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ABSTRACT

The mass production of algae for commercial purposes has predominately been carried out in
open ponds systems. However, open ponds systems have a number of disadvantages such as
poor light utilization, requirement for large areas of land and high risks of contamination. On
the other hand, photobioreactors have attracted much interest because they allow a better
control of the cultivation conditions than open systems. With photobioreactors, higher biomass
productivities are obtained and contamination can be easily prevented. Photobioreactors can
also be engineered to manipulate the light and dark photosynthetic reactions thus enhancing

biomass productivity.

The main objective of this study was to construct a novel tubular photobioreactor which had
the ability to expose the cultured alga to light and dark phases with the aim of optimizing the

algal biomass production.

A novel tubular photobioreactor with the ability to manipulate the cultured alga’s light and dark
photosynthetic reactions was constructed in this study. The alga Spirulina platensis was chosen
as the test organism in this novel tubular photobioreactor due to a number of reasons such as
its globally socioeconomic importance, its tolerance of higher pH and temperature values which
makes it almost impossible to contaminate. The cultivation process of Spirulina in the
photobioreactor was investigated through alternating light and dark cycles in an attempt to
increase the photosynthetic efficiency of the culture. The effect of different light intensities on
the growth of Spirulina in the novel tubular photobioreactor was investigated and it was found
that the best light condition that favored higher biomass formation was at 600 yu mol m?2st
Five different light/ dark ratios were evaluated at a light intensity of 600 pu mol m?2s? during a
batch mode of operation of the novel tubular photobioreactor. The light/ dark ratio of 1:0.25
was found to be the best ratio because it gave the highest biomass in the shortest period of
time when compared to the other ratios used. These results seem to suggest that longer light
cycle relative to dark cycle results in higher biomass production. The ratio of 1:0.25 was then

used to operate the novel tubular photobioreactor in a continuous mode. A maximum biomass

productivity of 25 g/mz/day was achieved which corresponded to a net photosynthetic
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efficiency of 5.7 %. This result was found to be higher than what most photobioreactors could
achieve but it was 2.8 g/m?/day lower than the highest ever reported productivity in a
photobioreactor when Spirulina is cultivated. The 2.8 g/mz/day lower was attributed to the
different materials used in the construction of these two photobioreactors. The
photobioreactor which achieved 27.8 g/mz/day was made up of a clear glass whereas the novel
tubular photobioreactor was made up of a PVC tubing. PVC tubes tend to change from clear to
a milky colour after a certain period when it is used at higher temperature and pH values hence
blocks a certain amount of light. Therefore the main recommendation in this study is to use a

PVC tubing with a longer life span when used at a higher temperature and pH values.
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CHAPTER 1
1. INTRODUCTION AND OVERVIEW

1.1 General background of the study

Algae are simple plants without roots, stems and leaves and they contain chlorophyll
(Grobbelaar 1982; Anderson, Jennie & Angela 1996). They are of great interest to biologists
because all algae (unicellular or multicellular) are complete organisms capable of
photosynthesis and the production of a multitude of compounds which make up the cell
(Harun, Singh, Forde & Danquah 2009). Algae occur in great abundance in oceans, seas, salt
lakes, fresh water lakes, ponds and streams and can be found in many places where there is
moisture, carbon dioxide and light. There are many different kinds of algae and they are
classified according to the following characteristics (South & Whittick 1987; Pelczar, Chan &
Krieg 2010):

(1) Nature and properties of pigments

(2) Nature of reserve and storage products

(3) Type and insertion (point of attachment) and morphology of flagella
(4) Chemical composition and physical features of the cell wall

(5) Morphology and characteristics of cells and thalli.

What makes algae important to biotechnologists is the fact that through the process of
photosynthesis (in the presence of light, carbon dioxide and water) they are able to produce
algal biomass (Collet, Hélias, Lardon, Ras, Goy & Steyer 2010; Grobbelaar 2000). This algal

biomass can be used for various applications such as:
(1) Animal and human nutrition/feed

(2) Extraction of health products for pharmaceutical formulations/ concoctions and



(3) The production of energy through products such biofuel and the combustible dried
biomass hence providing an alternative means of renewable energy production
(Moreno-Garrido 2008; Gonzalez-Fernandez, Molinuevo-Salces & Garcia-Gonzalez

2010).

Although sunlight serves as sole source of energy for algal growth, the algae are unable to
utilize energy from the sunlight to their full potential (Xue, Su & Cong 2010). As a result only 4
to 6% (Anderson 2005) of the energy absorbed from the sunlight is directed towards the
production of biomass. This serves as a challenge for biotechnological applications that rely on

sunlight for algal biomass production.

In an effort to counter the challenge presented above, some algal producers have resorted to
the use of photobioreactors to maximize sunlight exposure (Hsieh & Wu 2009; Rosello Sastre,
CsOgor, Perner-Nochta, Fleck-Schneider & Posten 2007). This has led to the increase in algal
biomass turnover in various algal producing countries such as Spain, Israel and USA (ugwu &

Aoyagi 2008; Celekli & Yavuzatmaca 2009; Masojidek, Torzillo, Sven & Brian 2008).

Although light is a major component required for algal biomass formation, it is important to
remember that photosynthesis undergoes a dark phase for other critical metabolic reactions to
occur. Bearing that in mind it has been demonstrated that the use of “dark/light” cycles
(choosing the right periods of illumination and darkness) results in a higher biomass yield when
compared to continuous light (Grobbelaar 1991), therefore this project focused on the
development of a novel tubular photobioreactor that was later used to evaluate the effect of

different dark/light cycle regimens on the biomass production of Spirulina.

In this study a tubular photobioreactor was constructed and operated at a small pilot plant
scale both indoors (laboratory) and outdoors. The effect of the dark/light cycles on Spirulina
biomass production was evaluated using artificial (commercial lights in the laboratory) and
natural (sunlight outside the laboratory) light sources. The alga Spirulina was chosen as the test
organism for the novel tubular photobioreactor due to the fact that it can easily be cultivated,
requires high pH and temperature which inhibits the growth of most microalgae, can be easily
harvested and lastly for its ever increasing demand on the international market. The
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photobioreactor was operated as a batch and continuous system. The continuous system was
achieved through the incorporation of a turbidostat which maintained a constant cell density of
Spirulina by harvesting cells and adding fresh growth medium. Dry cell weight as well as
turbidity was used to monitor cell growth (in the novel tubular photobioreactor) with respect to
biomass production or growth dynamics in both systems. These parameters were followed

continuously and correlated to the different dark/light cycle regimes.

1.2 Study aim and objectives

Aim:

The aim of this project was to develop a novel tubular photobioreactor and use it to optimize

the production of Spirulina biomass.

Objectives:

1. To construct the novel tubular photobioreactor.

2. To select an alga (Spirulina as test algal species) that can be easily cultivated in a
photobioreactor.

3. To determine at bench scale, the optimal growth conditions of Spirulina with regards to
pH, temperature, growth medium, light and aeration.

4. To grow Spirulina in the photobioreactor under varying conditions of light /dark cycles
using both artificial and natural light.

5. To operate the photobioreactor growing Spirulina in a continuous system in both
artificial and natural light

6. To determine the operating conditions for an optimal Spirulina biomass production in

the photobioreactor.



1.3 Significance of the study

Algal biomass from various algal species has widely been investigated for its potential
application in pharmaceuticals (vitamins and nutritional supplements), cosmetics (fine
chemicals), food industry (pigments, proteins and carbohydrates) and as a source of green
energy (biofuel). However, in order to achieve these applications, an efficient culturing
method/system which favours an increase in the algal optimal biomass production is required.
In this project a tubular photobioreactor was developed and used to increase the optimal

biomass production of Spirulina.



CHAPTER 2
2. Literature Review

2.1 History/ importance of algal production

Micro-algae are microscopic photosynthetic organisms that are found in both marine and
freshwater environments. Their photosynthetic mechanism is similar to that of plants, however
their simple cellular structure makes them more efficient in converting solar energy into
biomass (Radmer 1996; Carlsson, Van Beilen, Moéller & Clayton 2007). Micro-algae constitute a
polyphyletic and highly diverse group of prokaryotic (two divisions) and eukaryotic (nine
divisions) microorganisms (South & Whittick 1987; Carlsson et al. 2007). The classification of
micro-algae is based on various properties such as pigmentation, the organization of
photosynthetic membranes and other morphological features (size, shape, motility etc.)

(Radmer 1996; South & Whittick 1987).

Micro-algae have contributed to the social and economic growth of various countries
worldwide. These microorganisms have served as a source of medicine, food and nutrition as
well as bio-energy (green energy). The most studied micro-algae have been: Chlorophyceae
(green algae) as a source of food (e.g. Dunaliella), Bacillariophyceae (such as the diatoms) as a
source of oils and abrasives and chrysolaminarin, Chrysophyceae (such as the golden algae) as a
source of lipids and carbohydrates and last but not least the Cyanophyceae (blue-green algae)

as a source of food (Carlsson et al. 2007; Gal & Ulber 2005).

Spirulina platensis, a cyanobacterium has been consumed by humans for a long time. This
micro-alga has been shown to be a rich source of protein (or amino acids), carbohydrates,
vitamins and trace elements such as zinc, iron and calcium. Due to Spirulina’s high nutritional
content and pigmentation, its production has been expanded by the use of modern
biotechnological methods (Richmond 2004). The annual world production of Spirulina in the
year 2004 was estimated to be 6000 tons (Botha 2004). However, the demand for this
particular micro-alga has increased due to its application in industries other than the food

industry. For instance, Spirulina has been used in the production of fine chemicals for clinical
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diagnosis, biological research, and cosmetics (Richmond 2004). Furthermore the therapeutic
and health effects of Spirulina are gaining popularity within the pharmaceutical and
nutraceutical industries. Given this, it is anticipated that Spirulina will continue to act as one of
the most important cyanobacterial species within the biotechnology industry (Belay 2002).
Therefore, the commercial production of Spirulina needs to be improved in order to meet its

increasing demand.

2.2. Different ways in which microalgae can be cultured

At present, the commercial production of phototrophic microbial biomass is limited to a few
micro-algal species. These micro-algal species have been cultivated in open pond systems
(Benemann 2009; Richmond 2004). The open pond systems are usually manipulated to enable
the selection of the desired algal species which then out- compete the growth of the undesired
micro-algae (Carlsson et al. 2007). Most microalgae cultures cannot be maintained long enough
in open pond systems due to contamination by fungi, bacteria, and protozoa as well as the risk
posed by other microalgae whose growth rate could be enhanced by the ambient conditions

(Sastre, Rosello, Csogor, Perner-Nochta, Pascale & Posten 2007; Benemann 2009; Pulz 2001).

In contrast to open pond systems, photobioreactors (PBR) offer a means of shielding the algal
culture form the outside environment. This in turn offers the micro-algae cultivated in PBR
some form of protection against most of the disadvantages associated with open pond systems.
Furthermore PBR provide a better means of controlling the environment within which the
micro-algae are growing thus ensuring the dominance of the desired species (Benemann 2009;
Pulz 2001). Taking all this into account, PBRs allow for the exploitation of potential micro-algae

(of more than 50 000 species) for economic interest (Richmond 2004).



2.2.1 Open system

Cultivation of algae in open systems has been extensively studied and predominantely used by
industries for the mass production of algae. Open systems have been categorized into natural
waters (lakes, lagoons, ponds) and artificial ponds or containers (Chaumont 1993; Borowitzka
1999; Pulz 2001). In the artificial open system also referred to as open ponds, the water is
typically kept in motion/mixed by paddlewheels (Figure 1) or rotating structures (Chaumont
1993), and as well as appropriately designed guides (Ugwu et al. 2008). The nutrients are
usually provided through runoff water from nearby land areas (natural waters) or in a
controlled manner (artificial ponds) (Gallagher 2010; Carlsson et al. 2007). One of the major
advantages of open ponds is that they are easier to construct and operate than most closed

systems (Ugwu et al. 2008).

Figure 1: Cultivation of algae in an open pond system (Alok 2008).

2.2.2. Closed system
Closed systems also referred to as photobioreactors (Figure 2) are vessels in which algae are
cultivated (Carlsson et al. 2007). Algal culture systems can be illuminated by artificial light, solar

light or by both (Ugwu et al. 2008; Demirbas 2010).



Figure 2: Cultivation of algae in a photobioreactor.

Generally, laboratory-scale photobioreactors can be naturally illuminated using sunlight or
artificially illuminated (either internally or externally) using photosynthetic light. The micro-
algae grown in such closed systems are provided with the necessary nutrients and sometimes
CO, in a controlled manner with allowance for degassing (expulsion of oxygen) (Carlsson et al.
2007). Some of these photobioreactors include bubble column, airlift column, stirred-tank,

helical tubular, conical, torus, and seaweed type photobioreactors (Pulz 2001).

Photobioreactors are flexible and portable hence making them more desirable to use in various
settings. For example tempering (Improve the consistency or resiliency of a substance) could
simply be achieved by placing a photobioreactor in a room with a constant temperature. Thus
tempering is limited to compact photobioreactors, however, large scale outdoor systems such
as tubular photobioreactors cannot be easily tempered without high technical efforts (Ugwu et

al. 2008).



