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DETERMINATION OF GROWTH KINETICS FOR THE GREEN MICROALGAE
Scenedesmus dimorphus IN FRESHWATER AND SALINE MEDIAS
MORGAN L. COHARA
ABSTRACT
Of the many alternative resources capable of generating biofuel, microalgal oil
serves as a promising feedstock. Unfortunately, biodiesel production from microalgae is
currently hindered by high operational costs. One primary causes for these high costs is
the large quantity of freshwater required for cultivation. This experiment was designed to
assess the feasibility of growing the green, freshwater microalgae Scenedesmus
dimorphus in an increasingly saline environment. Both average yield coefficients and
growth rates were monitored with increasing salt concentration. Determination of average
yield coefficients allows for process scale-up and the optimization of production costs by
minimizing raw material waste. Salinity was measured in terms of total specific gravity
(TSG). The typical TSG levels for freshwater and open seawater are 1.000 and 1.0251.030, respectively.
Microalgae were grown in a 5L photobioreactor in batch mode with freshwater,
1.006, and 1.009 TSG media. The growth rate, average yield coefficients and lipid
content were analyzed under these conditions. Low salinity levels had little impact on
growth rate, while increasing salinity to 1.009 TSG resulted in a reduction in the growth
rate by 40%. Substrate consumption over time was monitored using Inductively Coupled
Plasma – Optical Emission Spectroscopy to calculate the average yield coefficients for
magnesium, iron and phosphorus. Magnesium and iron average yield coefficients
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increased from freshwater values at 1.006 TSG, while the average yield coefficient for
both of these elements showed a reduction from freshwater values at 1.009 TSG. The
average yield coefficient for phosphorus did not change at 1.006 TSG but increased at
1.009 TSG.
Lipid content and biodiesel fuel properties were also calculated to estimate the
quality of fuel derived from S.dimorphus oil. Lipid content seemed to increase from
freshwater (1.96% up to 3.28%) to 1.011 TSG but decline at a TSG of 1.015. The cetane
number, along with the oxidative stability index, did not appear to be significantly
influenced by salt concentration. The cold filter plugging point appeared to increase with
salinity, indicating that growing microalgae in a saline environment will reduce the
performance of biodiesel in colder climates.
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CHAPTER I
INTRODUCTION
With the ongoing and growing concerns of climate change and high greenhouse
gas (GHG) emissions from the transportation sector, there is an immediate need to focus
on the development of practical and cost-effective alternative and renewable fuel sources.
Greenhouse gases, such as carbon dioxide, are gasses that trap heat within the atmosphere
and consequently result in the rise of global temperatures [1]. As of 2016, carbon dioxide
accounts for 65% of global greenhouse gas emissions [2]. Moreover, in the 2016
Inventory of U.S. Greenhouse Gas Emissions and Sinks, it was noted that 6.5 billion
metric tons of carbon dioxide were produced in a single year [2]. This is a 2.5 percent
reduction in emissions from 2015 and has been accredited to decreased fossil fuel
consumption [2]. This reduction, however, is primarily attributed to the shift from coal to
natural gas and warmer winter temperatures [2]. Figure 1 shows that majority of these
emissions within the U.S. are still derived from transportation, electrical and industry
sectors. Within the transportation sector, nearly 90% of all fuel is petroleum based and
burning of these fuels results in the production of carbon dioxide [2].
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Figure 1. Total U.S. greenhouse gas emissions for the year 2016.
(https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks)
Of the many alternative resources capable of generating biofuel, microalgal oil
has the potential to serve as one of the most promising biodiesel feedstocks. Microalgae
produce oil, which can be extracted and converted into biodiesel through a
transesterification reaction. These oils are typically composed of triglycerides [3]. The
amount of oil generated by a microalgae species is important to consider, as it is
proportional to the amount of biodiesel that can be produced from the feedstock.
Therefore, research should focus on species with a high oil content. Compared to first
generation biofuel feedstocks (such soy beans, rapeseed, palm oil, etc.) microalgae
(referred to as a third generation biofuel feedstock) have a much greater oil
productivity/yield [4]. For example, the oil yield from microalgae is predicted at 136,900
liters of oil per hectare, while the next closest producer is palm oil at 5,950 liters per
hectare [5]. Furthermore, microalgae can be cultivated in regions that are unsuitable to
land based-crops, such as non-arable desert regions. Cultivation of these photosynthetic
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organisms on non-arable land can reduce competition with staple food crops. Their
metabolic requirement for CO2 also aids in the mitigation of greenhouse gas emissions.
Unlike traditional biodiesel crops, saltwater microalgae species can be grown with
regionally sourced sea or ocean waters. This reduces the strain on already high freshwater
demands for human consumption and agricultural production. While saltwater microalgae
species can be cultivated in areas inaccessible to first and second-generation biofuel
feedstocks, some freshwater species tend to have higher lipid contents than their saltwater
counterparts [6]. Rather than investing in a species with a low lipid content, alternative
growth methods should be considered to mitigate competition between land-based crop
and freshwater microalgae for freshwater resources.
In addition to serving as a biodiesel feedstock, microalgae and their components
can be utilized for a multitude of additional applications. Interest in bioplastics has grown
recently, specifically those derived from microalgae. Moreover, microalgae are
increasingly being marketed as a health supplement and are also being used as food
additives. A market report published by Credence Research in 2016 predicted that the
algae product market could reach $44.6 billion U.S. dollars by the year 2023, with a
Compound Annual Growth Rate of 5.2% from 2016 to 2023 [7]. Microalgae can also be
utilized to scrub wastewater of contaminants. First and second-generation biofuels lack
this versatility of application and the zero-waste nature of microalgae.
When speaking of microalgae, it is important to note the difference between
micro- and macroalgae. Macroalgae, commonly known as seaweeds, are multi-cellular
organisms that resemble the traditional appearance of plants [8]. Microalgae are
microscopic, unicellular, eukaryotic organisms that can grow in fresh or saltwater
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environments. Growth occurs through cell division and the cells double roughly every 24
hours [6] [9]. Additionally, these eukaryotic organisms can be separated into three
different classes: photoautotrophic, heterotrophic, and mixotrophic [4]. Photoautotrophic
microalgae use sunlight and inorganic carbon to fuel cell growth, while heterotrophic
microalgae use glucose from biomass as their carbon source [4]. Mixotrophic algae are
able perform photosynthesis using both organic and inorganic carbon [4]. All forms of
microalgae produce triglycerides through a beta-oxidation metabolic pathway [4]. While
all forms do produce the same products, photoautotrophic cultivation of microalgae will
be the focus of this research.
The number of microalgae species in existence is extensive. It is estimated that
there anywhere from 200,000-800,000 different microalgae species [10]. Conservative
estimates, however, suggest that only 50,000 of these species have been studied in a
scientific setting [10]. One strain of microalgae that offers a promising outlook for the
production of biodiesel is Scenedesmus dimorphus (also commonly referred to as
Scenedesmus obliquus). The species tends to be found in two forms: as a single cell or as
a quad of cells. A microscopic image of Scenedesmus dimorphus cells is shown in Figure
2. This species has been shown to have a moderately high growth rate, along with a high
lipid content, which makes it a highly suitable candidate for biodiesel production [11].
Previous research has also shown that S.dimorphus can accumulate to values of 16-40%
lipids of its total mass [12].
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Figure 2. A microscopic image of freshwater Scenedesmus dimorphus cells at 40x
magnification. The cells are crescent shaped and grow in colonies of four.
In order to increase the viability of microalgae as a practical feedstock for
biodiesel, there is a need to reduce growth dependence on freshwater and minimize
operational and production related costs. This research was designed in response to these
issues. Here, the green, freshwater microalgae Scenedesmus dimorphus was grown in a
5L photobioreactor, in batch mode, under increasingly saline culture conditions. Bold’s
Basal Medium with three-fold nitrogen plus vitamins (3N-BB+V) was used for growth
media. Within this study, two mathematical growth models for Scenedesmus dimorphus
were used to characterize growth. Additionally, this work aimed to determine how the
average yield coefficients of important growth nutrients are affected by increased salt
concentration. Determination of average yield coefficients was achieved through the use
of Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES). Critical
biodiesel fuel properties were also calculated from FAME compositions to estimate the
fuel quality obtained from algae grown under these conditions.
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Growth models for the cultivation of S.dimorphus are needed to accurately

evaluate the impact of an increasingly saline growth environment on growth rate. Illfitting models could lead to false conclusions. There are large implications for
S.dimorphus if it can be grown under saline conditions. If salinity does not negatively
affect both growth rate and lipid production, a currently untapped and less expensive
natural resource for biodiesel production will be made available. Utilization of seawater
could greatly reduce the cost of biodiesel production, increase profits and alleviate moral
concerns for using freshwater for biofuel production. To assess the impact of salinity on
nutrient requirements, a baseline value for average yield coefficients associated with
S.dimorphus growth has been obtained for freshwater conditions. The determination of
average yield coefficients is critical for process scale-up, as well as process optimization.
They can also help to alleviate production costs by minimizing raw material waste.
Lastly, any change in the fuel performance of biodiesel derived from S.dimorphus as a
result of saline concentration should be identified. Without algae oil that meet these
criteria, the economic feasibility of biodiesel based on microalgae feedstocks is unlikely
to be sustainable.
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CHAPTER II
BACKGROUND
2.1 Photosynthesis and Microalgae Oil Production
2.1.1 Photosynthesis and Cellular Respiration
Photosynthesis is the process by which plants, some bacteria and protozoa convert
sunlight, carbon dioxide and water into glucose. The classical reaction is shown in Figure
3.

	
  
Figure 3. The chemical equation for photosynthesis. Photosynthesis inputs include 6
moles of carbon dioxide, 6 moles of water and solar energy. These react together to
produce one mole of glucose and six moles of oxygen. Glucose can then be converted
into usable energy. (https://www.khanacademy.org/science/biology/photosynthesis-inplants/introduction-to-stages-of-photosynthesis/v/photosynthesis)
Glucose serves as an energy source that can be converted into pyruvate, adenosine
triphosphate (ATP) and NADH through the process of glycolysis [13]. Further reaction of
pyruvate through the Calvin cycle produces additional ATP molecules [13]. The NADH
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generated through glycolysis and FAD, another byproduct from the Calvin cycle, proceed
through the electron transport chain to produce more adenosine triphosphate (ATP) [13].
The conversion of glucose into useable energy through glycolysis, the Calvin cycle and
the electron transport chain is more commonly referred to as cellular respiration. A single
glucose molecule proceeding through cellular respiration pathways can yield thirty-eight
ATP molecules [13]. ATP is considered the energy currency of the cell as it can store and
transport chemical energy through its high-energy bonds. It is known to be involved in
key cellular processes including intracellular signaling, DNA and RNA synthesis, and
amino acid synthesis [14].
2.1.2 Macronutrients for Cell Growth
While light is key to cell growth for photosynthetic organisms, there are
additional nutrients that aid in the growth of microalgae. In this research, the role of
magnesium, iron, calcium, phosphorus and potassium in cell growth will be discussed.
Figure 4 displays a simplified diagram of a typical microalgae cell.
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Figure 4. A diagram of the typical cell structure of a microalgae cell.
https://www.ccber.ucsb.edu/collections/botanical-collections-plant-anatomy/inside-plantcell
2.1.2a Magnesium
Magnesium is a key component of chlorophyll a [15]. Figure 5 shows the
structure of chlorophyll a, where magnesium is the central atom of the entire molecule.

	
  
Figure 5. The chemical structure of Chlorophyll a.
(https://en.wikipedia.org/wiki/Chlorophyll_a#/media/File:Chlorophyll_a.svg)
Chlorophyll a is a light absorbing, green-pigmented molecule that is essential to
photosynthesis [16]. It is produced within the cell’s chloroplasts [16]. Studies have shown
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that magnesium deficiencies lead to the cessation of cell growth [17]. Therefore, it is
important to include magnesium within growth media to facilitate cell growth. In fact,
increased concentrations of magnesium have showed an increase in biomass and lipids
yields of microalgae [17] In addition to chlorophyll a, a large amount of cellular
magnesium is a component of enzymes for protein synthesis and enzymes for
phosphorylation and dephosphorylation reactions [18].
2.1.2b Iron
Iron has several functions within microalgae cells. It is important for
photosynthesis, cellular respiration, nitrogen fixation, and protein and nucleic acid
synthesis [19]. Changes in iron concentration have lead to changes in chlorophyll a
concentrations [20]. As a result of this, deficiencies in iron could have a negative impact
on the efficiency of photosynthesis within the cell and consequently overall cell growth
[20]. Moreover, decreased iron concentrations have resulted in decreased nitrogen uptake
[20]. Nitrogen is perhaps one of the most important macronutrients for microalgal cells,
as it is a component of building blocks of the cell such as amino acids and nucleic acids
[21]. Both amino acids and nucleic acids are critical to cell growth, reproduction and
maintenance.
2.1.2c Calcium
Calcium is a critical component of the cell wall. It contributes to the structural
rigidity of the cell wall by cross-linking with pectin molecules [22]. Calcium also binds
to phospholipids to strengthen the structure of the cell wall [22]. A large number of
cellular processes also involve calcium ions, which play an important role in cell growth
and development [15]. Research has shown that it contributes to the regulation of cell
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growth and the selectivity of ion transport across the plasma membrane [23]. It has been
suggested that low calcium concentrations can lead to increased permeability of the
plasma membrane [22]. Calcium starvation within the cell may also lead to increased
lipid contents with the cell [23]. Indeed, a study conducted by Gorain (2013) revealed
that calcium starvation increased lipid contents within microalgal cells from 11.3% to
37% dry cell weight [23].
2.1.2d Phosphorus
Within microalgal cells, phosphorus primarily exists in its oxidized form as
phosphate [24]. Phosphate containing phospholipids constitute a majority of the cell
membrane. These phosphates are also a part of certain enzymes that are important for
anabolic and catabolic pathways [24]. Phosphorus also exists as a phosphate ester in
nucleosides, found within the nucleus [24]. Perhaps the largest role of phosphorus within
the microalgae cells is that it is a key constituent of adenosine triphosphate (ATP) [25].
ATP is considered the energy currency of the cell and is essential for all cellular
processes.
2.1.2e Potassium
Potassium is an important nutrient for microalgal cell growth. It is key to
metabolic processes, as it acts as a co-factor for many enzymatic reactions [25].
Potassium also influences the uptake of other minerals [15]. Evidence also suggests that
potassium helps to regulate the rate of cellular respiration [15]. In addition to aiding in
metabolic activities and respiration, potassium is the dominant cation in the cytoplasm of
the cytosol, where it plays a large role in the transportation of enzymes and carbohydrates
[15]. It is also heavily present within the vacuoles of the cells [26]. Within the vacuoles,
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potassium ions are pumped into and out of the vacuole interior to regulate water influx
and outflow to maintain turgor pressure of the cell [26]. In microalgal cells, the vacuole is
one of the largest organelles. Potassium is an osmotically active element, meaning it
cannot move freely across the cell membrane [26].
2.1.3 Microalgal Oil Production
Microalgae produce many lipids, but the most useful type for biodiesel is the
triglyceride. A triglyceride is an ester that contains one glycerol unit and three fatty acid
chain units [27]. The triglyceride molecules can be either saturated or unsaturated. Both
saturated and unsaturated triglycerides provide benefits with regard to the biodiesel fuel
quality and performance, so the production of both by microalgae cells is critical. Some
studies have shown that introducing low concentrations of salt (NaCl) into the growth
system can induce osmotic stress and consequently increase the lipid yield [28] [29] [30]
[31]. In some cases, however, this comes at the cost of decreased biomass yields [23].
2.1.4 The Transesterification Process: Biodiesel Production
The lipids accumulated within the microalgae cells are composed of mono-, diand triglycerides. These triglycerides are composed of two groups: a single glycerol unit
and three fatty acid chain units. Through the transesterification process, the triglycerides
extracted from the microalgae can be reacted with an alcohol, typically ethanol or
methanol, to produce esters of fatty acids and glycerol [32]. An example of this reaction
can be seen in Figure 6. The use of methanol results in the production of fatty acid methyl
esters (FAMEs).
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Figure 6. An example of a transesterification reaction, where methanol and a triglyceride
react to form a mixture of fatty acid methyl esters and glycerol.
(http://www.etipbioenergy.eu/value-chains/conversion-technologies/conventionaltechnologies/transesterification-to-biodiesel).
The alcohol primarily reacts with the fatty acid chains to produce the fatty acid
esters that make-up biodiesel [32]. By itself, the reaction proceeds at a very slow rate. To
overcome this, a catalyst in the form of a base is frequently added [32]. Common
catalysts for the transesterification reaction are sodium or potassium hydroxide, and
sodium methoxide [33]. The transesterification reaction is reversible, so excess alcohol is
typically added as the excess reactant to completely react the triglycerides and recover
the maximum amount of product [5]. Once the reaction goes to completion, the fatty acid
esters and glycerol will separate into two layers.
2.2 Microalgal Cultivation Systems
Microalgae can be cultivated in a multitude of arrangements; however, there are
two primary methods of cultivation. These include both open and closed systems.
Subclasses of open systems include large open ponds circulating with a large rotating arm
or raceway ponds. An example of an open raceway pond can be seen in Figure 7.
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Figure 7. A simplified schematic of a typical raceway pond for microalgae cultivation.
(https://www.e-education.psu.edu/egee439/node/695)
Both the rotating arm and raceway ponds contain microalgae that are in constant
circulation via a mechanical mixer. Open ponds are typically shallow and have a large
surface area to allow sunlight to penetrate the entire culture. In general, they have a lower
cost to construct and maintain than closed systems such as photobioreactors [5].
Additionally, they require less monitoring and less need for process controls, which
results in low operational costs. The mechanical mixers employed in these set-ups also
impart less hydrodynamic stress on algae, leading to better growth. There are, however,
several weaknesses to the open pond system. Their productivity is less than that of closed
systems, and growth is typically slower and less controlled [5]. These systems are also
more prone to contamination by invading or competing species since they are open to the
atmosphere [5]. The openness of the system poses additional problems through the
inability to control important operating parameters such as temperature, light exposure,
dissolved oxygen concentration and pH [5]. It is also difficult to control evaporation of
water from the system, which leads to greater water requirements [5]. Water evaporation
could also lead to precipitation of key nutrients, if solubility limits are approached.

14

By contrast, closed cultivation systems are, as their name implies, isolated from
the environment. These systems can take the form of covered ponds or more commonly,
photobioreactors (PBRs). Photobioreactors utilize natural or artificial light as a source to
cultivate photoautotrophic microorganisms. They can take on many different
configurations, which include: tubular (horizontal and vertical), vertical bubble
column/airlift reactors, flat plate reactors and foil/bag reactors. Figure 8 displays an
image of a lab scale photobioreactor that is similar to the reactor utilized in this research.
	
