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CHAPTER |

INTRODUCTION

1.1 Motivations

Microalgae have-attracted various commercial attention due to their versatile
application potentials particularly in agricultural ‘and aquaculture industries, and
several other applications such as human consumption, mainly as nutraceutical foods,
feed, cosmetic, chemical industry and etc. In addition, the global energy crisis and
climate change problem induced by an abrupt increase in greenhouse gases have
raised urgent environmental concerns. Research issue arised whether algae could be
used as alternative fuel. Not only that, microalgae uptake carbon dioxide from the
atmosphere for their phatosynthesis, they also have potential to produce biomass or
other useful chemicals such as-lipid and fatty acid which can then be further converted
to biofuel. Several species of microalgae have been reported to have high CO, uptake
capacity, e.g. Chlorella sp. = 4.4 g CO, L' day’ (Douskova et al., 2009),
Nannochloropsis oculata = 9.4 g CO, L™ day™ (Chiu et al., 2009)., whereas some of
the species contain lipid at as much as 20-50% by weight (dry), e.g. Botryococcus
braunii (25-75 % dry weight), Schizochytrium sp. (50-77% dry weight) (Chisti, 2007).

Some advantages of cultivating algae can be summarized below (Amin, 2009):

a. Algae are considered to be a very efficient biological system for harvesting
solar.energy for.the production of organic.compounds via.the photosynthetic process.

b. Algae are non-vascular plants, lacking complex reproductive organs,
making the entire biomass available for harvest and use.

c. Many species of algae can be induced to. produce particularly high
concentrations. ‘of chosen, commercially-valuable compounds, such as proteins,
carbohydrates, lipids, and pigments (Cohen, 1986).

d. Algae are microorganisms that undergo a simple cell division cycle, in most

cases without a sexual type stage, enabling them to complete their cell cycle within a



few hours and making genetic selection and strain screening relatively quick and easy.
This also allows much more rapid development and demonstration of production
processes than with other agricultural crops.

e. For many regions suffering low productivity due to poor soils or the
shortage of sea water, the farming of microalgae that can be grown using sea or
brackish water may be almost the only way to-inCrease productivity and secure a basic
protein supply.

f. Algal biomass production systems can easily be adapted to various levels of
operational or technological skills, from simple,. labor-intensive production units to
fully automated systems requiring high investments.

g. Microalgae are easy to culture and less area occupation for employed high
yield oil, 58,700 L/ha .compared to.Corn (172 L/ha), Jatropha (1,892 L/ha), Coconut
(2,689 L/ha), oil palm (5,950 L/ha) (Chisti, 2007).

In generally, there are 2 steps in the production of microalgae; the first step is
the cultivation of highly concentrated microalgal culture. Growth parameters such as
light intensity, photoperiod, temperature, salinity, culture medium, pH, carbon dioxide
concentration, aeration rate:and the system of cultivation need to be optimized to
achieve this. The second step is to harvest the cells which could be done by several
techniques such as filtration, centrifugation, flocculation and- sedimentation, and

solvent extraction.

Entomoneis sp. is a typical alga species often found to bloom in shrimp ponds.
Our preliminary study indicated that this alga, under some stress conditions, was able
to induce lipid and-fatty acids at significant level and this is attractive in terms of a
future option for alternative energy. Moreover; being a relatively large cell, the
cultivation.of Entomoneis sp. does not seem to encounter similar harvesting problem
with" other algae, and the harvest can only be achieved through a simple physical
sedimentation. Todate, there have been no evidences of mass production of
Entomoneis sp. Knuckey et al., 2002, was the only report available. In this report,
Entomoneis cf. punctulata was cultivated in 75-ml F/2 media -125-ml flasks with
condition at 17.5+2°C on a 12:12 h light/dark cycle light intensity of 45 pmol photons
m™ s The results revealed the growth rate of 1.73 day™ and the maximum cell
concentration of 3.1x10° cells mL™. There is therefore a clear need to investigate the



cultivation of such alga in a larger scale cultivation system which became the main

objective of this study.

1.2 Objectives

1.2.1 The cultivation of diatom Entomoneis sp. in 2.5 L bubble column
photobioreactor was investigated where the optimal conditions for the growth of such
alga were examined.

1.2.2 The cultivation.“of diatom Entomoneis sp. in 17 L flat-plate airlift
photobioreactor was investigated. The search for optimal cultivating condition started
from the conditions obtained from Section 1.2.1, and manipulated to best suit the

growth in the large scale.

1.3 Working Scopes

1.3.1 The optimal growth condition for Entomoneis sp. was investigated in
the 2.5 L bubble photobioreactor, and this was subject to the following parameters:

- The influences of different culture media, i.e. standard F/2 (Guillard’s)
medium, F/2 modified WC medium, Chu’s freshwater medium, and
Walne medium.

- The influences of the concentration of silicon, phosphorus and nitrogen
were examined in the selected mediums.

- The range of superficial gas velocity (usg) employed in this work was
between 0.3-2.0 cm s™.

- The light intensity.employed in-this.work ranged.between 81-270 pmol
photons.m?s™ or 6,000-20,000_Lux.

- The growth of the culture in normal nutrient was compared to that with
the addition of 2% CO; to preliminarily investigate the effect of CO,

on algal growth.

1.3.2 The cultivation in 17 L flat-plate airlift photobioreactor was
investigated in a large scale system. This system was exposed to sunlight during the

day time and fluorescent light during the night. The light intensity from fluorescent



light was about 43 umol photon m?s™. The aeration was supplied at us, of 0.5 cm s™
and the temperature was controlled in an evaporative room at 27+2°C. The operation
of this system was subject to the followi

ﬂUEJ’JVIEJ‘mWEﬂIﬂﬁ
ammmmummmw



Chapter |1

BACKGROUNDS AND LITERATURE REVIEW

2.1 Microscopic algae

Algae are a large and diverse group of simple, typically autotrophic
organisms, ranging from-unicellular to multicellular forms. The largest and most
complex marine forms are called seaweeds. They are photosynthetic, like plants, and
"simple" because they lack the many distinct organs found in land plants.

The terms algal refers to both macroalgae and a highly. diversified group of
microorganisms known as microalgae. The profound diversity of size ranging from
picoplankton only 0.2-2 um in diameter to giant kelps with fronds up to 60 m in
length, ecology and colonized habitats, cellular structure, levels of organization and
morphology, pigments for photosynthesis, reserve and structural polysaccharides, and
type of life history reflect the varied evolutionary origins of this heterogeneous
assemblage of organisms. The number of algal species has been estimated to be one to

ten million, and most of them are microalgae (Barsanti and Gualtieri, 2006).
2.1.1 Diatoms

Diatoms- are aquatic, single-celled algae which can be unicellular or
multicellular erganisms. Most diatoms are unicellular. Diatoms are a widespread
group and can be found in the oceans, in soils, on damp surfaces atmospheric
conditions, in freshwater, and salt water environments as long as some moisture is
available.  Diatoms are-a major group of eukaryotic algae and ‘are one of the most
common types of phytoplankton. Scientific classification of diatoms in Kingdom:
Chromophyta, - Phylum: Heterokontophyta and. Class: Bacillariophyceae. A
characteristic of diatom cells are usually between 2 and 200 microns in diameter.
Diatom cells are contained within a unique silicate (silicic acid) cell wall comprising
two separate valves (or shells). The biogenic silica that the cell wall is composed of is

synthesised intracellularly by the polymerisation of silicic acid monomers. This



material is then extruded to the cell exterior and added to the wall. Diatom cell walls
are also called frustules. energy or valuable chemicals. Some species of diatom
contain oil at as much as 20-50% by weight (dry) compare with general microalgae
(Chisti, 2007) shown in Table 2.1.

2.1.2 Entomoneis sp.

Entomoneis sp. is_a-unicellular floating diatom organism/ phytoplankton,
Domain:  Eukaryota, .~~Kingdom:; = Chromista, = Subkingdom: Chromobiota,
Infrakingdom: -Heterokenta, Phylum: Ochrophyta, Subphylum: Diatomeae, Class:
Bacillariophyceae, Subeclass: ‘Bacillariophycidae, Order: Surirellales , Family:
Entomoneidaceae, Genus; Entomoneis.

