software (version 10.0.8.0) was used to formulate the randomised matrix, as
shown in Table 3.1 with the six studied nutrients (coded A to F) and dummy variables (coded
G to L) making up the matrix. Each nutrient had two-level concentrations (-1: low level, +1:
high level) that corresponded to the actual level, as shown in Table 3.2. Twelve runs were
carried out in triplicates and the average response output was used as the response indicator
[176]. The experiment was tested at a P-value < 0.05 to determine the variables that have

significant effects on the response variables. To justify the statistical significance of the nutrient
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variables on the response variables, coefficient of estimate (), the sum of squares (SS), F-value
and contribution percentile were further evaluated. A model (factorial with main effects) was
generated and its adequacy was determined by the coefficient, adjusted, predicted coefficient
of determinations (R? RZ?adj and R?pred respectively). A graphical plot of the predicted
variables against actual variables was used to verify the accuracy of the model. A model to
predict the response variables (biomass concentration, lipid content and lipid production) with
the nutrients is shown in Eqgn. (3.1) [172]. A relationship on the response variables (biomass
concentration, lipid content and lipid production) was determined using SPSS statistics
software (version 25) and a model Eqgn. (3.2) was generated. The model was tested for its

adequacy by evaluating its R? and the significance using the ANOVA analysis.

Table 3.1: Plackett-Burman Experimental Design Matrix coded

A B C D E F G H J K L
1 1 1 1 -1 -1 -1 -1 1 1 -1
2 -1 1 1 1 -1 -1 -1 1 -1 1 1
3 -1 1 1 -1 1 1 1 -1 -1 -1 1
4 -1 1 -1 1 1 -1 1 1 1 -1 -1
5 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
6 1 1 -1 1 1 1 -1 -1 -1 1 -1
7 1 -1 1 1 1 -1 -1 -1 1 -1 1
8 1 1 -1 -1 -1 1 -1 1 1 -1 1
9 1 -1 1 1 -1 1 1 1 -1 -1 -1
10 -1 -1 1 -1 1 1 -1 1 1 1 -1
11 -1 -1 -1 1 -1 1 1 -1 1 1 1
12 1 -1 1 1 -1 -1 -1 -1 1 -1 1
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Table 3.2: Medium component’s actual high and low-level concentration [21]

A NaHCO; 840 1680
B NaH2PO4.2H,0 15.6 31.2
C NaNQO3 420 840
D CaCl, 44 89
E MgS0O..7H20 1227 2460
F Ab solution (ml /L) 5.46 10.92
Ry=ao, + aiA + a2B + a3C + a4D + asE + asF (3.2)

Where: Ry is the response variable of either biomass concentration or lipid content or lipid
production, ag is the y-intercept, ai-as are the coefficient of the estimate of nutrients coded A to
F.

Rs =ao + aiR1+ az2R> (3.2)

Where: ao is the y-intercept, a1 is the coefficient estimate of biomass concentration (R1), a2 is
the coefficient estimate of lipid content (R2), R3 is the lipid production.

3.3.2.2 Box-Behnken experimental design

Based on the results from the Plackett-Burman design, The Box-Behnken design was used to
further optimise the selected nutrients variables with significant effects on lipid production.
NaHCO3, NaH2PO4.2H>0 and NaNOs were selected and further optimised to maximise the
lipid production while other variables were kept constant as from the results of Placket-Burman
design. The variables had three experimental levels, as shown in Table 3.3, and the experiment
was carried out with 17 runs, including five centre points replicates and 12-star points (Table
3.4). The polynomial model (Eqn.3.3) obtained from the experimental results was used to

predict lipid production.
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Table 3.3: Medium nutrient’s three-level factor [21]

Variable code Medium nutrient

Levels (mgL™)

= 0 +
A NaHCOs 840 1260 1680
NaH.PO4.2H.0 15.6 23.4 31.2
C NaNOs 420 630 840

Table 3.4: Box-Behnken Experimental Design Matrix coded

RUN Independent variables

‘ A B c
1 0 0 0
2 0 1 1
3 -1 0 1
4 0 0 0
5 0 0 0
6 0 -1 1
7 -1 1 0
8 1 0 -1
9 1 1 0
10 0 0 0
11 -1 -1 0
12 1 0 1
13 1 -1 0
14 -1 0 -1
15 0 1 1
16 0 1 -1
17 0 0 0
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In (Rs) = ao+ a1A + azB + asC + asAB + asAC + agBC + a7A? + agB? + agC? (3.3)

Where: Rz represents the predicted lipid production response, ao the mean effect, a;-az are the
linear coefficients, as-as are the cross coefficients, ar-ag are the quadratic and A, B, and C are

the selected significant independent variables with effects on lipid production.

The coefficient of determination (R?) indicated the goodness of fit on the polynomial model
equation [177]. The F-test at 5 % significance level was used to test the model adequacy. The
response surface contour plots were generated to indicate the possibility of increasing lipid
production [170]. All the experiments were conducted in triplicates, and the average predicted

lipid content was used as the response variable [174].
3.4 Harvesting of D. salina biomass and lipid extraction
3.4.1 Harvesting of D. salina biomass

During the culturing period in optimised salinity and medium composition, the cell growth was
monitored by measuring the optical density at a wavelength of 680 nm every 3" day using a
UV/vis spectrophotometer (VWR, UV-1600PC). The cells were cultured until they reached the
stationary phase and harvested after 36 days of culturing. The cells were harvested in 50 ml
centrifuge tubes using a centrifuge (Thermo Fisher scientific, SL16R) set at 5000 rpm for 10
minutes at 4 °C. After centrifugation, the supernatant was decanted and the solid part (wet
biomass) was re-suspended in 25 ml of distilled water and centrifuged again [178]. The
procedure was repeated four times to ensure that the biomass was free from unwanted debris.
The wet biomass was weighed (Adam, PGW 453e), before it was dried in an oven (Systronix
scientific, 278) set at 80 °C for 8 hours using aluminium crucibles (9, 4 cm) [179]. The dry
biomass was thereafter cooled in a fume hood (Esco, EFA6UDRVW) for 10 minutes and
weighed before being transferred to 10 ml test tubes for storage in a 4 °C cold room. Figure
3.5(a) - (c) shows the microalgae cells after 36 days in the liquid culture medium, the harvested

wet biomass, and the dried biomass, respectively.
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Figure 3.5: D. salina biomass: (a) liquid cultures, (b) wet biomass (c) dry biomass

3.4.2 Lipid extraction from dried biomass

Lipids extraction from the dried biomass was carried out according to the modified Bligh and
Dyer method modified [180-182], as shown in Figure 3.6. One gram of dry biomass was
suspended in 19 ml of extraction solvent mixture composed of chloroform:methanol:Dl at a
ratio of 1:2:0.8 (v/v/v) respectively [183]. The mixture was placed in an ultrasonicator (Africa
Sal, 704) for 1 hour at 300 W and then transferred to an orbital shaker (Lasec, 1IKA@KS3000i)
operated at 120 rpm for 8 hours to ensure effective extraction. A 10 ml of chloroform to water
(1:1, v/v) was added to the above mentioned mixture, vortexed for 30 seconds to ensure even
mixing and thereafter centrifuged at 4850 rpm for 10 minutes at 4 °C [184]. After
centrifugation, the mixture was separated into three layers using a pipette; the methanol-water
mixture (top layer), and chloroform-lipid layer (bottom layer). The middle layer biomass was
left in the centrifuge tube where the extraction was repeated twice. In the third extraction step,
only 5 ml of chloroform was added to the biomass from the second extract and left for an hour
on a stand before the separation of the resulting mixture. The chloroform-lipid mixtures from
all the extraction steps were pooled and filtered using a 0.2 um nylon syringe. The chloroform-
lipid mixture was then separated using a separating funnel where the lipids components were
on top [185]. Figure 3.7(a)-(d) depicts lipid extraction steps.
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Figure 3.7: Lipid Extraction of D. salina microalgae dry biomass: (a) mixture phase
(chloroform, biomass, methanol, water) (b) chloroform-lipid mixture (c) methanol-water

mixture (d) extracted lipids

3.5 Identification of lipids extracted from D. salina using Thin Layer Chromatography
(TLC) method

TLC method was used as a rapid screening method to assess the lipid components of extracted
lipids for further characterisation [186]. The TLC protocol was composed of a 150 ml solvent
mixture of hexane, diethyl ether and acetic acid (60:40:1, v/v/v), which was prepared, poured
into a TLC chamber and covered to prevent solvent evaporation [187]. A 20x20 cm TLC plate
was put in the chamber to attain saturation and was activated by placing it on a hot silica plate
(F254) base positioned for 3 min. A 10 pL of lipids extracts were loaded 6 mm from the plate
bottom with a diameter not exceeding 4 mm before being left to dry. The TLC plate was
carefully placed into the chamber for 30 minutes. The plate was then removed from the chamber
and left to dry in a fume hood (Esco, EFA6UDRVW). When the plates were dry, they were
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sprayed with iodine until they were moist for spots identification through colour development.
The observed yellow coloured spots were marked with a pencil and their retention factors (RFs)
were calculated using Eqgn. (3.4).

RFS — Dsolute (34)

solvent
Where: RFs is the retention factor, Dsoiute IS the distance travelled by different components of

lipids, Dsowvent is the solvent distance.
3.6 Transesterification and characterisation (biodiesel) of extracted lipids.

The transesterification method used was adopted and modified from several studies that focused
on the direct transesterification of lipids using alkaline catalysts [49,90,188-190]. The
procedure determined the alkali quantity (NaOH and KOH) for transesterification reaction and
the evaluation of the best catalyst that yields the highest biodiesel during the transesterification
reaction as explained in section 3.6.1 The assays and chemical used are shown in Appendix A1,
Table A4.

361 Determination of optimum concentration of alkali catalyst amount for

transesterification reaction.

Due to various research that had been conducted on transesterification reactions using
sunflower oil and its availability in large quantity led to the selection of the oil to determine the
amount of NaOH and KOH catalysts and act as a control [191-193]. An alkali (NaOH or KOH)
titrant solution of 1% was prepared by mixing 1 g of alkali with 40 ml of DI in a beaker and
transferring the mixture into a 1 L volumetric flask. The mixture was brought to calibration
mark with DI. A mixture of 10 ml isopropyl alcohol and three drops phenolphthalein indicator
(analyte) was prepared by continuous stirring until a yellow colour developed. A blank titrant
was prepared by titrating the alkali solution (titrant) to the analyte solution while swirling until
a purple colour developed. One millilitre of sunflower oil was added to the blank and alkali
titrant. The mixture was swirled until a purple colour developed. All the final titrant results
were recorded and the catalyst amount as shown in Egns. (3.5).
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My = XX (W +Y) (3.5)

Where: M,,.;iis the mass of alkali (g) either NaOH or KOH, x is the volume of oil (L) required
for the reaction; Wi is 5g mass of alkali, Y is the final alkali titrant volume (ml).