  
	
  

Figure 8. An image of a lab-scale photobioreactor.
(https://en.wikipedia.org/wiki/Photobioreactor)

	
  

All of these configurations offer the ability to control several process variables
(temperature, pH, nutrient concentrations, light) that are not controllable in open systems
[34]. Moreover, they offer better sterility. The ability to control process parameters and
maintain sterility leads to higher growth rates and cell density, as well as overall greater
productivity [5]. The biomass concentration in PBRs can be three to five times greater
than that of open systems [35]. Photobioreactors also offer easier integration with other
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facilities such as heat, power and wastewater treatment plants [35]. While
photobioreactors present many advantages, they tend to have higher operational costs due
to increased power requirements. Additionally, construction costs are greater than the
cost to build open ponds. The biggest hurdle presented by these systems is the need to
clean them periodically [36]. During cell growth, there is the possibility that microalgae
cells could stick to the surface of the PBR. This can block light, reduce the exposure of
cells closer to the center of the reactor, and consequently reduce cell growth.
Despite the challenges presented by photobioreactors, their superior ability to
control process variables make them prime candidates for research and lab scale studies.
As a result, a New Brunswick Bioflo Celligen 115 Benchtop Reactor is utilized as the
primary cultivation method in this study.
2.3 Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES)
	
  
	
  
Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) is a
common analytical method utilized to determined trace amounts of metals within liquid
or gas samples. Solid samples may also be assessed after extraction or acid digestion. The
spectrometer functions based on emission spectroscopy, in which the wavelength of
photons emitted by a chemical species, are measured. ICP-OES relies on inductively
coupled plasma as an energy source to produce electromagnetic radiation at a wavelength
specific to excite the atoms within a sample. The sample is first introduced via a pump
and is nebulized into an aerosol. It then comes in contact with the argon plasma, where it
is instantly vaporized. When the elements within the nebulized sample come in contact
with the plasma, the analyte elements are converted into free atoms in a gaseous state
[37]. The atoms/ions absorb energy from the plasma that causes the atom/ion to transition
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to an excited state. Eventually, the atom/ion relaxes back to its ground state, which results
in the emission of electromagnetic radiation (photons). A detector measures the emitted
radiation. Figure 9 shows a schematic of the set-up for this type of spectrometer.

Figure 9. A simplified schematic of an ICP-OES spectrometer.
(http://analyticalprofessional.blogspot.com/2013/06/inductive-coupled-plasmaoptical.html)
Importantly, ICP-OES can only be used to measure the concentration of metals,
each of which emits radiation at a characteristic wavelength that allows them to be
identified. The total number of photons measured by the detector for any metal element is
proportional to the concentration of that element within a sample. It is a powerful tool, as
it can detect low concentrations (as low as 0.5 µg/L for some elements) of metal
elements. It is, however, important to be aware that the limits of detection depend on the
element being analyzed.
2.4 Gas Chromatography – Mass Spectrometry
Gas Chromatography – Mass Spectrometry (GC-MS) is a common analytical
method used to identify different atoms and compounds within a sample. As implied by
17

the name, this method combines a gas chromatograph with mass spectrometer. Figure 10
shows a simplified schematic of a typical GC-MS.

Figure 10. A simplified schematic of a Gas Chromatograph-Mass Spectrometer. The gas
chromatograph portion is shown in red, while the mass spectrometer portion of the
instrument is depicted in blue.
(http://www.chem.ucla.edu/~harding/IGOC/G/gc_ms.html)
The sample is injected into a stream of carrier gases and then enters a capillary
column. Separation of the molecules within the sample is achieved by their different
affinities for the stationary phase of the column. This causes some molecules to elute
from the column at different times. Molecules exiting the column proceed to the mass
spectrometer, where the molecules are broken down into ionized fragments. These
ionized fragments collide with a detector and the mass to charge ration is measured.
Identification of different molecules is achieved through the mass to charge ratio. The
different retention times of the molecules within the capillary column allow the
molecules to be individually identified by the mass spectrometer.
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2.5 Operational Parameters in Batch Cultivation of Microalgae
2.5.1 Measuring Biomass Concentration of S.dimorphus via UV-Vis Spectroscopy
Determination of biomass concentration over time is a critical measurement that
corresponds to cell growth. Cell density measurements fall into two different categories:
direct and indirect. Direct measurements include dry weight determination, packed cell
volume and optical density measurements [38]. Indirect measurements include
measurement of bimolecular concentrations (for example, DNA, RNA, ATP, etc.) [38].
For purposes of this research, determination of optical (cell) density by UV-Vis
spectroscopy will be of primary focus.
UV-Vis spectroscopy is a spectroscopic technique utilized to quantify the
concentrations of different analytes within a sample. The spectrometer measures the
absorbance of a sample at a specific wavelength of visible or ultra-violet light. The BeerLambert law, shown in equation 2.5.1, states that absorbance is proportional to
concentration of the absorbing analyte, where A is the absorbance, ε is the
(Eq. 2.5.1)
emissivity, l is the path length and c is the concentration [39]. As a result of this, the
measured absorbance of a sample can be used to determine the concentration of analyte
within a sample. Chlorophyll a, found within microalgae cells, is a green-pigmented
compound [16]. This is what gives algae their green appearance. While the compound
reflects green light, previous research has shown that chlorophyll a absorbs light within
the blue (428 and 453nm) and red (661 and 642nm) regions [40]. Each cell contains
roughly the same amount of chlorophyll a. Therefore; the absorbance intensity is directly
proportional to the biomass concentration. An assessment of the absorption of
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microalgae, using UV-Vis spectroscopy, was conducted by Held (2011) [41]. In this
study, it was determined that the red region at 600nm was an appropriate wavelength to
measure the absorbance of the microalgae to determine biomass concentrations as it
avoids the influence of other absorbing materials [41].
In the present study, UV-Vis measurements to determine biomass concentration
were taken at 600nm. In addition to using 600 nm as the optimal wavelength for
quantifying microalgal growth, a standard curve was generated to determine the
coefficient of proportionality to relate absorbance, measured at 600 nm, to biomass
concentration:
(Eq. 2.5.2)
where X is the biomass concentration (gdw/L), A600 is the absorbance at 600 nm, and
0.583 is the proportionality constant between absorbance and biomass as determined by
G.Mahfouz (2015) [42].
2.5.2 Effect of Temperature on Microalgal Cell Growth
When cultivating living organisms through a bioprocess, it is important to
consider operating conditions at which maximum growth can be achieved. Temperature
can have an impact on growth rate, cell size, and cell composition [43]. It can also have a
large influence on nutrient consumption [43]. Therefore, it is important to operate the
reactor at an optimal temperature so that algae can achieve a high growth rate with a
desirable cell composition, while also maintaining nutrient consumption.
An early study by Rhee and Gotham (1981) revealed that Scenedesmus sp.
reached a maximum and constant growth rate between 20-25°C [44]. Nearly thirty years
later, Xin et al. conducted a study (2011) to better understand the effect of cultivation
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temperature on growth and lipid accumulation within Scenedesmus sp. LX1 [45]. Results
from this study indicated that this species could grow at a reasonable growth rate within a
range of 10-30°C [45]. The algae produced the least amount of lipids at 30°C; however,
the lipids at this temperature had the highest triacylglyceride content [45]. Similarly, a
study conducted by Bruer et al. revealed that Scenedesmus obliquus achieved its highest
final biomass concentration and highest initial biomass productivity at 27.5°C [46]. It
was also observed that conditions that favored growth also favored high TAG content
[46]. While high lipid accumulation is desirable, the content of these lipids is more
important. Triglycerides are the feedstock for biodiesel and should therefore of primary
focus. The growth rate is also shown to be highest between 20 and 30°C [46].
2.5.3 Effect of pH on Microalgal Cell Growth
When cultivating algae, it is also important to consider the effects of pH on cell
growth. The pH of a culture can impact solubility and consequently availability of
nutrients [43]. A reduction in nutrient availability can have a large and likely negative
impact on the metabolism of the microalgal cells. Previous research conducted in this lab
by G. Mahfouz utilized a target pH of 6.5 based on findings of Nalewajko (1996) [42]
[47]. In order to compare results of this study to previous findings, the target pH range
for this research was 6.3 to 6.6 and was maintained by the adjustment of CO2 flow rate.
More recent studies have shown that neutral pH levels are optimal for
Scenedesmus obliquus [46]. It was found that a pH of 7 resulted in the highest growth
rate and TAG accumulation [46]. A similar study conducted by Guedes et al. (2011)
revealed that a high growth rate for Scenedesmus obliquus was favored at a low pH (pH
6) and a temperature of 30°C [48]. Contrary to these results, a 2013 study conducted by
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Vidyashankar found that alkaline pH levels, from 9-11, result in the highest growth rate
and highest biomass yields for Scenedesmus dimorphus cells [31]. While these results
suggest that higher pH levels are optimal, it was also noted that pH 11 can induce auto
flocculation of the cells [31].
2.5.4 Effect of Carbon Dioxide on Microalgal Cell Growth
The concentration of carbon dioxide within a cell culture also plays a critical role
in cell growth. In general, increases in CO2 concentration will decrease pH. Excess
amounts of CO2 can be converted to H2CO3, resulting in acidic pH levels that could
negatively impact growth. If CO2 concentration is too low, algae growth could be limited
by a low concentration of carbon [30]. An analysis of the effects of CO2 on the growth of
Scenedesmus obliquus indicated that the presence of CO2 improved algal cell growth, as
growth was improved when the CO2 concentration was increased from 5% to 15% [30].
It was reported that increases in CO2 above 15% negatively affected the growth rate [30].
Vidyashankar (2013) also evaluated Scenedesmus dimorphus growth at 5%, 10% and
15% volume CO2 in air [31]. Again, maximum growth was observed at 15% CO2 [31]. In
this study, carbon dioxide was added at an initial rate of 5% of the air supplied (vol/vol).
When necessary, the CO2 flow rate was increased to decrease the pH and decreased to
increase the pH to maintain an optimal pH level of 6.3-6.6.
2.5.5 Effect of Light on Microalgal Cell Growth
Light is a critical nutrient required for microalgae cell growth. Microalgae are
photoautotrophic organisms. Photoautotrophs convert light, water and carbon dioxide
into usable energy [35]. The amount of light received by a microalgal culture directly
impacts photosynthesis within cells [49]. Excess light can cause the formation of reactive
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oxygen species and induce oxidative stress, which can be damaging to DNA and cause a
wide array of issues [49]. The amount of light that is received by a culture depends
heavily on the geometry of the reactor (tubular vs. plat plate, vertical vs. horizontal). The
geometry determines the depth of the reactor and how easily light can penetrate to the
interior of the reactor [36]. Large photobioreactors can accommodate large cell densities;
however, they will require a greater light intensity to be able to penetrate to the interior of
the culture [36]. Flat plate reactors are often favored for this reason, as they offer superior
a surface area to volume ratio that increases light exposure of the algae. One way to
overcome light limitations in large vessels is to constantly agitate or mix the culture [36].
This allows the algae cells to circulate within the reactor and be exposed to a similar
amount of light.
Generally, increasing light exposure leads to increased growth rates, up to the
light saturation limit [49]. The optimal range was determined to be 15-540 µMol m-2 s-1,
with maximum growth being observed at 420 µMol m-2 s-1 [49]. Increased light past the
saturation limit can lead to decreased growth rates, as excess light induces photoinhibition of different processes [49]. A similar study conducted by Gris et al. (2014)
found that the maximal light intensity for Scenedesmus obliquus growth was 150 µMol
m-2 s-1 [50]. When light intensity was increased past this value, growth was inhibited [50].
Furthermore, this study found that S.obliquus grew better under a continuous light source,
rather than a pulsed light source. In some cases, though, the cells can adapt to light and
dark cycles to increase productivity [50]. A study by Bruer et al. (2013) revealed that
TAG (triacylglycerol) content was independent of light intensity [46]. This was also
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confirmed by the Gris study (2014). Therefore, light has been shown to impact cell
growth but not triglyceride content [50].
2.5.6 Effect of Mixing on Microalgal Cell Growth
Agitation of microalgae cultures within photobioreactors is important for several
reasons. As mentioned earlier, agitation facilitates the exposure of the algae cells to a
similar amount of light. Agitation also prevents nutrients from precipitating out of
solution or developing regions varying in concentration [36]. This ensures that all algae
cells are exposed to uniform nutrient concentrations throughout the reactor [36].
Microalgae cells are denser than water and tend to settle if not continuously mixed. This
can disrupt cell growth and limit the exposure of cells to essential nutrients. A
mechanical mixer is often used to induce agitation. The agitation speed also depends on
the size of the photobioreactor. Increased mixing speeds do not necessarily correlate to
enhanced growth for large reactors. Moreover, high shear can damage cells [36]. This
research utilized a mixing rate of 250 RPM.
2.5.7 Effect of Salinity on Microalgal Cell Growth
The growth of algae in saline environments is becoming of increasing interest due
to the high availability and reduced cost of saltwater compared to freshwater. In some
locations, saltwater is also a more accessible resource compared to freshwater. Salinity
can alter both the growth rate and composition of microalgal cells. In some species,
increasing salt concentrations within growth media can lead to increased lipid content
while others show marked decreases [43]. The same is true of growth rates.
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There have been several studies within the past six years that have evaluated the
effects of salt concentration on cell growth and lipid accumulation for the Scenedesmus
genus. A summary of these results can be viewed in Table 1.
Table 1. Literature data on the effect of salinity on maximum specific growth rate and
maximum lipid content for Scenedesmus species. [28-31] [51]

Study

Species

Salama (2013)

Scenedesmus
obliquus

Vidyashankar
et al. (2013)

Scenedesmus
dimorphus

Kaewkannetra
(2012)

Scenedesmus
obliquus

Ruangsomboon
(2012)

Scenedesmus
dimorphus
KMITL

Chisti and
Luangpipat
(2017)

Scenedesmus
sp.

Cultivation
Media
BBM with
salinity
levels: 0.58,
1.46, 2.92
5.84 ppt
NaCl
BBM with
salinity
levels: 0.29,
1.46, 2.92,
5.84 ppt
NaCl
Chu 13
medium
with salinity
ranging from
2.92 ppt to
175.32 ppt
NaCl
Chlorella
medium
with salinity
levels: 0, 5,
10, 15, 20
ppt
BG 11
medium
with salinity
levels: 38.0
ppt and 19
ppt

Cultivation
Setting

Salt
Source

Maximum
Specific
Growth
Rate (µ,
days-1)

250 mL
Erlenmeyer
flasks

NaCl

Not Listed

34
(1.46 ppt)

250 mL
Erlenmeyer
flasks

NaCl

0.097±0.006
(0.29 ppt)

21.35%
(0.29 ppt)

250 mL
Erlenmeyer
flasks

NaCl

Not Listed

36%
(17.53 ppt)

1L glass
flask

Diluted
seawater

0.09±0.01
(5 ppt)

14.3±0.2%
(5 ppt)

2L glass
bottles

Sea Salt

0.300
(Freshwater)

15.9±0.9
(38 ppt)

Maximum
Lipid
Content
(% w/w)

In 2013, Salama et al. examined the effect of salt stress on biomass and lipid
contents of Scenedesmus obliquus grown in 250mL Erlenmeyer flasks with Bold Basal
Medium. Results from this study indicated that biomass and lipid concentrations show an
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increase compared to freshwater cultures when salinity levels are low (1.46 ppt NaCl)
[28]. However, when salt concentrations are increased past 1.46 ppt NaCl, both biomass
and lipid productions decrease significantly [28]. Similar results were found by
Vidyashankar et al. (2013); however, even lower concentrations of NaCl (0.29 ppt NaCl)
resulted in the highest specific growth rate for Scenedesmus dimorphus [31]. Notably, the
growth rates reported by Vidyashankar et al. (2013) appear to be rather low [31]. These
results provide lower salinity thresholds, compared to the findings of Kaewkannetra et al.
(2012), where it was demonstrated that Scenedesmus obliquus growth was not inhibited
until a salinity threshold of 17.53 ppt was reached [30]. Optimal growth was observed at
2.92 ppt NaCl [30].
Additional studies, like the one conducted by Ruangsamboon et al (2013) also
evaluated the effects of salinity on the growth of Scenedesmus dimorphus KMITL [29].
Findings from this research again indicated that a low level of salinity, 5 ppt salt (from
diluted seawater), resulted in the highest lipid content and specific growth rate [29]. The
effect of salinity was also evaluated by Chisti and Luangpipat (2017) for Scenedesmus sp.
grown in 2 L bottles with BG11 media [51]. It was concluded that this species grew
equally as well in brackish waters (19 ppt sea salt) as it did in freshwater [51]. However,
full strength seawater (38 ppt sea salt) yielded a decrease in growth rate. The lipid content
of the algae, on the other hand, reached a maximum for algae grown in full strength
seawater [51].
It is clear from these studies that there is still a need for consistent results
regarding the response of freshwater Scenedesmus species to increased salt
concentrations. In all experiments, a cultivation system no larger than 1L was utilized.
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Control over these systems was also limited. The wide range of results could be attributed
to the small scale of these experiments. Therefore, there is a need to conduct experiments
that evaluate the effects of increased salinity on Scenedesmus species within a larger and
more controlled environment. The inoculation process for these studies involved
inoculating live, freshwater microalgae directly into saline media [28] [29] [31]. In one
case, the inoculum came from a previously culture shake flask [30] [51]. Differences
between inoculum preparation and procedures could also be a contributing factor to the
differences between reported results. Moreover, all of these studies evaluated growth
using the exponential growth model. Additional growth models should be assessed to
accurately represent the growth behavior of S.dimorphus. Many current studies have
primarily evaluated the effects of salinity on specific growth rate and lipid content. In
order to assess the feasibility of large-scale production of microalgae with saline water
sources, the impact of salinity on yield coefficients for various substrates must be
understood. The effect of salinity on biodiesel fuel quality is an additional area of
interest, as product quality standards must be met.
Research involving S.dimorphus grown at different salinity levels in a controlled,
5L photobioreactor in 3N-BB+V media was not found. Furthermore, research focusing
on determining an appropriate growth model to assess the impact of salt concentration on
growth rate is equally limited. As a result, this research attempts to find a suitable growth
model for S.dimorphus grown within a 5L PBR with 3N-BB+V growth media. The
impact of salinity on substrate yield coefficients for S.dimorphus grown within a 5L
bioreactor will also be evaluated. Lastly, due to the demonstrated need for increased
understanding of the effect of salinity on biodiesel quality, lipid content and key biodiesel
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fuel parameters will also be assessed. This study will utilize salt concentrations at 1.006
and 1.009 TSG, which correspond to 7.6 and 13.30 ppt, respectively. Additionally, this
study will employ cells that had been previously adapted to the saline environment near
these levels.
2.6 The Exponential Growth Model
The exponential growth model is the simplest mathematical model that can be
used to understand the growth behavior of a species. A characteristic exponential growth
response can be divided into four separate growth phases: the lag phase, exponential
growth phase, stationary phase, and the decline phase (Figure 11).