Generally, cell growth and reproduction is accomplished by dividing into two cells.
The size of the cell is about 55-160 pm in length and about 30-60 pum in width
(Akulut, 2003). It has a slit along the valves (the raphae) and inside the valves the
cytoplasm forms a relatively thin lining surrounding a large vacuole filled with cell
sap; the nucleus is central in position with cytoplasmic strands extending across the
vacuole. Entomoneis sp. is'comprised of highly-unsaturated fatty acids. Example the
composition of Entomoneis cf. punctulata expressed as a percentage of dry weight

shown in Tahle 2.2.
2.2 Conditions for cultivation of algae

The maost important parameters controlling algal growth are nutrient quantity
and quality, light, temperature, salinity, pH, earbon dioxide and aeration, etc. Also,
the various factors may be interdependent and a parameter that is optimal for one set

of conditions is not necessarily optimal for the others.
2.2.1 Culture medium/'Nutrients

Concentrations of: cells in phytoplankton cultures are generally higher than
those found in nature. Algal cultures must therefore be enriched with nutrients to
make up for the deficiencies in the seawater. Macronutrients include nitrate,

phosphate, and silicate. Specifically, silicate is used for the growth of diatoms which



utilize this compound for production of an external shell. Micronutrients consist of
various trace metals and the vitamins, thiamin (B;), cyanocobalamin (Bi2) and
sometimes biotin. The culture media have been used extensively and are suitable for
the growth of most diatom are the Freshwater WC medium, (Guillard and Lorenzen,
1992) Chu’s medium (Bold and Wynne, 1978), the Walne medium (Laing, 1991), the
standard Guillard’s~F/2.medium (Guillard, 1975), and the modified standard
Guillard’s F/2 medium (Smith et al., 1993), etc. The culture media for this
experimental see in Appendix A. Commercially available nutrient solutions may
reduce preparation labor. In" large-scale extensive systems, alternative enrichment
media that are suitable for .mass production of micro-algae contain only the most
essential nutrients and are composed of agriculture-grade rather than laboratory-grade

fertilizers (Lavens and Sorgeloos, 1996).
2.2.2 Light intensities

As with all plants, micro-algae photosynthesize, e.g. they assimilate inorganic
carbon for conversion into organic matter. Light is the source of energy which drives
this reaction and in this regard, intensity, spectral quality and photoperiod need to be
considered. Light intensity plays-an important role, but the requirements vary greatly
with the culture depth and the density of the algal culture: at higher depths and cell
concentrations the light intensity must be increased to be able to penetrate through the
culture (e.g. 1,000 luxes is suitable for Erlenmeyer flasks, 5,000-10,000 luxes is
required for larger volumes). Light may be natural or supplied by fluorescent tubes.
Too high light intensity (e.g. direct sun light, small container close to artificial light)
may result in photo-inhibition. Also, overheating due to both natural and artificial
illumination should be avoided. Fluorescent tubes emitting either in the blue or the red
light spectrum should be preferred as these are the most active portions of the light
spectrum for photosynthesis (Glover et al., 1987; Brown, 1980; Jeffrey et al., 1977).
Irradiance ‘may. be measured and expressed energetically in units of watts meter 2
Irradiance measurements are given in SI units as micromoles meter? second™ whereas
a non-SI unit of microeinsteins meter? second™ is also frequently used. Irradiance and

photon flux density (PFD) may be readily interconverted as: (Lunning, 1981)



Tpumol(m?s™) = 1 pEm?’s'= 11;?7 Wm? = 74 luxes....(2.1)

where A is the wavelength of the light in nanometer (~ 1.6 nm).

Most algae require a photoperiod of alternating light and dark (Rebolloso
Fuentes et al., 1999-and Lunning, 1981). The photoperiod is defined on a light/dark
(LD) cycle of 24-hours duration. By the suggestion of Grima et al., (1996), this was
representing the -factor.~of ~the LD cycles due to three elements occurring
simultaneously. These are: (a) photon capture starting the chain of biochemical
reactions and-feading to biomass synthesis; (b) reversible loss of photon trap activity
due to high light intensity, and (c) photon trap recovery, which also occurs in the dark.
However, cultivation Entomoneis sp. in inoculated plates were maintained at 12:12 h
light/dark cycle with cool white fluorescent lighting of 100 umol photon m?s™ was
found in previous (Knuckey et al., 2002).

2.2.3 pH

The pH range for most cultured algal species is between 7 and 9, with the
optimum range being 8.2-8.7. Complete culture collapse due-to the disruption of
many cellular-processes can result from a failure to maintain an acceptable pH
(Lavens, and-Sorgeloos, 1996).

2.2.4 Salinity

Marine phytoplanktons are extremely tolerant to changes in salinity. Most
species grow best at a salinity that is slightly lower than that of their native habitat,
which'is obtained by diluting sea water with tab water. Salinity of 20-40 g L™ has
been.found to be optimal (Knuckey.et al., 2002).

2.2.5 Temperature

The optimal temperature for phytoplankton cultures is generally between 20
and 30°C (Fernando et al., 2009; Oncel et al., 2009; Ranjbar et al., 2008, Marcelo et



al., 2008), although this may vary with the composition of the culture medium, the
species and strain cultured. Most commonly cultured species of microalgae tolerate
temperature between 20-32 °C. If necessary, algal cultures can be cooled by a flow of
cold water over the surface of the culture vessel or by controlling the air temperature

with refrigerated air-conditioning units.
2.2.6 Aeration/mixing

Mixing is necessary.to_prevent sedimentation of the algae, to ensure that all

cells of the population-are equally exposed to the light and nutrients, to avoid thermal
stratification (e.g. In outdoor cultures) and to improve gas exchange between the
culture medium and the air. The latter is of primary importance as the air contains the
carbon source for photosynthesis in the form of carbon dioxide. For very dense
cultures, the CO, originating from the air (the natural CO, concentration in air
(0.03%) bubbled through the culture is limiting the algal growth and pure carbon
dioxide may be supplemented to the air supply (e.g. at a rate of 1% of the volume of
air). Depending on the scale of the culture system, mixing is achieved by stirring daily
by hand (test tubes, erlenmeyers), aerating (bags, tanks), porous gas sparger (airlift),
or using paddle wheels and jet pumps (ponds). However, it should be noted that not
all algal species can tolerate vigorous mixing. (Lavens, and Sorgeloos, 1996).
A supply of COz enriched air may be necessary to maintain exponential growth in
dense cultures but high concentrations may have inhibitory effects. The excessive
addition of CO, will move the pH to the acid range (as a result of the CO,/HCO3’
balance) and this may bring the growth to an end.

2.2.7 Carbon dioxide (COy)

Like any other autotrophically plant, algae require an inorganic carbon source
to perform photosynthesis, CO, is a principal carbon source for the algae. The
supplying rate .of CO, therefore controls the growth rate of the algae. In dense
cultures, the rate of diffusion of carbon dioxide into the culture from the air becomes

limiting more rapidly than the system with low population density. Improvement of
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the rate of aeration by shaking, stirring, or bubbling air through the culture will

prolong exponential growth.
2.3 Algal culture techniques

Algae can be produced using a wide variety of methods, ranging from closely
controlled laboratory methods to less; predictable methods in outdoor tanks. The

terminology used to describe the type of algal culture includes:

2.3.1 Indoor/Outdoor: Indoor culture allows control over illumination,
temperature, nutrient level,” contamination with predators and competing algae,
whereas outdoor algal systems make it very difficult to grow specific algal cultures

for extended periods.

2.3.2 Open/Closed: Open cultures such as uncovered ponds and tanks

(indoors or outdoors) are more readily contaminated than closed culture vessels such

as tubes, flasks, carboys, bags, etc.