With reference to the amount of catalyst required as calculated using Egn. (3.5), an alkali
alcoholic catalyst (NaOH and KOH) was prepared by adding 100 ml methanol in a volumetric
flask while stirring until the catalyst dissolved. An aliquot of 3 ml oil (sunflower and D. salina
lipids) was warmed in a water bath set at 60 °C for 10 minutes and the alkali alcoholic catalysts
were added at a ratio of 6:1 (v/v) of alkali alcoholic catalyst and oil respectively [194,195]. The
resultant mixture was heated with continuous mixing on a magnetically stirred hot plate set at
60 °C for 2 hours [49,99,188]. The mixture was then transferred to a separating funnel for layer
separation of biodiesel and glycerol, where the bottom layer (glycerol) was removed first and
biodiesel was collected next and stored in Eppendorf safe-lock tubes. The process is shown in
Figure 3.8(a)-(c). The biodiesel and glycerol yields were calculated using Eqns. (3.6)-(3.7)

respectively assuming non-formation of residuals.

l Biodiesel

Glycerol

Figure 3.8: (a) Transesterification reaction process, (b) settling process of biodiesel, (c)
biodiesel collected.

41



YBiodiesel = Vii/odiesel x100% (3 . 6)

Qil

Where: Yiodiesel 1S the biodiesel yield and Vhiodiesel is the volume of the produced biodiesel.

362 ldentification of the produced biodiesel from the extracted lipids using Fourier

Transform Infrared spectroscopy (FTIR) method

FTIR is widely used as a rapid analysis method to determine the organic components in
biodiesel [49,116,118,196]. FTIR was applied for identification of the produced biodiesel from
the extracted lipids and biodiesel produced from sunflower was used as a reference. The FTIR
machine used was the Bruker Vertex 70v (Billerica, United States of America) instrument
supported by OPUSTM operation and evaluation software for the identification of the
functional groups in the biodiesel. The FTIR total reflectance cell (ATR) was cleaned with
ethanol, a blank scan was performed on an empty ATR cell at a wavelength range between 500
and 4000 cm™* with a resolution of 4 cm™and a scan rate of 16 cmmin™ [118]. A small sample
droplet was placed onto the ATR cell and a scan was run to generate an FTIR spectrum, which
was then evaluated. Upon completion of each sample run, the ATR cell was cleaned with

ethanol before the analysis of another sample.
363 Quantification of D. salina biodiesel using GC-MS

GC-MS was used for the quantification of D. salina biodiesel. The samples were tested at the
University of South Africa (UNISA) using the GC-MS machine (Agilent; 6890-5975S). The
method used was adopted from various researchers who also identified and quantified esterified
lipids from microalgae [49,50,119]. To ensure that the GC-MS machine is not damaged, a small
aliquot of each sample (1 pL) was diluted with hexane at a ratio of 1:10 (v/v). One microliter
of the diluted sample was injected into the GC-MS machine (Agilent; 6890-5975), which had
a fused silica dimension with a length of 30 m, a diameter of 250 pum and film size of 0.1 um
[197]. Prior to each injection, the syringe was rinsed with ethyl acetate and dichloromethane.

The oven program was set as follows: The initial temperature was held at 60 °C for 1 minute,
increased at 5 °Cmin! to 235 °C where it was held constant for 10 minutes and finally increased

to 290 °C at 10 °Cmin and held constant for 15 minutes [198]. The injector temperature and

42



the detector temperature were set ay 220 °C and 250 °C respectively. Helium was the carrier
gas used, with a flow rate of 0.8 mImin’. The mass spectrometer had a relative electron impact
ionisation (EVI) at 1447 eV with a source temperature of 230 °C and quadrupole temperature
at 150 °C [197]. A normal scan speed of 2 scans per second was carried out at a scan range
from 50 to 600 m/z with a 4 minutes initial solvent delay [197,199]. The MSD ChemStation

software identified the chemical constituents in the biodiesels sample.
3.7 Physio-chemical characterisation and kinetic study of D. salina derived biodiesel

Saponification value (SV), acid value (AV), free fatty acid (FFA), ester value (EV) and iodine
value (IV) were the chemical parameters while density (p) and thermal studies were the physical
parameters that were characterised from D. salina biodiesel. Biodiesel from sunflower oil and
was used as a reference. The results were compared with the specified range of European
Committee for Standardisation (EN 14214), American Society for Testing and Materials
(ASTM D6751) and South African National Standard (SANS1935:2004) [128,200-203].

371 Saponification value (SV)

The method from SANS (1935:2004) standards was used to determine the SV of the biodiesel
produced from D. salina. The chemical reagents were prepared as shown in Appendix A2,
Approximately 2 g of the sample was weighed and transferred to a 250 ml conical flask, where
25 ml of 0.5 N of ethanolic potassium hydroxide (C.H7KO>) was added. The mixture sample
attached to a reflux condenser was placed in a water bath set at 100 °C with continuous stirring
for 1 hour. Three drops of phenolphthalein indicator were added to the solution where 0.5 N of
HCL was titrated onto the solution until a purple colour was observed [204]. The procedure
was repeated without the biofuel samples to measure a blank titration. Eqn. (3.7) was used to
calculate the SV of the biofuel under study.

SV - 55,103\/;8)_&[ (3.7)

Where: B is the volume of 0.5 N HCI required for the blank (ml), S is the volume of 0.5 N HCI
required for the sample, N is the normality of the standard hydrochloric acid (0.5) and W is the
weight of the sample under teste (Q).
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372 Acid value (AV), Free fatty acid (FFA), Ester value (EV)

The American Society for Testing and Materials (ASTM D974) method was used to determine
the acid value of D. salina biodiesel. A 20 mg sample was weighed, placed in a 25 ml conical
flask containing 10 ml of ethanol and 3 droplets of phenolphthalein indicator. The mixture was
heated in an 80 °C water bath for 10 minutes and allowed to cool before being titrated with 0.1
N of KOH (Appendix A3) until a pink colour appeared. The titrant values were used to calculate
the AV of the fuels under study. Egns. (3.8)-(3.10) shows how AV, FFA and EV is calculated
respectively [126,127,205,206].

FFA = AV x0.503 (3.9)
EV =SV — AV (3.10)

Where: Vioy is the volume of KOH used to reach the endpoint, N is the normality of KOH
(0.1N), m is the mass of the sample (mg). FFA is the free fatty acid of the sample (%).

373 lodine value (1V)

For the determination of the lodine value in the D. salina biodiesel, Hanus method according
to AOAC 920.158 standard was used [123,207,208]. Reagents were prepared as shown in
Appendix A4. A mixture of 0.25 g of the sample, 10 ml of chloroform and 30 ml of Hanus
solution was prepared and placed in a 250 ml conical flask which was then sealed with Parafilm
and placed on a shaker for 30 minutes operated at 800 rpm. Ten millilitres of 15% potassium
iodide (KI), 100 ml of DI and 3 drops of the starch solution were added to the solution mixture
where it was thoroughly mixed by shaking. The solution was titrated with 0.1 N of sodium
thiosulfate (Na2S203.5H20) solution until a blue colour was observed and the endpoint titrant

volume was recorded. IV was calculated using Eqgn. (3.11).

:(B—S)x N x 0.127 x100
W (3.11)

v
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Where: B is the volume of sodium thiosulfate for the blank (ml), S is the volume of Na>S203

volume for the sample (ml), N is the normality of Na>S.0zand W is the weight of the sample

(9)

374 Density determination

The density of the D. salina biodiesel was determined following the method by Ramluckan
[49]. The method involves measuring a known volume and mass of the biodiesel using a
micropipette and an analytical mass balance (Adam, PGW438e) respectively. The density was
then calculated using Eqn. (3.12).

v (3.12)

Where: p is the density (kgm™), m is the mass (kg), V is the volume (m?®).
375 Thermal characterisation, and kinetics study of D. salina biodiesel.

The thermal characterisation of the produced biodiesel from D. salina was subdivided into the
thermogravimetric analysis, combustion characteristic analysis, thermogravimetric kinetic
analysis, thermodynamics kinetic parameters and the higher heating value of the biodiesel as
explained in subsection 3.7.5.1-3.7.5.5 below. Biodiesel from sunflower oil and petroleum were

used as controls in the experiments.
3.7.5.1 Thermogravimetric analysis

Thermal parameters of the produced biodiesel from D. salina was determined by analysing the
samples in a thermogravimetric analyser (Mettler Toledo DSC/TGA 3+). The study adopted
the method reported by Santos [209] in which the thermogravimetric analyser was operated at
a flow rate of 100 mImin‘! in an air atmosphere with a temperature span between 25 °C to 600
°C at different heating rates (5, 10 and 15 °Cmint). The samples were measured using an ultra-
high precision mass scale attached with the thermogravimetric analyser (Mettler Toledo
DSC/TGA 3+) in the crucibles, which were then transferred to the oven for combustion. To
ensure uniformity of results, the sample masses were evaluated in percentile form. Reaction
region, peak temperature and the mass loss were determined and analysed using thermal

software (STARe software).
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3.7.5.2 Combustion characteristic analysis

The study adopted the intersection method by Almazrouei [139] and Ahn [140] to determine
the ignition and burnout temperature [139]. Ignition index (D;) and comprehensive performance
index (Dc) were determined at different heating rates (5, 10 and 15 °Cmin™) to evaluate the
combustion characteristics of D. salina biodiesel [144,147,148]. Eqgns. (3.13)-(3.14) were used
to calculate the ignition index (Di) and comprehensive performance (Dc) respectively
[139,141,142,145,210].

_ DTG 3.13
Di= .y (3.13)
5 DTG, DTG, . \ 1

c T-ZT ( . )

i'b

Where: DTGmax is the maximum rate of mass 10ss, DTGmean IS the mean rate of mass loss, Tiis
the ignition temperature (°C), Tp is the peak temperature (°C), Ty is the burnout temperature
(°C) [211].

3.7.5.3 Thermogravimetric kinetic analysis

Thermogravimetric Kinetic parameters (activation energy and Arrhenius constant) were
evaluated using the non-isothermal Kissinger model-free method [139]. Eqn. (3.15) above
shows the mathematical model that was used which is developed by determining peak
temperatures with the maximum mass loss rate at a different heating rate (5, 10 & 15 °Cmin‘Y).
An X-Y plot was developed with In (BTp?) as the y-axis, Tpas the x-axis, In (ARE™) as the y-
intercept. The activation energy (E) was determined from the plots and Arrhenius Constant (C)
was determined on the y-intercept. The reaction was assumed to be a first order (n=1) for the
model to become applicable.