	
  	
  	
  	
  	
  	
  	
  	
  
	
  
Figure 11. An example of a typical growth curve for microorganisms. Early growth is
slow and is defined as the lag phase. Following the lag phase, growth transitions to the
exponential growth phase, followed by the stationary phase. Eventually, the cell number
will begin to decrease in what is known as the decline phase.
(https://slideplayer.com/slide/9457535/)
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Arguably, the most important region for understanding cell growth is the
exponential growth phase (also referred to as the log phase). In this region, the production
of new cells is assumed to be proportional to the current number of cells in the
population. It is also assumed that there is no substrate limitation in the growth medium.
The region is modeled by the following equation, where the change in cell number with
time (dN/dt) is a function of the current cell number (N) and the specific growth rate (µ).
(Eq. 2.6.1)
Cell concentration (N/V) is often used in place of cell number (N), as it is impossible to
count the number of cells within the population at each time point. Instead, cell
concentration of the sample can be determined by visually counting the number of cells
within a specific sample volume under a microscope. For a constant volume system,
equation 2.6.1 then becomes:

(Eq. 2.6.2)
In general, it is still very difficult to accurately count N number of cells, even in a
sample volume. As a result, indirect measurements, such as the absorbance (A600) of a
culture, are taken and used to estimate the biomass concentration (X, gdw/L) (see section
2.5.1 and equation 2.5.2). Biomass concentration can be used in place of cell
concentration, assuming that the biomass concentration is proportional to the cell
concentration of the overall system at the time of sampling, and assuming the mass per
cell is constant. Substituting biomass concentration for cell concentration into equation
2.6.2 yields:
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(Eq. 2.6.3)
Rearranging this equation and integrating with respect to X and t, assuming constant µ,
result in the analytical solution shown below:
(Eq. 2.6.4)
where X(t) is the biomass concentration at time t and X(0) is the initial biomass
concentration at t=0. Plotting the left hand side of the equation versus time should result
in a straight line. This linear region can be taken as the exponential growth phase. The
specific growth rate (µ) is the slope of this line and is a measure of the increase in
microalgal cells with time.
2.7 The Logistic Growth Model
The logistic growth model has also been used to model population growth. Pierre
Francois Verhulst developed this model in 1838 [52]. Verhulst proposed that the rate of
cell growth is proportional to the availability of resources within a population’s habitat,
given by [52]:
(Eq. 2.7.1)
Substituting equation 2.7.1 into equation 2.6.3 yields equation 2.7.2.
(Eq. 2.7.2)
Integrating this equation results in the logistic equation in its integrated form:
(Eq. 2.7.3)
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The initial biomass concentration at time t0 is represented by N(0), while N(t) is the
biomass concentration at any time, t. The growth rate of the population is given by k and
N∞ represents the carrying capacity of the population. A graphical representation of this
equation can be seen in Figure 12.

	
  
Figure 12. A graphical example of a logistic growth curve. Early growth is rapid and
appears to be nearly exponential. As the carrying capacity is reached, the growth rate
begins to decease. (https://study.com/academy/lesson/logistic-population-growthequation-definition-graph.html)
According to the model, the initial phase of cell growth is both rapid and
exponential. However, as the population size continues to increase, growth slows, as the
members of the population have to compete for limited resources. The maximum
population size that can be achieved, referred to as the carrying capacity, is represented
by N∞. An “S” shaped or sigmoid curve characterizes growth.
2.8 Yield Coefficients and Inverse Biomass Fractions
Yield coefficients provide a quantitative value for the cell mass and product
formation for microorganisms [53]. They are expressed as the mass of cells produced per
gram of substrate consumed. For example, the yield coefficient for phosphorus, YX/P, can
be expressed as the mass of cells produced per gram of phosphorus consumed.
Knowledge of yield coefficients for a particular process allow for the formation of
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material balance equations for cells, substrate and products [53]. It is also important to
note that yield coefficients depend on growth conditions. Therefore, yield coefficients
should be re-evaluated for any change in growth conditions. Given these equations, it is
possible to optimize processes involving microorganisms and scale-up production
systems.
The mass yield coefficient can be derived from a substrate balance in a batch
bioreactor:
(Eq. 2.8.1)
where –rs is the rate of substrate consumption, Yx/s is the biomass yield coefficient for
substrate S, and rx is the rate of biomass production. Here, maintenance energy demands
are assumed to be negligible and it is assumed that all substrate is used for biomass
formation. As a result, maintenance terms do not appear in the substrate balance equation.
From equation 2.8.1, it is clear that the rate of substrate consumption is dependent upon
rate of biomass production.
The integrated form of equation 2.8.1 was used in this research to calculate the
average yield coefficient for each substrate S:
(Eq. 2.8.2)
where X (gdw/L) is the biomass concentration determined from X = A600*0.584 and S
(g/L) is the substrate concentration in the media determined from ICP-OES
measurements [42]. The aversge yield coefficient can be found by taking the negative of
the slope of best-fit line. This was accomplished by plotting biomass concentration
against the substrate concentration in the media. It is important to note that equation 2.8.3
reports the average yield coefficient, which is assumed to be constant over time.
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The biomass obtained at the end of the growth period was harvested, digested
with nitric acid to extract the cell contents and then measured by ICP-OES. The relative
mass of a nutrient, i, within the cell is known as the biomass fraction (xi) and is measured
in grams of substrate per gram of dry weight biomass. The inverse of the biomass fraction
(1/xi), with units of gram dry weight biomass per gram of substrate, for a nutrient i is
analogous to the overall yield coefficient, assuming that the yield coefficient is constant
over time. Values for the overall yield coefficient on the final day of growth and inverse
biomass fraction should theoretically be similar in value, as the inverse biomass fraction
is the amount of biomass produced per mass of nutrient consumed. Here, yield
coefficients and inverse biomass fractions are evaluated for magnesium, calcium, iron,
phosphorus and potassium. It is possible that cells have secreted some of the nutrients
they have consumed if the inverse biomass fraction is less than the overall yield
coefficient. It is not expected that inverse biomass fractions will be greater than the
overall yield coefficients; however, it is possible if there is contamination during the
biomass digestion process.
2.9 Biodiesel Fuel Properties
When cultivating microalgae for the production of biodiesel, it is important to
consider the quality of biodiesel being produced. The American Society for Testing and
Materials (ASTM) requires that all biodiesels must meet certain property specifications
that are listed in ASTM D6751. European standards are provided by EN 14214. Key
material specifications listed by ASTM D6751 and EN 14214 are listed in Table 2.
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Table 2. Biodiesel material property specifications as listed in ASTM D6751 and EN
14214.
Material
Specification
Cetane Number
(CN)
Oxidative Stability
Index (OSI)
Cold Filter
Plugging Point
(CFPP) (°C)

ASTM D6751 [54]

EN 14214 [55]

≥47

≥51

>3 hrs.

>6 hrs.

Region and season dependent

Region and season
dependent

While physical ASTM testing methods are not performed here, correlations have
been developed to predict these properties from the Fatty Acid Methyl Ester (FAME)
composition of the transesterified microalgal oils. Key properties and their respective
correlations are discussed in subsequent sections.
2.9.1 Cetane Number
The cetane number (CN) is dimensionless parameter that is a measure of the time
delay between the time of injection of fuel into the engine chamber and ignition of the
engine [56]. It can be predicted from a correlation equation formulated by Tong (2011)
[56]. Higher cetane numbers are associated with better fuel quality due to better fuel
combustion, lower nitrous oxide emissions, better oxidative stability and shorter ignition
time delay [57]. The equations for the cetane number can be seen in equation 2.9.1,
(Eq. 2.9.1)
where CNi is the cetane number of each individual FAME and wi is the weight percentage
of each fatty acid component [56].
2.9.2 Oxidative Stability Index
The oxidative stability index (OSI) is an important property when considering the
storage stability of the fuel. The presence of double bonds (unsaturation) can lead to
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increased oxidation of the fuel and consequently lower stability over time [3]. Therefore,
higher amounts of saturated fatty esters are desired. The OSI can be calculated using the
following correlation:

(Eq. 2.9.2)
where x is the sum of the weight percent of C18:1 (oleate) and C18:2 (linoleate) [59].
2.9.3 Cold Filter Plugging Point
The Cold Filter Plugging Point (CFPP) is an estimate of the lowest temperature at
which fuel will give trouble-free flow [60]. Saturated fatty esters have a higher melting
point than unsaturated fatty esters [3]. However, as a mixture, the crystallization
temperature will fall somewhere in-between the melting point of the two individual
components. In general, the CFPP will increase as the saturated fatty ester content
increases [61]. It will increase even more with increasing chain length of the fatty esters
[61]. Crystallization of the fuel can clog or plug filters, which can lead to more serious
engine problems [61]. The tolerable CFPP is often season and region dependent. Here,
the CFPP was calculated using equation 2.9.3 [62]. It is necessary to know the Long
Chain Saturation Factor (LCSF) in order to calculate the CFPP, which is given by the
correlation shown in equation 2.9.4 where C16, C18, C20, C22, and C24 are the weight
percent of each of the fatty acids [62].
(Eq. 2.9.3)

(Eq. 2.9.4)
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CHAPTER III
MATERIALS AND METHODS
3.1 General Experimental Procedures
3.1.1 Growth Media Preparation
Stock solutions for the 3N-BB+V growth media were prepared according to the
formulations in Table 3. A trace metal stock solution was also prepared according to
Table 4, while Table 5 shows the formula used to prepare the necessary vitamin
solutions.
Table 3. Stock solution formulations for use in 3N-BB+V growth media.
Stock Solution

Mass of Salt
Added (g)

Volume of DI
H2O (mL)

NaNO3

12.5003

500

Concentration of
Stock Solution
(M)
0.294

CaCl2*2H2O

0.500

200

0.017

MgSO4*7H2O

1.8732

250

0.030

K2HPO4

1.8752

250

0.043

KH2PO4

4.3754

250

0.129

NaCl

0.6251

250

0.043
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Table 4. Trace metal stock solution formulations (amount in 500mL stock solution) for
use in 3N-BB+V growth media.
Component

Mass Added (g)

Volume of DI H2O
(mL)

Na2EDTA

0.375

Concentration
(M)
2.23E-03

FeCl3*7H2O

0.0485

3.36E-04

MnCl2*4H2O

0.0205

1.76E-04

ZnCl2

0.0025

CoCl2

0.001

1.54E-05

NaMO3

0.002

9.83E-06

500

3.67E-05

Table 5. Vitamin stock solution formulations for use in 3N-BB+V growth media.
Component

Mass Added (g)

Volume of 50 mM
HEPES solution (mL)

H (Biotin)
B1 (thiamine)

0.0016
0.0442

40
40

B12 (cyanocobalamin)

0.0063

40

All stock solution components to be used in the growth media were purchased
from Sigma Aldrich. The stock solutions prepared in Tables 3, 4, and 5 were utilized in
the preparation of 5L of 3N-BB+V growth media. The amount of each stock solution and
the concentration of each within 5L of media are shown in Table 6. Each stock solution
was added to 4,555 mL of reverse osmosis (RO) water in the order in which they are
listed in Table 6.
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Table 6. 3N-BB+V media formulation for a 5L volume.
Stock Solution
RO H2O

Volume of Stock
Solution Added (mL)
4,555

Concentration in 5L of
Growth Media (M)
---

NaNO3

150

8.82E-03

CaCl2*2H2O

50

1.70E-04

MgSO4*7H2O

50

3.04E-04

K2HPO4

50

4.31E-04

KH2PO4

50

1.29E-03

NaCl

50

4.30E-04

P-IV Trace Metals

30

---

H (Biotin)

5

---

B1 (thiamine)

5

---

B12 (cyanocobalamin)

5

---

A large 10L glass bottle was used to prepare the growth media. Prior to the
addition of any nutrients, a magnetic stir bar was placed in the glass bottle containing RO
water and the bottle was placed on a stir plate. It is important to note that the vitamin
solutions were not added until just prior to inoculation. Vitamins were transferred from
storage to a 50mL sterile syringe filter with a 23xG needle tip in a sterile hood. These
vitamins were then added through the septum port on the photobioreactor to the sterile
media inside.
3.1.2 Media Preparation for Saline PBR Trials
For saline trials, solid NaCl granules were added to RO water at the beginning of
the growth media preparation process (prior to the addition of all stock solutions) to
achieve the desired TSG (total specific gravity) level. Salt concentration was measured as
total specific gravity (TSG), where larger values indicate a more concentrated solution.
Here, solid, granular sodium chloride (NaCl) was used to achieve desired saline levels.
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Solid sodium chloride was measured on an analytical balance and then transferred into
the 10L bottle containing RO water with stirring via a stir plate. The solid NaCl granules
were dissolved into solution by stirring for five minutes or until granules were no longer
visible. This process was conducted at room temperature. Table 7 delineates the
differences in NaCl content amongst the five trials. Following the addition of sodium
chloride and stock solutions, the TSG level of the media was measured using a Hanna
HI96822 Seawater Refractometer.
Table 7. The concentration of NaCl in 3N-BB+V growth media for each batch (not
including the basal amount of NaCl in 3N-BB+V media, which is 0.025 ppt.

Freshwater 1

Concentration of
NaCl (g/L)
0

Measured TSG
Level
1.000

Concentration of
NaCl (in ppt)
0

Freshwater 2

0

1.000

0

Freshwater 3

0

1.000

0

1.006 TSG

7.06

1.006

7.06

1.009 TSG

13.30

1.009

13.3

Pure Seawater

n/a

1.025-1.030

35-38

Trial

For reference, the strength of typical pure seawater is also listed in the table. This
table also lists the concentration of NaCl in units of parts per thousand (ppt) to allow the
results of this experiment to be compared to those obtained from previous studies.
3.1.3 ICP Standards and Quality Controls
Calibration standards were prepared in order to generate a standard curve for ICPOES measurements of each nutrient. Quality control (QC) samples were also made to
ensure that ICP-OES measurements, based on the standard calibration curve generated
from the standard series, were accurate. To generate standards and quality controls,
cleaned glassware was rinsed with RO water to remove any excess ions that could be

39

deposited on the glassware. Glass pipettes were utilized to measure out the appropriate
volume of each stock solution to make 1L of 3N-BB+V media. The standard series was
prepared by placing 100mL of 3N-BB+V media in a 100mL volumetric flask and then
transferring it into a glass BOD bottle (biological oxygen demand bottle). This became
known as Standard 5. The method of successive dilutions was used to prepare the
remainder of the standards. For example, 50mL of solution was removed from Standard 5
and placed into a cleaned and rinsed 100mL volumetric flask. The volume transferred
solution was then diluted with 50mL of RO water and mixed well to create Standard 4.
This was repeated to create standards 3, 2 and 1. Each standard solution was then
transferred to a BOD bottle and 200 µL of 16M trace grade nitric acid was added to the
solution. Standard 1 contained 100mL of solution, so 400µL of nitric acid was added to
this standard solution. The amount of 3N-BB media within each standard and quality
control, along with the resulting nutrient concentration can be seen in Tables 8a and 8b.
Table 8a. Nutrient concentrations of the standard series used in ICP-OES analysis.
Standard Standard Standard Standard Standard Standard
1 (mg/L) 2 (mg/L) 3 (mg/L) 4 (mg/L) 5 (mg/L) 6 (mg/L)
Fraction of
3N-BBM
Media
Concentration
Mg
Ca
Fe
P
K

Blank

1/16

1/8

1/4

1/2

1

0.000
0.000
0.000
0.000
0.000

0.463
0.425
0.008
3.313
5.250

0.925
0.850
0.015
6.625
10.500

1.850
1.700
0.030
13.250
21.000

3.700
3.400
0.060
26.500
42.000

7.400
6.800
0.120
53.000
84.000
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Table 8b. Nutrient concentrations within the ICP-OES quality control samples.
Quality Control
1 (mg/L)

Quality Control
2 (mg/L)

Quality Control
3 (mg/L)

Fraction of 3N-BBM
Media Concentration

3/16

1/3

3/4

Mg

1.388

2.467

5.550

Ca

1.275

2.267

5.100

Fe

0.023

0.040

0.090

P

9.938

17.667

39.750

K

15.750

28.000

63.000

3.1.4 PBR Operation
All photobioreactor experiments were conducted in an Eppendorf New Brunswick
BioFlo/CelliGen 115 Benchtop Fermentor and Bioreactor (Eppendorf, Hamburg,
Germany). A working volume of 5L was used in this research. Prior to each run, the
bioreactor was disassembled and cleaned according to a modified version of the
Bioreactor Shutdown and Cleaning procedure outlined by G. Cain (2017) (see Appendix
A). The bioreactor set-up procedure used in this research can be reviewed in Appendix A.
Inoculation of the bioreactor is discussed in Section 3.1.5. For each trial, the bioreactor
was operated at 30°C and agitated at 250 rpm. The flow rate of air was set to 1L per
minute, and the CO2 flow rate was set to 0.05L per minute, initially. The CO2 flow rate
was increased or decreased as necessary to maintain a target pH of 6.3-6.5. Constant (24
hour), artificial light was provided by a wraparound full spectrum LED light jacket. A
schematic of the bioreactor set-up is provided in Figure 13.
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Figure 13. A schematic of the 7L Eppendorf New Brunswick BioFlo/CelliGen 115
Benchtop Fermentor and Bioreactor utilized in this research. This set-up was used for all
trials conducted within the bioreactor. The agitator, pH probe, level sensor, and
temperature probe were connected to the control tower, but connections are not shown in
this image. Note, drawing is not to scale.
3.1.5 Determination of the Evaporation Rate within the Bioreactor
Prior to the cultivation of S.dimorphus, the evaporation rate of water within the
bioreactor was determined to limit water loss from the system during each trial. Water
evaporation can lead to increased absorbance readings and, consequently, apparent
increases in biomass concentration. It could also lead to precipitation of nutrients if
solubility limits are reached.
A 2L bottle containing 2L RO water was connected to the feeding port of the
bioreactor via silicone tubing. The tubing was run through peristaltic pump 3, connected
to the control tower. The bioreactor was filled with 5L of RO water and the level sensor
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was positioned so that the tip was in contact with the liquid surface. A set point of
“100%” and assignment of “Level 2, Dry” was chosen. When the water level dropped
below the tip of the level sensor, water was pumped into the reactor by pump 3 until the
liquid made contact with the sensor. The reactor was run with the same operating
parameters that would be used during all growth trials. The duration of the reactor
operation time was approximately 3 days. At the end of this operation time, the reactor
was shut-off and the water remaining within the 2L bottle was removed and its volume
was measured using a 1000 mL graduated cylinder. Table 9 shows the results of this
experiment. To decrease the evaporation rate, a water chiller was connected to the
condenser attachment on the bioreactor in place of house cold water. Water was chilled to
a temperature of 11°C.
Table 9. Data collected to determine the evaporation rate within the 5L PBR using a
condenser fed with house cold water (temperature unknown).
Initial Volume
(mL)

Final Volume
(mL)

Time Elapsed
(days)

2000

1770

3

Average
Evaporation Rate
(mL/day)
76.67

While a water chiller was attached to the condenser attachment to limit
evaporation, the evaporation rate for each trial was still measured to assess the impact of
evaporation on perceived microalgal growth. To do so, the initial volume of media
present within the reactor after the final autoclave cycle was measured. This was done by
measuring the volume of water present in a 10L glass bottle after the conclusion of the
three autoclave cycles required by the bioreactor set-up procedure (see Appendix A).
Prior to all autoclave cycles, 5000 mL of media were present. This process was designed
to mimic the bioreactor set-up procedure used in preparation for all trials. After the three
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required autoclave cycles, 4,600 mL of water were present. This established the initial
volume of media within the bioreactor at the start of each trial to be 4,600 mL. At the end
of each trial, the contents of the bioreactor were removed and volume was measured
using a 1000mL-graduated cylinder. The evaporation rate was then calculated according
to equation 3.1.1:
(Eq. 3.1.1)
where E is the evaporation rate in units of mL per day, V(0) is the initial volume in mL,
V(t) is the final volume at time t, ΣVsample is the total volume sampled and Δt is the time
in days. The initial volumes, final volumes, run times and estimated total volume loss per
day for each trial is shown in Table 10.
Table 10. Evaporation data collected for each batch culture in the 5L PBR.