2.2.3. Challenges associated with the commercial production of algae

Algae have been commercially grown using open pond systems with the exception of a few
countries (United States of America and German) (Borowitzka 1999) in which closed systems
have been introduced. Open pond systems in comparison to closed systems have been
preferred due to a number of reasons (Table 1) with the most important ones being the cost of
construction as well as maintenance.

Table 1: Comparison of open and closed system (Grobbelaar 2008)

Parameters Open ponds Closed system (PBR systems)
Contamination risk High Low
Water losses High Low
Carbon dioxide losses High Almost none
Variable but consistent Possible within certain
Reproducibility of production | over time tolerances
Process control Complicated Less
Standardization Difficult Possible
Weather dependence High Less because it is protected
Maintenance Easy Difficult
Construction costs Low High
Biomass concentration at
harvesting Low High
Overheating problems Low High
Dissolved oxygen
concentration Low High

However open pond systems face more serious challenges such as poor light penetration,
evaporation, diffusion of CO, into the atmosphere which impact on the efficiency and
productivity of the algal biomass and the requirement for large areas of land (Cohen & Arad
1989; Converti, Lodi, Del Borghi & Solisio 2006a; Ugwu et al. 2008; Pulz 2001; Chaumont 1993).
In addition, open cultivation systems are faced with inefficient stirring mechanisms that often
result in very poor mass transfer rates resulting in low biomass productivity (Carlsson et al.
2007). Contamination in open systems has also restricted the commercial production of algae in
such systems to only those organisms that can grow under extreme conditions. Currently only
Dunaliella (high salinity tolerance), Spirulina (high alkalinity tolerance) and Chlorella (high

nutrient tolerance) have been successfully grown commercially in open pond systems. In order
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to overcome these problems, the commercial production of algae in closed systems
(photobioreactors) has been suggested (Converti et al. 2006a). But the challenge associated

with such a suggestion lies in the costs.

Photobioreactors have attracted much interest because they allow a better control of the
cultivation conditions than open systems (Cohen & Arad 1989). With photobioreactors, higher
biomass productivities are obtained and contamination can be easily prevented (Ugwu et al.
2008; Vonshak & Richmond 1988). Different types of photobioreactors such as flat plate,
vertical column, internally illuminated and tubular are available but of interest to this study is

the tubular photobioreactor.

2.3. Tubular photobioreactor

Tubular photobioreactors in relation to other photobioreactors are more suited for the
commercial production of algae due to their large illumination surface area (Ugwu & Aoyagi
2008). These reactors are designed in a way that they can enable the utilization of both artificial
and natural light. Light plays a critical role in algal biomass formation; therefore tubular
photobioreactors consist of tubes that have been made from transparent material such as glass
or plastic (polypropylene acrylic or polyvinylchloride) arranged in various ways (straight, coiled
or looped) aimed at maximizing sunlight capture (Briassoulis, Panagakis, Chionidis, Tzenos,

Lalos, Tsinos, Berberidis & Jacobsen 2010; Ugwu et al. 2008).

Various forms of tubular photobioreactors have been proposed, some of which include
horizontal straight tubes connected by U-bends, a-type photobioreactor (Miyamoto, Wable &
Benemann 1988) and the flat plate photobioreactors (Ugwu et al. 2008; Lee 2001). In these
reactors the culture is circulated with the use of a pump hence enabling the mixing of the algal
cultures (Ugwu et al. 2008). Tubular photobioreactors also have some disadvantages although

these are mainly design specific (Ugwu et al. 2008).
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The main disadvantages associated with tubular photobioreactors revolve around their high
light energy requirements, cleaning and low efficiency in terms of mass production per unit of
space. In addition the cultured algae is faced with undesirable hydrodynamic stress due to the
flow characteristics (e.g. turbulent flow, pump type) and is design specific (Borowitzka 1999).
Furthermore the operational difficulties affiliated with these photobioreactors may include:
attachment of algae to the walls of the tubes thus blocking the light and high oxygen build up

that may inhibit photosynthesis (Briassoulis et al. 2010).

2.4. Photosynthesis

Photosynthesis is a physico-chemical process by which light energy is used to drive the
synthesis of organic compounds in organisms with chloroplasts. The net reaction for

photosynthesis can be summed up as follows:

Carbon dioxide + Water + Light energy - Glucose + Oxygen

Photosynthesis is divided into two main reactions/processes (figure 3) namely light reactions

(light dependent) and dark reactions (light independent) (Stevenson, Bothwell & Lowe 1996).
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Figure 3: Light dependent and dark reactions in the photosynthetic process (Sigee 2005).
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2.4.1. Light reactions

Light reactions take place in a thylakoid membrane. The reactions involve the capture of light
energy and its transfer to adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide
phosphate hydrite (NADPH). Light reactions take place in Photosystem | (PS I) which is
associated with the conversion of NADP to NADPH and Photosystem Il (PS Il) responsible for the
splitting of water molecule (McDonald 2003; Stevenson et al. 1996). In organisms that carry out
oxygenic photosynthesis (eukaryotic and prokaryotic algae), water is split as part of the
reaction, releasing oxygen and making available electrons which convert NADP* to NADPH.
Although both photosystems are required for complete photosynthesis, they are physically
distinct and also have independent requirement for photons (Sigee 2005). Light reactions are
temperature-independent since they are photochemical in nature and are not driven by

enzymatic processes.

2.4.2. Dark reactions of photosynthesis

Dark reactions which occur in the dark a few hundredths of a second following the light
reactions, are linked to the fixation of carbon dioxide. These reactions take place in the space
between thylakoid membranes and utilize the energy and reducing power of ATP and NADPH to
reduce CO, to hexose (6 carbon molecule). Dark reactions generate a variety of sugars, amino

and fatty acids (Sigee 2005; McDonald 2003; Stevenson et al, 1996).

2.5. Light/dark cycles and photosynthetic efficiency in photobioreactors

Photobioreactors should be designed in such a way so as to optimize efficient light exposure.
The efficiency of light utilization is very important because light energy has been reported as a
critical growth limiting factor during the operation of photobioreactors (Janssen, De Winter,
Tramper, Mur, Snel & Wijffels 2000; Janssen, Slenders, Tramper, Mur & Wijffels 2001). Most
photobioreactors, especially air-lift photobioreactors, do not entirely consist of an absolute
dark region. Inside an air lift photobioreactor algae are exposed to high light intensity close to
the reactor surface where the lights have been placed. As the light passes through the
photobioreactor, its intensity is reduced in proportion to the density of the algal culture.
Therefore the area within the photobioreactor that receives less light is classified as the “dark

zone” where the dark cycle is said to occur (Grima, Fern’andez, Camacho & Rubio 2000; Janssen
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et al. 2001). Less light does not mean absolute darkness. However in order to achieve absolute
darkness these systems have been incorporated with timers that control the duration of light
exposure (Janssen et al. 2001). This has enabled the assessment of the real light/dark cycles in
such photobioreactors. On the other hand algae have been cultivated in tubular
photobioreactors. The illumination of algal cultures within tubular photobioreactors is
interrupted by an absolute dark region(s) that is accomplished by covering (painting or using
foil) the tube at different intervals (Grobbelaar 1994). These intervals of complete light and
darkness within the tubular photobioreactors have also allowed for the evaluation of light/dark

cycles in such systems (Qiang, Zarmi & Richmond 1998).

Taking all that has been mentioned into account, the alteration between light and darkness is
critical in the enhancement of photosynthetic efficiency which is dependent on the design of
the photobioreactor (Terry 1986). The optimal alteration between light and darkness greatly
enhances productivity/photosynthetic efficiency (Grobbelaar 1991; Terry 1986). Productivity is
influenced by the frequency of the light/dark cycles (Grobbelaar 1989). Grobbelaar (1989)
categorized the frequency fluctuations as high (>10 Hz), medium (seconds to minutes) and low
(hours to days). Of these three, high frequency fluctuation has been reported to increase the
rate of photosynthetic efficiency (Terry 1986; Grobbelaar 1989; Grobbelaar, Nedbal & Tichy
1996a) whereas low frequency fluctuation has been reported to influence algal cell division
during photosynthesis as well as their circadian rhythm activity. On the other hand, according
to Grobbelaar (1989) medium frequency fluctuation is associated with turbulence within the
algal culture. Although there is not enough data on medium frequency fluctuations, Grobbelaar

(1989) seems to suggest that turbulence may influence photosynthetic efficiency.

While there is tangible evidence that the light/dark cycle greatly enhances productivity with
increasing frequency of the light/dark cycle, there is still a debate over which of the above
frequencies is needed to achieve increased productivity. Kok (1953) demonstrated that
Chlorella pyrenoidosa required a low ratio of light/dark cycle, where the dark cycle is precisely
ten times more than the light cycle for the efficient utilization of light during photosynthesis for

this particular organism. Contrary to the above, Grobbelaar et al. (1996a) reported that a longer
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dark period relative to the preceding light period does not necessary lead to higher
productivity. The contradiction in this issue could have resulted from the different experimental
set-up such as the utilization of different algal strains (Grobbelaar et al. 1996a; Terry 1986; Kok
1953), acclimated (get used to a certain climate) algae as well as the use of a mixed culture
(Grobbelaar et al. 1996a). Algal reports have also indicated that below a certain light/dark
frequency the rate of photosynthesis and culture productivity declines. The frequency at which
this happens is referred to as the critical value. Furthermore, the critical value has been
reported to be culture-specific and can be determined by subjecting the cells to different cycle

frequencies until a decline in productivity is observed (Terry 1986).

Photosynthesis results in more efficient productivity when the flash cycle frequency is identical
to the turnover rate of electrons in the photosystem Il of the photosynthetic apparatus (Grima
et al. 2000). However, this may be culture specific and may also depend on how the culture was
acclimatized. At optimal cell density (i.e. which results in highest productivity per irradiated
area), cells are exposed to relatively short flashes of light followed by a relatively long period of
darkness; the higher the frequency of this light/dark cycle therefore, the more efficiently light

may be utilized for photosynthesis (Grobbelaar et al. 1996a; Janssen et al. 2000; Janssen 2002).

2.6. Operation modes of tubular photobioreactors

Algae can be grown in tubular photobioreactors following batch, fed-batch and continuous

operation modes. All these operation modes rely on the algal growth curve (figure 4).
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Figure 4: Showing the different stages of a growth curve.

The algal growth curve just like any other microorganism growth curve consists of a lag, log

(exponential), stationary and decline phase.

The lag phase is usually the first or the initial stage of growth characterized by a lack of increase
in cell numbers resulting from either a change in the environment or the introduction of
medium with different metabolites than before. Although cell division seldom occurs during the
lag phase the cells engage in the synthesis of key enzymes and molecules that are essential for
their survival in the new environment as dictated by the vessel or contents of the medium. The
length of the lag phase is dependent on a variety of factors such as the size of the inoculum,
time necessary to recover from physical damage or shock encountered during the transfer, time
required for synthesis of essential coenzymes or division factors, and time required for
synthesis of new (inducible) enzymes that are necessary to metabolize the substrates present in

the medium (Richmond 2004; Willey, Sherwood & Woolverton 2008).

The lag phase is followed by the log or exponential phase. During the exponential phase,
microorganisms begin to multiply in proportion to time. The cells divide at a constant rate that
is dependent on the availability of the growth substrate as well as the incubation conditions. At
this stage of growth the population is almost synchronized physiologically as well as with the

culture medium in terms of chemical properties. It is for this reason that microorganisms at this
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stage of growth are used in biochemical and physiological studies (Willey et al. 2008; Richmond

2004) as well as biotechnological production.

The exponential phase fades into the stationary phase during which the rate of cell division
comes to an almost complete stop. This phase often results from the exhaustion of the
available nutrients, accumulation of inhibitory metabolites or by-products and exhaustion of
space. As much as this may seem undesirable, certain microorganisms have been reported to
produce secondary metabolites, (secondary metabolites are defined as metabolites produced
after the active stage of growth) such as antibiotics (Richmond 2004; Willey et al. 2008).
Furthermore it’s during the stationary phase that most sporulating bacteria induce genes

necessary for the sporulation process.

Detrimental environmental changes like nutrient deprivation and the buildup of toxic waste
lead to the decline in the number of viable cells which is the characteristic of the decline phase
(Willey et al. 2008; Richmond 2004). One prominent feature during the decline phase is

shedding. Shedding is when the microbial or algal culture starts to disintegrate.

2.6.1. Batch system

A batch system is an operational mode where a reactor is run for a given period of time without
letting anything in or out. Most microalgae production systems are operated as batch reactors.
In a simple batch culture system, a limited amount of the culture medium and algal inoculum is
placed in a culture vessel (i.e. photobioreactor) and incubated in a favorable predetermined
environment for growth. Some form of agitation, such as shaking or impeller mixing, is
incorporated to necessitate an efficient gaseous exchange within the medium. The culture can
be illuminated externally by either natural or artificial light sources, or internally through optical
fibers placed in the culture vessels. Batch culture reactors have found a wide acceptability due
to their ease of operation. For mass algal production, a portion of the culture could be retained
as inoculum for the next culture batch (Pap’a“cek 2005). The batch mode of operation is prone

to all the four algal growth phases discussed previously (figure 4) (Richmond 2004).
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2.6.2. Fed-Batch system

A fed-batch reactor unlike the batch reactor allows for a periodical addition of the growth
medium (Pap’a’cek 2005). This mode of operation is advantageous in that it enables the
production of a higher yield of algal biomass and also through the intermittent addition of
nutrients (growth medium) it delays the stationary phase which is often a result of a decrease
in nutrients and it dilutes the toxic substances. A fed-batch reactor can be operated for longer

than a batch reactor (Richmond 2004).