2.3.3 Batch: Batch culture systems are widely applied because of their
simplicity and flexibility, allowing to change species and to remedy defects in the
system rapidly. Although often considered as the most reliable method, batch culture
is not necessarily the most efficient method. Batch cultures are harvested just prior to
the initiation of the stationary phase and must thus always be maintained for a
substantial period of time past the maximum specific growth'rate. Also, the quality of
the harvested cells may:be less predictable than that in continuous systems and for
example vary with the timing of the harvest (time of the day, exact growth phase).
Another ‘disadvantage is the need to prevent contamination during the initial
inoculation and early growth period. Because the density of the desired phytoplankton
Is low and the concentration of nutrients is high, any contaminant with a faster growth
rate is capable of outgrowing the culture. Batch cultures also require a lot of labour to

harvest, clean, sterilize, refill, and inoculate the containers.
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2.3.4 Continuous: The continuous culture method, permits the
maintenance of cultures very close to the maximum growth rate. Two categories of
continuous cultures can be distinguished:

- turbidostat culture, in which the algal concentration is kept at a preset level
by diluting the culture with fresh medium by means of an automatic system.

- chemostat culture, in which a flow of fresh medium is introduced into the
culture at a steady, predetermined rate. The latter adds a limiting vital nutrient (e.g.
nitrate) at a fixed rate and in.this way the growth rate and not the cell density is kept
constant.

The disadvantages of the continuous system are its relatively high cost and
complexity. The requirements for constant illumination and temperature mostly
restrict continuous systems to indoors and this is only. feasible for relatively small
production scales. However, continuous cultures have the advantage of producing
algae of more predictable quality. Furthermore, they are amenable to technological
control and automation, which 'in turn increases the reliability of the system and

reduces the need for labor.

2.3.5 Semi-Continuous: The semi-continuous technique prolongs the use
of large tank cultures by partial periodic harvesting followed immediately by topping
up to the original volume and supplementing with nutrients to achieve the original
level of enrichment. The culture is grown up again, partially harvested, etc. Semi-
continuous cultures may be indoors or outdoors, but usually their duration is
unpredictable. Competitors, predatorsand/or contaminants and metabolites eventually
build .up,. rendering the culture unsuitable for further use. Since the culture is not
harvested completely, the semi-continuous method yields more algae than the batch
method for a given tank size.

The major advantages and ' disadvantages of the various algal culture

techniques can be summarized in Table 2.3.
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2.4 Cultivation in bioreactors

2.4.1 Bubble column photobioreactor

Bubble column bioreactor is basically a column,in which the reaction medium is kept
mixed and aerated by the introduction of air-into-the bottom. Bubble columns have
been recently used as bioreactor, however, this type of reaction might not be suitable
for high viscosity.and three phase cultures as effective mixing in such systems is
difficult to obtain.

2.4.2 Air-lift photobioreactor

Airlift photobioreactors are similar.to bubble column reactors, but differ by the
fact that they contain a draft tube which improves circulation and oxygen transfer and
equalizes shear forces in the reactor. It consists of a liquid pool divided into two
distinct zones only one is usually sparged by gas. Airlift photobioreactors can be
classified into two major types as the internal loop, which is the cylindrical column
with a vertical draft tube where a loop channel for the fluid is formed in the airlift, and
external loop which has two separated columns. operating as riser and downcomer
with connection tubes connecting the two columns together near the top and the
bottom (Sriouam, 2007). One advantage of airlift reactors_is the elimination of
attrition effects generally encountered in mechanical agitated reactors. It is ideally
suited for aerobic cultures since oxygen mass transfer coefficient are quite high in

comparison to stirred tank reactors.
2.5 Literature Reviews

Many microalgae have a potential to produce biomass, protein, carbohydrate,
lipid and fatty acid and other valuable chemicals suitable for agricultural and
aquaculture industries, and several other applications such as Chaetoceros calcitrans
(Feed for shrimp larvae) (Krichnavarak et al., 2005), Chlorella vulgaris (biofuel)
(Powell et al., 2009), Haematococcus pluvialis (a pigmentation, additive for
nutraceutical food) (Kaewpintong et al., 2007), Scenedesmus almeriensis (lutein)

(Sanchez et al., 2008), Spirulina platensis (nutritional content and valuable
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biochemicals) (Oncel et al., 2009), Nitzschia sp., Amphora sp., Amphora spp.,
Navicula sp., Nitzschia ovalis and Cylindrotheca closterium (biofilm).

Growth parameters (such as light intensity and photoperiod, temperature,
salinity, culture medium, pH, carbon dioxide concentration, aeration rate and the
system of cultivation) are important for the cultivation of highly concentrated
microalgal. Literature.as summarized in Table 2.4 suggests the range of condition for
the culture of microalgae in the photobioreactors I.e. light intensity at range 40-350
pmol photons m? s™* (Oncel et al., 2009; Ranjbar et al., 2008; Krichnavarak et al.,
2005, 2007; Knuckey etal., 2002), photoperiod 12:12 (Oncel et al., 2009, Sanchez et
al., 2008), temperature at range 20-30°C (Fernando et al., 2009; Oncel et al., 2009;
Ranjbar et al., 2008, Marcelo et" al., 2008), culture medium i.e. F1 medium
(Kaewpintong et al., 2007), modified F/2 medium (F/2M) (Fernando et al., 2009;
Krichnavarak et al., 2005; Yim et al., 2003), Walne’s nutrient (Hsieh and Wu, 2009),
Mann and Myers, Bioprocess and Hemmerick medium (Sanchez et al., 2008),
Modified Ukeles medium (Mirén et al., 2002), salinity at range 3-50 g L™ (Alvarez et
al., 2006), carbon dioxide concentration at range 1-15% (Chiu et al., 2009; Powell et
al., 2009), aeration rate: usg/= 0.4-3 cms™ (Kaewpintong et al., 2007; Krichnavarak
et al., 2005; Miron et al., 2002).

Types and the systems of cultivation are also important for the algal growth.
There are various types of photobioreactors reported to be promising for mass
production of algae. Algae are grown either in open culture systems or closed systems
(photobioreactors). Given the advantages of closed systems over open ponds, closed
photobioreactors have attracted much interest because they allow a better control of
the cultivation conditions than open systems. With closed photobioreactors, higher
biomass productivities are obtained and contamination can be easily prevented. Algal
culture systems can be illuminated by artificial light, solar light or by both. Naturally
illuminated algal culture systems with large illumination surface areas include open
ponds (Hase et al., 2000), flat-plate (Huet al., 1996), horizontal/serpentine tubular
airlift (Camacho Rubio et'al.,”1999), and inclined tubular photobioreactors (Ugwu et
al., 2002). Generally, laboratory-scale photobioreactors are artificially illuminated
(either internally or externally) using fluorescent lamps or other light distributors.
Some of these photobioreactors include bubble column photobioreactors ( Fernando et
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al., 2009; Oncel et al., 2009; Ranjbar et al., 2008; Sanchez et al., 2008; Kaewpintong
et al., 2006; Krichnavarak et al., 2005; Ogbonna et al., 2002; Degen et al., 2001),
airlift column photobioreactors (Oncel et al., 2009; Kaewpintong et al., 2006;
Krichnavarak et al., 2005; Harker et al., 1996), Bristles photobioreactor (Fernando et
al., 2009), Tubular photobioreactor (Converti-€et al., 2006), Fed-batch (Matsudo et al.,
2008).