Trial

Initial
Volume
(mL)

V(tfinal)
(mL)

Total
Volume
Sampled
(mL)

Freshwater 1

4,600

3760

190

13.0

Estimated
Evaporation
Rate (vol.
lost per day,
mL/day)
50.1

Freshwater 2

4,600

3690

204

13.3

52.9

Freshwater 3

4,600

3610

166

13.8

59.6

1.006 TSG

4,600

3430

245

16.0

57.6

1.009 TSG

4,600

3406

260

17.9

52.2

Run
Time
(days)

Together, these values were used to estimate the volume at each time point, V(t) (mL).
Volume calculations will be discussed further in section 3.5.2.
3.1.6 Inoculation Process
The inoculation source for four of the five trials came from cryogenically
preserved vials of S.dimorphus, while one trial was started from a seed culture. The
inoculation source for each trial is listed in Table 11.
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Table 11. A list of inoculation sources for each batch culture grown with the 5L PBR.
Trial

Inoculation Source
Cryogenically frozen Freshwater
S.dimorphus (summer 2017)
Cryogenically frozen Freshwater
S.dimorphus (summer 2017)
Cryogenically frozen Freshwater
S.dimorphus (summer 2017)
Cryogenically frozen 1.005 TSG
S.dimorphus (frozen summer 2016)
1.007 TSG S.dimorphus grown in shakebath

Freshwater 1
Freshwater 2
Freshwater 3
1.006 TSG
1.009 TSG

Three cryotubes containing algae were removed from the -80°C freezer and
thawed. The algae solution was transferred to a sterile, plastic 15mL centrifuge tube in a
sterile hood. Then, the algae solution was diluted by ½ with sterile RO water. The
diluted algae solution was then centrifuged for 10 minutes at 1500 RPM. The
supernatant was then drawn off and discarded. This washing procedure (dilution with
RO water, centrifuging, and removal of supernatant) was performed twice more. After
the third wash, the remaining algae pellet was diluted with RO water and drawn off into
a 50mL sterile plastic syringe with a 23xG needle tip. For the trial prepared from a seed
culture, algae was siphoned off from the seed culture into a sterile 15mL centrifuge
tube. The algae in the centrifuge tube was then transferred to a sterile 50mL syringe
with a 23xG needle tip. The contents of the syringe were then injected into the septum
port of the bioreactor to achieve a starting optical density (A600) of approximately 0.05.
3.1.7 Microalgae Culture Sampling
A sample of each microalgae culture was taken every day, approximately 24
hours apart. Figure 14 shows the sampling arrangement.
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Figure 14. A schematic of the sampling set-up connected to the 5L PBR. (G.Cain,
2017)
The volume of sample removed from the bioreactor was approximately 15mL per
day, however deviations from this volume did occur. As a result, the volume sampled
from the bioreactor was recorded each day, starting at the time of inoculation (Day 0).
From each sample, 8mL was set aside to be prepared for analysis via ICP-OES (see
section 3.2.3). The remaining volume was used to measure the absorbance at 600nm
using a UV-Vis spectrophotometer (see section 3.2.4). For the saline trials, two drops of
the sample were placed on a Hanna HI 98622 Seawater Refractometer using a disposable
pipette to measure the TSG level. The pH reading displayed on the computer unit of the
bioreactor was also recorded. The pH was tested externally every few days to ensure that
internal pH measurements were accurate.
3.1.8 Statistical Analysis
A Welch’s t-test was used to determine the statistical significance of all results. A
Welch’s t-test is a hypothesis test, where the null hypothesis is that two means from
different groups are equal. It is a modified version of the student’s t-test. A traditional
student’s t-test assumes that the variances between two samples are equal. The Welch’s t46

test, however, can be used when two samples have unequal variances and unequal
samples sizes. The trials involved in this research all have unequal variances. A normal
distribution is still assumed. The test statistic, t-test, is defined as follows:

(Eq. 3.1.2)
where X1, s21 , and N1 are the sample average, sample variance and sample size for
condition 1, respectively. The variables with the subscript 2 also represent sample
average, sample variance and sample size, but for condition 2. The degrees of freedom
associated with the comparison of two conditions can be calculated according to the
Welch-Satterthwaite equation, where ν1 = N1 – 1 and ν2 = N2 -1 represent the degrees

(Eq. 3.1.3)
of freedom associated with each condition [63]. The test statistic (t-test) and degrees of
freedom (DOF) can be used with the student’s t-distribution to accept or reject the null
hypothesis.
Here, a confidence interval of 95% was used to compare data. When the
calculated t-test statistic was greater than t-table for the appropriate degrees of freedom,
the null hypothesis was rejected. Therefore, a t-test value greater than t-table means that
the two sample means are statistically different from one another. P-values at a 95%
confidence interval were also calculated using the T-DIST function in Microsoft Excel.
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P-values less than 0.05 signify rejection of the null hypothesis that two populations have
equal means.
3.2 Determination of Growth Model, Growth Rates and Yield Coefficients
3.2.1 Macronutrient Concentration Measurements in PBR Growth Media
The concentration of macronutrients (Mg, Ca, Fe, P, and K) was determined by
ICP-OES by first centrifuging daily samples (8 mL in volume) for 10 minutes at 1500
RPM. All samples were centrifuged within 10 minutes of removal from the bioreactor
and the supernatant was drawn off and transferred into a 15 mL glass centrifuge tube
after centrifuging. Following this, 40 µL of 16M-trace grade nitric acid was added to the
tube. The acidified supernatant samples for all freshwater trials were filtered using a
10mL NORM-JECT luer lock syringe and 0.22 µm MCE FilterBio Sterile syringe filter.
Filtration of the freshwater samples was required to remove any cells or cell particles and
ensure accurate measurement of macronutrients. Saline trials were not filtered due to age
of the samples. The filtered/unfiltered supernatant samples were labeled and stored within
a -20°C freezer until time of analysis. The Inductively Coupled Plasma Optical Emission
Spectrometer (Perkin Elmer, Waltham, MA) located within Cleveland State University’s
Department of chemistry was used to determine the concentrations of Mg, Ca, Fe, P and
K.
The stock solutions used to prepare the 3N-BB+V growth media was also used to
prepared ICP standards and quality controls. Prior to analyzing the samples, the standards
were run through the ICP-OES to generate a calibration curve. This was completed prior
to analyzing samples from each trial. Three quality controls were also evaluated prior to
all media supernatant samples for each trial. This was done to ensure measurements taken
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and produced by the ICP-OES were accurate. For example, it was expected that Quality
Control 1 contains 1.388 mg/L of magnesium. It was expected that measurements
reported by ICP-OES match the expected value. Three replicate measurements were
taken for all standards, quality controls and samples. The average response and standard
deviation were reported (see section 4.1.4). Detailed instructions regarding the operation
of the ICP-OES can be viewed in Appendix A.
3.2.2 Determination of Biomass Composition – Biomass Digestion
In order to determine the mass fraction of each nutrient within the algae biomass,
the microalgae were harvested from the bioreactor at the end of each run. The volume of
the bioreactor contents was measured using a 1000 mL graduated cylinder. From here,
the algae solution was aliquoted into 50mL plastic centrifuge tubes. The algae solution
was then centrifuged for 15 minutes at 1500 RPM. Following this, the supernatant was
discarded. Approximately 5-10 mL of supernatant was left behind to dissolve the algae
pellet concentrated at the bottom of the centrifuge tube. Reverse osmosis (RO) water
(~25mL) was added to each centrifuged tube to wash the algae. The tubes were then
centrifuged again for another 15 minutes. The wash process (addition of RO water,
removal of supernatant after centrifugation) was repeated for a total count of two cycles.
After the last wash, the algae were rinsed with 0.125 M ammonium bicarbonate solution
and centrifuged for 15 minutes. Ammonium bicarbonate was added to clean the algae of
any contaminants (bacteria, mold, fungi, etc). The supernatant was once again discarded.
The washed algae was then left in an oven to dry for approximately seven days, or until
weight was constant, at 40°C. Once the biomass was dry, it was removed from the oven,
paraffin wrapped and placed in a -20°C freezer until ready for processing. At the time of
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processing, the dried algae mass was warmed to room temperature. A detailed version of
the biomass digestion procedure can be found in Appendix A.
When ready to analyze, each of the acid digested samples were diluted by a factor
of 10, by combining 1 mL of digestate with 9 mL of RO water in a 12mL plastic cell
culture vial. All samples were measure in triplicate by ICP-OES for Mg, Ca, Fe, P, and
K. The mass fraction of each element was calculated using equation 3.2.1, where xi is
(Eq. 3.2.1)
the mass fraction of element i in the dried biomass, Ci is the concentration of element i in
the biomass solution in mg/L, and MB is the dry mass of biomass (500 mg) in the sample.
3.2.3 Determination of Biomass Concentration
The biomass concentration was determined indirectly using a Genysys 10S UVVis Spectrophotometer (Thermo Fischer Scientific, Waltham, Massachusetts).
Approximately 2 mL of algae sample removed from the bioreactor was placed within a
2.5 mL plastic cuvette and measured for absorbance at 600nm. Absorbance has a linear
correlation with biomass concentration up to an absorbance of 1.0. Samples with
absorbance measurements greater higher than 1.0 required dilution by a factor of ½ or ¼
(depending on the intensity of the measurement). For example, if 2 mL of algae sample
resulted in an absorbance of 1.5, 1 mL of algae sample and 1 mL of RO water were
combined and the absorbance was measured again. The absorbance reading of the diluted
sample was then multiplied by the inverse of the dilution factor to obtain the adjusted
absorbance (A600). Each sample was measured against a blank of RO water. The
absorbance of the 3N-BB+V growth media was also measured at 0.06. This value was
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subtracted from all adjusted absorbance measurements to account for absorption of the
growth media.
3.2.4 Exponential Growth: Specific Growth Rate Determination
The specific growth rate (µnet) is a measure of the growth of S.dimorphus cells
over time. Moreover, it is representative of how well the cells are able to adapt to their
environment. In section 2.6, it was noted that equation 2.6.3 should be used under the
assumption that the liquid volume of the culture is constant. In this research, it is known
that the liquid volume is not constant and decreases with time. The use of amount of
biomass instead of biomass concentration effectively eliminates some of the influence of
volume change on perceived cell growth, without altering the growth model. To replace
biomass concentration measurements with the amount of biomass, the volume of fluid
within the reactor at the time of sampling (V(t)) first needed to be determined. As
discussed in Section 3.1.5, the evaporation rate, E, was used to determine the volume of
fluid within the bioreactor at the time all samples were obtained (Eq. 3.2.2):
(Eq. 3.2.2)
where V(0) is the initial reactor volume (L), t is time (days), E is the evaporation rate
(L/day), and V(t) is the volume at time t. It was assumed that the evaporation rate is
constant. Daily sample volumes ranged from 5 to 15 mL. Due to the small total sample
volume, it is also assumed that there is no loss of mass due to sampling (in other words,
volume changes were only due to evaporation). Evaporation rates for all of the trials
ranged from 50.1 to 59.6 mL per day (see section 3.1.5). The volume at time t (V(t)) was
then used with the biomass concentration (X) at time t to calculate the amount of
biomass, B(t) in gdw (Eq. 3.2.3):
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(Eq. 3.2.3)
With the replacement of biomass concentration with the amount of biomass, it is
necessary to replace cell number (N) in equation 2.6.1 with biomass amount (B). To do
so, cell number is equated to the amount of biomass using the following:
(Eq. 3.2.4)
where α, a proportionality constant. Equation 2.6.1 then becomes:
(Eq. 3.2.5)
Assuming that α is constant, the equation simplifies to:
(Eq. 3.2.6)
Integration of equation 3.2.6 yields:
(Eq. 3.2.7)
where B(0) is the amount of biomass (g) at time t0, and B(t) is the amount of biomass at
time t. When the amount of biomass is plotted against time, the slope of the linear region
of this curve yields the specific growth rate (days-1). Use of biomass instead of biomass
concentration removes some of the influence of evaporation on perceived cell growth.
3.2.5 Logistic Growth: Curve Fitting, Growth Rate and Carrying Capacity
Determination
Logistic growth exhibits rapid, nearly exponential growth during early cell growth
but is slowed significantly when the population approaches its carrying capacity. The
carrying capacity is represented by a horizontal asymptote in the growth curve. Equation
2.7.3 illustrates the integrated mathematical expression of the model. Again, the
conversion from cell number (N) to amount of biomass (B) using equation 3.2.4 was
necessary to reduce the effects of volume loss due to evaporation on perceived cell
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growth. As a result of this modification, cell number (N) in equation 2.7.3 (shown in
section 2.7) was replaced with amount of biomass (B):
(Eq. 3.2.8)

The CurveFit toolbox in MATLAB was used to fit the graph of biomass versus
time (days) using experimental data series for the initial amount of biomass (B(0)),
amount of biomass B(t), and time for each trial. Outputs from the curve fit included the
growth rate (k) and carrying capacity (B∞) with 95% confidence intervals. The program
also provided data for the following values: SSE, R2, adjusted R2, and RMSE.
3.2.6 Yield Coefficient and Biomass Content
The average yield coefficients for magnesium, calcium, iron, phosphorus and
potassium were determined using equation 2.8.3, where biomass concentration, X(t) in
g/L, was plotted against substrate concentration, S(t) in g/L. Individual plots were
generated for each trial and element. A linear regression was performed on the data using
the LINEST function in Microsoft Excel to obtain the line of best fit. The overall yield
coefficient was taken as the negative of the slope of the line of best fit.
3.3 Lipid Analysis and Biodiesel Properties
3.3.1 Growth of Microalgae within 2L Bottles
In addition to growing algae within the 5L photobioreactor, S.dimorphus was also
cultivated within clear, 2L glass bottles with a working volume of 1L 3N-BB+V media.
All bottles were sealed with a rubber stopper containing two holes: one as an inlet for a
CO2 /air mixture and the other as a gas vent. The CO2 was fed at approximately 5% of the
air flow rate (v/v%). A gas-permeable 0.2µm filter was placed along the CO2/air inlet
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tubing and at the end of the gas vent tubing to prevent contamination. Bottles were placed
within a shake-bath (Labline, Mumbai, India) at 30°C and 130 RPM. Artificial light was
provided by seven overhead Coralife 6700K, 24 W fluorescent light bulbs at 24 hours
exposure. Aluminum foil was wrapped around the sides and top of the shake-bath to
prevent loss of light. The set-up is shown in Figure 15. Table 12 provides the initial and
final saline concentrations for each trial.

	
  
Figure 15. The shake-bath set-up for S.dimorphus cultivation. Here, the microalgae were
inoculated into 2L glass bottles containing 3N-BB+V media at different salt
concentration
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Table 12. The initial and final salinity levels of each shake-bath culture (not including
the basal amount of NaCl in 3N-BB+V media, which is 0.025 ppt).
Bottle

Initial TSG

Final TSG

1

Freshwater

Freshwater

Final
Concentration of
NaCl (ppt)
0.00

2

1.005 TSG

1.005 TSG

6.97

3

1.007 TSG

1.011 TSG

16.0

4

1.009 TSG

1.012 TSG

17.35

5

1.011 TSG

1.015 TSG

21.4

Algae from each bottle were harvested towards the end of exponential growth and
dried to determine lipid content. Therefore, the TSG level at the time of harvest (final
TSG) was used to classify the lipid results of the various trials. The method for
determining lipid content is discussed in section 3.3.2. Growth rates were not measured
due to the inability to control evaporation within the system.
3.3.2 Lipid Extraction and Analysis
Lipid extraction from dried microalgae grown in the 5L PBR and 2L glass bottles
was performed by members of Cleveland State’s Chemistry Department [68]. The total
lipids were extracted from dry biomass using the Bligh-Dyer method. Use of this method
resulted in the quantification of lipid content (mass lipids/mass dried biomass) within the
dried microalgae biomass. Notably, only FAMEs coming from neutral lipids (mono-, di,
triglycerides) were included in the lipid content. Lipid content was defined as:
(Eq. 3.3.1)
where ML is the mass of the extracted lipids and MDW is the dry weight of biomass.
Following lipid extraction, a transesterification reaction was performed to convert the
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glycerolipids into fatty acid methyl esters (FAME). The composition of the product
FAMEs was then determined by GC-MS [68].
3.3.3 Biodiesel Property Determination
Specific biodiesel properties were calculated using established mathematical
correlations and the FAME profiles produced for each trial. As discussed in sections 2.9.1
through 2.9.3, equations 2.9.1 through 2.9.4 were used to calculate cetane number,
oxidative stability index and cold filter plugging point.
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CHAPTER IV
RESULTS AND DISCUSSION
4.1 Determination of Growth Model, Growth Rates and Yield Coefficients
The purpose of this experiment was to evaluate growth models, growth rates, and
the average yield coefficients for Scenedesmus dimorphus cultivated in a closed
environment. The effect of salinity on these values was also evaluated. Here, a 7L batch
reactor was utilized to maintain a closed system. The batch reactor was operated with a
5L working volume of 3N-BB+V growth media.
4.1.1 Growth Curves, pH, and TSG Data for S.dimorphus in a 5L Bioreactor
The growth curves for each of the bioreactor trials are given in Figure 16.
Samples of the growth culture in the bioreactor were taken at intervals of approximately
twenty hours.
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Growth Curves for S.dimorphus grown in a 5L
Photobioreactor
Adjusted Absorbance (A600)
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2.50
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Time (Days)
Figure 16. Growth curves for S.dimorphus grown in 3N-BB+V media in a 5L bioreactor.