2.6.3. Continuous system

A continuous reactor as envisaged in the word is operated in a continuous mode that involves
the addition of the growth medium with subsequent harvesting of the algal cells (Pap’a“cek
2005). This mode of operation is advantageous in that it enables the production of a higher
yield of algal biomass and also through the intermittent addition of nutrients (growth medium)
and removal of algal cells it avoids the stationary phase which is often a result of a decrease in
nutrients as well as a building up of toxic substances. A continuous reactor can be operated for
years whereas batch reactors on the other hand are only operational for a short period of time
(Richmond 2004). The operation of a continuous reactor relies on whether it is going to be run

as a chemostat or incorporated with a turbidostat.

A bioreactor run as a chemostat involves the continuous removal of the product with the
addition of fresh medium. In such reactors the volume is always kept constant. Nutrients are
fed continuously at a fixed flow rate and concentration, and effluent is extracted at a fixed flow
rate. A slight subtlety in the extraction part is that what is extracted is at a fixed flow rate, to
keep the volume constant, but the effluent has a concentration that depends on the reaction
(Liu, Li, Guo, Jiang, Li & Li 2010; Pap’a“cek 2005; Grima, Pérez, Camacho, Sevilla & Fernandez
1996; Richmond 2004).

A turbidostat on the other hand is a device that can be incorporated into a bioreactor and is

used to keep the turbidity of the culture constant by manipulating the rate at which medium is

fed (Pap’a“cek 2005) and culture overgrowth removed. If the turbidity tends to increase, the

feed rate is increased to dilute the turbidity back to its set point. When the turbidity tends to
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fall, the feed rate is lowered so that growth can restore the turbidity to its set point (Sorgeloos,
Van Outryve, Persoone & Attoir-Reynaerts 1975; Benson, Gutierrez-Wing & Rusch 2009; Rusch
2003). A turbidostat is an elaboration of the chemostat and it is particularly useful when
operating under conditions which are unstable in the simple chemostat, such as high irradiance,
near maximum growth rate and presence of inhibitory substrates. A turbidostat is also useful
for slowly growing algae and those with a complex cell cycle (Sorgeloos et al. 1975; Richmond
2004). When a turbidostat is used in conjunction with a photobioreactor, under steady state

conditions it is possible to determine the quantity of biomass produced per unit time.

2.7. Spirulina as the test alga

The choice of the test alga was made on the basis of a number of factors, the most important
one being the socioeconomic importance of Spirulina globally. Spirulina has played major roles
in the pharmaceutical and nutraceutical industry worldwide. However, due to the increasing
demand for Spirulina as well as its derivatives, its production capacity ought to be increased. In
order to optimize conditions in a given photobioreactor that favour an increase in algal
biomass, a few factors such as morphological features, life cycle, nutritional requirements and

optimal growth conditions etc. about the test organisms need to be established.

2.8. Morphology and ecology of Spirulina

Spirulina is a planktonic, microscopic, filamentous and multicellular photosynthetic blue green
algae that derives its name from the spiral or helical nature of its filaments (Berry,
Bolychevtseva, Rogner & Karapetyan 2003; Karkos, Leong, Karkos, Sivaji & Assimakopoulos
2008). Its trichrome consists of cylindrical cells of 1-12um in diameter as represented in figure 5
(Vieira Costa, Luciane & Filho 2002; Vieira Costa, Cozza, Oliveira & Magagnin 2001; Richmond
2004). Spirulina can colonize environments that are unsuitable for many other organisms,
forming populations in freshwater and brackish lakes and some marine environments, mainly
alkaline saline lakes (Vieira Costa et al. 2002). The high bicarbonate content that Spirulina
tolerates limits the growth of other algae and Spirulina is capable of good growth at

temperature as high as 35 to 37 °C hence Spirulina exists almost as a uni-algal culture.
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Figure 5: Microscopic image showing the spiral arrangement of Spirulina (Choonawala 2007)

2.9. Life cycle of Spirulina

The life cycle of Spirulina is relatively simple (figure 6). The trichome on maturing breaks into
many fragments by forming special cells called necridia. These necridia undergo lysis to form
biconcave separation disks. Thereafter, fragmentation of the trichome at necridia results in a
short gliding chain of harmogonia. These specialized cells (harmogonia) detach from the parent
filament and give rise to new trichome. The cells found in harmogonia lose the necridia cells
and become round at the distal ends with very little thickening of the cell wall. In due course of
this process the cell cytoplasm appears less granulated and the cells turn pale blue-green in
colour. The cells in harmogonia increase by cell fission and the cell cytoplasm now becomes
granulated. The cell assumes a bright blue green color. This process results in trichomes, which
grow by length and turn into the typical helical shape. The spontaneous breakage of trichomes
with formation of necridia is rarely seen in this organism (Choonawala 2007; Sanchez, Bernal-

Castillo, Rozo & Rodriguez 2003; Jeamton 1997; Laorawat 1995).
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Figure 6: Showing the life cycle of Spirulina (Laorawat 1995; Choonawala 2007; Jeamton 1997;
Babadzhanov, Abdusamatova, Yusupova, Faizullaeva, Mezhlumyan & Malikova 2004; Ciferri
1983).

2.10. Factors that influence the growth of Spirulina

In order for a culture to be cultivated successfully, various environmental and operational
factors must be taken into account. These factors also affect biomass productivity as well as
biomass composition. The most important factors are: nutrients, pH, temperature, light,

mixing/turbulence and dissolved oxygen.

2.10.1. Nutritional and pH requirements

Carbon is an essential nutrient for Spirulina cultivation and can be taken from either an
inorganic or organic source. Cyanobacteria have the ability to utilize CO,, COs* and HCO; as
inorganic carbon sources. As intercellular carbon is in the form of HCOs , it is converted to CO,
by the enzyme carbonic anhydrase (CA) according to the reaction (Reuter & Miiller 1993;
Jaiswal, Prasanna & Kashyap 2005; Badger, Palmqvist & Yu 1994; Badger& Price 2003):

CO,+ H,0 ¢ HCO5 + H*

The CO, dissolved in water generates a weak acid/base buffer system, namely the bicarbonate—
carbonate buffer system. The bicarbonate—carbonate buffer system is the most important

buffer system generally present in natural waters (Van Vooren, Lessard, Ottoy & Vanrolleghem,
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1999; Georgacakis, Sievers & lannotti 1982). The dominance of an algal species in a system is a
function of pH and temperature. As is shown in figure 7, when the pH value is about 8.5,
bicarbonate species dominate but a further increase in pH above 8.5 allows the carbonate

(CO5%) species to start dominating.
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Figure 7: Relationship between pH, carbonate and bicarbonate (South & Whittick 1987; King
1978).

When the pH values are above 8.5 the cyanobacteria calcify, promoting calcium carbonate
(CaCO0:s) precipitation. In general the calcification process generates minerals and protons which
are used in photosynthesis for carbon and nutrient assimilation (McConnaughey & Whelan
1997; Riding 2006; Merz 1992). The bicarbonate—carbonate buffer system provides carbon for

photosynthesis through the following reactions:

2 HCO;3 <> CO3% + CO, + H,0
HCO; &> CO,+ OH
CO5% + H,0 <> CO, + 20H

Although the dissolution of CO, in water results in acidification due to the forming of carbonic
acid, the photosynthetic process of CO, fixation causes a gradual rise in pH due to accumulation
of OH . Moreover, the tendency of pH to rise is related to photosynthetic activity, which means
that pH becomes higher where photosynthetic activity is higher (Andrade & Costa 2007).
However, biomass productivity of Spirulina decreases in environments with pH values higher
than 11 (Binaghi, Del Borghi, Lodi, Converti & Del Borghi 2003). In synthetic media for the

cultivation of Spirulina spp. the most frequently used mediums are Schlésser and Zarrouk
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medium, which provides carbon as sodium bicarbonate in the amount of 27.22 and 16.8 g/L
respectively (Markou & Georgakakis 2011). In addition to inorganic carbon sources,
cyanobacteria can use organic sources such as sugars, fatty acids and amino acids as a source of
carbon. However, the ability to grow heterotrophically or mixotrophically on the organic

substrates is species-dependent (Choonawala 2007; Markou & Georgakakis 2011).

Nitrogen is also an important nutrient for the production of micro-algal biomass. The nitrogen
content of algal biomass is dependent upon the amount, the availability and the type of the
nitrogen source used (Fontes, Angeles Vargas, Moreno, Guerrero & Losada 1987; Richmond
2004; Vieira Costa et al. 2001). Nitrogen can be assimilated in the form of NOs, NO, or NH,"
and also as N,. Some cyanobacteria, such as Oscilatoria, Anabaena and Spirulina, are
diazotrophic, which means that they are capable of utilizing elemental nitrogen as their sole
nitrogen source by the reduction of N, to NH,;" (Benemann 1979). This process is catalyzed by
the enzyme nitrogenase. The order in which cyanobacteria prefer to utilize nitrogen is NH,; ">
NO;3; > NO,. When NH," is available, cyanobacteria do not utilize other nitrogen sources until all
the ammonia is utilized (Ohmori, Ohmori & Strotmann 1977). In cyanobacteria the most
important route for ammonia utilization is through the glutamine synthetase enzyme system.
When only nitrate is available it is reduced intracellularly by nitrate reductase to nitrite and
then the nitrite is reduced by nitrite reductase to ammonia (Boussiba & Gibson 1991). The
uptake of nitrate is light energy dependent, and since the reduction of nitrite consumes energy,
cyanobacteria prefer to utilize already reduced nitrogen such as ammonia (Converti,
Scapazzoni, Lodi & Carvalho 2006b). However, according to Vieira Costa et al. (2001) NaNOs is
the most suitable nutrient for Spirulina cultivation. Nitrogen in the Schlésser or Zarrouk

standard growth medium is also available in the form of sodium nitrate (NaNO3).

Besides the essential nutrients mentioned above cyanobacteria also require a variety of macro-
and micro-nutrients in considerable amounts. These macro-nutrients include sulphur (S),
calcium (Ca), magnesium (Mg), potassium (K) and phosphorus (P). Phosphorus is perhaps one of
the critical macro-nutrients needed to grow Spirulina. Although it is not needed in large

amounts, this nutrient is an important growth limiting factor (Richmond 2004). Low phosphorus
22



concentration is related to low cell densities (Seale, Boraas & Warren1987). Spirulina utilizes
the phosphorus in the form of orthophosphate (POs>). Micronutrients required for the
cultivation of Spirulina include molybdenum (Mo), iron (Fe), nickel (Ni), copper (Cu), zinc (Zn),

cobalt (Co), boron (B), manganese (Mn) and chloride (Cl) (South & Whittick 1987).

2.10.2. Temperature requirements

Temperature is one of the major factors controlling the multiplication of Spirulina species. The
optimum temperature for Spirulina growth lies in the range of 30 to 37 °C, hence Spirulina is a
thermophilic alga (Oliveira, Monteiro, Robbs & Leite 1999). To enhance yield of biomass it is
important to maintain the culture temperature as close as possible to the optimum.
Temperature is an important environmental factor, which affects all metabolic activities,
nutrient availability and uptake (Rafiqul Islam, Hassan, Sulebele, Orosco & Roustaian 2003). At
high temperatures (30 to 37 °C), Spirulina can grow healthily and the productivity can be
improved. At lower temperatures, Spirulina does not grow very well and result in lower

biomass production.

2.10.3. Light requirements

As with all plants, algae photosynthesize, i.e. they convert carbon dioxide into organic
compounds, especially sugars, using light as a source of energy. Thus light intensity plays an
important role, but the requirements vary greatly with the culture depth and the density of the
algal culture. The growth rate of microalgae increases in proportion with increasing light
intensity until saturation levels (figure 8) (Oncel & Akpolat 2006). Cell division, an aspect of cell
growth, is also known to be influenced by light intensity. Sorokin & Krauss (1965) reported that
an increase in light intensity first favors cell division then, after the optimal light intensity is
attained, a further increase in light intensity inhibits the cell division process. Light may be
supplied by natural sunlight or by commercially available photosynthetic light sources
(fluorescent tubes and LEDs) (Ewings 2005). Although the wavelength range of solar radiation is
very broad, only radiation between 400 and 700 nm can be used by microalgae. This part of the

solar spectrum is called “Photosynthetic Active Radiation” (PAR) (Acien Ferna’ndez, Garcia
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Camacho, Sanchez Perez, Fernandez Sevilla & Molina Grima 1998; Janssen 2002). Higher light
intensity (e.g. direct sunlight or small container close to artificial light) may result in the damage
of the photosynthetic apparatus of the Photosystem Il and this process is referred to as photo-
inhibition. Also, overheating due to both natural and artificial illumination can take place
especially in photobioreactors. Fluorescent tubes emitting either the blue or the red light
spectrum are preferred as these are the most active portions of the light spectrum for

photosynthesis (Ewings 2005).

Light saturation

-
.

Light intensity

Figure 8: A general relationship between light intensity and specific growth rate (Ogbonna &
Tanaka 2000). This is usually culture specific.