B, , AR, E
() =)

p P

(3.15)

Where: P is the heating rate (°Cmin™), Tp is the peak temperature (°C), A is the Arrhenius

constant (min), E is the activation energy (kJmol™), R is the gas constant (Jmol™*k™).
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3.7.5.4 Thermodynamics kinetic parameters

The following equations from Li [134] and Almazrouei [139] were used to determine the
Enthalpy (AH), Gibbs free energy (AG) and Entropy (AS) of the samples under study and the
Eqgns are (3.16) — (3.18) respectively.

AH=E,-R (3.16)
AG =E, + RTln(kTF’) (3.17)
hA
A= AH=AG (3.18)
Ts

Where: k is the Boltzmann constant (1.3819 x 10-23 Jk™1), h is the Plank constant (6.626 x 10-
3 Js) and T is the peak temperature (K).

3.7.5.5 Higher heating value (HHV)

The produced D. salina biodiesel, sunflower oil biodiesel, and petroleum diesel samples were
sent to UNISA in South Africa for the analysis of the higher heating value. DIN 51900 standard
was used in testing samples. A bomb calorimeter (IKA,CI) was used in determining the higher
heating values of the samples. The samples were placed in a ceramic crucible and were weighed
by a mass balance (Adam, PGW438e) and placed in the bomb. The sample in the crucible was
connected to the ignition wire by a cotton thread and later transferred into the water jacket
chamber. The vessel was then filled with oxygen at 30 bar and the sample combusted. which
was closed for testing. During combustion process, the core temperature of the crucible rose to
1,000°C. The heat produced is the higher heating value.

3.8 Conclusion

Methods on D. salina culturing optimisation, harvesting, drying, extraction of lipids,
conversion of lipids to biodiesel, identification and characterisation of the produced biodiesel
diesel have been discussed in this chapter. Due to the limitation in the sample size of the D.
salina biodiesel experiments were minimised to milligram quantity size, if the sample size was

big, pour point and cloud point experiments could have been conducted. The following chapter
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(Results and Discussion) presents and explains the results obtained from the methods explained
in this chapter.
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CHAPTER 4: RESULTS AND DISCUSSION

The results of D. salina biodiesel production potential are presented in this chapter. Section 4.1
presents the results on the effect of medium salinity on biomass and lipids growth. Section 4.2
presents the results of nutrient optimisation for maximum biomass and lipids growth.
Qualitative characterisation of lipids extracted from D. salina is presented in section 4.3.
Transesterification, identification and quantification of biodiesel produced from the extracted
lipids are presented in section 4.4 while section 4.5 presents the physiochemical characterisation

and kinetic study of the produced biodiesel.

4.1 Determination of the optimum salinity concentration for maximum production of

biomass and lipids in D. salina

Salinity concentration in the culture medium has an effect on the growth of D. salina
microalgae. As described in section 3.3.1, four different salinity concentrations (1.5, 2.0, 2.5
and 4.0 M) used in this research were obtained from the Botash brine ponds (CS, E3, E6 and
NS respectively). The results of the biomass and lipids growth are presented in Figure 4.1. D.
salina growth profile and dry biomass are explained in section 4.1.1 while the specific growth
rate and biomass productivity is explained in section 4.1.2. Section 4.1.3 explains lipid

accumulation and productivity.
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Figure 4.1: D. salina in different salinity: (a) growth profile, (b) dry biomass, (c) specific growth
rate and biomass productivity, (d) lipid content and lipid productivity

4.1.1 Effect of salinity concentration on biomass growth

After culturing D. salina cells for 37 days as depicted in Figure 4.1(a), the salinity of 2.5 and
2.0 M produced the highest biomass concentration of 2480 + 75 mgL*and 2183 + 29 mgL™
respectively, and salinity of 1.5 and 4.0 M produced the lowest biomass at 1271 + 55 mgL™ and
1171 + 14 mgL "t respectively. The biomass growth data did not violate any assumptions, that
is the normality (Shapiro-Wilk test, p-value = 0.000, Appendix B1, Table B1), homogeneity of
variances (Levene’s test, p-value = 0.000, Appendix B1, Table B2) and outliers (Appendix B1,

Figure B1) meaning that a correct conclusion was drawn from the results of the analysis.
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Salinity had a statistical significance on biomass growth (df = 3, F = 10.791, p-value = 0.000).
Our results with respect to the salinity were relatively similar to those reported by Ralefala [22],
who noted a salinity of 2.4 M in D. salina cultures produced a maximum biomass concentration
of 82 x 10*cellsmL. In addition, Ahmed [23] also noted similar results where 2.0 M salinity
in D. salina cultures produced a maximum biomass concentration of 7 x 107 cellsmL* with a
drastic decrease in biomass concentration above 2.5 M salinity [23]. The difference in biomass
concentration between ours and theirs is due to the difference in starting cell concentration,
culture medium and growth duration. However, a salinity of 2.0 and 2.5 M produces a

maximum biomass concentration irrespective of the culturing method used on D. salina.

Lag, exponential and decay phases were observed on the growth profile of D. salina as shown
in Figure 4.1(a). A 2.5 M salinity had a short lag phase (1%'to the 7" day) whereas 1.5, 2.0 and
4.0 M salinity had a long lag phase (1% to the 10" day). A 2.5 and 2.0 M salinity had a long
exponential phase duration (7" to the 25" day and 10" to the 25" day respectively), and 4.0 and
1.5 M salinity had a short duration (10" to the 16" day and 10" to the 13" day respectively).
The long decay duration was observed in 1.5 and 4.0 M salinity cultures (13"to 37" and 16"
to 37" day respectively) while 2.5 and 2.0 M salinity had a short decay duration (25" to the 37"
day). A short lag phase observed on 2.5 and 2.0 M cultures indicate a fast metabolism adoption
of D. salina to the culture conditions to produce biomass as compared to the 4.0 and 1.5 M
cultures [37]. The exponential phase of 4.0 and 1.5 M salinity cultures was short and the decay
phase was long indicating a short period of biomass growth due to the osmotic and ionic stress
of D. salina was exposed to due to the osmotic and ionic stress the D. salina was exposed to in
the cultures [23].

As shown in Figure 4.2(b), biomass harvested from the 2.5 M and 2.0 M salinity cultures had
the highest mass on a dry weight basis at 315 + 47 mg and 247 + 24 mg respectively. The lowest
dry biomass at 152 + 23 and 141 + 10 mg was produced from 1.5 M and 4.0 M salinities
respectively. The present results are in accordance with other researchers [22,23] who noted D.
salina in 2.5 and 2.0 M salinity cultures produced the highest biomass concentration. A high
salinity concentration (above 2.5 M) results in the change of the internal ionic ratio of the D.

salina causing degradation of organic solutes in the microalgae thus a decrease in the overall
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biomass weight [41]. A low salinity concentration (below 1.0 M) has weakened stress on the

microalgae metabolism resulting in a low accumulation biomass weight [21].
4.1.2 Effects of salinity concentration on specific growth rate and biomass productivity

The specific growth rates were highest at 0.068 + 0.003 d* and 0.066 + 0.005 d* under 2.5 and
2.0 M salinity respectively as compared to 1.5 and 4.0 M salinity with 0.052 + 0.000 d* and

0.045 + 0.005 d* growth rates respectively, as shown in Figure 4.1(c). The salinity was
significant to the specific growth rate (df = 3, F = 24.108, p-value = 0.000). This trend is
justified by Ralefala [22], who noted a decrease in specific growth rate when the salinity
concentration increased from 2.0 to 3.0 M [22]. The findings of this study are justified, an
increase in salinity over 2.5 M increases the D. salina osmotic stress that’s causes a decrease in
photosynthetic energy conversion by altering the metabolic activities of the cells through

evolving the oxygen photosynthetically resulting in a low specific growth rate [212-214].

As depicted in Figure 4.1(c), culture medium with salinity of 2.5 M had the highest biomass
productivity at 62.0 + 1.6 mgL*d?, followed by 2.0 M at 54.8 + 0.8 mgLd?, 1.5 M at 31.2 +
1.3 mgL*d? and 4.0 M at 26.4 + 0.2 mgL*d! being the lowest. An Anova analysis (df =3, F
=711.3, p-value = 0.000) concluded that the salinity of the medium has a significant effect on
biomass productivity. BenMoussa-Dahmen [215] noted an increase in biomass productivity
from 130 to 200 gL *d in salinity of 1.0 and 3.0 M respectively [215]. In addition, Tahir [41]
reported a decrease in biomass productivity as salinity increased from 40 gL to 60 gL that is
an equivalence of 0.68 M and 1.02 M respectively in C. fusiformis cultures [41]. The
inconsistencies between Tahir [41] and this might be due to different microalgae species

(Nannochloropsis salina) responding differently to the saline conditions.
4.1.3 Effect of salinity concentration on lipid accumulation and productivity

Based on Eqns. (2.3)-(2.4) from the literature review (Section 2.1.2), the lipid content and its
productivity were calculated and presented in Figure 4.1(d). Salinity 2.5 and 2.0 M had the
highest lipid content (18 £ 2 and 17 + 2 % respectively) and lipid productivity (11.2 £ 0.9 and
9.6 + 1.3 mgLd™? respectively) as compared to the ones in 1.5 M (10 + 2 % and 3.2 + 0.6 mgL"
d1) and 4.0 M (8 £ 1 % and 2.2 + 0.2 mgL*d}). An Anova analysis concluded a statistical

52



significance of salinity on lipid content (df = 3, F = 2103.608, p-value = 0.000) and lipid
productivity (df = 3, F = 773.819, p-value = 0.000). The results are in agreement with those
reported by Ahmed [21], who achieved a maximum lipid content at a 2.5 M salinity during D.
salina culturing [21]. The results were also in accordance with Yoshida [216], who justified
that an increase in salinity from 0.5 to 1 M resulted in a significant increase of lipid content.
Salinity has a direct effect on the metabolic activity of the microalgae cells thus an increase in
salinity results in an increase in lipids content and productivity. Excess salinity above the

recommended level of 2.5 M results in cell development deceleration [216].

4.2 Determination of optimum medium nutrients concentration for biomass and lipid

production using response surface methodology (RSM)

Plackett-Burman design is an experimental design used to identify nutrients in the culture
medium that have a significant effect on biomass concentration, lipid content and lipid
production. Box-Behnken design is an experimental design that is used to optimise significant
nutrient concentrations to achieve a maximum lipid production using the response surface

methodology.