In all trials, the absorbance appears to increase throughout the duration of the
trial. This suggests that the cells did not reach a stationary growth phase during this
window of time, which is inconsistent with previous experiments. For the 1.006 TSG
trial, growth appears to slow down between days 13-15, yet the absorbance increases by a
greater margin from days 15 to 16. Similarly, with the 1.009 TSG trial, growth begins to
level off at day 15 but then increases suddenly from day 17 to day 18. The three
freshwater trials also exhibit these tendencies, after day 10, day 11 and day 14 for the
first, second and third trials, respectively. These increases in absorbance, where no
change in absorbance was expected, could be attributed to evaporation of water within
the bioreactor. Evaporation reduces the liquid volume within the reactor, thus falsely
increasing the concentration of biomass within the reactor. A volume correction has been
applied to subsequent calculations involved in growth model selection to account for
changes in concentration caused by evaporation.
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The pH of each culture was also monitored over time. The plot of pH as a
function of time can be seen in Figure 17. Previous studies have shown that the optimal
pH for the growth of S.dimorphus is 6.3-6.5 [47]. During the initial and early growth
stages, the pH is low for all trials except for the second freshwater trial. The low pH for
80% of the runs is likely a result of low CO2 consumption. Low biomass concentrations
during early growth result in a low consumption rate of CO2. The excess supply of carbon
dioxide then reacts with the growth media to form carbonic acid, effectively lowering the
pH. As the cell density increases, CO2 consumption also increases, thus reducing the
formation of carbonic acid. Production of carbonic acid causes the pH to decrease. To
ensure optimal growth conditions were met, the CO2 flow rate was increased as needed to
meet the need for CO2 consumption. This prevented the cell culture from reaching
alkaline pH levels, which would slow growth and impair determination of the true growth
pattern of S.dimorphus. The second freshwater trial shows unusually high pH levels and
is believed to be a result of measurement errors made during the first nine days.
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Change in pH Profile over Time
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Figure 17. The pH profiles for each of the five trials run within the 5L bioreactor with
3N-BB+V media. The pH was adjusted throughout the duration of each run to coincide
with the optimal pH range for growth by increasing or decreasing the flow rate of CO2
from its initial set point of 0.10 L/min.

	
  

In order to understand the effects of salt concentration on microalgal growth, the

TSG levels were monitored for each trial. The TSG levels over time are shown in Figure
18. Measurements were taken at the time of sampling to ensure that the saline level
remained constant over time. The freshwater trials remained at a 1.000 TSG level over
the entire growth period, indicating they were accurately freshwater batches. The 1.006
TSG trial remained constant at 1.006 TSG until the last two days of the growth period.
Similarly, the 1.009 TSG trial remained at 1.009 TSG through day 12, after which it
began to increase up to 1.011 TSG. These increases were likely the result of evaporation
within the bioreactor. Although a condenser with circulating, chilled water was attached
to the bioreactor to limit evaporation, evaporation was not completely prevented with
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average daily rates of evaporation estimated at 50.1 to 59.6 mL per day (Table 10).
Therefore, as water vapor escaped during the saline trials, the concentration of salt also
began to increase. An average of the TSG measurements has been used to describe the
growth conditions for both saline trials.

Change in Salinity over Time
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Figure 18. A plot of TSG level (an indicator of salt concentration) over time for each of
the five bioreactor runs.
4.1.2 Exponential Growth Model
It is important to model the growth of S.dimorphus so that accurate scale-up
models can be constructed. Here, the fit of the exponential growth model to experimental
data was assessed. To determine if this model provides an accurate explanation for the
growth behavior of S.dimorphus, the adjusted absorbance measurements, as shown in
Figure 18, were converted to biomass (grams dry weight of microalgae). A log plot of the
biomass values were then plotted against time in Figure 19 (as specified in equation
3.2.7) to determine the specific growth rate of the microalgae cells during the exponential
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growth phase. The specific growth rate for each trial was determined by taking the slope
of the linear portion of the graph. These results are shown in Figure 19.
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Figure 19. Specific growth rates for S.dimorphus cultivated in a 5L PBR with 3NBB+V growth media at varying salt concentrations. Specific growth rates were
calculated from the exponential growth (linear) region of each graph. For all trials, two
distinct specific growth rates (µ1 and µ2) were observed.
Rather than showing one distinct linear region, in all trials, there are two clear
linear regions. Figure 19 demonstrates that the initial growth phase exhibits steep slope
for the first four days of growth, followed by a reduced slope in the second growth phase.
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Specific growth rates ranged from 0.66-1.13 days-1 for µ1 and 0.19-0.23 days-1 for µ2
across all trials. These results are listed in Table 13 and are also shown in Figure 20 to
facilitate comparison.
Table 13. Specific growth rates (µ) obtained for S.dimorphus cultivated in 3N-BB+V
media with varying salt concentrations in a 5L PBR (standard deviations for each value
are also shown).
Trial

Growth Rate 1 (µ1, days-1)

Growth Rate 2 (µ2, days-1)

Freshwater Average

1.13±0.05

0.23±0.02

1.006 TSG

0.80±0.15

0.19±0.02

1.009 TSG

0.66±0.09

0.21±0.01

	
  
Comparison of Specific Growth Rates, µ1 and µ2
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Figure 20. A summary of the specific growth rates obtained from the cultivation of S.
dimorphus within a 5L PBR at varying salt concentrations. The freshwater condition is
an average of three separate freshwater batch cultures (N=3). A single batch culture was
conducted for the 1.006 TSG and 1.009 TSG trials (N=1). The error bars represent the
standard error obtained from Excel’s LINEST function. *Matching letters denote that
both conditions are significantly different (p<0.05).
It was first determined that, for both growth rates µ1 and µ2, the three freshwater
trials were not statistically different from one another. These results are provided in
Tables 14 and 15. As a result, the specific growth rate values obtained for µ1 and µ2 for
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the freshwater trials were averaged together to produce a freshwater average for µ1 and a
freshwater average for µ2.
Table 14. Results from the Welch’s t-test using a 95% confidence interval when
comparing µ1 between each freshwater trial. P-values less than 0.05 signify rejection of
the null hypothesis that two populations have equal means.
	
  
t-table
t-test
p-value

Freshwater 1 vs.
Freshwater 2
2.78
0.36
0.73

Freshwater 1 vs.
Freshwater 3
2.57
0.78
0.47

Freshwater 2 vs.
Freshwater 3
2.57
0.59
0.58

Table 15. Results from the Welch’s t-test using a 95% confidence interval when
comparing µ2 between each freshwater trial. P-values less than 0.05 signify rejection of
the null hypothesis that two populations have equal means.
	
  
t-table
t-test
p-value

Freshwater 1 vs.
Freshwater 2
2.31
0.44
0.67

Freshwater 1 vs.
Freshwater 3
2.45
0.31
0.76

Freshwater 2 vs.
Freshwater 3
2.45
0.00
1.00

Prior to evaluating the effects of salt on growth, it was also determined that the
first and second specific growth rates (µ1 and µ2) were statistically different from one
another. This is true for all trials. Table 16 provides a summary of the statistical results
using this test to compare µ1 and µ2. These results indicate that the second growth rate is
significantly slower than the first.
Table 16. Results from the Welch’s t-test using a 95% confidence interval when
comparing µ1 against µ2 within each trial. P-values less than 0.05 signify rejection of the
null hypothesis that two populations have equal means.
Freshwater
Average

1.006 TSG

1.009 TSG

t-table

4.30

3.18

3.18

t-test

15.53

4.07

4.97

p-value

4.12E-03

0.03

0.02
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With respect to the influence of salinity on cell growth, it appears as though there
is a decrease in the first specific growth rate from the freshwater to the 1.006 TSG trial.
The results of the Welch’s t-test, as shown in Table 17, however, revealed that the
freshwater and 1.006 TSG trials were not statistically different from one another for the
first average specific growth rate (µ1). Similarly, no difference was found between
growth rate one of the 1.006 and 1.009 TSG trials. A statistically significant difference
was found when comparing µ1 of the freshwater average (1.13±0.05 days-1) and 1.009
TSG (0.66±0.09 days-1) trial. This demonstrates that increasing salinity to 1.009 TSG
slows the initial growth of the cells. Lower concentrations, such as 1.006 TSG, have no
impact on the growth rate of the cells.
Table 17. Results from the Welch’s t-test using a 95% confidence interval when
comparing µ1 between freshwater and saline trials. P-values less than 0.05 signify
rejection of the null hypothesis that two populations have equal means.

t-table
t-test
p-value

Freshwater vs.
1.006 TSG

Freshwater vs.
1.009 TSG

1.006 TSG vs.
1.009 TSG

3.18
2.16
0.12

2.57
4.57
5.96E-03

2.77
0.83
0.45

While it was observed that higher salt concentrations lead to a decrease in initial
growth, the second growth rate (µ2) showed that all trials were not statistically different
from one another. These results are supported by the tabulated Welch’s t-test results in
Table 18. Overall, these results imply that a critical salt concentration can lead to
negative impacts on early cell growth. Yet, during later growth periods, growth rate is
independent of salt concentration.
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Table 18. Results from the Welch’s t-test using a 95% confidence interval when
comparing µ2 between freshwater and saline trials. P-values less than 0.05 signify
rejection of the null hypothesis that two populations have equal means.

t-table
t-test
p-value

Freshwater vs.
1.006 TSG
2.78
0.75
0.49

Freshwater vs.
1.009 TSG
4.30
0.61
0.60

1.006 TSG vs.
1.009 TSG
2.78
0.41
0.70

Observations regarding the first specific growth rate agree well with previous
studies. In 2017, Chisti and Luangpipat found that brackish water (19 ppt) resulted in
comparable growth rates to a freshwater control [51]. Increasing the salt concentration to
the strength of seawater (38 ppt), however, had a negative impact on the specific growth
rate [51]. Notably though, salt concentrations evaluated in this present research are lower
than the strength of brackish water. Vidyashankar (2013) and Ruangsomboon (2012) also
corroborate these results, as both found that cell growth for a Scenedesmus species was
unaffected and even improved at low salt concentrations [[29][31]. Increasing salt
concentrations past these levels resulted in decreased growth [29] [31]. These findings
support the results of this study that indicate that there may be a salt concentration
threshold at which cell growth will be negatively impacted. It is important to note though,
that previous studies have not reported the presence of two distinct growth rates.
In all trials, regardless of salinity level, there is an observable trend of a more
rapid initial specific growth rate that is later reduced to a slower, second specific growth
rate. Given that all trials for the second specific growth rate were not statistically
different from each other, it can be assumed that the phenomena causing this retardation
in growth rate affected all trials. Two regions of growth are not uncommon to cells
exhibiting diauxic growth. However, while diauxic growth is characterized by two
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distinct growth phases, it is attributed to the presence of two different carbon sources. In
this study, carbon dioxide functioned as the only carbon source, making diauxic growth
improbable.
The two distinct growth phases could be a result of a substrate limitation that
begins to affect the cells growth after the fourth day of cultivation. Measurements taken
by ICP-OES indicate that the measured key substrates were not depleted when the shift in
growth occurs. This suggests that these limitations in elements in the growth media are
unlikely to be the cause of the change in growth rate. It is possible that nitrogen, an
additional key nutrient for microalgae growth, was depleted during each trial.
Unfortunately, changes in nitrogen concentration were not evaluated here to assess this
possibility, as it is nonmetal element that cannot be evaluated by ICP-OES analysis.
Carbon dioxide is also unlikely to be the limiting substrate, as it was continuously
sparged in at the bottom of the bioreactor and diffused by agitation and the rate of CO2
delivery was increased throughout the culture. Instead, it is possible that light availability
to the cell culture was restricted as the culture reaches a critical cell density. Although the
bioreactor is continuously stirred, the amount of light received by each cell is limited as
more cells accumulate within the confined volume of the reactor. As a result, the limited
light exposure causes cell growth to slow.
4.1.3 Logistic Growth Model
Given the observation of two distinctly different regions of growth across all
trials, a logistic growth model was evaluated as an additional growth model. This model
was chosen due to the possibility that a light limitation could account for the dual and
slowed growth of the microalgae cells within the bioreactor. The logistic growth
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equation, given by Equation 3.2.8, assumes that initial growth is rapid (typically
exponential) but begins to slow as a population approaches its carrying capacity (B∞).
The behavior described by the logistic model is similar to what is observed when
evaluating cell growth with the exponential growth model. Here, the CurveFit application
in MATLAB was used to fit the experimental biomass measurements B((0) and B(t)) to
equation 3.2.8 to obtain the maximum growth rate (k) and carrying capacity (B∞) for each
data set. Experimental values and the curve fit are show in Figure 21.
The experimental growth data for S.dimorphus appear to agree well with the
logistic growth model. Early on, the growth is rapid and unrestricted. However, as the
cell density increases within the confinements of the bioreactor, the cells must compete
for exposure to light. As competition for limited resources increases, the growth rate of
the population begins to slow and it eventually reaches its carrying capacity. It is likely
that the population of S.dimorphus is a strong function of the size of the current
population and the availability of key resources when grown in a batch photobioreactor.
Across all trials, the growth rates obtained using the logistic growth model ranged
from 0.53-0.94 days-1. These values and their standard deviations are listed in Table 19.
A graphical comparison of these values is also shown in Figure 22.
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Figure 21. Logistic growth curves for S.dimorphus cultivated in a 5L PBR with 3NBB+V growth media at varying salt concentrations. Logistic growth curves were
generated using data collected during each experimental run and MATLAB’s CurveFit
function. The freshwater condition is an agglomeration of data points from three
separate freshwater batch cultures. Data points from a single batch culture were utilized
for the 1.006 TSG and 1.009 TSG trials, respectively.
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Table 19. Growth rates obtained using the Logistic growth model for S.dimorphus
cultivated in 3N-BB+V media with varying salt concentrations in a 5L PBR (standard
deviations for each value are also shown).
Trial
Freshwater

k (days-1)
0.94±0.03

1.006 TSG
1.009 TSG

0.84±0.02
0.53±0.02

Carrying Capacity Coefficient (k) (days-1)

Effect of Salinity on Logistic Model Growth Rates (k)
1.2
1.0

a

b

0.8

a, b

0.6
0.4
0.2
0.0
Freshwater

1.006 TSG

1.009 TSG

Trial

Figure 22. A summary of the growth rates (k, days-1) provided by the logistic growth
model. Error bars represent the standard error calculated from outputs of MATLAB’s
CurveFit function. *Matching letters denote that both conditions are significantly
different from each other (p<0.05).
The results of a Welch’s t-test showed that the freshwater growth rate and the
1.006 TSG growth rate, as observed in Table 20, were not statistically different from each
another. On the other hand, when salinity increased to 1.009 TSG, there was a significant
decrease in growth rate compared to the freshwater value. Statistical analysis also
revealed that the 1.006 TSG and 1.009 TSG trials were statistically different from each
other. This observation indicates that increasing salinity to 1.006 TSG may not have a
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negative impact on cell growth, while slight increases in salt content beyond a threshold
concentration (e.g. 1.006 TSG) may be limiting to cell growth. These results are
consistent with analysis of µ, using the simple exponential model.
Table 20. Results from the Welch’s t-test using a 95% confidence interval when
comparing the logistic growth rate (k, days-1) between freshwater and saline trials. Pvalues less than 0.05 signify rejection of the null hypothesis that two populations have
equal means.
	
  

Freshwater vs.
1.006 TSG

Freshwater vs.
1.009 TSG

1.006 TSG vs.
1.009 TSG

t-table

2.03

2.02

2.03

t-test

1.04

4.69

3.03

p-value

0.31

3.06E-05

4.77E-03

When assessing these perceived differences in growth, it is important to consider
the inoculation source for each trial. The inoculation source for each trial has been listed
in Table 11, section 3.1.6. The 1.006 TSG batch culture was initiated from cryogenically
frozen S.dimorphus previously grown in 1.005 TSG media, while the inoculation source
for the 1.009 TSG trial was a seed culture of S.dimorphus previously grown in 1.007
TSG. It is possible that the inoculum for the 1.006 TSG trial experienced less of a shock
than the inoculum for the 1.009 TSG trial, as the TSG increase was only 0.001, compared
to the 1.009 TSG trial where the increase was 0.002 TSG. This suggests that it may be
possible to slowly adapt S.dimorphus cells to grow at an unimpeded rate for increased
salinity levels. The impact of cryopreservation versus live seed culturing may also have
had an impact on growth, but the extent is uncertain.
In addition to growth rate, the carrying capacities of each population were also
determined using the logistic growth model. Values of the carrying capacity obtained for
each trial are show in Figure 23 and numerical values are tabulated in Table 21.
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Table 21. Carrying capacities determined using the logistic growth model for
S.dimorphus grown in a 5L PBR 3N-BB+V media with varying salt concentration
(standard deviations for each value are also shown).
Trial

B(∞) (gdw)

Freshwater

7.47±0.23

1.006 TSG

6.54±0.20

1.009 TSG

4.74±0.13

Logistic Model Carrying Capacity (B∞)
9
8

a, b
a, c

Carrying Capacity

7
6

b, c

5
4
3
2
1
0
Freshwater

1.006 TSG

1.009 TSG

Trial

Figure 23. A summary of the carrying capacities (gdw) obtained for each growth trial
for S.dimorphus grown within a 5L PBR with 3N-BB+V media at varying salt
concentrations. Error bars represent that standard error calculated from outputs of
MATLAB’s CurveFit function. *Matching letters denote that both conditions are
significantly different from each other (p<0.05).
The carrying capacity of the populations displayed a wide range, from 4.74-7.47
grams dry weight. The Welch’s t-test revealed that the carrying capacities for all trials
were statistically different from one another (Table 22). This is consistent with
observation made in previous studies, where the maximal cell density differed widely
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within a single species [64]. Given that all trials are different from one another, it is
difficult to attribute the differences in B∞ to salinity or to limited light exposure.
Table 22. Results from the Welch’s t-test using a 95% confidence interval when
comparing B∞ between freshwater and saline trials. P-values less than 0.05 signify
rejection of the null hypothesis that two populations have equal means.
	