2.10.4. Mixing/Turbulence

Mixing and turbulence are critical for algal biomass production (Grobbelaar 2008; Grobbelaar
1991; Grobbelaar 2000; Qiang et al. 1998). To achieve this some form of agitation must be
provided so as to enable an even distribution of the algal culture within the growth medium.
Mixing mitigates the sedimentation of the algae, thus ensuring that all cells of the population
are equally exposed to the light and nutrients, to avoid thermal stratification (e.g. in outdoor
cultures) and this also improves gas exchange between the culture medium and the air thereby

presenting an added advantage.

2.10.5. Dissolved oxygen
Photosynthetic production of algae is always accompanied by evolution of oxygen and

consumption of carbon dioxide. Oxygen levels above air saturation (0.2247 mol O, m~3 at 20 °C)
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can inhibit photosynthesis in many algal species, even if carbon dioxide concentration is
maintained at elevated levels (Camacho Rubio, Acie’'n Fernandez, SancheZ Pe’ rez., Garcia
Camacho & Molina Grima 1998; Ugwu, Aoyagi & Uchiyama 2007). A clear decrease of Spirulina
biomass formation is found when dissolved oxygen is greater than 25 mg ™! (315 %) (Jiménez,
Cossio & Niell 2003b). In addition, elevated levels of oxygen combined with high levels of
irradiance, can lead to severe photo-oxidation (Torzillo, Pushparaj, Masojidek & Vonshak 2003;
Ma & Gao 2009). Therefore, an important aspect of design and scale-up of tubular
photobioreactors is establishing combinations of tube length, flow rate, and irradiance levels
that do not allow oxygen build-up to inhibitory levels (Camacho Rubio et al. 1998; Cheng,
Zhang, Chen & Gao 2006b).

2.11. Ways of measuring cell growth

Gravimetric estimation of algal dry weight is one of the most direct ways to determine biomass
production. This parameter only characterizes the general physico-chemical state of the given
sample (which may include extraneous material other than biomass) and cannot always be
applied as the sole method for biomass estimation because it does not differentiate between
the actual algal biomass and suspended non-biological solids. A specific volume of the culture is
filtered through a dry pre-weighed filter. The filter is re-weighed after drying on a precision
balance until constant mass is achieved (Rafigul, Jala & Alam 2005; Pandey & Tiwari 2010;
Pandey, Tiwari & Mishra 2010b; Pandey, Pathak & Tiwari 2010a; Choonawala 2007; Algal
Biomass Organisation 2010; Uslu, Isik, Koc & Goksan 2011; Tolga, AyReg & Ulknur 2006;
Richmond 2004).

Another way of measuring algal cellular growth is through the turbidity. Measurement of the
turbidity with a spectrophotometer or with a turbidity meter is the most general method for
estimating the algal concentration of suspended solids in the culture (Algal Biomass
Organisation 2010). The amount of light absorbed by a suspension of cells can be related
directly to cell mass or cell number (Griffiths, Garcin, Van Hille & Harrison 2011).

Spectrophotometric analysis is the measurement of the optical density at a given wavelength.
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This method is based on the application of the photometric law which states that each
elementary layer of a dispersed system scatters the same relative portion of the passing
monochromatic light, the magnitude of the scatter being proportional to the dispersion
concentration. A wavelength of 680 nm is recommended (Choonawala 2007; Griffiths et al.
2011; Uslu et al. 2011; Celekli & Yavuzatmaca 2009; Celekli, Yavuzatmaca & Bozkurt 2009; Tolga
et al. 2006).

Although cumbersome, microscopic examination could also be used for algal quantification.
However the added advantage to this method is that one can actually confirm the identity of
the algal species that is growing. This method makes use of a counting chamber known as a
haemocytometer. Reproducibility of the counts is however the main problem with this
procedure so attention must be given to sampling, dilution of the medium and filling of the

chamber.

Other complex equipment such as the flow cytometer or cell Coulter counter could also be used
to quantify the algae in a given sample. However the main drawback with such methods is that
they can be time-intensive if done manually and can also be limited by cell size and complicated
by large size distribution or by filamentous or a multicellular or colonial morphology (Algal

Biomass Organisation 2010; Choonawala 2007; Uslu et al. 2009).

2.12. Commercial production of Spirulina

Spirulina has been commercially cultivated for the production of food supplement in human
diets and animal feed (Thammathorn 2001; Rodrigues, Ferreira, Converti, Sato & Carvalho
2010). This organism at one point in history (some 400 years ago) served as a major source of
food in Mexico during the Aztec civilization. To date Spirulina is still regarded as a source of
food (“dihe” ) by the Kanembu tribe in the Lake Chad area of the Republic of Chad (Belay
2002). Spirulina is considered an excellent food source because of properties such as the lack of

toxicity, and its corrective properties against viral attacks, anaemia, tumour growth and
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malnutrition. For these reasons, there is an increasing interest in Spirulina cultivation, and its

large-scale production (Table 2) is under consideration worldwide (Thammathorn 2001).

Table 2: Commercial production of Spirulina(Thammathorn 2001; Rodrigues et al. 2010).

Company Country Total pond area Productivity
(m2) (tonnes per
Year)
Ballarpur Industries India 54,000 25
Ltd.
Cyanotech USA 100,000 250

Corporation

Earthrise Farms USA 150,000 360

Myanma Microalga Myanmar 130,000 32

Biotechnology

Siam Algae Co., Ltd. Thailand 44,000 125

Wuhan Microalgal China 20.000 25
Biotechnology

Company

Nan Pao Resin Taiwan 50,000 70
Chemical Co.,Ltd.

2.13. Nutritional and chemical composition of Spirulina

Spirulina, like other microalgae, is capable of producing valuable metabolites, such as pigments,
proteins and vitamins for feed additives, and for pharmaceutical and nutraceutical purposes
(Tolga et al. 2006). These organisms are very important since they seem to be at the core of the
food chain within various ecosystems (Dernekbasi, Una, Karayucel & Aral 2010). A cross

examination of Spirulina powder (Figure 9) showed that this microalga is composed of 65%
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protein, 15% carbohydrate, 6.5% fats, 7% minerals and 3-6% moisture making it a low-fat, low

calorie and cholesterol-free source of protein.

Protein and Amino Acids 65%

™~

«—Carbohydrates 15%

Fibre 15% —~

Lipids 6.5%

Figure 9: Chemical and nutritional composition of Spirulina (Choonawala 2007; Dernekbasi et
al. 2010; Paredes-Carbajal, Torres-Duran, Diaz-Zagoya, Mascher & Juarez-oropeza 1997).

2.13.1. Protein and amino acid content

Spirulina is a rich source of protein (between 50% and 70% protein by dry weight) (Ahsan,
Habib & Parvin 2008; Pelizer, Danesi, Rangel, Sassano, Carvalho, Sato & Moraes 2003; Morais,
Radmann, Andrade, Teixeira, Brusch & Costa 2009; Jiménez, Cossio, Labella & XAVIER NIELL
2003a) in comparison to other sources such as meat and fish that contain 15-20% protein, 35%
in soy, 35% in evaporated milk, 25% in peanuts, 12% in eggs and in grains 8-14% (Babadzhanov
et al. 2004; Paredes-Carbajal et al. 1997). In addition Spirulina protein is 90% digestible and
contains enzymes, which assist the digestion process (Dernekbasi et al. 2010; Nandeesha,
Gangadhara, Manissery & Venkataraman 2001). Furthermore, the protein is of high quality
(Becker & Venkataraman 1984); the balance of amino acids compares well with the “ideal”
protein standards established by the protein Advisory Group of the Food and Agriculture
Organization of the United Nation (Dernekbasi et al. 2010; Sassano, Gioielli, Ferreira, Rodrigues,

Sato, Converti & Carvalho 2010; Pelizer et al. 2003; Danesi, De, Rangel-Yagui, De Carvalho &

Sato 2002). The crude protein from Spirulina contains methionine, tryptophan and other
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essential amino acids (table 3) at concentrations similar to, if not higher than those present in

milk (Ahsan et al. 2008).

Table 3: Amino acid composition of Spirulina(Babadzhanov et al. 2004).

Amino acids % Amino acids %
Asp 0.9 Met 0.8
Thr 0.5 Yle 1.3
Ser 0.6 Leu 0.8
Glu 1.0 Tyr 33
Pro 0.3 Phe 2.5
Gly 0.6 His 4.7
Ala 1.0 Lyz 1.9
Val 1.3 Arg 2.1

2.13.2. Unsaturated fatty acids and lipids
The essential lipids (unsaturated fatty acids) in Spirulina are about 1.3-15% of total lipid

content (table 4), and mainly constitute of y-linolenic acid (30-35% of total lipid).

Table 4: Properties of Spirulina lipids(Babadzhanov et al. 2004)

Fatty acids mg/kg biomass mass % of fatty acids
12:0 437 0.4
14:0 874 0.8
16:0 49031 44.9
16:1 2512 2.3
17:0 1310 1.2
18:0 2402 2.2
18:1 11029 10.1
18:2 12121 11.1
18:3 18672 17.1

others 10811 9.9

Important fatty acids like linoleic acid and linolenic acid (table 4) are also present (Piorreck,
Baasch & Pohl 1984; Danesi et al. 2002): up to 1.0 g/100 g of dry biomass of Spirulina. The
predominant fatty acids are palmitic acid (44.6-54.1%), oleic acid (1-15.5%), linoleic acid (10.8—
30.7%) and y-linolenic acid around 8.0-31.7% (Ahsan et al. 2008; Piorreck et al. 1984; Pham
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Quoc& Dubacq 1997; Cohen, Vonshak & Richmond 1987; Cohen & Vonshak 1991; Sajilata et al,
2008).

2.13.3. Carbohydrates

In general, carbohydrates constitute 15-25% of the dry weight of Spirulina (Danesi et al. 2002).
Simple carbohydrates such as glucose, fructose and sucrose are present in small quantities and
polyols such as glycerol, mannitol and sorbitol also do occur. Polysaccharides such as rhamnose
and glycogen are easily absorbed by human cells with minimal intervention by insulin. Hence,
Spirulina sugars provide speedy energy, without taxing the pancreas or precipitating
hypoglycemia. From a nutritional point of view, the only carbohydrate of interest that occurs in
sufficient quantities is mesoinositol phosphate. Mesoinositol phosphate is an excellent source
of organic phosphorus and inositol (Mendiola, Garcia-Martinez, Rupérez, Martin-Alvarez,
Reglero, Cifuentes, Barbas, Ibafiez & Sefiordns 2008). This inositol is about eight times that of

beef and several hundred times that of vegetables.

2.13.4. Vitamins

The B-carotene, B-group vitamins, vitamin E, iron, potassium and chlorophyll available in
Spirulina can promote the metabolism of carbohydrates, fats, protein, alcohol, and the
reproduction of skin, muscle and mucosa ( Mazo, Gmoshinskii & Zilova 2004; Danesi et al.
2002). Spirulina contains large amounts of natural B-carotene and this B-carotene is converted
into vitamin A (Kulshreshtha, Zacharia, Jarouliya, bhadauriya, prasad & Bisen 2008). According
to the findings of the National Cancer Institute, United States of America, an intake of 6.0 mg B-
carotene daily may be effective in minimizing the risk of cancer (Mendiola et al. 2008). If
anybody takes 4.0 g Spirulina daily, that is sufficient to get 6 mg B-carotene. At the same time,
sufficient amounts of B-group vitamins, iron and calcium will be obtained. However, these
nutrients obtained from 4.0 g of Spirulina are equivalent to or more than those obtained by

eating more than 100 g of terrestrial brightly coloured vegetables.
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2.13.5. Minerals

About 9% of the total dry weight is composed of essential minerals, potassium, magnesium,
calcium, zinc and iron (Duan, Ma, Li & Sun 2001; Cheng, Hong, Li, Fan & Cai 2006a; Zaretskaia,
Gmoshinskii, Mazo, Zorin & Aleshko-Ozhevskii 2004). The waters Spirulina favours are saturated
with minerals deposited from ancient soils and mountains and because Spirulina thrives in such
alkaline waters, it incorporates and synthesizes many minerals and derivative compounds into

its cell structure.

2.13.6. Photosynthetic pigments

Photosynthesis is the most abundant energy-storing and life supporting process on earth.
Cyanobacteria are a valuable ubiquitous component of the aquatic system that contributes
significantly to the total photosynthetic products. Spirulina among cyanobacteria is attracting
commercial conglomerates as a source of various nutraceuticals, biomass and pigments
(Madhyastha & Vatsala 2007). Among various pigments with growing commercial importance
due to their high end application and easy extraction procedures are chlorophyll a, xanthophyll,
B-carotene, echinenone, myxoxanthophyll, zeaxanthin, canthaxanthin, diatoxanthin, 3-
hydroxyechinenone, beta-cryptoxanthin, oscillaxanthin, plus the phycobiliproteins c-
phycocyanin and allophycocyanin (Ahsan et al. 2008; Cheng et al. 2006a; Leema, Kirubagaran,
Vinithkumar, Dheenan & Karthikayulu 2010).