Todate, there have been no evidences-of mass production of Entomoneis sp.
Knuckey et al., 2002, was the only report available. In this report, Entomoneis cf.
punctulata was.cultivated in 75-ml F/2 media -125-ml flasks with condition at 17.5+2
°C on a 12:12 h light/dark cycle light intensity of 45 pumol photons m™s™. The results
revealed the growth rate of 1.73 day™ and maximum cell concentration of 3.1x10°

cells mL™.
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Table 2.1 Oil content of some microalgae (Chisti, 2007)

Microalga Oil content (% dry weight)

Chlorella sp. \
Botryococcu&
Nannoc b
Nannoch |

Nitzchia s

Phaeodactylum tric

Schizochytrium sp

'e,v

Table 2.2 Biochemical ¢ s-, : ’u 2is p nctulata expressed as a

ercenta Free dry \ f, ) e . 2008
percentage of ash free dry weight (Honc )

% Dry weight

) 2

-
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Table 2.3 Summary of the major advantages and disadvantages of various algal

culture techniques (Ugwu et al., 2008)

Culture type

Advantages

Disadvantages

Indoors/ Close

Outdoors/ Open

Continuous

Semi-continuous

Batch

a high degree of control
(predictable)/ Contamination

less likely

Cheaper

Efficient, provides a consistent
supply of high-quality cells,
automation, highest rate of
production over extended

periods
Easier, somewhat efficient

Easiest, most reliable

Expensive

Little.control (less predictable)/
Contamination more likely

Difficult, usually only possible
to culture small quantities,
complex, equipment expenses

may be high

Sporadic quality, less reliable

Least efficient, quality may be
inconsistent
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Table 2.4 Literature reviews

Algae Type of reactor Conditions Cell or Biomass Biomass 1] Applications References
Volume (L conc. conc.
ume (L) " Remark
x10” (cells mL™) (gL (day™)

Nannochloropsis -cylindrical glass - Temperature =26+1 °C 10,000 B277% 0.571 Lipid accumulation and ~ High lipid content. Chiu et al.,
oculata 800 ml -usg =200 mL min +0.043 CO, utilization of microalgal-based biodiesel 2009

- Light intensity 300 pHE m?s™ Nannochloropsis

- Medium: modified standard oculata

Fr2 in response to CO,

-CO, concentrations: 2%, 5%, aeration

10%, 15%

1. Nitzschia sp. -Bristles - Temperature = 202 °C (PBC) 259.33 2.26 - Comparisons of the Production of specific Fernando et
2. Amphora sp. photobioreactor - light: dark = 12:12 (PBB) 210.00 1.27 growth of six diatom diatom-bateria biofilm. are al., 2009
3.Amphora sp2 (PBB) - cultured for 10 days (PBB) 115.00 1.16 species between potentially valuable for use
4. Navicula sp. -Bubble column -Light intensity = 100 pE m?s™ (PBB) 277.00 1.56 two configurations of the food cosmetics,
5. Nitzschia ovalis  Photobioreactor - Medium: F/2M (sodium (PBB) 167.67 0.83 photobioreactors pharmaceutic and
6.Cylindrotheca (PBC) metasilicate) (PBC) 350.00 1.60 alagricultural
closterium 20L
Chlorella sp. rectangular - Temperature = 27+1 °C - 2.027 1.42 Cultivation of Lipid productivity Hsieh and
photobioreactor - Light intensity =320 pE m? s microalgae for oil for bio-fuel production Wu, 2009
1L - Medium: Walne’s nutrient production with a
- CO, concentrations: 2% cultivation strategy

of urea limitation

LT
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Algae Type of reactor Conditions Cell'or Biomass Biomass M Applications References
Volume (L) conc. conc. Remark
x10% (cells mL™) QLY (day™)
Artrospira -Internal loop - Temperature = 25+1 °C - 3.24 0.45 Comparison of two -Nutritional Content Oncel et al.,
platensis airlift - light:dark = 12:12 0.33 different pneumatically ~ -Valuable biochemical 2009
(Spirulina -bubble column - Light intensity = 54 pE m?s* mixed column
platensis). photobioreactors - cultured for 17 days photobioreactors for the
15L - Medium: Zarrouk cultivation of
Artrospira platensis
(Spirulina platensis)

Chlorella vulgaris 1.0 L vessels - Temperature = 22.5 °C - - 3.6 Growth Kinetics of The microbial fuel cell Powell et al.,

- initial cell concentration = 3 mg/L-h Chlorella vulgaris and (MFC) 2009

mg L* its use as a cathodic half

- concentration of CO, in feed cell

air =10% by volume

- Total flow rate =200,ml min™

- Medium: a modified Bolds

Basic media
Arthrospira Bioreactor, - Temperature = 28 °C - 2.44 0.6+0.09 . Repeated fed-batch Human consumption, Matsudo et
(Spirulina) Fed-bacth mode - light: dark = 12:12 cultivation of mainly as a nutarceutical al., 2008
platensis 5L - Light intensity=108 uE m?2 s Arthrospira (Spirulina)

- cultured for 16 days
- Medium: Schlosser with
NaN03

platensis using urea as

nitrogen source

8T
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Algae

Type of reactor
Volume (L)

Conditions

Cell or Biomass

x10% (cells mL Y

Remark

Applications

References

Haematococcus

pluvialis

Bubble column
Photobioreactor
1L

- Temperature = 28 °C

-Light intensity=48.5 uE m2s™
- cultured for 900 hour

- Medium: Standard inorganic

High efficiency
production of
astaxanthin in an airlift

photobioreactor

Production of antioxidant,

astaxantin

Ranjbar et al.,
2008

Scenedesmus

almeriensis

bubble column
photobioreactors
2L

- Temperature = 20°C
“PH=8
- light: dark = 12:12

- Light intensity=1700pE m? s™

- Medium:
1.Mann and Myers
2.Bioprocess

3.Hemmerick

Influence of culture
conditions on the
productivity and lutein
content of the new
strain Scenedesmus

almeriensiss

Production of Lutein use

for
- a food coolant

- additive

Sanchez et al.,
2008

Chaetoceros

calcitrans

-Airlift bioreactor
-Bubble column
170 L

- Temperature =30°C

-usg =3cms?

-Light intensity =350 uE m2 s
- Medium: modified standard
F/2

Enhanced productivity
in airlift

photobioreactors

Feed for shrimp larvae

Krichnavaruk
et al., 2007

Spirulina

platensis

Tubular
photobioreactor
55L

- Temperature = 30 °C
- Light intensity 120 pE'm?s*

- Medium: medium of Schlosser

Cultivation of Spirulina
platensis in a
combinedairlift-tubular

reactor system

-Nutritional Content

-valuable biochemical

Converti et
al., 2006

67
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Algae Type of reactor Conditions Cell or Biomass Biomass 1] Applications References
Volume (L) conc. conc. Remark
x10%(cells mL?) QLY (day™)
Haematococcus -Airlift bioreactor - Temperature = 27+1 °C 79.5 - 0.45 Photoautotrophic One of the best sources of Kaewpintong
pluvialis -Bubble column -usg =0.4 cms* 42.0 0.36 high-density cultivation  red secondary carotenoid et al., 2006
3L - light: dark = 12:12 of vegetative cells of astaxanthin, used as
- Light intensity=20 uE m? s Haematococcus - a pigmentation
- Medium: F1 pluvialis in airlift - additive
bioreactor - nutraceutical food
Chaetoceros -Airlift bioreactor - Temperature =30°C 888 - 1.78 Optimal growth Feed for shrimp larvae Krichnavarak
calcitrans -Bubble column - initial cell concentration = 588 0.91 conditions and the et al., 2005
17L 5x10° cell mL™ cultivation of
- Ag/A = 2.63 Chaetoceros calcitrans
-usg =3cms? in airlift
-Light intensity = 130 pE m?s* photobioreactor
- Medium: modified standard
F/2
Phaeodactylum -Airlift bioreactor - Temperature =22 °C - - 2.16 Growth and Produced as essential Mirén et al.,
tricornutum -Bubble column -usg =3cms* 1.92 hiochemical aquaculture feed for 2002

20L

-Light intensity =230 HE m2 s
- Medium: Modified Ukeles

medium

characterization of
microalgal biomass
produced in bubble
column and airlift
photobioreactors:
studies in fed-batch

culture

shellfish and fish juveniles.

0¢



CHAPTER I11

MATERIALS AND METHODS

3.1 Experimental Set up

3.1.1 Bubble column system

The growth of Entomoneis sp. was investigated in the bubble column with the
setup as detailed in"Mongkolsit (2008). This system was a 2.5 L clear acrylic plastic
bubble column with.a diameter of 9.4 cm and height of 60 cm (see Fig. 3.1 for a
schematic of the bubble column_photobioreactor). Compressed air was supplied
through a 0.2 um Gelman filter and measured with a flowmeter before entering the
reactor at the bottom. The aeration rate was controlled by adjusting the superficial gas
velocity in the riser at 0.3-2 cm's™. Light was supplied through fluorescent lamp (18
W) located at the side along the length of the column, and was measured by “Digicon
LX-50 lux meter” around the column. This was then converted into p mol photon m™

s using Equation 3.1. The temperature was controlled at 27-32°C.
3.1.2 Flat-plate airlift system

The growth of Entomoneis sp. was investigated in a 17 L flat-plate airlift
photobioreactor in similar fashion with that reported in Issarapayup (2007). The
bioreactor and draft tube were made from clear acrylic plastic with the thickness of 5
and-2 mm, respectively. The bioreactor.was 20.cm wide; 50 cm-high-and 20 cm long.
This made the volume of 17 L. Table 3.1 shows geometric details of such reactor. The
ratio between the downcomer and riser cross section area (Ag/A;) was 0.4. The
schematic diagram of experimental setup in flat-plate airlift photobioreactor-was
shown in Figure 3.2.