  

	
  

t-table

Freshwater vs.
1.006 TSG
2.03

Freshwater vs.
1.009 TSG
2.02

1.006 vs. 1.009
TSG
2.03

t-test

9.52

31.08

17.60

p-value

3.01E-11

3.98E-30

2.43E-18

There are few published studies that report the growth kinetics of microalgae

cells, specifically S. dimorphus, in terms of logistic growth parameters. A study
conducted by Zhang et al. (2016) is one of these few studies that address this growth
model [64]. Reported values for the growth rate and carrying capacity for S.dimorphus
are 0.33±0.24 (days-1) and 2.80±0.32 (106 cells per mL), respectively [64]. In this study,
carrying capacity is reported in terms of grams of microalgae dry weight (gdw), so it is
difficult to compare findings regarding the carrying capacity [64]. Growth rates reported
in this research, for all growth conditions, are larger than those reported by Zhang (2016)
[64]. Differences could be attributed to the used of different growth medias, as Zhang et
al. (2016) used BG 11 medium, while this study employed 3N-BB+V media[64].
Additionally, experiments conducted by Zhang et al. (2016) were carried out in 500 mL
Erlenmeyer flasks [64]. While scale-up has been reported to negatively impact growth
rates, the difference in cultivation setting provides an additional variable that could affect
cell growth. Scale-up errors could also be to blame for observations of decreased growth
rates with increased cultivation volume. Previous research regarding the effects of
salinity on logistic growth parameters was not found. Therefore, the results found in this

73

research are believed to be some of the first reported values documenting on the effect of
salinity on logistic growth parameters for S.dimorphus. 	
  
4.1.4 Change in Macronutrient Concentration over Time as Determined by ICP-OES
The change in concentration for magnesium, iron, phosphorus and potassium was
monitored throughout the growth period for S.dimorphus grown within a 5L
photobioreactor. Concentration was measured by ICP-OES and the results for each run
are shown in Figures 24a-d. The concentration profile for calcium was also generated
and can be reviewed in Appendix B. As expected, the concentrations of magnesium, iron,
and phosphorus tend to decrease over time. This indicates that the cells consumed the
nutrients over time in order to facilitate growth. The concentration change in potassium is
negligible, excluding the 1.009 TSG trial. The 1.009 TSG trial shows a slight increase in
potassium concentration over time. While it is possible that contamination could be the
root cause of this increase, it is less likely to occur in a closed system. Rather, ionization
interferences between sodium ions from the addition of salt (NaCl) could have caused
signal overlap with the potassium ions and consequently produced a false boost in the
signal [69].
The expected starting concentrations of each element within the growth media are
also plotted within Figures 24a-d. The experimental starting concentrations for each
nutrient are, in general, greater than the expected value. Deviations in concentration from
expected values are likely due to evaporation that occurred during the sterilization
process. Comparison of the freshwater trial trends to those of the saline trials suggests
that the final nutrient level for the two saline trials is greater than those of the freshwater
trials. Phosphorus, however, appears to be an exception at lower salt concentrations
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(1.006 TSG). Despite this inconsistency, the data implies that the presence of salt within
the growth media reduces nutrient consumption with respect to magnesium, iron and
potassium. It is possible that this is a result of competition by transport ions, such as
magnesium, iron, and potassium, increased by the introduction of sodium ions.
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Figure 24a-d. Concentration profiles for each of the five nutrients present within the
growth media over the course of each batch culture in the 5L PBR (. a – Magnesium, b
– Iron, c – Phosphorus, d – Potassium). All elements showed a decrease in
concentration over time, except for potassium. Potassium appeared to increase in some
trials, while remaining somewhat constant in others. Error bars (some not visible)
represent the standard error associated with ICP-OES measurements.
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4.1.5 Determination of Average Yield Coefficients (YX/S) and Mass Fractions (xi)
A key area of interest in this research was to understand the effect of saline
growth media on average biomass yield coefficients. In this research, average yield
coefficients for all of the macronutrients were determined by plotting biomass
concentration (X) versus substrate concentration (S). Biomass concentration was
determined from absorbance measurements and substrate concentration was determined
by ICP-OES measurements. The negative of the slope of biomass concentration versus
substrate concentration is the average yield coefficient (see equation 2.8.2). Average
yield coefficient values for magnesium, iron, and phosphorus for each trial are shown in
Figures 25a-e and are summarized in Figure 26 and Table 23. Each graph can be read
right to left, where the right represents the beginning of growth and the left represents the
end of the growth trial. As expected, in all cases there is a correlation between increased
biomass concentration and decreased substrate concentration.
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e)

d)
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Figures 25a-e. Average yield coefficients for each element were obtained by plotting
biomass concentration (gdw/L) against element concentration (g/L) within the growth
media. a – Freshwater Trial 1, b – Freshwater Trial 2, c – Freshwater Trial 3, d – 1.006
TSG, e – 1.009 TSG. Iron concentration exhibited a lower correlation (R2) between
biomass and substrate concentration compared to magnesium and phosphorus.
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Table 23. Average yield coefficients for S.dimorphus grown within 3N-BB+V media at
varying salt concentrations within a 5L PBR (standard deviations for each value are also
shown).
Trial
Freshwater
Average
1.006 TSG
1.009 TSG
G. Mahfouz
(2015) [42]
Schwenk (2012)
[65]

YX/Mg (gdw
biomass/g Mg)

YX/Fe (gdw
biomass/g Fe)

YX/P (gdw
biomass/g P)

290±30

9800±1400

76±9.1

480±30
450±32

23000±7800
11000±3800

91±6.1
115±7.4

250±50

6000±3000

60±10

476

8549

N/A

Results from the Welch’s t-test, as shown in Tables 24a-c, indicate that some of
the freshwater average yield coefficients for magnesium and iron are statistically
different from one another. Given that the comparison of freshwater trials to one another
resulted in significant differences, the average yield coefficients were not pooled to
represent one population for magnesium and iron. The freshwater average yield
coefficients for phosphorus were statistically similar. As a result, an average of the
average yield coefficient value for phosphorus was reported.
Table 24a. Results from the Welch’s t-test using a 95% confidence interval when
comparing YX/Mg between each freshwater trial. P-values less than 0.05 signify rejection
of the null hypothesis that two populations have equal means.

t-table

Freshwater 1 vs.
Freshwater 2
2.09

Freshwater 1 vs.
Freshwater 3
2.08

Freshwater 2 vs.
Freshwater 3
2.08

t-test

1.47

2.96

0.92

p-value

0.16

7.52E-03

0.37
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Table 24b. Results from the Welch’s t-test using a 95% confidence interval when
comparing YX/Fe between each freshwater trial. P-values less than 0.05 signify rejection
of the null hypothesis that two populations have equal means.
	
  
t-table

Freshwater 1 vs.
Freshwater 2
2.08

Freshwater 1 vs.
Freshwater 3
2.11

Freshwater 2 vs.
Freshwater 3
2.08

t-test

0.48

1.79

2.66

p-value

0.64

0.09

0.01

Table 24c. Results from the Welch’s t-test using a 95% confidence interval when
comparing YX/P between each freshwater trial. P-values less than 0.05 signify rejection of
the null hypothesis that two populations have equal means.

t-table

Freshwater 1 vs.
Freshwater 2
2.07

Freshwater 1 vs.
Freshwater 3
2.08

Freshwater 2 vs.
Freshwater 3
2.07

t-test

0.74

2.01

1.19

p-value

0.47

0.06

0.25

	
  

Statistical analysis revealed that the magnesium average yield coefficient for all
three freshwater trials was significantly smaller than those found for the 1.006 and 1.009
TSG trials. These results are shown in Table 25. This suggests that more biomass is
produced per gram of magnesium in saline conditions than in freshwater conditions. The
two saline trials did not differ from one another with respect to magnesium, indicating
that the increase in the magnesium average yield coefficient associated with increased
salt concentration may reach a plateau. Regardless, increased biomass yields per gram of
magnesium are beneficial to reducing the cost of large-scale microalgae production.
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Table 25. Results from the Welch’s t-test using a 95% confidence interval when
comparing YX/Mg between freshwater and saline trials. P-values less than 0.05 signify
rejection of the null hypothesis that two populations have equal means.
	
  

Freshwater
1 vs. 1.006
TSG

Freshwater
1 vs. 1.009
TSG

Freshwater
2 vs. 1.006
TSG

Freshwater
2 vs. 1.009
TSG

Freshwater
3 vs. 1.006
TSG

Freshwater
3 vs. 1.009
TSG

1.006 TSG
vs. 1.009
TSG

t-table

2.09

2.06

2.07

2.06

2.03

2.06

2.06

t-test

3.28

2.57

3.99

3.42

5.70

4.96

0.54

pvalue

3.77E-03

0.02

6.10E-04

2.17E-03

1.00E-05

4.00E-05

0.59
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Figures 26a-c. A summary of the overall yield coefficients obtained for magnesium,
iron, and phosphorus for each batch culture within the 5L PBR (a – magnesium, b – iron,
c – phosphorus). A drastic decrease in the biomass yield coefficient for phosphorus is
observed for the 1.009 TSG trial. Error bars represent the standard error obtained from
Excel’s LINEST function. *Matching letters denote that both conditions are significantly
different from each another (p<0.05).
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The iron average yield coefficient is significantly greater for the 1.006 TSG trial
compared to the third freshwater trial. There is also a significant decrease in the iron
average yield coefficient between the second and third freshwater trials (Table 24b).
There does not appear to be a difference between the freshwater and 1.009 TSG trial.
This is supported by statistical results, shown in Table 26, as no significant difference is
observed between these batch cultures. Unlike the difference observed between all
freshwater trials and the 1.006 TSG trial with magnesium, differences in the iron average
yield coefficient results are inconclusive. Despite this, it is apparent that larger increases
in salt concentration (1.009 TSG) in the growth medium may not lead to improved
biomass yields with respect to iron. Instead, these results suggest that only low salt
concentrations (1.006 TSG) may increase the biomass yield per gram of iron. Increases in
salt concentration past the optimal limit could cause biomass yields (with respect to iron)
to revert back to values expected from a freshwater batch.
Table 26. Results from the Welch’s t-test using a 95% confidence interval when
comparing YX/Fe between freshwater and saline trials. P-values less than 0.05 signify
rejection of the null hypothesis that two populations have equal means.
	
  

Freshwater
1 vs. 1.006
TSG

Freshwater
1 vs. 1.009
TSG

Freshwater
2 vs. 1.006
TSG

Freshwater
2 vs. 1.009
TSG

Freshwater
3 vs. 1.006
TSG

Freshwater
3 vs. 1.009
TSG

1.006 TSG
vs. 1.009
TSG

t-table

2.18

2.08

2.20

2.09

2.05

2.11

2.13

t-test

1.60

0.24

1.47

0.04

2.11

0.55

1.37

pvalue

0.14

0.82

0.17

0.97

0.04

0.59

0.19

Contrary to both magnesium and iron, the average yield coefficient for
phosphorus appears to significantly increase as salinity is increased from all conditions to
1.009 TSG. The Welch’s t-test results, shown in Table 27, demonstrate that there is a
significant difference between the freshwater average when compared to the 1.009 TSG
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trial, as well as the 1.006 TSG trial when compared to the 1.009 TSG trial. No significant
difference was observed when comparing the freshwater average to the 1.006 TSG trial.
These results suggest that increased levels of salinity may increase the biomass yield on
phosphorus. This would be beneficial to the production of microalgae, as it would require
less substrate to achieve greater biomass yields that are obtained with freshwater.
Table 27. Results from the Welch’s t-test using a 95% confidence interval when
comparing YX/P between freshwater and saline trials. P-values less than 0.05 signify
rejection of the null hypothesis that two populations have equal means.
	
  

Freshwater Average
vs. 1.006 TSG

Freshwater Average
vs. 1.009 TSG

1.006 TSG vs. 1.009
TSG

t-table

2.31

2.07

2.07

t-test

1.75

4.11

2.41

p-value

0.12

4.61E-03

0.02

In an attempt to understand how saline growth media affects the average yield
coefficient values for multiple substrates, an average of the average freshwater yield
coefficient results of this research were compared to existing literature values. While
there are few studies that have focused on the determination of average yield coefficients,
research has been conducted in this lab previously by G. Mahfouz (2015) to establish
freshwater average yield coefficients for magnesium, iron, and calcium [42]. These
values are listed in Table 23, along with the average yield coefficients calculated from
this research, to allow for direct comparison. Average yield coefficients have also been
evaluated by J. Schwenk (2012) and are similarly listed in Table 23 [65]. Freshwater
average yield coefficients for magnesium between this study and Mahfouz’s (2015) were
very similar. The average yield on magnesium shown by Schwenk was slightly higher
than values reported here for freshwater conditions. Generally, freshwater average yields
on iron reported in this study were slightly higher than those produced by Schwenk. The
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average iron yield coefficient value reported in this study falls within the standard error
of the value produced by G. Mahfouz. The freshwater average yield coefficient for
phosphorus was also very comparable between this study and the results from Mahfouz
(2015). While there are slight differences in these comparisons, it is likely that the overall
yield coefficients for magnesium, iron and phosphorus for S.dimorphus grown in
freshwater fall within ranges reported by past studies.
Literature focused on evaluating the effect of salinity on these yield coefficients
are difficult to locate. However, there is a single study, conducted by Chisti and
Luangpipat (2017), that published results with respect to the phosphorus yield coefficient
[51]. In their research, the effect of salinity on the phosphorus yield coefficient for
Scenedesmus sp. was assessed [51]. Their findings suggest that brackish growth media
resulted in the highest biomass yield on phosphorus (336 g per g), followed by freshwater
growth media (262 g per g) [51]. Full strength seawater decreased the phosphorus yield
coefficient (149 g per g) [51]. The present research shows that the average biomass yield
on phosphorus is greatest with moderately saline growth media (1.009 TSG). Notably,
the 1.009 TSG media utilized in this stidy is still less concentrated than the brackish
seawater utilized by Chisti and Luangpipat. Therefore, these results do not show any
discrepancy. It is important to note though, that the phosphorus average yield coefficients
reported here are about two-thirds smaller than that reported by Chisti and Luangpipat
(2017). It is possible that the scale of these experiments, combined with different choices
of growth media, could be the cause of this observation.
In addition to monitoring the nutrient concentration within the growth media,
elemental composition of the biomass at the end of each run was also determined.
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Biomass nutrient concentration, also referred to as the biomass fraction (xi), was
established by ICP-OES measurements. The method used to extract the macronutrients
from the cells is described in section 3.2.3. The inverse of the biomass fraction (1/xi) for
each nutrient (i) should reflect values obtained for the average yield coefficient, since
none of the elements tested (Mg, P, Fe) are expected to be secreted into the gas or liquid
phase. A bar graph of the inverse biomass fraction versus the average yield coefficient for
each nutrient and trial is shown in Figures 27a-c.
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Figures 27a-c. Comparison of the average yield coefficient to the inverse biomass
fraction for each element (a – Magnesium, b – Iron, c – Phosphorus). Error bars represent
the standard error obtained from Excel’s LINEST function. . *Matching letters denote
that both conditions are significantly different from each other (p<0.05).
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Statistical analysis revealed that the average yield coefficient for magnesium is
not statistically different from the inverse biomass fraction of magnesium for all trials,
except for the second and third freshwater trials. These results, shown in Table 28,
indicate that magnesium within the growth media was consumed by the microalgae by
the end of the growth period for the first freshwater trial and the two saline trials.
Notably, the second and third freshwater trials show that the magnesium average yield
coefficient is less than the inverse biomass fraction. This data suggests that that the cells
consumed more magnesium than was present within the biomass at the end of each trial.
Contamination by an invading species could account for this discrepancy. This could
result in misleading increases in the inverse biomass fraction measurements. Although,
contaminant species were not detected during microscopic observation of the microalgae.
It is also possible that the cells secreted nutrients during the course of growth, however,
one would expect nutrient concentrations within the growth media to increase over time.
This does not agree with substrate consumption results (Figure 24a-d).
Table 28. Results from the Welch’s t-test using a 95% confidence interval when
comparing YX/Mg to 1/xMg for freshwater and saline trials. P-values less than 0.05 signify
rejection of the null hypothesis that two populations have equal means.

	
  

Freshwater
1: YX/Mg vs.
1/xMg

Freshwater
2: YX/Mg vs.
1/xMg

Freshwater
3: YX/Mg vs.
1/xMg

1.006TSG:
YX/Mg vs.
1/xMg

1.009TSG:
YX/Mg vs.
1/xMg

ttable

2.36

2.18

2.23

2.18

2.20

t-test

0.76

3.71

2.85

0.60

1.31

pvalue

0.47

2.96E-03

0.02

0.56

0.22

Similar to magnesium, iron, did not show statistically significant differences
between the average yield coefficient and inverse biomass fraction for all trials except the
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second and third freshwater trials. Figure 27b, along with the results in Table 29, shows
that the inverse biomass fraction is greater than the average yield coefficient for iron for
all of the freshwater trials. This suggests that the cells consumed more iron than was
present within the biomass. The same reasoning given for observations with regard to
magnesium is assumed to be the cause of observations with regard to iron.
Table 29. Results from the Welch’s t-test using a 95% confidence interval when
comparing YX/Fe to 1/xFe for freshwater and saline trials. P-values less than 0.05 signify
rejection of the null hypothesis that two populations have equal means.
	
  

Freshwater
1: YX/Fe vs.
1/xFe

Freshwater
2: YX/Fe vs.
1/xFe

Freshwater
3: YX/Fe vs.
1/xFe

1.006TSG:
YX/Fe vs.
1/xFe

1.009TSG:
YX/Fe vs.
1/xFe

ttable

2.26

2.18

2.20

2.20

2.20

t-test

0.51

4.09

7.06

0.90

0.33

pvalue

0.62

1.50E-03

2.10E-05

0.39

0.75

Contrary to both magnesium and iron, the inverse biomass fraction of phosphorus
showed a significant difference when compared to the average yield coefficient for the
two saline trials. Statistical results, shown in Table 30, indicate that there is no difference
between the phosphorus average yield coefficient and the inverse phosphorus biomass
fraction for the freshwater trials. Notably, the phosphorus average yield coefficient is
greater than the inverse biomass fraction for the 1.009 TSG trial. This indicates that more
phosphorus ended up in the biomass than was in the growth media. This is scientifically
impossible. It is possible, however, that contamination during the biomass digestion
procedure could be the cause of this discrepancy.
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Table 30. Results from the Welch’s t-test using a 95% confidence interval when
comparing YX/P to 1/xP for freshwater and saline trials. P-values less than 0.05 signify
rejection of the null hypothesis that two populations have equal means.
	