2.14. Literature summary

In this study a novel tubular photobioreactor with the ability to expose the cultured algae to
light/ dark cycles was considered for the cultivation of algae at a small pilot plant scale both
indoors (laboratory) and outdoors. This type of bioreactor was chosen based on the reasons
stated above in section 2.2 and 2.5. The alga Spirulina was chosen as the test organism for
growth in the novel tubular photobioreactor. In brief, Spirulina was chosen due to the fact that
it could easily be cultivated, tolerates extreme conditions in comparison to most microalgae,
and for its socioeconomic impact on society. The novel tubular photobioreactor was optimized

so as to favour high Spirulina biomass production.
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CHAPTER 3
3. RESEARCH AND METHODOLOGY

3.1. Introduction

The aim of this study was to develop a novel tubular photobioreactor and use it to optimize the
production of algal biomass. In order to achieve this aim a tubular photobioreactor had to be
constructed. After the construction of the photobioreactor, a test algal species had to be
selected and studied in the laboratory before growing it in the photobioreactor. This was
followed by the optimization of the novel tubular photobioreactor for optimal algal biomass

production.

3.2. The construction of the tubular photobioreactor

The photobioreactor was constructed using steel bars, a polyvinyl chloride (PVC) tube, a 220
volt pump, lights (fluorescent and LED lights), a steel box with wheels, reservoirs with plastic
water connections and electrical connections. All these items are readily available within South
Africa. The photobioreactor was constructed in such a way that its top part was exposed to light

while the bottom part was kept in the dark.

The top part was constructed by arranging four 1.2m steel bars in a pyramidal-like structure
that was supported by screws with cross bars at the top and the middle. Smooth edged metal
hooks were then attached to each of the metal bars at the same interval allowing a maximum
of 5mm between each other. The pyramidal structure with hooks was then painted white and

set aside to dry.

The bottom part was constructed in the form of a box (width of 1m by 1m and a height of 0.5m)
using steel plates with the exception of the bottom were wood (2cm thick) was used and
supported on an angle iron frame. The top was then over-laid with fibre glass in order to
prevent the accumulation of water. The box was then fitted with wheels and painted white on

the exterior and black in the interior.
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After the paint had dried the top part was fitted onto the bottom part and reinforced with
screws at the bottom. Following this, lights were mounted on the four sides of the pyramidal —
like structure and supported by the middle cross bars and the top part of the box. Then a 150m
transparent PVC tube was placed on the hooks all around the pyramidal-like structure of the
photobioreactor and connected to the bottom part of the photobioreactor through a plastic

plumbing connection.

A 220 volt pump was fitted inside the box by screwing it to the bottom wooden part. The pump
by means of a plastic plumbing connector was connected to the PVC tube on the top part of the
photobioreactor. Reservoirs were incorporated in the bottom part of the photobioreactor
based on the nature of the experiment. A reservoir was a 20 litre bucket and was connected to
the pump through tubing and plastic plumbing connections. Electrical connections were used to

run the pump and lights.

The photobioreactor was maintained and cleaned with a sponge ball and chlorinated water
after each experiment. Following the chlorinated water treatment the system was purged with

copious amounts of water.

3.3. Organism and culture conditions

The cyanobacterium Spirulina platensis was used in this study. This strain of Spirulina which was
previously maintained in Schlosser growth media was obtained from the University of North
West, South Africa. The culture was transferred from Schldsser agar slant into a conical flask
containing Schlosser liquid growth media (as described in Appendix A). The culture was
incubated in a dark room where it was continuously stirred and illuminated with 36 W Osram
fluorescent lamps (Osram, Germany). The photon flux density (PFD) on the surface of the flask
was set at 120 umol m?2s? by manipulating the distance of the lamps. The light intensity was
measured by a quantum meter (BQM 1-800-248-8873, Apogee instruments Inc). This culture

was used as a stock culture for conducting the research.
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3.4. Evaluation of Spirulina platensis’s growth dynamics

A 2000 ml flask was used in which 1800 ml of the Schlosser growth medium was added
together with 200 ml of the Spirulina platensis culture. The culture was continuously stirred
and illuminated at 120 pmol m™ s light intensity. Samples were taken on a daily basis for the
measurement of pH (HANNA HB 98128), temperature (HANNA HB 98128) and for determining

biomass concentration.

Biomass concentration of the culture was determined by dry weight and optical density
measurement. For dry weight, a sample containing 25 ml of the Spirulina suspension was
filtered through a 0.45 um pore size Whatman GF/C filter paper which was preweighed on a
0.01 mg precision balance (SHIMADZU AUW?220D, Japan). The filter paper was dried at 80 °C in
an oven for 12 to 18 hrs. After drying the filter paper was weighed and the difference between
the initial and final weight were taken as the dry weight of Spirulina biomass. Dry weight was
expressed in terms of grams per liter (g/l). Samples were taken and analyzed in duplicate.
Calculation

= (weight of filter paper (g) + algae (g)) - (weight of filter alone (g)) x 1000

Volume of algal in ml
= algal dry weight in mg.I"" or g.I"*
Optical density was determined spectrophotometrically at 680 nm in a UV/Visible

spectrophotometer (Nanocolor UV/VIS, Germany). A 1 cm light path cuvette was used.

3.5. The operation of the novel tubular photobioreactor

The novel tubular photobioreactor was operated both indoors (using artificial lights) as well as
outdoors (using artificial and natural sunlight (1500 pmol m™ s™)). The indoors operation of the
photobioreactor was divided into two sections, namely low light intensity (30, 60 and 120 pmol

m?s™) and high light intensity section (600 umol m?s™).
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3.5.1. Low light intensity section

3.5.1.1. The operation of the novel tubular photobioreactor at different low artificial light
intensities

The reactor was started with a 10 % inoculum of Spirulina and 72 litres of the Schlésser growth
medium to make a total volume of 80 litres. The algal culture was illuminated with florescent
lights at a light intensity of 120umol m?2s-1. The culture was continuously exposed to a light and
a dark phase by a diaphragm pump at a light/ dark ratio of 1:1.4. Temperature was maintained
between 33 and 37 °C by heating the room with external heaters. Samples were taken on a
daily basis for pH and temperature measurement as well as for the analysis of biomass and
optical cell density according to the methods mentioned in section 3.4 of the methodology. The
experiment was conducted for a period of 25 days. The same procedure was followed when the

light intensity was reduced to 60 and 30pmol m™ s-* respectively.

3.5.1.2. The operation of the photobioreactor at varying light/dark cycles

A 10 % Spirulina inoculum was used to inoculate a novel tubular photobioreactor with a total
volume of 70 litres. The algal culture was continuously exposed to a light (artificial illumination)
and a dark phase at a ratio of 1:1. Temperature was kept constant by heating the
room/laboratory with external heaters. Samples were taken on a daily basis for temperature
and pH measurement as well as the analysis of biomass and optical density according to the
method in section 3.4 of the methodology. The experiment was conducted until a stationary
phase of the growth curve was reached. The same procedure was repeated when the ratio of
light to dark phase/cycle was increased to 1:1.3 and 1:1.4. The photobioreactor was also
operated using both artificial and natural light in which the procedure explained above was

used at ratios of 1:1 and 1:1.4.
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3.5.2. High light intensity section

3.5.2.1. The operation of the photobioreactor under continuous illumination

The novel tubular photobioreactor was started with a 10 % Spirulina inoculum. The total
volume of the photobioreactor was 25 litres. 23 litres of the photobioreactor’s total volume
was continuously illuminated by a combination of high intensity LED’s and fluorescent lights (in
the light phase). The light intensity of LED’s and fluorescent lights in the light phase of the
photobioreactor measured at different levels/parts (top, middle and bottom at different sides)
of the photobioreactor and the average light intensity was found to be 600 pmol m? s .The
remaining 2 litres of the photobioreactor’s total volume were kept in the reservoir in the dark
phase for degassing and the culture was also continuously illuminated by fluorescent lights (120
pmol m?Zs?) placed on top of the reservoir. This meant that the total volume of the reactor was
continuously illuminated. The culture was also continuously circulated from the light phase into
the dark phase (but the dark phase was also illuminated as explained above) by a diaphragm
pump. Samples were taken on a daily basis for pH and temperature measurement as well as for
the analysis of biomass and optical density according to the method in section 3.4 of the

methodology.

3.5.2.2. The operation of the photobioreactor at varying light/dark cycles

A novel tubular photobioreactor with a total volume of 46 litres was started with a 10 %
Spirulina inoculum. The algal culture was continuously exposed by a diaphragm pump to a light
phase (with a light intensity of 600 pmol m? s as explained in section 3.5.2.1 of the
methodology) and a dark phase at a light/ dark ratio of 1:1. The photobioreactor was operated
in a batch mode for a period of 14 days in this light/ dark ratio with samples taken on a daily
basis for the measurement of pH, temperature, optical density and biomass. The same
procedure was repeated when the ratio of light to dark cycle was 1:1.5, 1:2, 1:0.5, 1:0.25 and

1:0.125. The best light to dark ratio that produced the highest biomass in the shortest number
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of days when compared to other ratios (as explained in 3.3.2.1) was observed. This ratio (the

best ratio) was then used to operate the novel tubular photobioreactor in a continuous mode.

3.6. The operation of the photobioreactor as a continuous system using LED lights.

The novel tubular photobioreactor was started with an initial volume of 26.1 litres of the
Schlésser growth medium and 2.9 litre of S. platensis inoculum. The culture was illuminated
with fluorescent and high intensity LED lights at a light intensity of 600 umol m? st
Temperature was kept at its optimum by heating the room (laboratory) with external heaters.
Samples were taken on a daily basis for pH and temperature measurements as well as for the
analysis for biomass and cell density according to the method mentioned in section 3.4 of the
methodology. When the S. platensis cell density reached a predetermined level (1.7 optical
density), the photobioreactor was transformed from a batch mode of operation into a
continuous mode through the incorporation of a turbidostat. The turbidostat was used to
maintain the algal cell density at a constant dry weight of 1.5 g/I. The turbidostat consisted of a
photocell sensor, light source, a pump and a control system box. The photocell and the light
source were installed opposite one another in a tube (20 mm PVC tubing used to construct the
photobioreactor) connecting the diaphragm pump in the dark phase to the light phase of the
photobioreactor. When the cell density was higher than the set point (cells too dense hence
blocking the light which results in the light sensor not sensing light), the control point would
trigger the pump to start adding fresh growth medium and at the same time a volume of the
culture (cultured alga) that was equal to the volume of the added fresh growth medium would

be removed until the cell density was diluted back to its set point.
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CHAPTER 4
4. RESULTS

4.1. Introduction

In this study a novel tubular photobioreactor was constructed. This was followed by the
determination of the optimal growth conditions of Spirulina Platensis at laboratory scale. The
photobioreactor was operated at a small pilot plant scale both indoors (laboratory) and
outdoors. The effect of the dark/light cycles on Spirulina Platensis biomass production was
evaluated using artificial (commercial lights in the laboratory) and natural (sunlight outside the
laboratory) light sources. The photobioreactor was operated as a batch and continuous system.
Dry cell mass as well as turbidity was used to monitor cell growth (in the novel tubular
photobioreactor) with respect to biomass production in both systems. These parameters were

followed continuously and correlated to the different dark/ light cycle regimes.

4.2. The construction of the photobioreactor

The photobioreactor consisted of two physical phases namely the light (the top part of the

reactor) and dark phase (bottom part of the reactor) as shown in figure 10.

=%

— Light Ph
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‘— Dark Phase

L) ° ¢ ~ DarkPhase

.

Figure 10: Showing the light phase and the dark phase of the photobioreactor.
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The light phase of the reactor was constructed in the form of a pyramid-like structure as shown
in figure 11 below. This part was easily illuminated by either natural sunlight or with artificial

lights. The tubing used was transparent and allowed for the transmission of photosynthetic

active radiation (PAR) through the material.

Pyramidal structure

PVCtubing

Figure 11: Showing the light phase of the bioreactor.

The dark phase of the photobioreactor was encapsulated in an opaque box to which the light
phase was attached (Figure12).

Attachmentsto the light phase

Diaphragm Pump

Reservoir

Reservoir/pump connection

Figure 12: Showing the content of the dark phase of the bioreactor. The letter A denotes the
inlet from the light phase into the dark phase whereas letter B denotes the outlet from the
dark phase into the light phase through the diaphragm pump.



The diaphragm pump was used to circulate the reactor’s contents thorough an outlet as shown
in figure 12. This novel tubular photobioreactor with both light and dark phases (as shown in

figure 13) has been patented (Appendix B and C).

Figure 13: Novel tubular photobioreactor.

4.3. Evaluation of growth conditions of the inoculum

The test organism chosen for this project was Spirulina platensis for reasons stated in section
2.7 of the introduction. This organism had previously been maintained on Schlésser agar media.
Before the alga could be cultivated in the novel tubular photobioreactor, it was essential to
establish an inoculum. The algal inoculum was established in the laboratory using Schldsser
liguid growth medium, the same medium that would be used during the operation of the novel
tubular photobioreactor. A growth curve of the alga in this medium was determined for a

period of 18 days with subsequent measurement of the pH and temperature.

The results seemed to indicate that the Schlosser growth media was suitable for the growth of
Spirulina platensis. This alga showed an exponential increase in growth as indicated by both the
ODggonm and biomass readings although most of the growth curve was mainly made up of the

log phase and an early stationary phase (figure 14).
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Figure 14: Showing a growth curve of Spirulina platensis in Schlésser liquid growth medium
grown for a period of 18 days. The error bars indicate duplicate independent experiments.