4.2.1 Plackett-Burman design on nutrient identification for biomass growth, lipid content
and lipid production

The response of biomass concentration, lipid content and lipid production to different medium
conditions were investigated by exposing D. salina to 12 different experimental conditions as
explained in section 3.3.2.1. The results in Table 4.1 show that D. salina in experiment 12
produced the highest biomass concentration (605 + 9 mgL™) with the lowest lipid content (27.0
+ 9 %) and the second highest lipid production (163 + 7 mgL™). On the other hand, D. salina
in experiment 2 had the lowest biomass concentration (295 + 3 mgL™) with the sixth highest
lipid content (31.0 + 4.4 %) and the lowest lipid production (91 + 13 mgL ™). The highest lipid
content (35.2 + 2.0 %) was observed in experiment 3 that had the second lowest biomass
concentration and lipid production (274 + 10 mgL™ and 96 + 5 mgL* respectively). Experiment
7 had the highest lipid production (170 + 20 mgL™) with the second highest biomass
concentration (555 + 10 mgL™) and the seventh highest lipid content (30.6 + 3.1 %). The

alteration on the yield biomass concentration, lipid content and lipid production is influenced
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by significant nutrients in the culture medium. Statistical analysis revealed that NaHCOs,
NaH2P04.2H20 and NaNOs were significant since they had effects on biomass concentration
(t-value > 2.571) and lipid production (t-value > 2.776) (Figure 4.2a-c respectively). Whereas
the rest of the nutrients (CaCl,, MgSQO4.7H20 and A5 solution) showed little or no effects and
were considered non-significant to biomass concentration and lipid production. For lipid
content (Figure 4.2b), NaHCO3, NaH2P04.2H20, NaNO3z, MgS04.7H>0 and A-5 solution
showed significant effect (t-value > 2.571).

Table 4.1: Results of D. salina in a Plackett-Burman design

Experimental run R: R> Rs
(mg/L) (%,dw) (mg/L)
1 399+4 28.2+24 112 £ 10
2 295+3 31.0+44 91+13
3 274+ 10 35.2+2.0 9% +5
4 330+7 32.8+34 108 +9
5 444 + 6 28.5+2.2 127 +8
6 426 + 6 30.0 £35 128 + 16
7 555+ 10 30.6+3.1 170 £ 20
8 452 + 6 29.7+20 134+ 11
9 3756 32.0+2.6 120+ 12
10 306 + 17 32.0 +2.6 98+9
11 459 + 3 27.3x15 125+ 6
12 605+ 9 27.0x1.0 1637

Key: R1 is the biomass concentration, Rz is the lipid content, Rz s the lipid production
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Figure 4.2: Pareto Chart of the most significant and non-significant nutrients: (a) biomass
concentration, (b) lipid content (c) lipid production where A is the NaHCOgs, B is the
NaH2P04.2H20, C is the NaNOg, D is the CaCly, E is the MgS04.7H20, F is the A5 solution,
K is the Dummy K and L is the Dummy L.
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Table 4.2: Statistical analysis of nutrients on biomass concentration response.

Variable Std. SS % of Coefficient df  Mean F- p-
Code Effect Contribution of Square value value
Estimate value
Model - 99705.42 - 410.10 4 24926.35 11.22 0.0036
A 117.54  41444.87 35.96 58.77 1 4144487 18.66 0.0035
B -94.69 26895.85 23.34 -47.34 1 26895.85 12.11 0.0103
C -85.61  21987.79 19.08 -42.81 1 21987.79 990 0.0162
F -55.91 9376.91 8.14 -27.95 1 937691 4.22 0.0790
Residual 15545 7 2220.72
Cor-Total 115250 11
Where: R?=86.51 %, Ridj =78.80 %, Rzred:60.36, Adeq Precision=11.63, *significant at p-

value less than 0.05, A is the NaHCOs3, B is the NaH2P04.2H,0, C is the NaNOQOs, F is the A5

solution.

As shown in Table 4.2, the model for biomass concentration was significant (p-value = 0.0036
< 0.05), with an F-value of 11.22 meaning that only 0.36 % of the model about the F-value
occurred due to noise and the model explained 86.51 % (R?) of the variant. The adequacy of
the model was further evaluated on an actual-predication plot (Figure 4.3a), and the points were
close to the model line indicating that the model was an excellent predictor to biomass
concentration. The model had an acceptable deviation between adjusted-R? and predicted-R?
(18.44 % < 20%) [170,217]. The adequate precision had a strong signal (11.63 > 4), which
meant that there was a low chance of the model being influenced by noise. The model was well
suited to navigate the design space and Eqn. (4.1) was generated from the design.

R, =410.1+0.14A-6.1B-2C -10 (4.1)

Where: R1 is the biomass concentration, A is the NaHCOg3, B is the NaH»PO4.2H-0, C is the
NaNO3z and F is the A5 solution.
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Table 4.3: Statistical analysis of nutrients on lipid content response

Variable = Std.Effect =~ SS % of Coefficient df Mean F- p-
Code Contribution = of Estimate Square value value
value
Model 61.55 30.36 6 1026 1230 0.0073
A -1.58 7.48 11.38 -0.79 1 7.48 8.97 | 0.0303
B 1.59 7.62 11.60 0.80 1 7.62 9.14  0.0293
C 2.28 15.60 23.73 1.14 1 15.60 18.70 @ 0.0075
E 1.82 9.92 15.10 0.91 1 9.92 11.90 0.0182
F 1.38 5.74 8.73 0.69 1 5.74 6.88  0.0469
K -2.25 15.19 23.11 -1.13 1 15.19 18.22  0.0080
Residual 4.17 5 0.83
Cor.Total 65.72 11
Where: R? = 93.66 %, Ridj = 86.04 %, R;red = 63.46, Adeq Precision = 13.029; *significant

at p-value less than 0.05, A is the NaHCOs3, B is the NaH2P0O4.2H20, C is the NaNOs, E is
MgS0a4.7H20, F is the A5 solution, K is the dummy K.

The lipid content model (Table 4.3) was statistically significant (p-value = 0.0073 < 0.05) with
0.73 % chance that the F-value (12.30) could be a result of noise. The model fitted perfectly
(R? = 93.66%) to the actual behaviour of the nutrients to lipids content and it had a significant
dummy K (p-value = 0.0080 < 0.05), which means that the alias of the main effect variables
had a strong influence on the lipid content [218]. Adjusted-R? had a significant deviation with
predicted-R? (22.6% > 20 %) to the recommended. The reason might be due to the blocking
effect on the samples as they were exposed to uncontrolled weather conditions [173]. A good
and adequate precision (13.29 > 4) was achieved, concluding that there were a few chances that
the model might have been a result of noise [219]. Actual-prediction plot was a good predictor
of the model as the variables were close to the model line (Figure 4.3b). The analysis concluded
that the model was a good predictor, and a model was established from the design is Eqgn. (4.2).

R, =22.1-1.9A+0.1B +5.4C +1.5E + F (4.2)
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Where: Rz is the lipid content, A is the NaHCOs, B is the NaH2PO4.2H-0, C is the NaNOs, E
is MgS0.4.7H20 and F is the A5 solution.

Table 4.4: Statistical analysis of nutrients components on lipid production response.

Variable Std.Effect SS % of Coefficient df Mean F- p-
Code Contribution of Square value value
Estimate value
Model 6279.14 7 897.02 10.07 0.0207
A 30.25 2744.35 41.36 15.12 1 274435 30.81 0.0052
B -21.98 1448.95 21.84 -10.99 1 1448.95 16.27 0.0157
C -16.32 798.97 12.04 -8.16 1 798.97 8.97 0.0401
D 1.96 11.51 0.17 0.98 1 1151 0.13 0.7374
E 8.92 238.77 3.6 4.46 1 23877 2.68 0.1769
F -11.53 398.99 6.01 -5.77 1 39899 448 0.1017
L 14.58 637.62 9.61 7.29 1 63762 7.16 0.0555
Residual 356.24 4  89.06
Cor 6635.38 11
Total
Where: R? = 94.63 %, dej = 87.81 %, R;red: 60.08 %, Adeq Precision = 10.392, *significant

at p-value less than 0.05, A is the NaHCOg, B is the NaH2P04.2H-0, C is the NaNOs, D is the
CaCly, E is MgS04.7H20, F is the A5 solution and L is the dummy L.

In Table 4.4, dummy L was non-significant (p-value = 0.0555 > 0.05) to lipid production
concluding non-interaction of aliases. The model was highly significant (p-value = 0.0207 >
0.05) and had a less chance (2%) that the F-value (10.07) might have been due to noise. The
actual-predication plot (Figure 4.3c) was a good predictor to the model, indicating that the
model line was close to the variable points. The difference between adequate-R2 and predicted-
R2was in the acceptable range (19.73 % < 20 %) with a strong adequate signal (10.392 > 4)
indicating that the model was fit to navigate the design space of the model. Lipid production

was selected as an indicator to maximise its output through optimising significant nutrients
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(NaHCO3, NaH2P04.2H>0 and NaNO3) using the Box-Behnken design in the second stage of

optimisation under Box-Behnken experimental design.
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As shown in Tables 4.2-4.4, NaHCOs was a significant nutrient for biomass production (p-
value = 0.0035) and lipid production (p-value = 0.0052). The NaHCOs3 had a standard positive
effect (117.54 and 30.25), and positive coefficients (58.77 and 15.12) on biomass concentration
and lipid production respectively, at the same time contributing 35.96 % and 41.36 % to the
respective response. With regard to lipid content, NaHCOs had a negative effect (-1.58), and a
negative coefficient estimate (-0.79) contributing 11.38% to the lipids with a statistical

significance (p-value = 0.0303). With a negative effect and coefficient value from the results,
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it meant that as the carbonates decreased concentration from 1680 mgL™ to 840 mgL™?, the lipid
content increased (Table 4.3). Ebrahimian [220] reported a similar trend in which high lipid
production and biomass concentration of C. vulgaris was achieved at a high sodium hydrogen
carbonate concentration, in their study the lipid content was not affected by the change in the
carbonates concentrations. Meanwhile, the results on biomass concentration were in agreement
with those reported by Pancha [221], who found that addition of carbonates (0-1.5 gL™)
enhanced the biomass concentration of Scenedesmus sp. [221]. Mokashi [73] also found out
that high carbonates level (1 gL™) resulted in C. vulgaris inducing high biomass concentration
(1.542 gL1) and lipids production (16.1 mgL™t) when compared to cultures with low carbonates
levels between 0.25 and 0.5 gL [73]. Additionally, NaHCO3 has been reported to contribute
significantly in the de novo synthesis of lipids accumulation in D. salina microalgae
[173,222,223].