  

Freshwater Average:
YX/P vs. 1/xP

1.006TSG: YX/P vs. 1/xP

1.009TSG: YX/P vs.
1/xP

t-table

3.18

2.20

2.20

t-test

0.80

2.31

4.96

pvalue

0.48

0.04

4.00E-04

Comparison of the average yield coefficient values for magnesium, iron and
phosphorus to the corresponding inverse biomass fraction values was also evaluated by
G. Mahfouz (2015) for freshwater conditions [42]. Results from the 2015 study indicate
that out of three freshwater trials, at least one showed significant differences between the
average yield coefficient and inverse biomass fraction for all three elements [42]. A
similar observation was made within the present study, with the exception of phosphorus.
The phosphorus average yield coefficient and inverse biomass fractions were not
significantly different from one another for all freshwater trials. It appears as though
difference between the average yield coefficient and inverse biomass fraction in both
studies is not a trend, but a consequence of the experimental method.
4.1.6 Effect of Salinity on Cell Morphology
The effect of salinity on cell morphology was evaluated by observing each batch
culture under a microscope. Photographic images were captured and are shown in Figure
28.
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Figure 28. Microscopic images of S.dimorphus grown in 3N-BB+V growth media with
increasing salt concentration. Left – Freshwater, Middle- 1.006 TSG, Right – 1.009 TSG.
As salt concentration increases, the once crescent shaped cells adopt a rounder
morphology. The size of each cell also appears to decrease.
From the images, it is clear that there are changes in cell morphology with
increases in salinity of the growth media. As salt concentration increases, the cells appear
to become smaller in volume and rounder in shape. This observation is consistent with
those made within a study conducted by Vidyashankar et al. (2013), where microalgal
cells turned circular with increased levels of salinity [31]. Images published by
Kaewkannetra (2012) also support this observation, as S.obliquus grown in freshwater
retains its crescent shape but cells grown in increased salt concentrations adopt a rounder
morphology [30]. The cells’ need to maintain turgor pressure could explain this change in
morphology. Additional work should be conducted to confirm the significance of this
observation.
4.2 Lipid Analysis and Biodiesel Properties
4.2.1 FAME Profiling and Biodiesel Property Calculations
In addition to monitoring the growth and yield coefficients of the microalgae,
changes in the lipid content of S.dimorphus with salt concentration was also examined.
The impact of harvesting time on lipid content and biodiesel properties was also
evaluated for low salt concentrations (1.006TSG). To predict the performance properties

93

	
  

of derived biodiesel, the lipid compositions were determined as described in section
3.3.2. For this experiment, microalgae was grown in both a closed 5L bioreactor and
closed 2L Erlenmeyer flasks with 1L of 3N-BB+V media with varying salt
concentrations.
4.2.2 Impact of Harvesting Time on Lipid Content
The lipid content of S.dimorphus grown within a 5L bioreactor with 3N-BB+V
media at a 1.006 TSG salt content was determined by GC-MS (Section 2.4). Samples
were obtained from the culture at early, mid and late growth periods. The resulting
glycerolipid content at each time point are shown in Figure 29 and Table 31. The
glycerolipid content refers to the neutral lipids within the microalgae. Neutral lipids only
include mono-, di-, and triglycerides. As a result, lipid content here will be significantly
less than most literature values and previous reported values from this lab.
The Effect of Harvesting Time on Glycerolipid Content
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Figure 29. The glycerolipid content (gram lipids per gram of biomass) of S.dimorphus
grown within 1.006 TSG 3N-BB+V growth media in a 5L PBR as a function of time.
Early growth displays the highest glycerolipid content.
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Table 31. The glycerolipid content of S.dimorphus grown in 1.006TSG 3N-BB+V media
as a function of time.
TSG Level

Glycerolipid Content (%)

1.006 TSG Early (PBR)

2.67

1.006 TSG Mid (PBR)

1.46

1.006 TSG Late (PBR)

1.48

From the figure, it is clear that for the 1.006TSG trial, lipid content decreases over
time. Analysis via a Welch’s t-test could not be conducted due to the small sample size.
While definite conclusions cannot be drawn, it appears as though the early phase lipid
content is greater than the lipid content for mid and late growth periods. There does not
appear to be a large difference in lipid content between the mid and late growth periods.
This data suggests that it would be optimal to harvest the microalgae during early
exponential growth to recover the maximum amount of lipids. While the maximum lipid
content may be achieved during early exponential growth, it is important to consider the
biomass concentration of the culture at this time. A low biomass concentration may yield
microalgae with a high lipid content, but the population size is small. Therefore, the total
amount of lipids obtained may be smaller than that observed later during the exponential
growth period, where biomass concentration is high and lipid content is reduced.
4.2.3 Effect of Salinity on Glycerolipid Content
The glycerolipid content for six different trials with media with varying salt
concentrations were evaluated during the late growth period by GC-MS and the results
are shown in Table 32 and Figure 30, respectively.
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Table 32. The effect of salt concentration on glycerolipid content of S.dimorphus
(standard deviations from GC-MS measurements for each value are also shown).
TSG Level

Glycerolipid Content (%)

Fresh

1.96

1.005 TSG

3.19

1.006 TSG Late (PBR)

1.48

1.011 TSG (initially 1.007)

3.28

1.012 TSG (initially 1.009)

2.65

1.015 TSG (initially 1.011)

2.16

Glycerolipid Content (%)

Effect of Salinity on Glycerolipid Content
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1.015 TSG
(initially
1.011)

Trial
Figure 30. Glycerolipid content (gram lipid per gram biomass), harvested during the late
exponential growth phase, as a function of salt concentration. The initial TSG level is
noted for each trial if it differed from TSG level at the time of harvest. All experiments
were conducted in 2L glass bottles, with the exception of the 1.006 TSG trial, which was
grown within a PBR.
The results reveal that lipid content increases up to a salt concentration of 1.011
TSG. The lipid content at 1.006 TSG is an exception to this observation. Further
increases in salinity, however, results in a reduction in the lipid content (1.012 and 1.015
TSG). This suggests that there may be a critical salt concentration at which the lipid
content achieves a maximum but will be reduced if concentration is increased further. All
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saline trials, with the exception of the 1.006 TSG trial, resulted in lipid yields that were
higher than the freshwater control. Statistical analysis could not be performed to assess
the significance of these results due to insufficient sample size.
While all samples were harvested during the late growth period, the harvesting
time was not uniform. The difference in collection time introduces an additional variable
and error that could impact the observed trend. The impact of this error is unknown. It is
also important to maintain growth conditions between all trials. Microalgae batch cultures
should be limited to either a 5L bioreactor or 2L Erlenmeyer flasks, not both, to maintain
consistency and limit differences in operating variables between trials. Preferably, a
photobioreactor should be used, as it offers better control of various operational
parameters. Additional trials for all conditions should be conducted to eliminate any
variables that could impact results and determine the significance of these results.
4.2.4 Effect of Salinity on the Cetane Number
The cetane number is a dimensionless parameter used to measure the time delay
between the injection of fuel and the ignition of the engine. More generally, it is used to
assess the quality of biodiesel. Greater cetane numbers correlate to better biodiesel fuel
quality. Here, Equation 2.9.1 was used to calculate the cetane number for six different
batch cultures. The results are show in Figure 31 and numerical values are listed in Table
33.
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Table 33. The effect of salinity on Cetane Number.
TSG Level

Cetane Number

Fresh

45.87

1.005 TSG

51.54

1.006 TSG Late (PBR)

47.11

1.011 TSG (initially 1.007)

39.84

1.012 TSG (initially 1.009)

46.61

1.015 TSG (initially 1.011)

51.10

The Effect of Salinity on Cetane Number
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Figure 31. A plot of the predicted cetane number as a function of salinity. The red line
represents ASTM –D6751, which stipulates that biodiesel must have a cetane number of
47 or greater. All experiments were conducted in 2L glass bottles, with the exception of
the 1.006 TSG trial, which was grown within a PBR.

From Figure 31, it appears as though the cetane number for the saline trials is generally
equal to or greater than the cetane number for the freshwater trial. This suggests that there
is not a negative impact on the cetane number when salt concentration is increased.
The American Society for Testing and Materials (ASTM) – D6751 requires that
the cetane number be equal to or greater than 47 for biodiesel fuels [54]. Here,
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predictions indicate that this standard is met for only four of the six trials. Notably, the
trials for which this standard is met are all saline trials. This suggests that the addition of
salt to the growth media could help biodiesel derived from microalgae achieve cetane
number standards. The European Committee for Standardization also published standards
for biodiesel in EN 14214, which states that the cetane number must meet a minimum of
51.0 [55]. The 1.005 TSG, 1.012 TSG and 1.015 TSG trials are the only trials that appear
to meet this condition. Due to the small sample size, statistical analysis could not be
performed to determine if the obtained values show statistical differences. Without
statistical analysis it is scientifically impossible to conclude the significance of these
observations, as important considerations may currently be overlooked.
Currently, there is not a significant amount of published data that evaluates the
effects of salinity on the cetane number. There are, however, reports of cetane numbers
for species of the Scenedesmus genus grown in freshwater conditions. Typical reported
values range from 56.1 to 59.6 [11] [66]. The freshwater cetane number reported here
(45.87) is less than reported literature values. The reduction in cetane number may be a
result of different culture conditions or the specific strain of the Scenedesmus species, or
different analytical methods for measuring the fatty acid composition.
4.2.5 Effect of Salinity on the Oxidative Stability Index (OSI)
The oxidative stability index (OSI) is an important property for biodiesel when
considering storage stability. It is a measure of how stable or resistant the fuel is to
oxidation (see section 2.9.2). Using Equation 2.9.2, the OSI was calculated for six trials
with increasing salinity and the results are shown in Figure 32 and Table 34.
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Table 34. The effect of salt concentration on the Oxidative Stability Index.
TSG Level

OSI (hours)

Fresh

6.81

1.005 TSG

4.89

1.006 TSG Late (PBR)

5.73

1.011 TSG (initially 1.007)

6.51

1.012 TSG (initially 1.009)

6.16

1.015 TSG (initially 1.011)

5.62

Oxidative Stability Index (hours)
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Figure 32. A plot of the oxidative stability index (OSI) with increasing salt
concentration. The red line represents the ASTM-D6751 standard, which stipulates
biodiesel must have an OSI of at least 3 hours. All experiments were conducted in 2L
glass bottles, with the exception of the 1.006 TSG trial, which was grown within a PBR.
The plot of OSI against increasing salt concentration reveals that the freshwater
trial is predicted to produce biodiesel with the greatest stability of all trials. The oxidative
stability index tied to microalgae grown in freshwater is similar, but slightly less what
had been reported in literature. In the assessment of S.obliquus, Kaewkannetra et al.
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(2012) reported an oxidative stability index of 7.5 hour [30]. Here, the oxidative stability
of biodiesel derived from a freshwater culture is estimated to be less than 7 hours.
When considering the effect of saline growth media on microalgal growth, it is
difficult to identify an obvious trend between salt concentration and OSI. It appears as
though salt concentration does not have a clear effect on oxidative stability. Importantly,
all trials comply with the ASTM-D6751 standard of at least 3 hours. The European
standard of 6 hours is met by freshwater, 1.011 TSG, and 1.012 TSG trials. As discussed
with respect to the cetane number values, statistical analysis needs to be performed to
assess the validity of these claims, as important considerations may currently be
overlooked.
4.2.6 Effects of Salinity on the Cold Filter Plugging Point
The Cold Filter Plugging Point (CFPP) is an estimate of the lowest temperature at
which a fuel will achieve trouble-free flow. The plot of CFPP as a function of TSG level
is shown in Figure 33. Values for the CFPP were calculated using Equations 2.9.3 and
2.9.4. These values can be found in Table 35.
Table 35. The effect of salt concentration on the Cold Filter Plugging Point.
TSG Level

CFPP (°C)

Fresh

9.66

1.005 TSG

9.84

1.006 TSG Late (PBR)

11.32

1.011 TSG (initially 1.007)

6.45

1.012 TSG (initially 1.009)

13.70

1.015 TSG (initially 1.011)

14.66
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Figure 33. A plot of Cold Filter Plugging Point (CFPP) as a function of salt
concentration. For both ASTM D-6751 and EN 14214, the standard CFPP value is both
region and season dependent. The 1.011 TSG trial appears to have the lowest CFPP value
(°C). All experiments were conducted in 2L glass bottles, with the exception of the 1.006
TSG trial, which was grown within a PBR.
As shown in Figure 33, the CFPP tends to increase with increased salinity. The
1.011 TSG trial is an exception, as the CFPP is much lower than all other trials. Aside
from this trial, the freshwater trial appears to have the lowest cold filter plugging point at
9.6°C. This value does fall within the range of some reported literature values for
Scenedesmus species cultivated in freshwater. These range from -6.91°C up to 20.8°C
[66] [67]. Increased CFPP values in the saline batches suggest that the fatty acid methyl
ester content of the fuel is rich in saturated fatty acids. Saturated fatty acids have a higher
melting point than unsaturated fatty acids. This will consequently cause the fuel to freeze
at higher temperatures, impairing fuel flow in both warm and cold regions.
Crystallization will not only impair fuel flow, but it can clog and plug filters leading to

102

engine problems. While unsaturated fatty acids are desirable for a low CFPP, saturated
fatty acids are key to increasing the oxidative stability of a fuel. Therefore, it is important
to maintain a balance between unsaturated and saturated fatty acids to achieve optimal
fuel performance with respect to all key properties. There are CFPP standards listed
within ASTM D6751 and EN 14214. However, given the region and seasonal
dependency of these standards, they will not be discussed here. As discussed with
respect to the cetane number and oxidative stability values, statistical analysis needs to be
performed to assess the validity of these claims, as important considerations may
currently be overlooked.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
•

Between the two growth models, it was found that no change in growth was
observed between the average freshwater growth rate (µ1 = 1.13±0.05 days-1, k =
0.94±0.03 days-1) and the 1.006 TSG trial (µ1 = 0.80±0.15 days-1, k = 0.84±0.02
days-1). Increasing the salt content further resulted in a decrease in growth rate to:
µ1 = 0.66±0.09 days-1 and k = 0.53±0.02 days-1. Therefore, the maintenance of
cell growth rate as a result of increased salinity has a limit.

•

Carrying capacity was significantly different between all trials. Therefore, it is
difficult to attribute this change to the change in salt concentration within the
growth media.

•

Preliminary screening results for average yield coefficients were determined for
S.dimorphus grown within freshwater, 1.006 TSG and 1.009 TSG media:
o The magnesium average yield coefficient increased as salt concentration
increased within the growth media compared to freshwater controls.
o The iron average yield coefficient may increase from freshwater values at
low levels of salinity (1.006 TSG) but decrease at 1.009 TSG. Therefore,
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there may be a limit to the enhancing effect of salt on the iron average
yield coefficient.
o The phosphorus average yield coefficient was unchanged at low salt
concentrations (1.006 TSG) when compared to the freshwater control. A
significant increase from the freshwater phosphorus average yield
coefficient was observed when salinity was increased to 1.009 TSG.
•

The inverse biomass fractions (1/xi) agreed well with average yield coefficients
for nearly most trials. Some exceptions exist and can be attributed to
contamination during the ICP-OES preparation and measurement process.

•

It was observed that cell morphology appears to transition from a crescent shape
to a smaller and rounded morphology as salt concentration is increased.

•

The lipid content appears to decrease as harvesting time is extended from the
early to the late exponential growth phase. These results are simply observations
and are not statistically proven.

•

The lipid content appears to increase with salt concentration up to 1.011 TSG.
Beyond this value, lipid content seems to decreases. All saline trials resulted in a
greater lipid content than the freshwater control. It is believed that salt stress
induces lipid accumulation, but a maximal lipid content is achieved at a critical
salt concentration (1.011 TSG). These results are simply observations and are not
statistically proven.

•

There appears to be no observable change in cetane number with increased salt
concentrations. These results are simply observations and are not statistically
proven.
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•

The ASTM D-6751standard for cetane number appears to only be met by saline
batches. The freshwater control does not appear to meet this requirement. The
1.005, 1.012 TSG and 1.015 TSG trials are the only trials that appear to meet the
EN 14214 standard for cetane number. These results are simply observations and
are not statistically proven.

•

The oxidative stability index is predicted to be the greatest for biodiesel derived
from microalgae grown in freshwater. However, there is not a clear trend
indicating that there is a negative impact of salt concentration on the oxidative
stability index. These results are simply observations and are not statistically
proven.

•

All freshwater and saline batch cultures meet the ASTM standard for oxidative
stability index. The freshwater, 1.011 and 1.012 TSG trials only meet the
European standard. These results are simply observations and are not statistically
proven.

•

The cold filter plugging point appears to increase with salinity. Growing
microalgae in a saline environment may reduce the performance of biodiesel in
colder climates. These results are simply observations and are not statistically
proven.

•

Low salinity levels may not hinder the growth rate, but may increase some yield
coefficients and the lipid content of Scenedesmus dimorphus. However, salinity
may have a negative impact on the quality of biodiesel derived from the
microorganism. Further statistical analysis needs to be conducted for
confirmation.
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5.2 Recommendations
•

Maintain consistent inoculation sources across all trials (all cryogenically frozen
or from seed culture).

•

Perform a sufficient number of replicates (N=3) for all trials to be able to
determine the statistical significance of lipid analysis values (lipid content, cetane
number, OSI, CFPP, etc.)

•

Monitor the lipid profile as a function of time for all trials to determine if the
optimal harvesting time is the same regardless of media salinity.

•

Run all trials associated with lipid content analysis within a 5L PBR to avoid
changes in TSG level over time and create consistency for comparison across all
trials.

•

Ensure that the sampling time is consistent for all trials to perform lipid content
analysis (ex. perform sample collection on day 20 of growth period for all trials).

•

Perform a cost analysis to determine the impact of growing S.dimorphus in salinebased growth media instead of freshwater. Determine if the potential
enhancements outweigh the drawbacks.