The liquid culture in the airlift photobioreactor was agitated by supplying air
bubbles at the bottom of the airlift column through three gas spargers which help

distribute gas bubbles within the contactor. Air from an air compressor was metered
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through a flowmeter, sterilized with a 0.20 um Gelman filter, and passed into the
culture at the bottom of the reactor. The aeration rate was controlled by adjusting the
superficial gas velocity in the riser at 0.5 cm s™. Light for the airlift photobioreactor
was supplied from the vertical 18 W fluorescent lamps during the night time and
during the day time was supplied by sunlight. The light intensity from fluorescent
light was about 43 wmol photon m? s (measured-by “Digicon LX-50 lux meter”
around the column). The temperature was controlled in an evaporative room at
27+2°C.

3.2 Experimental Methods

3.2.1 Concentrated seawater preparation

Concentrated seawater used in this investigation is obtained from salt farms
with the original concentration of around 100-120 ppt (parts per thousand). Seawater
is prepared step by step as follows:

1. Dilute the concentrated seawater to 30 ppt with tap water

2. Disinfect the seawater with 50 ppm (parts per million) of chlorine (as sodium
hypochloride)

3. Sparge air through the sea water for 2-3 h to remove residual chlorine in
seawater. (adding sodium thiosulfate to neutralize chlorine-if aeration cannot
eliminate the-chlorine) Check with potassium iodide whether chlorine is exhausted,

seawater will turn yellow if the remaining chlorine reacts with potassium iodide.
3.2.2 Preparation of culture medium

Standard F/2(Guillard’s) medium, modified F/2 (F/2M), WC medium, Chu’s
freshwater medium, and Walne medium are prepared according to the composition as
shown in Tables.3.1-3.5.
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3.2.3 Preparation of stock culture

1. Select inoculums of diatom, Entomoneis sp. from the Center of Excellence
form Marine Biotechnology. Faculty of science, Chulalongkorn University, Thailand

2. Inoculate cells into 50 mL Erlenmeyer flask with the sterilize (in autoclave at
121 °C for 20 min) culture medium, and then'scale up into 250 mL Erlenmeyer flask

3. Inoculate cells from the flask into 2000 mLvessel and supply continuous
aeration, temperature control-at 27-30°C and, light intensity of 20 umol photon m? s™

to the surface of the culture vessel.
3.2.4 Bubble column photobioreactor culture systems

1. Setup the bioreactor as deseribed in Section 3.1.1

2. Sterilize Bubble column and the seawater with 50 ppm chlorine (as sodium
hypochloride). Sparge air through the porous sparger at the bottom of the column for
about 1 day, check residual chlorine in seawater by adding potassium iodide in
seawater if chlorine is not exhausted, seawater is turned yellow

3. Fill in the column’ with sterilized culture medium together with the pure
culture with initial cell concentration 1x10*cellsmL ™, adjust the total volume to 2.5 L

4. Cover the column with a plastic funnel to minimize airborne contamination

5. Supply sterilized compressed air (sterilized with a 0.2 um Gelman autoclave
filter) through a porous sparger and adjusts the superficial gas velocity to 0.3-2.0
cmst

6. Supply both sides of column with 18 W fluorescent light bulbs, placed along
the column height. (6,000 — 20,000 luxes.or 81-270 pmol photon m?s™) as.shown in
Figure 3.1

7. Take samples daily and count for the cell density using Haemacytometer
(mentioned in Section 3.3.2) and measure the concentration of nutrient content in the
medium (see Appendix A)

8. Calculate the specific growth rate using Equation 3.3, the productivity using
Equation 3.4 and the specific productivity using Equation 3.6.
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3.2.5 Feeding strategy experiment

1. Follow Steps 1-4 in Section 3.2.4

2. Periodically replenish silicon and/ar phosphorus and/or nitrogen in the F/2M
medium (the frequency of the replenishment will be determined from this experiment)

3. Take samples and count for the cell density using Haemacytometer
(mentioned in Section 3.3.2) and measure the concentration of each nutrient content in
the medium on a-daily basis until stationary phase (see Appendix A for the detail of
measurement)

4. Calculate the specific growth rate using Equation 3.3, the productivity using
Equation 3.4, and the specific productivity using Equation 3.5.

3.2.6 Cultivation with air/CO, mixture in 2.5 L bubble column

1. Follow Steps 1-4 in Section 3.2.4

2. Sparge a mixture of air and CO, through the reactor bottom at superficial gas
velocity at 0.5 cm s™ and adjust the flow rate of CO, at 2% v/v

3. Supply both sides of column with fluorescent light bulbs, placed along the
column height (20,000 luxes or 270 umol photonm?s™)

4. Take samples daily and count for the cell density using Haemacytometer
(mentioned in-Section 3.3.2)

5. Calculate the specific growth rate using Equation 3.3, the productivity using
Equation 3.4 and the specific productivity using Equation 3.5.

3.2.7 Flat-plate.airlift photobioreactor culture systems

1. Setup the airlift system according to the description in Section 3.1.2

2. Sterilize airlift bioreactor and the seawater with 50 ppm chlorine (as sodium
hypochloride). Sparge air.through the porous sparger at the bottom of the column for
about 1 day, check for residual chlorine in seawater.

3. Fill in the column with sterilized fresh medium together with the pure culture
with initial cell concentrations of 1x10* and 10x10* cells mL™ in batch and semi-

continuous mode, adjust the total volume to 17 L
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4. For cultivation with air/CO, mixture, sparge a mixture of air and CO, through
the reactor bottom at superficial gas velocity of 0.5 cm s and adjust the flow rate of
COatl,3,5and 7% viv

5. Cover the column with a plastic funnel to. minimize airborne contamination

6. Supply sterilized compressed air (sterilized with a 0.2 um Gelman autoclave
filter) through a porous sparger and adjust the superficial gas velocity to 0.5 cm s™

7. Expose the culture with sunlight during the day time and fluorescent light
during the night. (The light intensity from fluorescent light was about 43 umol photon
m?s?)

8. Take samples daily and count for the cell density using Haemacytometer

9. Calculate the specific growth rate using Equation 3.3, the productivity using
Equation 3.4 and the specific productivity using Equation 3.5.

3.3 Analyses
3.3.1 Determination of light intensity
The light intensity (measured by “Digicon LX-50 lux meter”) can be
calculated from Equation 3.1 as follows:

= (3.1)

where
|
E

light intensity (umol photon m?s™)
light intensity (lux)

3.3.2 Determination of cell concentration

The cell concentration can be determined using a normal blood cell counting
slide, Haemacytometer. The depth of the counting grid and the medium area are 0.1
mm and 1 mm?, respectively. The cell concentration can be determined as follows:

1. Clean the counting slide and cover glass

2. Fill the slide with sample
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3. Cover the slide with cover glass, avoid the presence of bubbles
4. Count the cell in 9 medium squares on the grid

5. Calculate the cells number, using Equation 3.2:

N = g x 10* (3.2)
where
N > cells concentration (cells mL™)
n = number of cells on 9 squares in upper or lower grid

(cells)
3.3.3 Determination of specific growth rate

The specific growth rate can be calculated from Equation 3.3 as follows:
i In(Nz) 1 In(Nl)

et (3.3)
where
H = specific growth rate (h™)
N1 = cells concentration at t; (cells mL™)
Ny = cells concentration at t, (cells mL™)
t = first sampling time (h)
to = second sampling time (h)

3.3.4  Determination of productivity

The productivity of the diatom was calculated from Equation 3.4 as fallows:

For batch and semi-continuous cultivation:

o Nam N, ¢ Vox1000 (3)
t,-t, | 3600
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where
P = productivity (cells s
N = cells concentration at t; (cells mL™)
N, = cells concentration at t, (cells mL™)
ty = first sampling time (h)
t - second sampling time (h)
\Y = harvest volume (L)

3.3.5 Determination of specific productivity

The specific productivity for the cultivation of the diatom in the photobioreactor

can be calculated from Equation 3.5:

=

SP = 7 (3.5)
where
SPF = specific productivity (cells L* s™)
P 7 productivity (cells s™*)

harvest volume (L)
3.3.6 Determination of remaining chlorine in the solution

The remaining chlorine in the solution is determined by adding a small amount
of potassium iodide into the solution. Should the color of the mixture turn to yellow,
there is still chlorine remaining in the solution in the level that is harmful for the

diatom.
3.3.7 Determination of salinity

The_ salinity of the seawater was determined by using a.“Refractometer”. The

salinity of the saline water should be adjusted to 30 ppt (parts per thousand).
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3.3.8 Nutrient Analysis

Procedure of measurement (see Appendix A for the detail)

1. Determination of reactive silicate (modified from Strickland and Parson,
1972)
- Add 0.5 ml of Sample to 0.2 ml of molybdate solution, mix for 10 min
- Add 0.3mlof reducing agent, allow 2- "3 hr-for reaction time
- Measure the solution-by Spectrophotometer at wavelength of 810 nm
2. Determination of reactive phasphate (modified from Strickland and Parson,
1972)
- Add 0.1 ml of mixed reagent in 1 ml sample, allow 10 min for reaction
time. Measure by Spectrophotometer at wavelength of 885 nm
3. Determination of Nitrate by Screening method (APHA, 1998)
- Measure the sample by Spectrophotometer at a wavelength of 220 nm to
obtain NOs reading and a wavelength of 275 nm to determine interference

due to dissolved organic matter.
3.3.9 The calculation of conversion of CO, by Entomoneis sp.

The conversion of CO, by Entomoneis sp. can be calculated from Equation 3.6

CO, uptake to cell mass

Conversion = 100 (3.6)

mass of CO,feed into reactor

Note: see Appendix B for detail and example of the calculation of conversion of CO,

by Entomoneis sp.
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Table 3.1 Geometric details of flat-plate airlift photobioreactor

Symbol 17 L Flat plate
volume (L) 17
Column height (cm) Hr 50
Column length (cm) Lr 20
Column width (cm) Wr 20
Draft tube height (cm) H, 30
Bottom clearance (cm) Hs 10

Table 3.2 Composition of modified standard F/2 (Guillard’s)

(modified from Smith et al., 1993)

Nutrient Final concentration
(mg L™ seawater)

NaNO; 75
NaH2P04.H20 10
Na28i03.9H20 60

Trace
CoCl,.6H,0O 0.01
CuS04.5H,0 0.01
MnCI2.4H20 0.18
Na,Mo004.2H,0 0.006
ZnS04.7H,0 0.022
Na,EDTA 4.36
FEC|3.6H20 3.15

Vitamins
Thiamin HCI 01
Biotin 0.0005
B1o 0.0005




Table 3.3 Composition of standard F/2 (Guillard, 1975)

Nutrient

Final concentration
(mg L™ seawater)

NaNO3
NaH2P04.H20
Nazsi03.9H20

Trace (1 ml)
COC|2.6H20
CuS04.5H,0
MnCI2.4HzO
NazM00,4.2H,0
ZnSQ047H,0
Na;EDTA
FeCl3.6H,0

Vitamin (1 ml)
Thiamin HCI
Biotin
B

75
5
30

0.01
0.01
0.18
0.006
0.022
4.36
3.15

0.1
0.0005
0.0005

Table 3.4 Composition of “WC” medium (Guillard & Lorenzen,1972)

Nutrient Final concentration
(mg L™ seawater)
CaCl,.2 H,O 36.76
MgSQ4.7 H,O 36.97
NaHCO3 12.60
NaNO3 85.01
KoHPO, 8.71
Na28i03.9H20 28.42
Trace (L ml)
CoCl,.6H,0 0.01
CuS0,.5H,0 0.01
MnCI2.4HZO 0.18
Na:Mo00,4.2H,0 0.006
ZnS0,4.7H,0 0.022
Na,EDTA 4.36
FEC|3.6H20 8.5
HsBO3 1.0
Vitamins (1 ml)
Thiamin HCI 0.1
Biotin 0.0005
B, 0.0005

30



Table 3.5 Composition of Chu’s medium (Bold & Wynne, 1978)

Nutrient Final concentration
(mg L™ seawater)

CaCl,.2 H,0 36.70
MgSQ,.7 H,O 36.90
NaHCO; 12.60
NaNOs 85.00
KoHPO, 8.70
Na,Si03.9H,0 28.40
Citricacid % 5 7)
Ferric citrate )

Trace (1 ml)
CoCl,.6H,0 20
CuS0O,4.5H,0 19.6
MnCl,.4H,0 36
Na,Mo004.2H,0 12.6
ZnS04.7H,0 44
Na,EDTA 50
H3BO3 618

Table 3.6 Composition of Walne medium (modified from Laing, 1991)

Nutrient Final concentration
(mg L seawater)

Nutrient solution (1 ml)

MnCl,.4H,0 0.36
FeCl3.6H20 1.30
HsBO3 33.60
EDTA (disodium salt) 45
NaH;_PO4.2H20 20
NaNO; 200
Na,Si03.9H,0 40
Trace metal solution (1 ml)
ZnS0O, 21
(NH4)6M070244H20 9
COC|2.6H20 20
CuS0O4.5H,0 20
Concentrated HCI 10ml
Vitamins
Thiamin HCI 1

Biotin 0.002
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Figure 3.1 The schematic diagram of experimental setup for cultivation of
Entomoneis sp. in bubble column.
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Figure 3.2 Experimental setup for cultivation of Entomoneis sp. in bubble column.
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Figure 3.4 Experimental setup drawing for cultivation of Entomoneis sp. in flat-plate

airlift photobioreactor.
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Figure 3.5 Experimental setup for the cultivation of Entomoneis sp. in 17 L flat-plate

airlift Photobioreactor



CHAPTER IV
RESULTS AND DISCUSSION

4.1 Growth of Entomoneis sp. in different culture media

Five different recipes of media were examined for their effectiveness in the
cultivation of Entomoneis.sp.-These include: standard F/2 (Guillard’s) medium,
modified F/2 (F/2M), WC medium, Chu’s freshwater medium, and Walne medium.
The experiments were tested in the reactor system running at a light intensity of 81
umol photons*m™ s™: and" superficial velacity" (Usg) of 0.5 em s™, temperature of
30+2°C. All experiments in this section were run in batch mode. Figure 4.1 illustrates
that F/2M and WC were the two mast effective media for this particular strain. Table
4.1 demonstrates that the maximum cell concentrations were 11 x10* cell mL™ for
F/2M and 10.5 x 10*cell mL* for WC with specific growth rates of 0.30 d™ and 0.32
d*, respectively. In both cases, cells took. approximately 6 days to reach their
stationary stage. The F/2M-medium was finally selected due to its ease of handling
and preparation, and economical reasons. Table 4.2 displays the comparison between

the two media in terms of cost.
4.2 Super-rich nutrient for enhanced growth

4.2.1 Preliminary assessment

The experiments-of super-rich nutrient for the growth of Entomoneis sp. were
tested in 2.5 L bubble column phetobioreactor system running at a light intensity of
81 umol photons m™s™ and superficial velocity (usgg) of 0.5 cm s, and with high
concentrations of major components such as silicon (Si),.nitrogen (N) and phosphorus
(P). The F/2M medium was selected as a starting medium for this cultivation. All
experiments in this section were run in batch mode.