Phosphates have also previously been reported to have a substantial contribution to the biomass
and lipids accumulation by microalgae [1,67,69]. NaH2PO4.2H>0O showed to be significant to
biomass concentration (p-value = 0.0103), lipid content (p-value = 0.0293) and lipid production
(p-value = 0.0157). The NaH2PO4.2H20 contributed most to biomass concentration (23.34%)
followed by lipid production (21.84 %) and lastly lipid content (11.60 %) (Table 4.2-4.4
respectively). When NaH,PO..2H,0 concentration decreased from 31.2 mgLto 15.6 mgL™,
biomass concentration and lipid production increased (Std. Effect; -94.64 and -21.98
respectively). The nutrient had a positive effect on lipid content (Std. Effect; 1.59), which means
that an increase in the concentration of NaH2PO4.2H-0 results in increased lipid content (Table
4.3). The results in regard to phosphorus limitation on biomass concentration were in agreement
with those reported by Patel [75], who noted that Nannochloropsis sp, Chlorella sp and
Nannochloropsis limnetica sp increased their biomass concentration when phosphorus
concentration was reduced from 15 mgL* to 0 mgL™ [75]. Hamouda and Abou-EI-Souod [224]
also noted that S. obliquus sp increased its lipids content from 9% to 16% when the phosphorus
concentration was increased from 0 gL to 14 mgL ™ respectively [224]. Moreover, Yang [173]
showed the significance of phosphorus limitation to lipid production, the observed increase in
lipid production with a decrease in phosphorus concentration [173]. Phosphorus is essential to

the microalgae cellular processes which involve photosynthesis, macromolecule biosynthesis,
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signal transduction, energy transfer and cell growth [74]. Deficiency of phosphorus in
microalgae decreases the levels of photosynthetic phosphorylation, ATP synthesis and Calvin
cycle efficiency [74,174,218,224].

The NaNOs was significant on all the response outputs (p-value < 0.05) with an increase in
biomass concentration (Std Effect; -85.65), decrease in lipid content (Std Effect; 2.28) and
increase in lipid production (Std Effect; -16.32) at a contribution percentile of 19.08 %, 23.73
% and 23.73 % respectively as shown in Tables 4.2-4.4. These results were contrary to those
reported by Karemore [174], who indicated that subjecting D. salina and C. infusion to nitrogen
starvation conditions increased the accumulation of neutral lipid fraction, which is vital for
producing a better grade of biodiesel [174]. In addition, Tahir [41] reported that lipid content
increased from 30 to 57 % with a negligible decrease in biomass concentration from 1.71 mgL"
110 1.55 mgL* under 100 % and 20 % initial nitrate concentration experiments respectively,
using the C. vulgaris microalgae. However, these inconsistencies with this study might be due
to the different biosynthetic behaviour of different microalgae species used when exposed to
varying nitrogen concentration [41]. Yang [173] reported a positive effect of nitrates on lipid
production [173]. The difference could be that this study allowed sufficient culturing period (37
days) to reach the stationary phase hence enough time for the nitrates to be consumed by the
microalgae as compared to the experiments reported by Yang [173], which had a 9 day culture
period and leading to non-depletion of nitrates. As shown in Table 4.2-4.4, CaCl,
MgS0O4.7H20, and A5 solution were not significant (p-value > 0.05) to biomass concentration
and lipid production. Only MgS04.7H20 and A5 solution had a significant effect on lipid
content (p-value = 0.0182; p-value = 0.0469). An increase in MgS04.7H20 concentration and
Ab solution resulted in increased lipid content with an effect size of 1.82 and 1.38 respectively.
MgSO4.7H20 contributed significantly to lipid content (15.10 %) as compared to the A5
solution (8.73 %).
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Table 4.5: Statistical analysis on the model equation of lipid production, biomass concentration
and lipid content.

Model SS df MSE F-value Sig.
Regression 6588.432 2 3294.216 670.306 .000b
Residual 44.230 9 4914
Total 6632.662 11

Where: R2=99.30%

Table 4.5 shows the statistical analysis of the model on how biomass concentration and lipid
content interact with lipid production. The model was statistically significant (p-value = 0.000)
with 99.30% of the variant data is explained. An increase in lipid production by one fold results
in an increase of biomass concentration and lipid content by 0.29 and 3.55 folds respectively
Eqn. (4.3).

R,=-104.4 + 0.3R,+3.6R, (4.3)

Where: Ry is the biomass concentration, R is the lipid content and Rs is the lipid production.
4.2.2 Box-Behnken design on nutrient optimisation for maximum lipid production

Box-Behnken experimental design was used to confirm the optimum concentrations of nutrients
considered significant (NaHCOs, NaH2PO4.2H>0O and NaNOs) to produce maximum lipid
production. The CaCl,, MgSQO4.7H>0 and A5 solution concentrations from the Plackett-
Burman design were kept constant (49.71 mgL, 2355.05 mgL*and 5.60 mIL! respectively)
in this design stage since they did not show significance to lipid production. As presented in
Table 4.6, Experimental run 17 produced the maximum lipid production (191 + 6 mgL™) when
NaHCO3, NaH2P0O4.2H,0 and NaNOs concentrations were 1260 mgL™, 23.4 mgL*and 630
mgL ! respectively. The lowest lipid production (98 + 4 mgL™1) of experimental run 14 was
produced when NaHCOs, NaH,PO..2H,0 and NaNOs concentrations were 840 mgL™, 23.4
mgLtand 420 mgL™ respectively.
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Table 4.6: Box-Behnken’s lipid production results

Experimental run Lipid production
(mg/L)
1 163+8
2 162 +7
3 128 £ 12
4 168 £ 5
5 179+9
6 160+ 7
7 104 +5
8 123+ 11
9 152 +7
10 188 + 10
11 129+ 4
12 131+8
13 130+ 2
14 98+14
15 1595
16 116 + 10
17 191+6

From the experiment as shown in Table 4.7, a model was generated, which had a 0.05 % chance
that its F-value (17.54) could be due to noise hence making the model significant. Further
analyses were conducted, by determining the following: lack of fit, R?, R2%j, R%pred and adequate
precision. The desired lack of fit was not significant to the relative pure error (F-value = 0.71,
p-value = 0.60) meaning that the model fits well. An R? of 0.9575 suggested that the model had

95.75 % of predicting the lipid production response close to the actual. The R? deviated from
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R2pred DY 0.18, which is less than the 0.2 maximum recommended deviation, hence concluding
that the model is fit for application as a predictor to lipid production [173].

Table 4.7: Statistical analysis of the Box-Behnken Experimental design

Source Sumof  df Mean Coefficient of F-value p-value
Squares Square Estimate
Model 0.62 9 0.069 17.54 0.0005
A-NaHCO:3 0.051 1 0.051 0.08 12.99 0.0087
B-NaHPQO4.2H,0 0.017 1 0.017 -0.046 4.32 0.0763
C-NaNOs 0.054 1 0.054 0.082 13.58 0.0078
AB 0.035 1 0.035 0.094 8.95 0.0202
AC 0.011 1 0.011 -0.052 2.72 0.1434
BC 0.029 1 0.029 0.085 7.38 0.0299
A? 0.32 1 0.32 -0.27 79.81 < 0.0001
B? 0.015 1 0.015 -0.059 3.72 0.0952
C? 0.067 1 0.067 -0.13 16.86 0.0045
Residual 0.028 7 0.004
Lack of fit 0.01 3 0.003 0.71 0.60
Pure error 0.018 4 0.005
Cor total 0.65 16
Model 0.62 9
Where: R?= 95.75 %, Ridj =90.29%, R;red =7 2.11%, *significant p-value is less than 0.05

Individually, NaHCOs and NaNOs had a significant effect (p-value = 0.0087, p-value = 0.0078
respectively) on the lipid production with respective 0.87 % and 0.78 % chance that the F-
values (12.99 and 13.58 respectively) might have been caused by noise (Table 4.7).
NaHPO4.2H,0 alone was insignificant (p-value < 0.0763) to the lipid production with 7.63 %
chance that its F-value (4.32) might have been due to noise. NaHPO4.2H20 interaction with
NaHCO3z and NaNOgz gave a significant effect (p-value = 0.0202 and p-value = 0.0299
respectively) with an F-value of 8.95 and 7.38 respectively, whereas interaction between
NaHCOz and NaNOz had an insignificant effect (p-value = 0.1434) and an F-value of 2.72. The
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nutrient quadratic of NaHCO3z and NaNOz had a significant effect (p-value < 0.05) on the lipid
production with F-values of 79.81 and 16.86, respectively. The quadratic of NaHPO4.2H20 had
an insignificant effect (p-value > 0.05) on lipid production with an F-value of 3.72.

The relationship between independent significant variables (NaHCO3s, NaH.PO4.2H.0 and
NaNOz) and dependent variable (lipid production) were graphically presented in 2D response
surface and 3D contour plots. Figures 4.4(a)-(b) show the interaction between NaHCO3z and
NaH2P04.2H20 in contour and response surface plots, respectively. The contours show that an
increase in NaHCOj3 concentration above 1470 mgLas well as the concentration below 1050
mgL? resulted in a decrease of lipid production the effective concentration was between 1050
— 1479 mgL™. When NaNOs; was kept constant, the interaction between NaHCOj; and
NaH2P04.2H20 had an increase in lipid production with an increase in NaHCOs irrespective of
NaH2PO4.2H20 concentration.
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NaHCOz and NaH2PO4.2H>0 variables

From the study, the interaction between NaHCOz and NaNOs was studied and the results are
plotted in Figure 4.5(a)-(b). An interaction range between 653 mgLto 740 mgL* of NaNOs
and 1213 mgL* to 1493 mgL* of NaHCOz produced a good lipid production of 180 mgL™.
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The interaction between NaNOs and NaHPO4.2H-0 (Figure 4.6a-b) had a significant effect on
lipid production. The lipid yield was affected by the NaNOs concentration irrespective to the
change in NaHPO4.2H,0 level. As the NaHPO4.2H,0 level increased from 15.6 mgL™ to 31.2
mgL ! and with the NaNOs in the range between 653 mgL™to 746 mgL™a high yield of lipid
production (180 mgL!) was obtained.
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Figure 4. 6: (a) Contour plot of NaHPO4.2H>0 and NaNOs variables; (b) Response surface plot
of NaHPO4.2H,0 and NaNOs variables

From the study, the quadratic polynomial Eqn. (4.4) was generated from the model and it
predicted a maximum lipid production of 181 mgL™ under D. salina in growth culture
optimising the NaHCO3, NaHPO..2H,O, NaNOs, CaCl2, MgS04.7H,O and A5 solution
concentrations at 1302.42 mgL?, 22.46 mgL™, 685.58 mgL™, 44.72 mgL™?, 2355.00mgL* and
5.60 mIL™* respectively.

In (Rs) = 1.9 + (3.8x103A) - (3x102B) + (3.5x103C) + (2.9x10°AB) — (6x10°AC) — (10“BC)
— (2x108A%) — (9.7x10“B?) —(2.9x10°5C?) (4.4)

Where: Rz is the lipid production, A is the NaHCO3, B is the NaH2P04.2H>0 and C is the
NaNOs.