•

Rather than evaluating lipid content and biomass concentration separately, it
would be more beneficial to evaluate the total yield of lipids as function of time.
This could be achieved my multiplying the biomass concentration with the lipid
content to provide the lipid content as a function of cell growth over time (grams
of lipids per liter).
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•

Determine the salt concentration that becomes limiting to growth rate, average
yield coefficients, lipid content, as well as the salt concentration at which these
values reach maximum.
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APPENDIX A: Procedures
A.1

Bioreactor Shutdown and Cleaning Based on Instructions Provided by
George Cain in Growth of S.dimorphus Algae in Saline Media (2017)

It is recommended personal protective gear (latex gloves, safety goggles, and a lab coat)
be worn for this procedure. Needed supplies include a roll of paper towels, soap,
detergent, bleach, RBS 35 concentrate, a 4- wheel cart, and a large sink with an abundant
source of deionized water.
1. If it has not already been done, turn off the CO2 and air supply to the tower. Also,
turn off the water being supplied by the water chiller. Empty the algae from the
bioreactor vessel into a 1000mL glass graduated cylinder through the harvest port
using Masterflex tubing and a peristaltic pump from the cabinet near the
autoclave. Note the volume of the graduated cylinder and transfer to a 2L glass
bottle. Empty the algae in multiple stages to measure the volume of the contents
removed. Save the algae so that it can be processing for drying. Monitor the pump
at all times and be prepared to turn it off.
2. When the bioreactor is empty, turn off the power to the control tower.
3. Proceed to carefully remove the various apparatus from the headpiece of the
bioreactor, including the motor (to be stored in the drawer below), the level probe,
the DO probe, the pH probe, the sparge, the sample tube complex, the makeup
water tubing at the addition port, and the condenser complex. (Unscrew a tiny
screw from the bolt using the screwdriver in the tools drawer in order to remove
the condenser first, if required)
4. Place one of the black plastic caps onto the exposed motor insert port to cover it
up. The caps are kept in a small baggy in the drawer below the bioreactor vessel.
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5. Empty the water from the water jacket. To do this, first clamp the inlet tubing, and
then disconnect both the inlet and return tubing from the New Brunswick tower.
Obtain a 2-L bottle to catch the water, place the free end of the inlet tube into the
bottle, and unclamp the tube. The water should be effusive into the bottle. Empty
the 2-L bottle midway, and, be prepared to clamp the inlet tube again to stop the
water from flowing out.
6. Lift up the bioreactor and set it on the top surface of the 4-wheel cart available in
FH 403. Place the needed cleaning supplies on a lower level of the cart. Carefully
transport the cart to FH 405.
7. Start by unscrewing the 6 metal screws on the perimeter of the bioreactor
headpiece. Carefully remove the 6 washers too. Then unscrew the 3 bolts on the
top of the headpiece that are removable. Set these aside on a table. Remove the
headpiece and set it upside-down on top of paper towels on the table in a stable
orientation along with the circular gasket and the baffles from inside the vessel.
Place the open vessel into the sink.
8. Next, soak up traces of algae from the floor of the vessel using paper towels.
Throw away used paper towels into the trashcan nearby. Proceed to manually
scrub the interior and rim of the vessel using paper towels soaked with soapy
water to physically remove as much of the algae scum as possible. Use the
deionized water from the sink.
9. Rinse the interior sides of the vessel, keeping the water level low in the vessel.
10. Change latex gloves frequently after each cleaning step.
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11. Next, add 20 mL of the RBS 35 concentrate per L of water and fill up the vessel,
allowing for through mixing via turbulence. Let the mixture rest for a few
minutes, then turn the water back on and let the solution spill over the edges of
the rim into the sink for a few minutes until the solution inside the vessel is
further diluted. Then carefully empty the vessel by dumping it all out. Rinse and
fill the vessel completely with water and dump it out. Repeat at least twice more.
12. Next, add about 250 mL of bleach to the bioreactor and fill it up with water.
Repeat the relevant remainder of step 11 with the solution of bleach and water.
13. Next, add a substantial amount of Alconox detergent (but not too much) to the
vessel and fill it up with water. Repeat the relevant remainder of step 11 with the
solution of water and detergent. Add one final rinsing and dumping cycle of
water.
14. Rinse the exterior of the bioreactor vessel and then set it on top of paper towels on
a table.
15. Use the same scrubbing technique and cleaning agents in the same order to
thoroughly wash and clean the gasket, baffles, and headpiece with thorough
rinsing between each step.
Make sure to give attention to every crevice, groove, cavity and hole.
16. Reassemble the bioreactor by placing the baffles inside, the gasket into the
headpiece, and the headpiece on top of the vessel rim. Wash the 6 washers and 6
perimeter screws and screw them back into place to secure the headpiece and
vessel together. Transport everything back upstairs to FH 403 carefully using the
cart.
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17. Remove the Teflon tape from the 3 bolts and wash them using the same cleaning
agents with thorough rinsing. Scrub and clean the condenser insert piece and
probes using only soapy water and detergent. Set them aside to dry on paper
towels.
18. Any port pieces that can screw into the top of the headpiece above the vessel
should be thoroughly cleaned and dried first and then wrapped along the threads
counterclockwise with Teflon tape before screwing them back in.
A.2

Bioreactor Set-Up
1. Prepare 5L of 3N-BB+V media within a 10L glass bottle according to the
formulations listed with the Materials and methods section of this document.
2. Autoclave the media on the 5000mL cycle setting, remove after the cycle is
complete, and leave to cool overnight. If any precipitation of nutrients is
observed, the bottle should be shaken to re-dissolve the nutrients.
3. After cooling, 3L of the media should be transferred into the bioreactor through
the harvesting port using silicone tube and a portable peristaltic pump.
4. The remaining 2L of media with the 10L glass bottle is then autoclaved once
more on the 2000mL cycle setting.
5. While the 2L of media was sterilized in the autoclave, the control tower should be
powered on and filled halfway with water by turning on the water chiller. Once
half full, power the water chiller off.
6. Make sure that all port pieces are sealed off with filters and tubing is secured with
zip-ties. One port outlet should only be left without a filter to allow for venting.
7. The open port and filters should be covered with aluminum foil.
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8. Calibrate the pH meter according to the bioreactor-operating manual. After
calibrating, cover the top of the pH probe with the red screw-on cap.
9. Carefully place the sealed bioreactor on the metal rack and secure tightly with
tubing. The rack and bioreactor should be placed within an autoclave tray.
10. Remove the 10L glass bottle from the autoclave when the cycle is complete.
Allow to cool.
11. Place the tray containing the bioreactor into the autoclave and sterilize on the
3000mL cycle setting. Two people should be present to carry out steps 9 through
11.
12. While the bioreactor is in the autoclave, clean the condenser attachment. Wrap
with autoclave paper. Also, prepare 4 syringes for autoclaving by placing them in
autoclave sleeves.
13. Remove the bioreactor from the autoclave (again, two people should be present)
when cycle is complete. Allow bioreactor to cool overnight.
14. Place condenser and syringes into autoclave and sterilize on the “dry-wrap” cycle.
Remove when complete.
15. Insert the condenser piece into the port labeled “condenser,” and secure with
metal support. Attach the inlet and outlet water tubes to the appropriate ports on
the bioreactor control tower.
16. Connect the pH, level sensor, temperature probe and motor from the control tower
to the bioreactor.
17. Add the remaining 2L of media from the 10L glass bottle to the bioreactor using
silicone tubing and a portable peristaltic pump.

122

18. Turn on the water chiller to fill up the water jacket.
19. Set the level sensor so that the tip is in contact with the liquid level within the
bioreactor. Select Level Sensor 2 on the control tower and select “Dry” and a
sensitivity of 70%.
20. Set the temperature to 30°C and agitation to 250 RPM.
21. Using a 23XG needle tip and a 50mL syringe, extract 5L of each vitamin (H, B1
and B12) from centrifuge tubes in a sterile hood. Inject the vitamin mixture into
the bioreactor through the septum.
22. Connect the wrap-around light jacket to the bioreactor and turn on. Light should
be set to full spectrum.
23. Once the bioreactor has reached the set temperature, inoculate the bioreactor
according to the inoculation process. (Appendix A.3)
24. Right after inoculation, open the air valve and set the flow rate to 1.0L per minute
using the flow meter on the control tower. Next, open the CO2 valve and set to a
flow rate of 0.10L per minute. The flow meter is located behind the control tower
next to the sink.
25. Begin taking samples from the bioreactor and recording pH and temperature on a
daily basis. The CO2 flow rate should also be adjusted to maintain optimal pH, as
needed.
A.3

Inoculation Procedure
0) Three cryotubes were removed from a -80°C freezer and thawed.
1) The algae were transferred to a sterile, plastic 15mL centrifuge tube in a sterile
fume hood.
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2) The algae solution was diluted by ½ (50%) with sterile RO water.
3) The diluted algae solution was then centrifuged for 10 minutes at 1500 RPM.
4) The supernatant was then drawn off and additional sterile RO water was added.
Again, the algae was centrifuged for 10 minutes at 1500 RPM. Steps 3 through 5
were conducted twice.
5) After the second wash, the algae were drawn off into a 50mL sterile plastic
syringe with a 23xG needle tip.
6) For the trial prepared from a seed culture, algae was siphoned off from the seed
culture into a sterile 15mL centrifuge tube. The algae in the centrifuge tube was
then transferred to a sterile 50mL syringe with a 23xG needle tip.
7) The contents of the syringe were then injected into the septum port of the
bioreactor.
A.4

Biomass Digestion Procedure
1. Grind dried algae with a mortar and pestle for approximately 15 minutes or until
algae resembles a fine powder.
2. Place 0.5g of dried and ground algae in a 50mL Erlenmeyer flask.
a. Three replicates are desired
3. Add 5mL of 16M trace grade nitric acid (use a glass pipette) to each Erlenmeyer
flask. This should be performed in a fume hood.
4. Using a hot plate in the fume hood, boil the algae and acid mixture for 2535minutes (or until a significant amount of the liquid has evaporated).
a. Add 1-2mL of RO water if mixture appears to be running dry
b. Expect the mixture to turn to a reddish brown color
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c. Reddish brown fumes will evolve from the flask as it boils. Some
bubbling and foaming of the flask contents may also be observed.
5. After 20 minutes, add 15-20 mL of RO water using a plastic Pasteur pipette
(expect the solution to turn yellow in color).
6. After adding water, let cool (~5 minutes).
7. Using a Whatman #2 filter paper (9cm in diameter) and a glass funnel, filter the
cooled solution/mixture into a clean 50mL volumetric flask.
a. Make sure to wet the filter paper with RO water first so that it remains in
place during filtering.
b. If there is any algae left in the beaker, add RO water to the Erlenmeyer
flask to remove the remaining algae. Filter into the volumetric flask.
8. Rinse filter paper with RO water.
9. Add RO water to the volumetric flask, as necessary, to bring to a volume of 50
mL.
10. Store in -20°C freezer in a 50mL glass centrifuge tube until ready for analysis.
11. Repeat steps 2 through 11 for two additional replicates.
12. Dilute the solution in the volumetric flask by a factor of 10 before using in ICP
analysis.
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A.5
Procedure for Operating the PerkinElmer ICP-OES
Based on Instructions Provided by Dr. Xiang Zhou (Director of the Instrumentation
Center, Chemistry Department, Cleveland State University)
Protocol for Use of PerkinElmer ICP
	
  (Rev.	
  2017-‐0926)	
  	
  
	
  
Every user must follow the rules & guidelines described in this protocol and other
relative materials. If a user is found to violate a rule, the user may be given a notice or
warning unless there is an acceptable reason for the violation. The user’s right to use the
instrument will be suspended after two warnings due to the same type of violations.
Acceptance of the reasons for violations will be evaluated by the user's faculty
supervisor, the department chair, and Manager of Mass Spec Facility $ Instrumentation
Center.
SPECIAL	
  CAUTIONS	
  FOR	
  ICP:	
  	
  
a. Be sure the exhaust vent is in operation, and the shutter is open.
b. Never	
  connect	
  regulators	
  to	
  wrong	
  gas	
  cylinders	
  (be	
  sure	
  argon	
  to	
  argon	
  and	
  
nitrogen	
  to	
  nitrogen).	
  
c. Always close the cylinder valves after each use.
d. It is critical that samples are particle-free samples; need filtration of samples
through syringe filters (e.g. Part # 28196-100 for 0.8 um filter; # 66064-768 for
20-ml syringes; # 66064-766 for 10-ml syringes from VWR).
e. Avoid too high sample concentrations (PPM or lower is recommended).
f. Preparation of samples in DI water with 2% nitric acid is recommended.
g. Never run oil samples. 	
  
h. Sample pumping flow rate of 1 ml/min is recommended.	
  
i. Must	
  complete	
  the	
  finishing	
  duties	
  and	
  do	
  cleaning	
  and	
  organization	
  in	
  the	
  
end	
  
1. Clean and organize the working area, and then login ICP Logbook
2. Do 2a if nitrogen is from the nitrogen generator (OR do 2b if the nitrogen is from a
cylinder)
2a. Open the main valve for the argon cylinder. Be sure the shut-off valves in the wall N2
line to ICP are open (the valve hands in parallel)
2b. Open the main valves for the argon and nitrogen cylinders; do not adjust the
regulators
2c. Change gas cylinder when the cylinder pressure is below 300 PSI
• Procedure: close the main valve for the low cylinder; release the remaining
pressure; move the regulator onto to a full cylinder; label the full cylinder with “In
Use” and the low cylinder with “Empty”; move the empty cylinder into
Instrumentation Gas Room in the section for this type of gas.
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•
•

Must be “Ar regulator to Ar cylinder” and “N2 regulator to N2 cylinder”.
Always secure cylinders

3. Be sure the exhaust vent is in operation and the cooler is on, and then switch on ICP
4a. Switch on / Log in PC as needed
4b. Be sure the cooler is on, and then switch on ICP
5. Generate Your Folders in PC as needed
• Generate a file folder under C : (YourName-FacultySupervisor’sNames)
• Generate an ICP Workspace folder under C:\PE\Xiang\Workspaces\ (YourNameFacultySupervisor’sNames)
6. Open WinLab32. Wait for a couple of minutes for communication. Press F1 for help
with the software.
7. Do 7A or 7B, then 7C; if you will use a previous method saved in your Work Place,
skit to Step 10
7A. Generate Method from Default Method
• Usually generate method by modification of an existing method as Section 7B
7B. Generate Method by Modification of an Existing Method
7A. Generate Method from Default Method
• File – New – Method
• Select “Default and Plasma Conditions: Aqueous” in Create New Method
Window
• Click Modify to verify the parameters (Aqueous, 15, 0.2, 0.8, 1300, 1.5, Wet,
Instant); Click OK, OK, and then work in Method Editor Win
a. Spectrometer
• Define Elements: click Periodic Table; right click an element; click a
wavelength, Enter in Method; for Function, select Analyte or Internal
Standard
• Settings: Normal for wavelength above 190 nm; Auto; Delay Time: 20
sec;
Replicates: 2 usually; Measured by: Element
• Spectral Windows: do nothing
b. Sampler
• Plasma: 20 sec; Same for All Elements; Wet; Instant; Neb Flow: (0.8)
0.55 ml/min
• Peristaltic Pump: 1.0 ml/min; 0 sec
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• Autosampler: do nothing
c. Process
• Peak Processing: Peak Area; 7 Points
• Spectral Corrections: None; 2-Points; Default values for BGC
• Internal Standard: Yes or No depends
• Internal Stds Checks: do nothing
d. Calibration
• Define Standards: Do not check Method of Auditions; Calib Blank1
given B1 and 1; Calib Std1 given S1 and 2; Calib Std2 given S2 and 3;
• Calib Units and Concentrations: give Units and the concentrations
• Blank Usage: B1
• Equations and Sample Units: Lin, Calc Int; unit; 3; 4
• Initial Calibration: Start by constructing new calibration curve
• Multiline Calibration: Do not check
e. Checks: do nothing (for auto sampler)
f. OK QC: do nothing (for auto sampler)
g. Options: check Analytical Header, Method Header, Sample Header, Short;
Replicate Data, Means & Statistics, Matrix Reports, Calibration Summary; Spectral
Data
h. Save the Method: File – Save As – Method - Method Name: Your Initialsyymmdd-ID
i. Check Method (workable or not): Edit – Check Method
j. Exit the Method Editor Win
7B. Generate Method by Modification of Existing Method
a. File – Open – Method;
b. Select a reference method (e.g. All-training), then click OK
c. File – Save As – Method – Name: Your Initials-yymmdd-ID – Click OK
d. Click Method Ed icon (the 2nd)
e. Do modifications following the Section 7A-a to 7A-j
7C. Open a Method: File – Open – Method – Select you method to open
8. Open Working Sub-Windows: Plasma; Manual; Spectra; Calibration;
9. Save Workspace (a Workspace is a file including a set of working sub-windows)
• File – Save As – Workspace – Double click your Workspace folder – File Name
(initials-ID)
10. Open Workspace (a Workspace can be used repeatedly)
•
File – Open –Workspace – Double click your Workspace folder – Select one
to open
11. a. Setup Peristaltic Pump
•
Left track for Inlet tubing (black) and Right track for Outlet tubing (red)
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The flow goes clockwise: the earlier pathway at Lower side and later pathway
at Upper side
•
The screws are set at ~ 3 mm position (do not change)
•
Be sure each tubing is in the center of each track, and then lock the tracks
•
Place the Inlet tubing in fresh DI water
b. Start the flow
•
Click Pump
•
Check the flow rate (be sure the flow is normal)
•
If there is no flow, adjust the tubing position and / or the screws; in most (over
90%) of the cases, no flow can be resolved by such adjustments.
• Changing the tubing (expensive) is the last solution for resolving no flow
•

12. Start Plasma
•
Click on Plasma
• Place the inlet tubing in fresh DI water (the flow rate can be badly affected if air
enters the tubing)
13. Generate Date File Name (all the results data are in the C:\PE\Xiang\Results\)
• Click Open Results Data Set Name in Manual Analysis Control Win
• Name: Initials-yymmdd-ID
• Each set of experiments should have a separate data file name
14. Manual Analysis
• Put Inlet in the blank B1; in ~ 20 seconds, click Analyze Blank; Put Inlet in
Washing Solution
• Put Inlet in the calibration standard S1; click Analyze Standard; put Inlet in
Washing Solution; repeat the steps with other standards
• Run samples in a similar manner by click Analyze Sample. You can give each
sample an ID
15. Clean the System in the End (this step is important to get rid of contamination from
the instrument)
• Pump the Cleaning Solution (DI water + 2% nitric acid) for 10 minutes
16. Wash the System in the End for 5 minutes using fresh DI water
17. (Optional) Click off Plasma and Pump during Long Breaks (ICP consumes a lot of
gas)
18. Generate Report and Print Out Data (in the flowing page); backup your data if
important

129

19. Finishing with the Instrument
• Click off Plasma
• Do 20a or 20b with the gas supplies
• Unlock the tracks for the pump; release the tubing from the higher side
• Exit WinLab32
• Switch off ICP
20. Do 20a if nitrogen is from the nitrogen generator (OR 20b if the nitrogen is from a
cylinder)
20a. Always close the main valve for the argon cylinder after each use.
20b. Close the main valves for the argon and nitrogen cylinders
22. Logout the Logbook
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APPENDIX B: Calcium Consumption over Time

Figure B.1: Concentration profiles for each of calcium within the growth media over the
course of each batch culture in the 5L PBR. No clear trend was observed concerning the
change in concentration over time.
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