Although the temperature remained between 25 and 30 °C, a gradual increase in the pH was
observed. The initial pH was 9.3 but after 18 days there had been an increase in the pH by 0.7

units (figure 15).
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Figure 15: Showing the pH and Temperature values during the 18 days of growth of Spirulina
platensis in Schldsser liquid growth medium.
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4.4. The effect of light intensity on the growth of Spirulina platensis in the novel tubular

photobioreactor

Following the establishment of the inoculum in the laboratory the operation of the novel
tubular photobioreactor commenced. The first task during the batch operation of the
photobioreactor for algal biomass formation was to examine the effect light might have had on
the growth of Spirulina platensis. During the preparation of the inoculum this alga was exposed
to a light intensity of 120 umol m? s since this was the maximum light intensity that the
fluorescent lamps used could emit. The same light intensity (120 pmol m™ s*) was emitted by
the fluorescent lights used in the light phase of the photobioreactor. In order to optimize the
photobioreactor for maximal algal growth it was important to determine the effect that light
intensity had on the biomass production of this alga. This was done by subjecting the alga for a
duration of 25 days to its maximum light intensity which was then reduced to 60 and 30 umol
m?s? respectively for the same duration. Results showed that there was a directly proportional
relationship between light intensity and biomass formation (figure 16). Maximum algal dry
biomass formation was achieved when the reactor was operated at its maximum light intensity

(120 umol m?2s?).

=
N D

Biomass (g/1)

© o 9o 9o
N D e
1

o
|

30 60 120

Light intensity (umol m2s?)

Figure 16: Showing algal dry biomass production when grown in the photobioreactor at
different light intensities for a period of 25 days.

However, when the light intensity was reduced by a magnitude of half (60 umol m?s?), there
was almost a similar reduction in the magnitude of dry biomass formation. This was also

observed when the light intensity was further reduced to 30 umol m?s? The specific growth
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rate of this alga under these three light intensity treatment regimens also increased with
increasing light intensity. The specific growth rate was at its lowest (0.204) when algal cells
were exposed to a light intensity of 30 umol m?s?tin comparison to when the light intensity

was 60 and 120 pmol m™? s, i.e. 0.516 and 1.207 respectively.

When LED lights known to emit higher light intensity (600pumol m™ s™) than fluorescent lights
(120 umol m™ s) were used, an increase in dry biomass was not directly proportional to an
increase in light intensity as previously observed. It was also found that the cells illuminated
with LED lights had a much higher specific growth rate in comparison to when they were
illuminated by fluorescent lights (figure 17). As a result these algal cells reached their stationary
phase within a shorter period of time and when left longer than 14 days a drastic colour change

from green to yellow was observed.

2.5
Lexeettt Moo, HeooooKeoooed
ookt
.*.
2.0
..x..
1.5 -
g x‘..
[(e] .
2
1.0 X -t
o ="
..-'* ___4-—--|---+”
0.5 ..*_.' %= -l = = =
,-)1!'“ "o
KL = T
O-o T T T T T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time (days)
sssxee LED lights ==t==Flourescent lights Sunlight

Figure 17: Showing a comparison between the LED, fluorescent and sunlight results obtained
in 14 days.

When the photobioreactor was run with a combination of sunlight during the day and
fluorescent tubes during the night, no further increase in dry biomass formation by the alga was
observed when compared to that achieved when the photobioreactor was illuminated by LED

lights alone (figure 17). The light intensity emitted by the sun (1500 pmol m? s*) was much
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higher than that emitted by the LED lights and was dependent on the conditions of the sky

(cloud cover).

On the other hand, important parameters such as temperature and pH were monitored during
the investigation of the effect that light intensity might have had on biomass formation. When
the photobioreactor was operated in the laboratory the temperature of the algal culture was
maintained at 36 °C + 2 °C. But when the photobioreactor was exposed to natural
environmental conditions the temperature of the algal culture fluctuated between 40 °C
(during the day) and 25 °C (during the night). It was also observed that there was a relationship

between change in pH (A pH) and light intensity (figure 18).
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Figure 18: Showing the relationship between A pH and different light intensities after 14 days.

The A pH at a lower light intensity of 30 umol m? s was 0.08 units. When the light intensity
was increased to 120 and 600 umol m? s the A pH increased by 0.82 and 1.37 units
respectively. However although the A pH was fairly high at the maximum light intensity of 1500
pmol m? s there was a slight decline when compared to that observed at a light intensity of

600 umol m2 s™.
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There was also an observable relationship between A pH and the dry biomass formation. This

relationship seemed to have been influenced by the light intensity as shown in figure 19 below.
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Figure 19: Showing the relationship between A pH and biomass at different light intensity.

The results seem to indicate that whenever there was an increase in A pH there was an

observable increase in A dry biomass formation but this was dependent on the light intensity.

At this point the results seem to indicate that even though the relationship between light and
biomass formation is directly proportional there is a threshold beyond which no increase in
biomass formation takes place. These results also seem to also indicate that light intensity had
a great influence on the growth rate of the algal culture in the bioreactor that could have also

influenced biomass formation and change in pH.

4.5. Effect of different regimens of light/ dark cycle treatment on biomass formation in the

novel tubular photobioreactor

Light/ dark cycles have been reported (Grobbelaar 1991; Terry 1986) to greatly influence the
formation of algal biomass. Therefore it was important to evaluate the growth of Spirulina in
the novel tubular photobioreactor under varying conditions of light/ dark cycles using both

natural and artificial lights so as to achieve the aim of the project. Based on the observations
45



made regarding the effect of light intensity on the biomass formation of Spirulina in the
photobioreactor, three light intensity regimes treatments were used to evaluate the effect of
light/ dark cycles on biomass formation of Spirulina. These were 120 umol m?s™ which was the
maximum intensity emitted by fluorescent light tubes, 600 pmol m™ s™* the maximum emitted
by LED light and finally 1500 pmol m? s which was the maximum light intensity received from
the sun at the point of exposure during summer. It is important to understand at this point that
the flow of the algal culture between the dark phase (where darkness was experienced) and

light phase (where light was experienced) was constant and was determined by the diaphragm

pump.

4.5.1. Effect of differing light/ dark ratios at 120 umol m?2s™?

Two light/ dark ratios were used to study the effect that a light intensity of 120 umol m?s?
might have had on algal biomass formation i.e. a ratio of 1:1 where half the time the algal
culture experienced darkness and half the time it experienced light and then 1:1.4 where 1 part
of time light was experienced and 1.4 parts of the algal culture volume at any given moment

experienced darkness.

At a light intensity of 120 pumol m™ s it was observed that more algal biomass formation was
achieved when the algal culture had been cultivated at a light/ dark ratio of 1:1 when compared

to that of 1:1.4 (figure 20).

—— Artificial, 1:1 ratio

— - Artificial, 1:1.4 ratio /

Biomass (g/1)
o
o

0.4 _—
0.2
0

0 2 4 6 8 10 12 14

Time (Days)

Figure 20: Showing the maximum biomass produced when the novel tubular photobioreactor
was operated at a light intensity 120 pmol m-2 s-1 at a ratio of 1:1 and 1:1.4 respectively.
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The maximum change in dry biomass formation when a light/ dark cycle of 1:1 was used was
0.90g/l when compared to that obtained at a light/ dark cycle ratio of 1:1.4 which was 0.17g/I.
These results seemed to indicate that a longer time spent in the dark would not result in higher
biomass formation. Furthermore the specific growth rate of the algal culture at a light/ dark
ratio of 1:1 was 0.9289 while that at a ratio of 1:1.4 was 0.205. It was observed that there was a
slightly higher change in pH (0.59 units) of the culture run at a light/ dark cycle ratio of 1:1 as
opposed to that run at a ratio of 1:1.4 (0.41 units).

4.5 2. Effect of differing light/ dark ratios at 1500 pmol m?2s™

At a light intensity of 1500 umol m?2s? a similar light/ dark cycle ratio as that used previously
(at 120 umol m™ s™) was used. It was observed that there was a greater increase in biomass
formation when the photobioreactor was illuminated with 1500 umol m? s™ (figure 21) as

opposed to a light intensity of 120 pmol m?2s™.
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Figure 21: : Showing a comparison of biomass produced at a ratio of 1:1 and 1:1.4 when the
novel tubular photobioreactor was operated at a light intensity of 120 and 1500 pmol m-2 s-1
respectively.
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At a light/ dark cycle ratio of 1:1 the change in dry biomass formation was 1.49g/l while at a
ratio of 1:1.4 the observable change in dry biomass formation was 1.16g/l. The specific growth
rate of the algal cells in the culture treated with a light/ dark ratio of 1:1 was 1.506 while that
treated with a light/ dark ratio of 1:1.4 was 1.163. A higher pH difference of 1.2 units was also
observed in the algal culture treated with a light/ dark cycle ratio of 1:1 when compared to that

treated with a light/ dark cycle ratio of 1:1.4 which was 0.44 units.

4.5.3. Effect of differing light/ dark ratios at 600 pmol m?2s™

Following the results obtained on the effect of light on the algal biomass formation, it was
observed that of all the light intensities used 600 umol m? s offered better light conditions
that favoured a greater biomass formation. The effects of four different light/ dark cycle ratio
treatments were used i.e 1:0, 1:0.25, 1:1, 1:1.5 and 1:2. The cultivation of the Spirulina under
all these different light/ dark cycle ratios resulted in a much higher biomass yield when
compared to that obtained when the photobioreactor was illuminated with a light intensity of
120 pmol m? s and 1500 pmol m™ s (figure 21). These results showed that when the algal
cells spent more time in the light they reached their maximum biomass yield much sooner. For
instance it took 7 to 8 days for cells to reach a maximum biomass formation of 2.1g/l and
2.15g/l when treated at a light/ dark cycle ratio of 1:0 and 1:0.25 respectively. But after 8 days
of exposure a sharp decline in biomass formation was observed and was preceded by a drastic
colour change in the algal culture from green to yellow and finally brown towards the end of
the 14 days. On the other hand the results seemed to indicate that there was a relationship
between biomass formation and the light/ dark cycle ratio (figure 22). It was observed that the
amount of time taken for the algal culture to reach the maximum biomass was less with

reduced time spent in the dark (figure 23).
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Figure 22: Showing maximum biomass produced at different light/ dark ratios when the novel
tubular photobioreactor was operated at a light intensity of 600 pmol m-2 s-1.

The greatest increase in biomass formation was achieved after a period of 7 days (figures 22
and 24). When the values of biomass formation from all the different treatments at the same

time point were taken and compared an inversely proportional relationship between light/ dark

ratio and biomass formation was seen.
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Figure 23: Showing the maximum biomass produced at different light/ dark ratios when the
novel tubular photobioreactor was operated a light intensity of 600 pumol m-2 s-1 for 7 days.

Light:dark ratio
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During these experiments the pH was continuously monitored and there was an observable
relationship between pH and biomass formation at the different light/ dark cycle treatment
ratios. The pH was seen to increase with an increase in dry biomass until a maximum of the

biomass formation was reached (figure 24). It was noticed that the biomass started to decrease

whenever a critical pH of 12 was reached.
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Figure 24: Showing the relationship between dry biomass formation and pH.

4.6 Operation of the novel photobioreactor as a continuous system

Following the evaluation of the effect of light/ dark cycle ratios under the different settings
stated above the operation of the photobioreactor as a continuous system was initiated. The

continuous system mode of operation was done indoors with LED light emitting a maximum

light intensity of 600 umol m™ s™.
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The photobioreactor was started as a batch and was operated at a light/ dark ratio of 1:0.25.

The maximum biomass produced during the continuous cultivation of Spirulina using LED light

was 32 g/l/day (figure 25).
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Figure 25: Showing the continuous cultivation of Spirulina on a novel tubular photobioreactor
at a light intensity of 600 pumol m-2 s-1using a turbidostat.
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CHAPTER 5
5. DISCUSSION

5.1. Introduction

This study was aimed at the construction and operation of a novel photobioreactor towards the
optimization of conditions required for algal biomass production. The alga Spirulina platensis
was chosen as the alga that would be used to determine the ability of the constructed novel
tubular photobioreactor in optimizing algal biomass production. Before Spirulina platensis could
be grown in the novel tubular photobioreactor, its growth curve had to be generated in a
controlled environment (laboratory). This was then followed by the growth of Spirulina in a
novel tubular photobioreactor at different light intensities with the aim of determining the
optimum light intensity which could be used to cultivate Spirulina. After the optimization of
light, Spirulina was then grown in a novel tubular photobioreactor which was operated in a
batch mode system at different light/ dark ratios in order to determine the light: dark ratio
which yields the highest biomass productivity. The best light/ dark ratio was then chosen and

used to cultivate Spirulina in the novel tubular photobioreactor on a continuous mode system.

5.2. The construction of the photobioreactor

The novel tubular photobioreactor was constructed in such a way that it consisted of two parts
i.e. one part which allowed the algal culture (Spirulina) to be illuminated, either by sunlight or
natural light or both and the second part which was completely dark. This photobioreactor was
constructed to have both light and dark phases so that it could be used to achieve the objective

of evaluating the effect of varying light/ dark ratios on algal biomass productivity.