The interaction between the carbonates and the phosphates had a significant impact on lipids
accumulation, as well as the interaction between the nitrates and the phosphates. The results are
supported by the study by Pancha [221], who noted interaction starvation of nitrates and sodium

bicarbonate resulting in an increase of total lipids.
4.3 ldentification of D. salina lipids using the Thin Layer Chromatography (TLC)

TLC method was used for initial screening for the presence of lipids. Figure 4.7(a) shows a
TLC plate without spot marking and (b) with spot markings. Two samples of D. salina extracted
lipids were loaded on the TLC plate and were labelled as lane A and B. Spots 1, 2, 3 and 4
identified as glycerides, free fatty acids, triglyceride and methyl ester were spotted as similar
on both lanes (A and B) with their retention factor depicted in Table 4.8. Similar results were
reported by other researchers [225-229] indicating the presence of the above mentioned
glycerides, free fatty acids, triglyceride and methyl ester in lipids as compatible oils for

biodiesel production.
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Lane A

Figure 4.7: Thin layer chromatography of D. salina extracted lipids with samples labelled as
lane A and B. (a) TLC plate without spot markings (b) TLC plate with spots 1, 2, 3, and 4
identified as the glyceride, free fatty acids, triglyceride and methyl ester respectively [227,228]

(a)

Lane B

Spot 4
Spot 3

Spot 2

Spot 1
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Table 4.8: Retention factor of D. salina extracted lipids

Spot number

Solvent
distance

(cm)

16.5
16.5
16.5
16.5

Solute distance

(cm)

A B
4.3 4.2
8.5 8.2
15.7 15.4
16.0 15.8

~ LaneA — laneB

Retention factor

A
0.26
0.52
0.95
0.97

0.25
0.50
0.93
0.96

4.4 Transesterification, identification and characterisation of the D. salina biodiesel

4.4.1 Transesterification of lipids to produce biodiesel

During the transesterification reaction, an alkali (KOH and NaOH) was used as a catalyst. Due

to the limitation in the amount of extracted lipids, sunflower oil was used as a representative oil
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to determine the amount of catalyst used for the transesterification reaction as both of them had
free fatty acids (FFA) which were less than 1 % (lipids: 0.86 + 0.06 %,wt and sunflower oil:
0.35 + 0.06 %,wt). The feedstocks are less likely to deactivate the catalyst due to a low FFA
content that has a tendency of forming a semisolid mass around the catalyst if the content is
greater than 5 % [230]. KOH required mass of 9.4 £ 0.4 g to neutralise the FFA in a litre of oil
as compared to the NaOH which required a mass of 7.3 £ 0.1 g. An optimum concentration of
the alkali catalyst will reduce the reaction time and produce a better yield of biodiesel [231].
Excess concentration above the optimum level will result in soap formation instead of biodiesel
production [189].

As shown in Table 4.9, sunflower oil and D. salina extracted lipids transesterified reaction using
KOH catalyst had the highest biodiesel yield (94 + 1 %, 84 £ 1 %, respectively) compared to
NaOH (89 £ 2 %, 75 * 4 %, respectively). The results were in agreement with Talha [232] and
Vyas [233] who noted a high biodiesel yield in KOH catalysed transesterification reaction as
compared to NaOH catalysed reaction. NaOH has a high polarity compared to KOH when used
as a catalyst in the transesterification reaction it produces more glycerol and low biodiesel
[232]. Sunflower biodiesel had more yield than biodiesel extracted from lipids due to the purity
of the feed and low free fatty acid (FFA) [98,100]. The results were in agreement with Mandal
[234] and Vyas [233] who noted a high yield of biodiesel at low FFA and high feed purity.

Table 4.9: Biodiesel yield from different catalysed reactions

Biodiesel yield (%)

Catalysed KOH NaOH
D. salina lipids 84+1 754
Sunflower oil 94+1 89+2

4.4.2 FTIR identification of the produced biodiesel

The FTIR was used to identify the organic structures in biodiesel produced by D. salina and
compared with sunflower biodiesel. The results were depicted in Figures 4.8-4.9 for D. salina
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biodiesel and sunflower biodiesel respectively both with notable peaks ranging from 2924-723
cm™’. Both samples had transmittance identified in the fingerprint region ranging between 500
cm? and 1500 cm™. The 723 cm™ was identified as methylene cis-distributed alkenes and
aromatics bending out of the plane. Organic structures identified at a wavenumber ranging
between 1000 cm™ and 1200 cm™ were ester bonds with asymmetrical axial stretching. The
methyl group structure with bending and rocking vibration was transmitted at a wavenumber
ranging between 1200 cm™ and 1500 cm™. Ester carbonyl group with stretching vibration at
1742 cm™ was identified in the double bond region ranging between 1500 cm™and 2000 cm*
on both samples. Methylene with asymmetrical stretching was identified in D. salina biodiesel
and sunflower biodiesel at 2852 and 2854 cm respectively in the single bond stretch which
ranges between 2500 cm*and 4000 cm™. Asymmetrical stretching alkanes were identified at
2922 cm™ and 2924 cm™ in D. salina biodiesel and sunflower biodiesel respectively. Sunflower
biodiesel had asymmetrical stretching alkenes identified at 3009 cm™. The following functional
groups have been identified in other studies: methylene (-(CH>)n), ethers (C-O-C), esters bonds
(C(C=0)-0), methyl group (O-CHa), ester carbonyl triglycerides (C=0) and alkene groups
(=C—H) in biodiesels [49,108,109,111,116,117,235].
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Figure 4.8: D. salina biodiesel FTIR spectrum
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Figure 4.9: Sunflower biodiesel FTIR spectrum

4.4.3 GC-MS characterisation of lipids biodiesel and petroleum diesel

The GC-MS analysis was used to characterise the fatty acid methyl esters (FAMES) in biodiesel
produced from D. salina as shown in Figure 4.10. The FAMEs are fatty acid esters that are
formed from the transesterification reaction and their profile determines the best application of
the fuel. Methyl esters identified had carbon chains ranging from Cisto Cz1. The results indicate
a high percentile fraction of monounsaturated FAMEs 8-octadecenoic acid (36.69 %),
hexadecanoic acid (35.53 %) and 9-octadecenoic acid Z (17.85 %) and a low percentile fraction
of polyunsaturated eicosenoic acid (1.67 %), cis-11-eicosenoic acid (0.56 %), 9-hexadecenoic
acid (0.33 %) and tetradecanoate (0.29 %). A high monounsaturated FAMEs in the produced
biodiesel indicates good oxidative stability of the fuel with an ability to prolong its shelf life,
but however, this characteristic limits its application as the fuel has high polymerisation which
reduces its affinity to oxygen leading to peroxidation [174,236]. The findings were in agreement
with other researchers [71,168,219,237].
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FAMEs

M Tetradecanoate

M 9-Hexadecenoic acid, (Z)-

M Hexadecanoic acid
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Figure 4.10: Methly ester composition in the biodiesel produced from D. salina

4.5 Physiochemical characterisation and Kinetics of D. salina lipids and biodiesel
4.5.1 Physiochemical characterisation of D. salina lipids and its biodiesel.

Table 4.10 shows the results for density (p), saponification value (SV), acid value (AV), free
fatty acids (FFA), ester value (EV) and iodine value (1V) of the biodiesel in comparison to the
international specification standards (EN14214, ASTM D16751 and SAN 1935:2004).

The biodiesel produced from sunflower had a high density of 890 + 4 kgm™ as compared to the
biodiesel produced from D. salina with a density of 864 + 3 kgm™=. Both fuels density were
within the international specification range (860-900 kgm™). High density above the
recommended range (> 900 kgm) results in difficulties in combustion leading to incomplete
combustion, particulate emissions and the damage to the combustion chamber [121,123].

The saponification value of sunflower biodiesel (196 + 2 mgKOHg™) was high as compared to
the biodiesel produced from D. salina (183 + 2 mgKOHg™. The biodiesel from D. salina did
not meet the SAN 1935:2004 range of between 185 mgKOHg™and 198 mgKOHg*. The low
saponification value (SV) of D. salina biodiesel as compared to sunflower biodiesel indicates a

high relative molecular mass of triacylglycerol in D. salina biodiesel [49,123,124].
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The acid value of sunflower biodiesel (0.44 + 0.04 mgKOHg™) was higher than that of D. salina
biodiesel (0.40 + 0.01 mgKOHg™). Both fuel acid values were within the international

specification range (< 0.5 mgKOHg™) indicating a long shelf life quality of the fuels without
oxidising [120,121,126,127].

The free fatty acid of the sunflower biodiesel (0.22 £ 0.02 %) and D. salina biodiesel (0.20 *
0.01 %) were within the international standard specification range of less than 0.5% meaning
that the fuels will produce less soot during combustion. The ester value (EV) of sunflower
biodiesel (191 £ 3) was higher than the ester value of D. salina biodiesel (183 + 2) and both
fuels ester value were similar to their saponification value (SV) which indicated a good quality
of fuel [129]. The iodine value of sunflower biodiesel (113 + 2 gl./100g of FAME) was high
than that of D. salina biodiesel (67 = 4 gl./100g of FAME) and were within international
standard specifications (< 140 gl./100g of FAME). A low iodine value reflects a low NOx
emission during combustion [120,124,238].

Table 4.10: Physio-chemical characterisation of oils and biodiesel with the international

specification standards

Tests Units Standards specification Measured
EN14214 ASTM SANS BSO DSB
D6751 1935:2004
p kgm3 860-900 860-900 860-900 890 + 4 864 + 3
SV mgKOHg'? - - 185-198 196 £ 2 183+ 2
AV mgKOHg'? <0.5 <0.5 <0.5 0.44 + 0.40 £
0.04 0.01
FFA % <5 <5 <5 0.22 + 0.20 +
0.02 0.01
EV - - - 196 +2 183+2
v gl2/100g of <120 - <140 113+2 674
FAME

Where: BSO is the biodiesel from sunflower oil and DSB is the D. salina biodiesel.
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4.5.2 Thermal characterisation of D. salina biodiesel

Thermogravimetric experiments were performed under air atmospheric on D. salina biodiesel,
sunflower biodiesel and petroleum diesel at three different heating rates (5, 10 and 15 °Cmin™)
by using the thermogravimetric analysis (TGA-DTG) with results presented in section 4.5.2.1.
The combustion characteristics, thermogravimetric and thermodynamic Kkinetics were

investigated and presented in section 4.5.2.2 and 4.5.2.3.
4.5.2.1 Thermogravimetric analysis of D. salina biodiesel

Appendix C, Figure C1-C9 shows the TGA/DTG results of D. salina biodiesel, sunflower
biodiesel and petroleum diesel at different heating rates (5, 10 and 15 °Cmin™) and Table 4.11

summarises the temperature profiles with respect to the fuel and heating rate.
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Table 4. 11: TGA/DTG combustion data of D. salina biodiesel, sunflower oil biodiesel and

petroleum diesel at different heating rates (5, 10 and 15 °Cmin™)

Sample Heating rate Reaction region Peak temperatures Mass loss

(°Cmin) (°C) (°C) (%)

D. salina 5 175-341 326 92.19
biodiesel

341-509 7.81

10 190-363 357 95.32

363-516 4.68

15 190-365 360 96.68

365-520 3.32

Sunflower 5 148-359 328 86.41
biodiesel

359-497 13.59

10 105-265 248 37.84

276-364 330 57.20

364-509 4.96

15 130-263 248 24.16

263-376 357 64.82

376-555 11.02

Petroleum 5 104-280 255 49.65

diesel

280-327 310 47.96

327-333 1.06

10 89-217 199 35.38

217-320 278 59.64

320-347 0.94

15 130-352 286 94.70

352-444 0.50

D. salina biodiesel’s combustion thermograph has evaporation, combustion and thermal

degradation stages. Evaporation stage accounted for approximately 2 % of the mass loss. The
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combustion had a reaction region of 175-341, 190-363 and 190-365 °C with minimum mass
loss of 92 %, peak temperature of 326, 357 and 360 °C, that corresponded to three heating rates
5,10 and 15 °Cmint. Thermal degradation stage accounted for approximately 8 % of the mass
loss with a range of 341-509, 363-516 and 365-520 °C for the three considered heating rates
ascendingly. The stability of biodiesel decreased as the heating rates increased which resulted
in the shift of the reaction interval, peak temperature to the upper temperatures and an increase

in mass loss rate [134].