Time profiles of the nutrient concentrations during the growth of the diatom
were monitored and reported in Figure 4.2. During the initial lag phase where very

slow growth was observed, nutrients concentration remained at the concentration
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level in F/2M medium. Once cells entered the exponential phase, all nutrients were
being consumed quite quickly. Si concentration seemed to be consumed significantly
and the level of Si in the medium went down to almost zero (at the beginning of Day
3). The reason for the significant uptake of Si could be that Si is an important
constituent in cell wall, and it is definitely needed for cell division, and this is why a
significant reduction-in.the concentration of Si-was observed. Furthermore, P was also
being consumed quite rapidly-and the level of P.went down to zero at Day 8. It could
be that cells accumulated energy  during the growth in the form of adenosine
triphosphate (ATP) which required the uptake of P. N is one important element for
protein synthesis.and is conventionally supplied to the culture in nitrate form.
Nevertheless, N was still left in the medium at a reasonably high content.

As a preliminary assessment, the results in this section led to the conclusion
that Si and P might be rate limiting factors for the growth of Entomoneis sp. This

issue is discussed further in the next section.
4.2.2 Effect of silicon concentration and feeding strategy

Silicon (Si) is one of the main constituents of the diatom shell and needed in
the cell-wall formation. In addition, St is required for the synthesis of DNA, protein,
and chlorophyll halts (Lesley et al., 1997). It is generally known that the assimilation
of Si into cell is directly connected with the formation of new cell wall, therefore
there was a definite low concentration of Si below which a population could not
survive. Figure 4.3 presents the results of Si consumption by Entomoneis sp. coupled
with microalgal cell growth. It was found that Si was consumed upto a certain level
and the cell growth seemed to level off after.that. Si concentration at Day 3 (0-2.2 mg
L™) seemed to have significant influence to the growth as below this level the alga
could hardly grow. Hence, Si at Day 3 was treated as the critical or threshold Si
concentration for which, for_all subsequent experiments, Si concentration ‘was
maintained such that it did not fall below this critical level. The effects of Si feed
concentration and feeding schedule on microalgal growth were investigated in batch

cultivation, see Table 4.3 for detailed information.
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Figure 4.3a illustrates that the maximum cell concentration of the culture
without the addition of Si (typical Si in modified F/2) was 11 x10* cells mL™ (specific
growth rate of only 0.30 d*). In Experiments B-1, B-2 and B-3, Si was added into the
medium at Day 3 at various concentrations, i.e. 4.8, 6.7 and 13.7 mg (Si) L™,
respectively. Figure 4.3b demonstrates the results from the adding of Si at 4.8 mg L™
where the growth increased significantly when compared with the growth with F/2M
and a maximum cell concentration of as high as 32x10* cells mL™ could be achieved
at Day 8". Figure 4.3c shows that adding of Si (at 6.7 mg L™) further exerted slight
positive influence for the growth and the attainable maximum cell concentration of
32.75x10” cells mL™ was obtained at Day 7\". However, Figure 4.3d illustrates that a
further increase in Si to 13,7 mg L™ cause a slight drop in the growth where the
maximum cell concentration of 26.5x10* cells mL.™ could only be reached at Day 8"
From the results, the most suitable Si concentration was at 6.7 mg L™ (Experiment
B-2) and this was then used in subsequent batch experiments in this work. In
Experiment B-4, Si was added in excess (30.6 mg L™) into the medium at the
beginning of the run, but no clear positive effect to the growth could be observed as
illustrated in Figure 4.3e. In this case, the maximum cell concentration was 17 x10*
cells mL™,

This study demonstrated that extra amounts of Si, when fed at appropriate
manner, could improve cell growth. A large supply of Si, on the other hand, could
decrease cell growth. The optimal makeup Si concentration was observed at 6.7
mg L™ when added into the medium on Day 3. This concentration yielded the highest
cell concentration and became an optimized supply level of silicon concentration for

the growth this microalga.
4.2.3 Effect of phosphorus concentration

Phosphorus (P)_plays_an important ‘role in_most cell metabolic
activities, and'it Is an important component of cell membrane. P is instrumental in the
storage of energy as adenosine triphosphate (ATP) molecules, Nicotinamide adenine
dinucleotide phosphate (NADPH), etc. Inadequate supply of P could have negative
effect on the growth of the culture (Berg et al., 2002). For this work, the effects of P



40

concentration on the growth of Entomoneis sp. were investigated. Figure 4.4 shows
the results of P consumption by Entomoneis sp. Note that, in this Figure, 1XP means
the case with typical P concentration (in F/2M), 2xP is the case where F/2M was
prepared with P at double concentration and 3xP.is when F/2M was prepared with P
at 3 times original concentration. It was found that P in the medium was totally taken
up at Day 8, whereas-using media with 2x and 3x.coneentrations, P still remained in
the medium. Figure 4.5 presents the results of the effects of P concentration on the
growth of Entomoneis sp.-The results indicated surprisingly that although P (1x) was
depleted, Entomoeneis sp: could still grow continually. This could be because when
phosphorus in the'medium was depleted, phosphorus accumulated in the cells was
transformed, released and transferred to the new generation. Cells should therefore
continue to grow but with the minimum-energy storage mechanism (Nelson et al.,
1979). The maximum cell concentrations obtained from the media with 1x, 2x and 3x
of P were comparable at 32.75, 33.26 and 34.26 x10” cells mL™, respectively. For this
reason, the nutrient used In the cultivation of this alga was still maintained at 1x P

content.
4.2.4 Effect of nitrogen concentration

Nitrogen (N) is essential for the microbial growth and the availability of N is
often one of the major factors influencing the growth and chemical composition of the
algae as inadequate N could lead to a rapid reduction in photosynthetic performance.
The following description is based on the cultivation in the F/2M medium. Figure 4.6
illustrates that the maximum cell concentration_of 32.75x10* cells mL™ could be
reached ;at Day 7 whereas ‘N remained in the F/2M (3.09 'mg L. The results
indicated that N seemed to remain adequately in the medium even after the
experiment. Therefore it was concluded at this point that the nutrient used in the
cultivation should still be maintained at original N content.
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4.2.5 Analysis of nutrient requirements

4.2.5.1 Analysis of Si requirement

Analysis for the yield of cell with.Si or Yx;s; is as follows:
AX

Yy/si =g e (42)
where X cell concentration (mg cell L™
Si™ Si concentration (mg Si L™

The culture'with the F/2M medium with various feeding Si concentrations
(based on the resultin Section 4.2.2) gave the yields: as displayed in Table 4.4.
This reveals_that cellular yield on Si was not constant but depends on Si

concentration.

4.2.,5.2 Analysis of Phosphorus requirement

Analysis for the yield of cell with phosphorus or Yxs is as follows:

Ax
where X cell concentration (g cell L™)
P phosphorus concentration (g P L™)

This yield is reported in Table 4.5, and the results, illustrated very
clearly that Y xp decreased significantly with P. This suggested that increasing P could
adversely affect the growth. This suggested that increasing P could adversely affect
the growth.

4.2.5.3 Analysis of Nitrogen requirement

The results from Section 4.2.4 'indicate that1x N content at original in
F/2M medium was adequately maintained for the cultivation of this alga. Analysis_ for

the yield of cell with N or Yx is as follows

AX
YX/N — E ..... (43)
where X cell concentration (g cell L)
N nitrogen concentration (g N L™)

and in this case, Yxn = 56.7 g cell/g N.
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4.3 Effect of aeration rate

The effect of aeration rate on the growth of Entomoneis sp. was investigated
using 2.5 L bubble column photobioreactor at the light intensity of 81 umol photons
m? s, The aeration rate-(which was measured interms of superficial gas velocity,
Usg) Was varied in the range of 0.3 to 2 cm s*. The resulting best growth performances
are compared in Figure 4.7 where Table 4.6 shows the results on the maximum cell
concentration, specific growth rate and specific. productivity. The maximum cell
concentration (32.75x10%cell'mL™) occurred at the aeration rate of 0.5 cm s™ above
and below which the growth rate dropped.