The light phase of the reactor was constructed in a form of a pyramid-like structure. The
pyramid-like shape was chosen for the light phase of the photobioreactor for its ability to
maximize light exposure. Light has been reported as a critical limiting factor during the
operation of photobioreactors (Janssen et al. 2000; Janssen et al. 2001a) and due to this, the
photobioreactor had to be designed in such as way as to optimize efficient light exposure. The

light phase of the reactor was made up of clear PVC tubing which allowed for the transition of
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PAR either from artificial lights fitted within this phase of the work or sunlight. PAR is important
because this is the radiation spectrum that can be utilised by algae. The light phase of the
reactor was classified as a tubular photobioreactor because it was made up of a tube which was
exposed to light. Tubular photobioreactors in relation to other reactors are known to be more
suitable for commercial production of algae due to their large illumination surface area (Ugwu
& Aoyagi 2008) hence a tubular photobioreactor was chosen to make up the light phase of this

novel photobioreactor.

The dark phase of the photobioreactor was encapsulated in an opaque box to which the light
phase was attached. The opaque box contained a diaphragm pump which was connected to a
number of reservoirs. This diaphragm pump was responsible for circulating the algal cells
through the two phases (light and dark). A diaphragm pump was chosen for this study because
unlike other pumps, its piston action allows it to smoothly pump the algal cells in and out

without breaking the cells.

The light and dark phases of the reactor were then joined together to make up a novel tubular
photobioreactor which has the ability to expose the cultured alga to a light/ dark phase (light/
dark cycle). A provisional as well as an international patent of the photobioreactor was

approved (appendix).

5.3. Evaluation of growth conditions of the inoculum

The alga Spirulina platensis was chosen as a test organism for this study because of a number of
reasons such as its tolerance of high pH and temperature values which limits contamination,
the ability to use bicarbonate as a source of carbon which reduces the cost of operation by not
using gaseous carbon dioxide, its bigger cells which makes them cheaper to harvest and finally

its global socioeconomic importance.

Before the alga could be cultivated in the novel tubular photobioreactor, it was essential to
establish an inoculum. The algal inoculum was established in the laboratory using Schldsser

liguid growth medium. Schl6sser liquid growth medium was used in this study because it

53



contains all the nutrient ingredients required for the growth of Spirulina as stated in section
2.11 of the introduction and most importantly, it was the growth medium that the alga had
previously been adapted to. It was also the recommended liquid growth medium according to
the supplier of the algal culture (University of North West, South Africa). A growth curve of the

alga in this medium was determined for a period of 18 days.

The results obtained seemed to indicate that Schldsser liquid growth medium was suitable for
the growth of Spirulina. The alga showed an exponential increase in growth as indicated by
both the ODggonm and biomass readings although most of the growth curve was mainly made up
of the log phase and an early stationary phase (figure 14). The absence of a lag phase in the
growth curve can be attributed to the fact the alga did not have to adapt to the growth medium
since it was the growth medium that it was previously maintained on by the culture supplier.
This means that the alga did not have to synthesize key enzymes and molecules that are
necessary to metabolize the substrates present in the medium. The length of the lag phase can
also depend on a variety of factors such as the size of the inoculum, time necessary to recover
from physical damage or shock encountered during the transfer and time required to
synthesize essential coenzymes or division factors. The reason for an early stationary phase can
be attributed to the absence of a lag phase, which means that all the nutrients could have been
quickly used up. This phase is often characterised by the exhaustion of the available nutrients,

accumulation of inhibitory metabolites or by-products and exhaustion of space.

Parameters such as temperature and pH were also monitored during the evaluation of the
growth conditions of the inoculum. Temperature was always found to be between 25 and 30 °C
as shown in figure 15. Although this was not the optimum temperature that the alga could
grow at (Binaghi et al. 2003), this temperature seemed to be sufficient to support good algal
growth. The pH increased from the initial pH which was 9.3 to 10 (figure 15). Spirulina uses
bicarbonate (HCOs3') as a source of carbon by converting it to carbon dioxide (CO,) and
hydroxide ion (OH’) during photosynthesis (Reuter & Miiller 1993; Jaiswal et al. 2005; Badger et
al. 1994; Badger& Price 2003). The gradual increase in pH in this case could have been caused
by the accumulation of OH which resulted from the fixation of CO, by the photosynthetic

process. The tendency of the pH to rise has also been reported by Andrade & Costa (2007) to be
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related to photosynthetic activity, which means that pH becomes higher where photosynthetic
activity is higher. Although there was an observable increase in pH, the final pH was still well
within Spirulina’s pH limit of 11 (Binaghi et al. 2003) hence a good growth of this organism was

observed at this pH condition.

5.4. The effect of light intensity on the growth of Spirulina platensis in the novel tubular

photobioreactor.

In order to optimize the novel tubular photobioreactor for optimal algal biomass productivity, it
was important to determine the effect that light intensity had on the biomass production of this
alga. This was done by subjecting the alga to three different light intensities (120, 60 and 30
umol m2 s?) for the same duration. A higher biomass of 1.2 g/l was produced at a light intensity
of 120 umol m? st when compared to 0.68 and 0.38 g/l produced at light intensities of 60 and
30 umol m? st respectively. These results seemed to indicate that there was a direct
proportional relationship between light intensity and biomass formation as shown in figure 16.
The results also seemed to support those reported by Oncel & Akpolat (2006) which suggested
that the growth rate of microalgae increases in proportion with increasing light intensity until
saturation levels are reached. Saturation level is a threshold beyond which an increase in light

intensity does not lead to an increase in biomass formation.

The highest specific growth rate of 1.207 was achieved at a light intensity of 120 pumol m?st
when compared with 0.516 and 0.204 achieved at light intensities of 60 and 30 umol m™ s™
respectively. The fact that the highest biomass and specific growth rate was achieved at the
maximum light intensity of florescent lights seemed to suggested that an increase in light
intensity would still result in an increase in biomass formation. This meant that saturation levels
had not been reached hence light intensity was increased to 600 pmol m? s™ with the use of

LED lights.
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When LED lights known to emit a much higher light intensity (600 pmol m2s™) than fluorescent
lights were used, about 2.38 g/l of biomass was produced which was almost double that which
was produced at maximum fluorescent lights. However, the increase in biomass productivity
was not directly proportional to the increase in light intensity as previously observed. This
result seemed to suggest that saturation levels could have been reached. To confirm whether
saturation levels had in fact been reached, the algal culture was subjected to a much higher
light intensity of sunlight (maximum was found to be 1500 pmol m™ s) during the day and a
low light intensity of fluorescent tubes during the night (120 umol m? s*). However, the results
obtained when the photobioreactor was operated with a combination of sunlight and
fluorescent tubes, no further increase in algal biomass production was observed when
compared to that achieved when the photobioreactor was illuminated by LED lights alone
(figure 17). This shows that saturation levels had indeed been achieved. These results seemed
to support the results published by Sorokin & Krauss (1965) which suggest that an increase in
light intensity first favours cell division then, once the optimal light intensity is attained, a

further increase in light intensity inhibits the cell division process.

Parameters such as temperature and pH were also monitored during the investigation of the
effect that light intensity could have had on biomass formation. When the novel tubular
photobioreactor was operated in the laboratory, temperature was kept constant at its optimum
(36 °C + 2 °C) by heating the room with external heaters. Different temperature values were
reported when the photobioreactor was operated using sunlight. The difference in temperature

values was due to variation in the ambient temperature.

The highest change in pH of 1.37 was reported when the photobioreactor was operated using
LED lights (600 umol m™? s™) and the lowest was reported when fluorescent lights were used (at
a light intensity of 60 umol m™ s™) (figure 17). The lowest change in pH was reported at a light
intensity of 60 umol m? s as opposed to 30 pmol m™ s™; this could have been due to an error
in the pH probe. Andrade & Costa (2007) reported that the tendency of the pH to rise was
related to Spirulina’s photosynthetic activity, which means that pH becomes higher where
photosynthetic activity is higher. According to the results obtained the change in pH at 30 umol

m? st was higher than at 60 umol m?s?, but figure 19 shows that there was higher biomass
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productivity (meaning there was higher activity) at 60 pumol m?2 s than at 30 pmol m?s . This
justifies the fact that there was an error in the pH probe when the photobioreactor was being

operated at 60 umol m?Zs™.

Figure 19 also shows that there was a direct relationship between change in pH, biomass
productivity and light intensity until saturation level was reached. This implied that the higher
the light intensity the greater the photosynthetic activity and the higher the photosynthetic
activity the more biomass produced until saturation level was reached. Saturation level seemed

to have been reached when light intensity was at 600 pmol m?2s™.

5.5. Effect of different regimens of light/ dark cycle treatment on biomass formation in the

novel tubular photobioreactor

The novel tubular photobioreactor was constructed to have both the light and dark phases so
that it could be used in evaluating the effect of the light/ dark cycle on algal biomass
productivity which has been reported to greatly enhanced biomass productivity (Grobbelaar
1991; Terry 1986). The light/ dark cycle was evaluated at three different light intensities,
namely 120, 600 and 1500 pmol m?Zs™.

5.5.1. Effect of differing light/ dark ratios at 120 umol m?2s?t

The two light/ dark ratios used at this light intensity were 1:1 and 1:1.4 respectively. The
highest biomass formation was produced at a light/ dark ratio of 1:1 when compared to that
obtained at a ratio of 1:1.4 (figure 20). These results seem to indicate that the photosynthetic
activity was higher when the alga was spending equal amounts of time in light and dark phases
as compared to when it was spending more time in the dark relative to the light phase. A
higher specific growth rate of 0.9298 and change in pH of 0.59 was obtained at a light/ dark
ratio of 1:1 when compared to a specific growth rate of 0.208 and a change in pH of 0.17
achieved at a light/ dark ratio of 1:1.4. An increase in pH has been found to be directly related
to an increase in photosynthetic activity hence a higher specific growth rate was achieved at a
light/ dark ratio 1:1, where a higher change in pH was reported. The results seemed to support
those reported by Grobbelaar et al. (1996) which suggested that a longer dark period relative to

the preceding light period does not necessary lead to higher biomass productivity.
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5.5.2. Effect of differing light/ dark ratios at 1500 pmol m?s™

The same ratios used when the light intensity was 120 pmol m™? s™ were also used at a light
intensity of 1500 umol m2st A higher maximum biomass of 1.78 g/l was produced at a light/
dark ratio of 1:1 when compared to 1.45 g/I produced at a light/ dark ratio of 1:1.4 (figure 21).
These results seem to suggest that the photosynthetic rate was higher when the alga was
spending equal amounts of time in light and dark phases (1:1) as compared to when the alga
was spending more time in the dark phase (1:1.4). However, maximum biomasses produced at
this light intensity, in both the light/ dark ratios used were found to be much higher than when
compared with those produced at the same ratios but at a light intensity of 120 pmol m™? s™
(figure 21). This meant that the light intensity of 1500 pmol m? st provided a better light
condition which promoted higher cell growth when compared to that provided by a light
intensity of 120 umol m?s™. However, it was found that in both light intensities (120 and 1500
umol m? s), the light/ dark ratio of 1:1 produced better results when compared to those
produced at a ratio of 1:1.4. These results suggest that a longer dark cycle relative to light does

not result in higher biomass production as reported by Grobbelaar et al. (1996).

Although the growth curves for the two light/ dark ratios (1:1 and 1:1.4) were generated for a
period of 14 days using both light intensities (120 and 1500 umol m?2s?), the growth curves at a
light intensity of 1500 pmol m™ s had a well defined stationary phase when compared to those
generated at a light intensity of 120 umol m?Zs? The growth curves at a light intensity of 120
umol m? s were still at their exponential phase even after a period of 14 days as shown in
figure 21. These growth curves (for a ratio of 1:1 and 1:1.14 at a light intensity of 120 umol m™
s!) also had lower specific growth rates of 0.9 (1:1) and 0.208 (1:1.4) when compared with

1.506 and 1.163 obtained when a light intensity of 1500 umol m? s was used.

Lower changes in pH (A pH) of 0.59 and 0.41 were also observed at the ratios of 1:1 and 1:1.4
respectively when a light intensity of 120 pmol m™ s was used compared to 1.2 and 0.44
reported at the two light/ dark ratios when the light intensity of 1500 umol m? st was used.

The lower specific growth rate and change in pH at a light intensity of 120 pmol m™ s™ resulted
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in a prolonged exponential phase which suggested that the light condition provided by this light

intensity limited the algal growth.

Section 5.5.1 and 5.5.2 of the discussion indicated that the light intensity of 120 umol m?s?
was not enough to be able to promote good algal growth hence the algal growth was limited at
this intensity whereas the light intensity at 1500 umol m? st (light intensity provided by
sunlight) was able to promote good algal growth but the amount of light intensity from sunlight
varied depending on the cloud cover. The next step in this study was to operate the novel
tubular photobioreactor using high intensity artificial lights under controlled conditions (in the
laboratory). Therefore, the work was conducted at a light intensity of 600 umol m™? s™ using

LED lights.

5.5.3. Effect of differing light/ dark ratios at 600 pmol m?s™

The light/ dark ratios evaluated at a light intensity of 600 umol m? s were 1:0, 1:0.25, 1:1,
1:1.5 and 1:2. The results showed that all the light/ dark ratios used at this light intensity
produced higher biomasses when compared to the light/ dark ratios used at a light intensity of
120 and 1500 pmol m™?s™. The higher biomasses produced in all the ratios at this light intensity
can be attributed to the fact that this light condition was found to be the best when compared
to other in section 5.4 of the discussion. This light intensity was also found to be the light
condition at which light saturation levels were reached according to section 5.4 of the

discussion.