Sunflower biodiesel’s evaporation stage accounted for approximately 1 % of the mass loss. At
5 °Cmin™ heating rate, single stage combustion was observed which had a reaction interval of
148-359 °C with a mass loss of 86.41 % and peak temperature of 328°C. Two distinct
combustion stages were observed at 10 and 15 °Cmin! heating rates that are the volatilisation
and combustion. At 10 and 15 °Cmin the volatilisation region is 105-265 and 130-265 °C with
a peak temperature of 248 °C and mass loss of 37.84 and 24.16 % respectively. The combustion
region had a temperature interval of 276-364 and 263-376 °C with peak temperatures 330, 357
°C, and mass loss of 57.20 and 64.84 % for 10 and 15 °Cmin! heating rates respectively. The
chemical constituents in the triglycerides of sunflower oil biodiesel have a big distinctive gap
on the carbon structures that have a lower molecular weight and higher molecular weight which
results in lower molecular weight structures to be volatilised first before the combustion of the
high molecular weight structures [130,239]. Thermal degradation accounted for 13.59, 4.96
and 11.02 % of the mass loss with the reaction interval shifting to upper temperatures as shown
in Table 4.11. The stability of sunflower biodiesel decreases as the heating rate increases.

Petroleum diesel thermograph had less than 2 % of mass loss during the evaporation stage. A
volatilisation reaction region of 104-280 and 89-217 °C with mass loss of 49.65 and 35.38 %
and peak temperatures of 255 and 199 °C were observed on 5 and 10 °Cmin‘* heating rates. The
combustion stage had a reaction region of 280-327, 217-320 and 130-352 °C with mass loss of
47.96, 59.64 and 97.70 % and peak temperatures 310, 278 and 286 °C under the three
corresponding heating rates ascendingly. The sensitivity of the reaction decreased the reaction

region shifted to the upper temperature. The thermal degradation reaction region shifted to the
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upper temperatures when the heating rate increased, that is 327-333, 320-347 and 352-444 °C
for 5, 10 and 15 °Cmin with mass loss of less than 2 %.

D. salina biodiesel had a higher reaction compared to petroleum diesel. This meant that D.
salina biodiesel was difficult to ignite and did not volatilise easily [135]. Furthermore, the peak
temperatures were high as compared to petroleum diesel and sunflower oil diesel. This meant
that D. salina biodiesel had difficulties to burn better and left soot after the combustion as
indicated by the high mass loss percentile of the thermal degradation soot [139]. The results are
similar to those reported by Topa [130] who noted canola oil biodiesel to resemble higher
reaction region and peak temperature as compared to the petroleum diesel [130]. The author
also noted the decreased stability of biodiesel and also a shift of reaction to higher temperatures
when the heating rate increased [130]. Santos [209] noted that the increase in heating resulted
in a shift of the mass loss steps towards higher temperatures and non-uniform heat distribution
[209]. The results are in agreement with several researchers who noted an increase in the heating
rate results in a decrease of heat distribution on the biodiesel molecules and shifting the thermal
degradation to upper temperatures [131,134,138,150].

m  D. salina biodiesel
e Sunflower oil biodiesel = D. salina biodiesel

A Petroleum diesel = e Sunflower oil biodiesel
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Figure 4.11: (a) ignition profile (b) burnout profile of D. salina biodiesel, sunflower biodiesel,
and petroleum diesel at different heating rates
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As shown in Figure 4.11(a), at varying heating rates (5, 10 and, 15 °Cmin‘t), D. salina biodiesel
had the highest ignition temperature followed by sunflower oil biodiesel and petroleum diesel
being the lowest. A high ignition temperature meant that D. salina biodiesel was less volatile
and delayed to combusted making it less ignitable [139]. Topa [130] noted a higher ignition
temperature of biodiesel compared to petroleum diesel concluding that biodiesel was less

ignitable as it resembled a low cetane number which delayed the combustion.

D. salina biodiesel had a higher burnout temperature than petroleum diesel and lower than
sunflower oil biodiesel as shown in Figure 4.11(b). A higher burnout temperature indicates a
long residence time of combustion [240]. D. salina biodiesel requires time to combust to
complete as compared to petroleum diesel and when burnt in the internal combustion chamber
for petroleum diesel it will damage to furnace walls due to high temperatures it attains during
combustion [240].

4.5.2.2 Combustion characteristics, thermogravimetric and thermodynamic kinetics of D.

salina biodiesel, sunflower biodiesel and petroleum diesel

Figure 4.12 shows the ignition index, comprehensive performance and Kissinger plot for D.

salina biodiesel, sunflower biodiesel and petroleum diesel.
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Figure 4. 12: D. salina biodiesel, sunflower biodiesel and petroleum diesel: (a) ignition index,

(b) comprehensive performance, (c) Kissinger plots.

As depicted in Figure 4.12(a), D. salina biodiesel had the highest ignition index of 8.66E-07,
2.68E-06 and 8.23E-06 min''°C2at the corresponding heating rate 5, 10 and 15 °Cmin as
compared to the sunflower biodiesel and petroleum diesel. Sunflower biodiesel and petroleum
diesel had a corresponding closer match at the three heating rates ranging between 1.29E-07 —
5.80E-07 and 1.77E-07 — 6.62E-07 min°C2 respectively. This indicated that D. salina
biodiesel was difficult to ignite and a closer match of sunflower biodiesel and petroleum diesel

indicates an almost similarity on the ease to ignite [141-144,241].
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D. salina biodiesel had the least comprehensive performance of -2.58E-11, -1.42E-10 and -
6.34E-10 min2°C=3 at the corresponding heating rates 5, 10 and 15 °Cmin™ compared to
sunflower biodiesel and petroleum diesel as shown in Figure 4.12(b). Sunflower oil biodiesel
and diesel had a corresponding almost matching performance (-1.01E-10 to -2.25E-10 and -
1.20E-10 to -2.85E-11 min2°C?3, respectively) at the three corresponding heating rates
ascendingly. This result meant that the D. salina biodiesel was the least active fuel during

combustion as compared to the sunflower biodiesel and petroleum diesel [139].

Table 4.12: Activation energy and Arrhenius constant of D. salina biodiesel, sunflower
biodiesel, and petroleum diesel.

Activation energy (kJmol?)  Arrhenius constant (min-)

D. salina biodiesel 79 1.12E+06
Sunflower oil biodiesel 78 1.17E+06
Petroleum diesel 72 2.23E+06

Kissinger plots are shown in Figure 4.12(c) were used to determine the activation energy and
Arrhenius constant of D. salina biodiesel, sunflower biodiesel and petroleum diesel with results
recorded in Table 4.12. The Kissinger plot had a strong prediction fit model with R? values of
0.9728, 0.6890 and 0.9009 for D. salina biodiesel, sunflower biodiesel and petroleum diesel
respectively. D. salina biodiesel had the highest activation energy of 79 kJmol™* followed by
sunflower biodiesel at 78 kJmol™* and lastly petroleum diesel at 72 kJmol™ being the highest.
This meant that D. salina biodiesel required more energy to combusted followed by sunflower
biodiesel and petroleum diesel requiring the least energy [242]. The results were consistent with
the TGA/DTG results which concluded that D. salina biodiesel would require high
temperatures for it to combust. Li [134] signified the presence of unsaturated fatty acids in
biodiesel as a contributing factor to high activation energy and thermal stability [134]. D. salina
biodiesel had the lowest Arrhenius constant compared to sunflower oil biodiesel and petroleum
diesel being the highest as shown in Figure 4.12. This indicated that D. salina biodiesel’s

molecules had a low rate of frequency collision to dissipate energy compared to sunflower
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biodiesel and petroleum diesel justifying its high thermal stability as explained by the results of
TGA/DTG data [130,139].

Table 4.13: Thermodynamic properties and the higher heating value of D. Salina sp. biodiesel,
sunflower biodiesel, and petroleum diesel.

Sample AH AG AS HHV
(kJmol™?) (kJmol™?) (kJmol™) (MJkg?)
D. salina 74.63 184.54 -0.18 40.00
Biodiesel
Sunflower 74.19 181.66 -0.18 39.69
Biodiesel
Petroleum diesel 68.50 161.11 -0.17 43.62

The thermodynamic parameters of D. salina biodiesel, sunflower biodiesel and petroleum
diesel are shown in Table 4.12 above. D. salina biodiesel had the highest endothermic enthalpy
change compared to sunflower biodiesel and petroleum diesel being the lowest. This meant that
D. salina had a lower reactivity as compared to sunflower biodiesel and petroleum diesel
[139,243]. Furthermore, D. salina biodiesel had the highest Gibbs free energy compared to
sunflower biodiesel and petroleum diesel being the lowest. This meant that D. salina biodiesel
had a lower favourability of reaction compared to sunflower oil biodiesel and petroleum diesel
[139]. This finding is justified by the high value of activation energy and the comprehensive
performance of the D. salina biodiesel. The entropy change of the mentioned fuels were low
and negative. This meant a reduced reaction disorder resulting in physical and chemical age of
the fuel bringing it near to thermodynamic equilibrium [125]. The fuels will take time to form
an activated complex [139,244]. The higher heating value of D. salina biodiesel was less than
that of petroleum diesel but higher than that of sunflower biodiesel. This indicated the presence
of more double bonds of fatty acids alkyl esters in the petroleum diesel that dissipate more

energy than D. salina biodiesel and [139,245].
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4.6 Conclusion

The findings on the optimum salinity and medium nutrients of D. salina was evaluated in this
chapter. The D. salina biomass was harvested (100 %, dw), dried (24 %, dw), extracted to lipids
(8.5 %,dw) and trans esterified to biodiesel (7.3 %). An optimum salinity of 2.5 M with
NaHCOs3, NaH2P0O4.2H,0 and NaNOs nutrients were significant for maximum lipid production.
The extracted lipids had a large presence of glycerides, free fatty acids, triglyceride and methyl
ester, which are relevant constituents for biodiesel production. Potassium hydroxide (KOH)
catalyst had the highest yield conversion of lipids to biodiesel during the transesterification
reaction. The biodiesel had a large fraction of monounsaturated fatty acid methyl esters, which
indicated a good oxidative quality. The results of the physio-chemical characterisation showed
that D. salina biodiesel had a long shelf life with high relative molecular mass and it took more
time to combust compared to petroleum diesel. The thermal characterisation results showed that
D. salina biodiesel was highly stable as compared to sunflower oil biodiesel and petroleum
diesel. This means that D. salina biodiesel is hard to ignite, requires high temperature to
combust and burn off. D. salina biodiesel is recommendable to combust in the boilers without

damaging the furnace walls as the temperature tolerance of the furnace boilers is up to 1500 °C.
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CHAPTER 5: CONCLUSIONS, RECOMMENDATIONS AND FUTURE RESEARCH

5.1 Conclusions

This study showed that halophilic D. salina microalgae grown in 2.5 M salinity medium
conditions optimised by RSM produces the highest biomass at 605 mgL* (dw), 35.2 % lipids
content. Nutrient optimisation using the Plackett-Burman design of RSM showed that NaHCOs,
NaH2P04.2H20 and NaNOs were significant nutrients that had effects on both biomass growth
and lipid production whereas A5 solution of micronutrients had a significant effect on the lipid
content only. These significant nutrients (NaHCO3, NaH2PO4.2H>0 and NaNOz) were further
optimised using Box-Behnken design of RSM and has shown to produce a maximum lipid of
181 mgL ™.

For the conversion of lipids to biodiesel through transesterification process, KOH catalyst was
able to produce 84 % of biodiesel as opposed to NaOH catalyst which had 75 %. TLC method
was used for rapid qualitative analysis of extracted lipids. The glycerides, free fatty acids,
triglyceride and methyl ester were the constituents in lipids that are compatible for biodiesel.
FTIR analysis method identified the presence of triglycerides in the transesterified product
(biodiesel) at wavelengths of 1743 cm™ and 1742 cm™, which contained O-CHzand C=0 bonds
that represent methyl and ester carbonyl triglycerides group. The GC-MS was used, and it
quantitatively identified monounsaturated methyl esters as the highest constituent in the
biodiesel derived from lipids. These methyl esters were identified as 8-octadecenoic acid (36.69
%), hexadecanoic acid (35.53 %) and 9-octadecenoic acid Z constituting 36.69, 35.53 and 17.85
% of the total biodiesel composition.

The characterisation test shows that D. salina biodiesel can be combusted in Botash’s Babcock
and Wilcox boiler without damging the furnace at the same time meeting the expected energy
demand. The fuel had a high density, acid value, ester value and a low saponification value
compared to the expected international specification. This means that the fuel has a high
oxidative stability with a high relative molecular mass with the ability to produce low NOx
emissions during combustion. The thermal characterisation showed that D. salina was thermal
stable as compared to sunflower biodiesel and petroleum diesel. The fuel required high

temperature to ignite, combust and burn off. In addition, the higher heating value was
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comparable to the other fuels mentioned in this study. The kinetics also justified the high
thermal stability of the D. salina biodiesel.

5.2 Recommendations
The following recommendations are suggested:

e The culturing stage should maximise biomass production by integrating naturally
available parameters such as sunlight, air, temperature for outdoor culturing, which is
less cheap compared to controlled conditions, as well as optimisation of the process to

determine the optimum parameters that promote high lipids accumulation.

e Harvesting of the cells from the culture has been a challenge especially for big volumes,
therefore efficient harvesting methods should be investigated for high recovery of cells

e More studies on other base and acid transesterification methods should be investigated
to determine the best method for efficient transesterification process for high biodiesel

yield.

e The study should integrate with waste water treatment so as to create a sustainable
system that can produce biodiesel and purify water at a low production cost.

e The biodiesel from D. salina should be considered for blending as currently it can not
meet a sustainable capacity.

5.3 Future research

e Future research will focus on using solvent free extraction and transesterification
methods that have a high yield conversion so as to economically produce the biodiesel.

e The study will work on upscaling the process for real application purposes, that is
commercialisation.

5.4 Contribution to knowledge

The study has managed to establish a benchmark on the amount of D. salina microalgae and
biodiesel that can be produced in Botswana.

84



5.5 Publications

Medium optimisation of Dunaliella salina lipid accumulation in a batch bioreactor using

response surface methodology.

Decision: Not accepted due to the quantity that was limited
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APPENDICES

Appendix Al
Table Al: Conway medium chemical composition

Reagent Chemical composition
A Potassium nitrate
Sodium orthophosphate
EDTA (Na)
Ferric chloride
Manganese chloride
Distilled water
B Zinc chloride
Cobalt chloride
Copper sulphate
Ammonium molybdate

Distilled water

C Vitamin B1 (Thiamin)

Vitamin B12 (Cyanocobalamine)

Quantity
100g
209
45¢g
1.3g
0.369
1L
4.29
4.0g
4.0g
1.89
1L

200mg in 100ml distilled
water

10mg in 100ml distilled water

Table A2: f/2 medium trace metals chemical composition.

Components Stock Solution = Quantity
FeCls.6(H20) 3.15¢
Na2(EDTA).2(H20) 4.36 g
CuS04.5(H20) 9.8 g/L dH20 1mL
NaoMo004.2(H20), 6.3 g/L dH20 1 mL
ZnS04.7(H20) 22.0 g/L dH20 1mL
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Molar Concentration in Final
Medium

1.17 x10° M
1.17 x10° M
3.93x10% M
2.60 X108 M
7.65 x10®° M



CoCl2 6(H20) 10.0 g/L dH20 1mL 4.20 x108M

MnClz.4(H:0) 180.0 g/L 1mL 9.10 X107 M
dH20

Table A3: f/2 medium Vitamins chemical composition

Components Stock Solution Quantity Molar
Concentration in
Final Medium

thiamine HCI (vitamin 200 mg 2.96 x10' M
B1)

Biotin (Vitamin H) 0.1 g/L dH20 10 mL 2.05x10°M

Cyanocobalamin 1 g/L dH20 1mL 3.69 x101°M

(Vitamin B12)

Table A4: Chemical reagents for the transesterification process

Sigma Aldrich Reagent Assay (%0)
Isopropyl alcohol (C3HsO) >99.0%
Hydrochloric acid (HCL) 37.0%
Sodium Hydroxide (NaOH) >08.0%
Potassium hydroxide (KOH) >86.0%
Methanol (CH3OH) 99.9%
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Appendix A2

Saponification value (SV) reagent preparation

Chemicals
Table A6: Reagent chemicals for saponification value
Sigma-Aldrich Reagent Assay (%) Density (g/ml)
HCL 37 1.190
KOH >86.6 1.450
C2HsOH 99 0.789
D1

phenolphthalein indicator

Procedure
1 0.5 N of ethanolic potassium hydroxide (C2H7KO) is prepared by dissolving 30g of
KOH in 20ml of DI in a 1L volumetric flask which is brought to calibration mark by
C2HsOH. The solution is left for 24 hrs before decanting, filtering and storing in a
stopper glass.
2. 0.5 N of HCL is prepared by measuring 41.5ml of HCL, transferring it to a 1L
volumetric flask and bringing it calibration mark by DI.

Appendix A3
Acid value (AV), free fatty acid (FFA), Ester value (EV) reagent preparation

0.1 N of KOH is prepared by measuring 4.5ml of KOH, transferring it to a 1L volumetric flask

and brining it it calibration mark by DI.
Appendix A4
lodine value (IV) reagent preparation

Chemicals
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lodine (I2), glacial acetic acid (CH3COOH), bromine water (Br), potassium iodide (K1), starch
(CeH100s)n and Sodium thiosulfate (Na2S203.5H20) chemicals were obtained from the

biological department of BIUST.

Procedure

1. A 15% of Kl solution of 15% is prepared by mixing 15g of KI with 50ml DI until the
Kl dissolves in a conical flask. The mixture is transferred to a 100ml volumetric flask
that is brought to calibration mark by DI.

2. A 1% starch solution is prepared by making a starch paste from 1g of starch in 8 ml of
DI and mixing it with 100ml of boiling DI. The solution is allowed to cool before
application.

3. A0.1N of Na2S203.5H20 is prepared by dissolving 24.8g of Na>S203.5H20 in 100ml of
DI and transferring it to a 1L volumetric flask which is brought to calibration mark by
DlI.

4. Hanus solution is prepared by adding 18.2g of I, and 3ml of Brz is a litre of CH;COOH.

The solution is dissolved by placing it on a stirring plate.
Appendix B1

Table B1: Normality test of biomass concentration using the Shapiro-Wilk method

Statistic df Sig.
Biomass 0.936 156 0.000
Concentration
(mgL™)
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Table B2: Levene’s test of equality of error variance for the biomass concentration.

Based on
Mean

Based on
Median

Based on
Median and

with adjusted
df

Based on
trimmed mean

Leven Statistic dfl

28.978

17.532

17.532

28.062

3

df2 Sig.
152 000
152 .000
140.446 000
152 .000

Ho: Error of variance of biomass concentration is equal across all groups

3000.00

2500.00

2000.00

1500.00

1000.00

500.00

.00

Biomass concentration (mgl/L)

Figure B1: Outlier test on biomass concentration data
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Lab: METTLER STAR" SW 15.00
Figure C7: Petroleum diesel TGA/DTGA thermograph at a heating rate of 15 °Cmin™
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Figure C8: Petroleum diesel TGA/DTGA thermograph at a heating rate of 10 °Cmin’*
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Lab: METTLER

Figure C9: Petroleum diesel TGA/DTGA thermograph at a heating rate of 15 °Cmin™
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Table D6: Combustion characteristics parameters of D. Salina sp. biodiesel, sunflower

biodiesel and petroleum diesel and varying heating rates

Fuel B Di Dc
(°Cmin™) (mint°C?) (min2°C?®)
D.Salina 5 8.66E-07 -2.58E-11
sp-Blodiesel 10 2.68E-06 “L42E-10
15 8.23E-06 -6.34E-10
Sunflower Biodiesel |5 5.80E-07 -1.71E-11
10 1.29E-06 -1.01E-10
15 1.95E-06 -2.25E-10
Diesel 5 6.62E-07 -2.85E-11
10 1.77E-06 -1.20E-10
15 1.84E-06 -1.70E-10
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