The results obtained showed that all the light/ dark ratios (five) evaluated at this light intensity
achieved the same maximum biomass (figure 22) of 2.3 g/I. This suggests that the maximum
biomass produced by the different light/ dark ratios was the maximum amount that the alga
(Spirulina) could produce under the novel tubular photobioreactor’s operating conditions (light,
temperature, pH and turbulence etc.) regardless of the light/ dark ratio used. However, the crux
in the different light/ dark ratios seemed to have been the amount of time it took to reach the
maximum biomass that could be produced by the alga. The ratio that produced this maximum

biomass in the shortest period of time was the ratio of 1:0.25 followed by the ratio of 1:0 (light
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only exposure). The results suggest that the ratio of 1:0.25 needed more light and only a small

amount of darkness for maximum algal biomass production.

The light/ dark ratio of 1:0.25, which means 2.0 min in light and 30 sec in dark (which yielded
the highest biomass in the shortest period of time) can be categorized under the medium
frequency fluctuations according to the light/ dark frequency fluctuation category developed by
Grobbelaar (1989). Grobbelaar (1989) categorized the frequency fluctuations as high (>10 Hz),
medium (seconds to minutes) and low (hours to days). Of these three, high frequency
fluctuation has been reported to increase the rate of photosynthetic efficiency (Terry 1986;
Grobbelaar 1989; Grobbelaar et al. 1996a) whereas low frequency fluctuation has been
reported to influence algal cell division during photosynthesis as well as their circadian rhythm
activity. On the other hand, according to Grobbelaar (1989) medium frequency fluctuation is
associated with turbulence within the algal culture. Although there is not enough data on
medium frequency fluctuations, Grobbelaar (1989) seems to suggest that turbulence may
influence photosynthetic efficiency hence the increase in biomass productivity during this

medium frequency fluctuation.

When longer dark cycles relative to light cycles were used, the rate of photosynthesis
decreased as shown by the longer period it took to reach the maximum algal biomass
production (figure 22). These results support those published by Terry (1986) who reported
that below or above a certain light/ dark ratio the rate of photosynthesis and culture

productivity declines.

Figure 23 indicates that there was an inversely proportional relationship between biomass
production and light/ dark ratio, which meant that the lower the light/ dark ratio (1:0.25) the
higher the photosynthetic activity whereas the higher the light/ dark ratio (1:2) the lower the
photosynthetic activity. These results also support those reported by Grobbelaar et al. (1996)
which suggested that longer dark period relative to the preceding light period does not
necessary lead to higher biomass productivity. Figure 23 showed that the rate of the biomass
production was directly proportional to an increase in pH. The increase in pH in Spirulina

culture was caused by the accumulation of OH” which resulted from the fixation of CO, by the
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photosynthetic process (conversion of bicarbonate into carbon dioxide and hydroxide ion). The
tendency of pH to rise has also been reported by Andrade & Costa (2007) to be related to
photosynthetic activity, which means that pH becomes higher where photosynthetic activity is
higher. It was also observed that at a ratio of 1:0 and 1:0.25 the biomass production declined
after 8 and 7 days respectively. Binaghi et al. (2003) reported that biomass productivity of
Spirulina decreases in environments with pH values higher than 11, hence a sharp decline in

biomass productivity when the pH reached 12 (figure 24) at the ratio of 1:0 and 1:0.25.

A study to detect the effect of differing light/ dark ratios at a light intensity of 600 pmol m? s™
was conducted in a novel tubular photobioreactor using a batch mode system of operation.
Maximum algal biomass production was achieved (in the shortest period of time) at a light/
dark ratio of 1:0.25 at a pH below 12. This lead to the use of these growth conditions in the
novel tubular photobioreactor under continuous culture cultivation. Continuous cultivation was

achieved by incorporating a turbidostat to control the biomass production and the pH.

5.6. Operation of the novel photobioreactor as a continuous system

A continuous mode of operation of the novel tubular photobioreactor was conducted in the
laboratory at a light/ dark ratio of 1:0.25 and a light intensity of 600 pmol m? s*. The
continuous cultivation mode was achieved by the use of a turbidostat (Pap’a“cek 2005). The
maximum biomass produced during this continuous cultivation was found to be 32 g/l/day (25
g/m?/day) (figure 25) and this biomass productivity corresponded to a net photosynthetic
efficiency of 5.7 %. This result was found to be higher than what most photobioreactors would
produce when Spirulina is cultivated (Richmond 2004). However, the results were found to be
slightly lower than the 27.8 g/mz/day reported when a two-plane tubular photobioreactor was
used by Torzillo et al. (1993). The 2.8 g/m?*/day difference in biomass productivity between the
two photobioreactors can be attributed to the different materials used in the construction of
these photobioreactors. The two-plane tubular photobioreactor was constructed using clear
glass whereas the novel tubular photobioreactor was constructed using a clear PVC tube. PVC

tubes are known to be affected by environmental parameters such as higher temperature and
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pH values which can affect the clarity or transparency of the tube and hence can block a certain
amount of light. The two-plane tubular photobioreactor was operated using sunlight whereas
the novel tubular photobioreactor was operated using LED lights at a light intensity of 600 umol
m? s™. Although LED lights have been demonstrated in this study to give better results than
sunlight (section 5.4 of the discussion), the difference in the biomass produced in these two

photobioreactors can also be attributed to the different light sources used.

5.7. Summary of the discussion

A novel tubular photobioreactor which had a light and a dark phase was constructed and
patented. The alga Spirulina was used as a test organism in this novel tubular photobioreactor.
The best light condition that favored higher Spirulina biomass formation in the novel tubular
photobioreactor was found at a light intensity of 600 umol m? st This light intensity was also
found to be the light intensity at which saturation levels were reached. When different light/
dark ratios were evaluated with respect to biomass production at a light intensity of 600 pumol
m? s, it was found that longer light cycles relative to dark cycles result in higher biomass
production. A maximum biomass productivity of 25 g/m?/day was achieved when the novel
tubular photobioreactor was operated using longer light cycles (1:0.25) relative to dark cycles.
This biomass productivity corresponded to a net photosynthetic efficiency of 5.7 %. This result

was found to be higher than what most photobioreactors produce but slightly lower than the

highest ever reported productivity in a photobioreactor.
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CHAPTER 6
6. CONCLUSION AND RECOMMENDATIONS

6.1. Conclusion

The aim of this study was to develop a novel tubular photobioreactor and use it to optimize the
production of Spirulina biomass. In order to achieve this aim, a number of objectives were set
as outlined in chapter 1. This was followed by the accumulation of data through experiments

and results obtained were reported and interpreted in chapter 4 and 5 respectively.

6.1.1. The construction of the photobioreactor
A novel tubular photobioreactor with a light and a dark phase was successfully constructed. A
provisional and an international patent of this novel tubular photobioreactor was

obtained/approved.

6.1.2. Evaluation of growth conditions of the inoculum
The alga Spirulina platensis was chosen as a test organism, and was used to evaluate the ability
of the novel tubular photobioreactor in optimizing algal biomass production. This organism was

successfully cultivated (at laboratory scale) using Schldsser liquid growth medium.

6.1.3. The effect of light intensity on the growth of Spirulina platensis in the novel tubular
photobioreactor

Five different light intensities were evaluated, and it was found that the best light condition
that favoured higher biomass formation was at 600 pmol m? s light intensity. A direct
proportional relationship between biomass production and light intensity was observed before
saturation levels could be reached. This proportional relationship was also observed between A

pH and biomass production but it was dependent on light intensity.

6.1.4. Effect of different regimens of light/dark cycle treatment on biomass formation in the
novel tubular photobioreactor
The effect of light/dark cycles on Spirulina biomass productivity was evaluated using three

different light intensities, namely 120, 600 and 1500 pmol m?Zs™.
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6.1.4.1. Effect of differing light/dark ratios at 120 and 1500 pmol m?s™

Two light/dark ratios were used in these light intensities and it was found that the ratio of 1:1
produced higher biomass when compared to the ratio of 1:1.4. The results also showed that a
longer dark cycle relative to light does not result in higher biomass production at these light

intensities.

6.1.4.2. Effect of differing light/dark ratios at 600 pmol m?s™

Five different light/ dark ratios were evaluated in this light intensity and all of them produced
the same maximum biomass. The most important factor was found to be the time it took for
each of the light/ dark ratio to reach the maximum biomass. The light/ dark ratio of 1:0.25 was
found to be most efficient ratio as it produced the maximum biomass in the shortest period of
time when compared to other ratios. The results also showed that a shorter dark cycle relative
to light cycles results in higher biomass production. It was also observed that pH values above

12 result in a decline in Spirulina’s photosynthetic activity and ultimately lead to culture death.

6.1.5. Operation of the novel photobioreactor as a continuous system

The novel tubular photobioreactor was operated as a continuous system at a light/ dark ratio of
1:0.25 and a light intensity of 600 pmol m™ s™*. Maximum biomass productivity of 32 g/I/day
(equivalent to 25 g/mz/day) was achieved which is higher than what most other
photobioreactors have been reported to produce by Richmond (2004). The results were also
found to be 2.8 g/m?/day lower than the highest biomass production ever reported in a tubular

photobioreactor (Richmond 2004).
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6.2 Recommendations

1. Continuous cultivation of Spirulina was only conducted using LED lights at a light/ dark
ratio of 1:0.25 in this study, and it would therefore be important to evaluate the
continuous cultivation of this organism at the similar ratio using sunlight.

2. The PVC tubing used in this study was affected by the high pH and temperature values
which the photobioreactor was being operated at, hence the tube changed from its
clear colour to a cloudy/milky colour which blocked a certain amount of light. It is
therefore recommended that for future studies, clear PVC tubing with a longer life span
needs to be used in the construction of the photobioreactor.

3. Dissolved oxygen is known to limit algal growth in tubular photobioreactors, but this
parameter was never taken into consideration during this study and as such it would be
important to suggest its measurement during future studies in this novel tubular
photobioreactor. However, degassing can be made possible in this novel tubular
photobioreactor if high amounts of dissolved oxygen are measured.

4. This study looked at the optimization of biomass production of a single algal species in
the novel tubular photobioreactor, therefore more work needs to be conducted to
evaluate the ability of this novel tubular photobioreactor in optimizing biomass
production of other algal species.

5. In future, the use of solar as an alternative source of energy (using solar pumps and
lights) needs to be evaluated in order to reduce the cost associated with the operation
of the photobioreactor.

6. The novel tubular photobioreactor used in this study was a scaled-down version of a
full-scale photobioreactor (1:10) and a full-scale test module needs to be constructed to
prove the reactor’s ability to optimize Spirulina biomass production in full-scale modular

operations.
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APPENDIX A

Schl6sser Spirulina medium

The medium is made up of two components, A and B, which are autoclaved apart. Once the
components have cooled, they are mixed in equal proportion to make up the final medium. The
PIV and Chu metal solutions and Vitamin B12 are added afterwards. Finally the medium is
inoculated with Spirulina.

Solution A

Solution A is made up of dissolving 27.22 g/l NaHCOs, 8.06 Na,CO3, and 1.00 g/l K;HPO,4 to 2
liter milli-Q water in a pyrex schott bottle and autoclaved at 121 °C at 1 bar for 15 min.

Solution B

Solution B is made up by dissolving 5.00g/I NaNOs, 2.00 K,SO4, 2.00 NaCl, 0.40 g MgS0,.7H,0
and 0.08 g CaCl,.2H,0 to 2 liter milli-Q water in a pyrex schott bottle and autoclaved at 121 °c
at 1 bar for 15 min.

PIV solution

PIV solution is made up by dissolving 1.5 g Na,EDTA, 194 mg FeCls.6H,0, 82 mg MnCl,.4H,0, 10
mg ZnCl,, 4 mg CoCl,.6H,0, 8 mg Na,Mo04.2H,0 to 2 liter milli-Q water in a pyrex schott bottle
and autoclaved at 121 °C at 1 bar for 15 min.

Chu

Chu solution is made up by dissolving 100 mg Na,EDTA, 1.236 mg H3BO3, 39 mg CuS0,4.5H,0, 88
mg ZnS04.7H,0, 40 mg CoCl,.6H,0, 25 mg MnCl,.4H,0, 25 mg Na,Mo00,4.2H,0 to 2 liter milli-Q
water in a pyrex schott bottle and autoclaved at 121 °C at 1 bar for 15 min.

Vitamin B12
Vitamin B12 for injection made up to 1 mg/ml is used.

Flask make-up
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The culture is made up to 100 ml in 250 ml pre- autoclaved and sealed conical flasks. 50ml of
solution A and B are added to each flask, followed by 0.6 ml PIV and 0.1 ml Chu solutions.
Finally, 0.015 ml vitamin B12 solution is added. Once the solution have been mixed, each flask

is inoculated with 10 ml of its respective inoculum and incubated in the growth room on a
shaker table.
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APPENDIX B

Provisional patent
The novel tubular photobioreactor’s provisional patent approval published on the patent
journal 2010. The patent number was 2010/05610 and it’s the last one on this patent journal

page.
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