It was observed that aeration rate at low speed (usg < 0.5 cm s1) led to a small
cell density and specific growth rate (18.47x10* cell mL™ and 0.30 d*, respectively).
This could be due to an inadequate level of circulation in the system. In bubble
column systems, aeration induced mixing, liquid circulation and mass transfer
between gas and liquid phases in the systems (Krichnavaruk and Pavasant, 2002) and
therefore increasing aeration could result in a better mixing in the system (Xu et al.,
2002) which then imposed. positive effect on the growth. This was obvious as when
Usg increased to 0.5 cm s™, an increase in both cell concentration and specific growth
rate to 32.75x10* cell mL™ and 0.43 d™* could be observed. However, increasing the
aeration rate further to usg = 1 cm st although the growth rate seemed to be relatively
high, the maximum cell concentration tended to decrease to 30.87x10* cell mL™.
A further increase in Usy to 2 cm s* induced quite a number of negative effects on
growth, where“the maximum cell concentration attainable went down to only
26.94x10* cell mL™.“This might be due to the excessive shear force induced at high
aeration. This indicated that the cell of Entomoneis sp. was highly shear sensitive and
even the shear caused by aeration could deteriorate the growth. This explanation was
supported by several past reports. For instance, Gudin.and Chaumont (1991).stated
that the key problem in the cultivation of microalgae in photobioreactors was cell
damage due to shear stress. Hata et al. (2001) illustrated that the culture of the algae
cell in exponential growth phase required a low liquid velocity due to its fragility.
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In conclusion, Entomoneis did not seem to exhibit different growth pattern at
aeration rates, Usg, of 0.5 and 1 cm s and therefore ugy of 0.5 cm s was, from

economical point of view, selected for subsequent experiments.
4.4 Growth under different light conditions

4.4.1 Growth of Entomoneis sp. under fluorescent lamp

The effect of light-intensities on the growth of Entomoneis sp. was
investigated using 2.5 L-"bubble column photobioreactor at the aeration rate of 0.5 cm
s™. The light source from fluorescent lamp was varied to give light intensities in the
range of 81 to 270 wmol photons m* s, The resulting best growth could be achieved
performances as illustrated in Figure 4.8 where Table 4.7 illustrates that the maximum
cell concentration  and specific growth rate (41.29x10* cell mL* 0.474 d*
respectively) oceurred at light intensity of 270. umol photons m? s™. Note that the
light intensity of 270 umol photons m™ s™* was the upper limit that could be achieved
in the existing laboratory.

As micro-algae photosynthesize, they assimilate inorganic carbon into organic
matter. Light is the source of energy which drives this reaction and thus plays an
important role for the growth of this cell. It seemed that an increase in light intensity
from 81 to 135 and 270 umol photons m s™ helped induce photosynthesis resulting
in a continuous increase in maximum cell concentration, i.e. the maximum cell
concentration at the three light intensities were 32.75x10* at Day 7, 33.33x10" at Day
6, and 41.29x10* cell mL™ at Day 6, respectively.

4.4.2 Growth of Entomaneis sp. under sunlight

Section 4.4.1 illustrates clearly that Entomoneis sp. grew better at high light
intensity (270 wmol photons m2.s™), and therefore.it is interesting to see.if the.culture
could withstand the outdoor, extremely high light intensity (e.g. more than 1,000
umol photons m? s at noon). The effect of light intensities on the growth of

Entomoneis sp. under sunlight was investigated using 2.5 L bubble column



44

photobioreactor at the aeration rate of 0.5 cm s™. The resulting growth performances
are compared in Figure 4.9.

Experimental results demonstrate that the cultivation under sunlight decreased
the growth. The maximum cell concentration was small, equal to 27.5x10* cell mL™
on Day 8. This could be explained as the cultivation under Sunlight means that the
culture was only exposed to light during the day time,and the light inadequacy during
the night time could lower the cell growth. —Indeed, In nature, the light regime is
discontinuous and the intensity varies daily. Literature indicates that, depending on
the species of .microalgae, growth can be controlled by the photoperiod (Paasche,
1967, 1968; Foy et al., 1976; Loogman et al., 1980). However, the use continuous
light was still reported to allow for an increase in the final concentration (Janssen et
al., 2000; Meseck et al., 2005). Another possible reason is that the cultivation under
sunlight could result in the culture being exposed to an extremely high light intensity
(500-1,000 pmol‘photon m s™*) when compared to the condition in the indoor system
(270 umol photon m™® s%). This adverse influence to the algal growth at high light
intensity was called photo-inhibition which occurs due to the damage mechanism of
the photosystem Il (PS II) D1 protein where the over-saturation of light caused
damages to the PS 1l D1 protein that carried the binding sites for the electron carrier
(Sukenik et al., 1987; Davison., 1991; Vymazal., 1994, Grima et al., 1996). The
temperature could also be an important parameter affecting the growth. The optimal
temperature for the growth of cell microalga was also reported.to be in the range of
25-30°C (Converti et al., 2009), however, in this experiment, the cultivation under
sunlight raised the temperature upto about 39-40°C at noon, and could adversely
affect.the growth. Exact reasons on the effect of sunlight on Entomoneis sp. still need
further verification. Nevertheless, the cultivation under sunlight could save energy
and therefore the cooling system might be required to prevent the overshoot of

temperature.
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4.5 Cultivation in flat-plate airlift photobioreactor

4.5.1 Batch cultivation mode

In this section, the  cultivation /in-"the large scale flat-plate airlift
photobioreactor was investigated using 17 L flat-plate airlift photobioreactor with
Ag/A, = 0.4 with an initial cell density of 1x10* cells- mL™. The cultivation was
exposed to sunlight-during the day time and fluorescent light during the night. The
light intensity from fluorescent light was about 43 umol photon m?s™. The aeration
was supplied at usg 0f0.5 em s™ and the temperature was controlled in an evaporative
room at 27+2°C. The use of evaporative room was selected to save the energy during
the cultivation and to ensure that the cultivation was performed in the condition close
to the actual one in industrial scale. The resulting best growth performances in 17 flat-
plate airlift and 2.5 L bubble column photobioreactor at the same batch mode
condition are compared in Figure 4.10.

The cell concentration of Entomoneis sp. in 2,5 L bubble column was
28.8x10% cell mL™ on Day 7 with specific growth rate of 0.45 d, whereas the
cultivation in 17L flat plate airlift provided the cell concentration of 31.05x10* cell
mL™ on Day 6 and the growth rate of 0.51 d™*. Although airlift employed in this work
had a larger size than the bubble column, the final cell concentration was higher and
cell growth is higher, than the bubble column at smaller scale. This was because airlift
system contains a draft tube or flat-plate which improves circulation and oxygen
transfer and equalizes shear forces in the reactor. The liquid-circulation facilitates the
uplift of the cells'whieh could form aggregation at the bottom of the column. This
results in cells being well circulated in the system, and being better exposed to light
and nutrient. It can then be concluded that the airlift outperformed bubble column for

the cultivation of Entomoneis sp.
4.5.2 'Semi-continuous cultivation made

Semi-continuous cultivation was operated at best conditions as examined in
Section 4.5.1, i.e. Ag/Ar = 0.4 under sunlight during the day time and fluorescent light
during the night. The light intensity from fluorescent light was about 43 umol photon
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m?s™. The temperature was controlled in an evaporative room at 27+2°C and the
aeration was supplied at usg of 0.5 cm s™. The initial cell density was set at 10x10*
cells mL™ until it reached the desired, maximum cell concentration typically in 2-3
days. Once the desire concentration was reached, the culture was harvested by
replacing the old culture with fresh culture. The harvesting volume was calculated
such that the initial-cell concentration became 10x10* cells mL™. This harvesting
cycle was repeated five times. Semi-continuous cultivation helped maintain the Si
concentration and there was noe need to periodically add Si as suggested for the batch
culture. The harvest re-occurred at an approximately 3-day interval. The culture was
then left to grow, and the next harvest was performed. when the target cell
concentration was reached again.

This section demonstrates-that the cultivation of Entomoneis sp. could be
achieved successfully in a semi-batch mode with the maximum cell concentration was
37.49x10" cell mL™ (average from five times of repeated harvesting cycle). The

results on the growth from each cycle are shown'in Figure 4.11.
4.6 Effect of CO, 0on growth of Entomeneis sp.

4.6.1 Cultivation in 2.5 L bubble column photobioreactor

The -effect of CO, concentration on the growth of Entomoneis sp. was
preliminary -investigated in the 2.5 L bubble column photobioreactor as batch
cultivation with the initial cell density of 1x10* cells mL™ under continuous
fluorescent lighting at 270 umol photon m?s™. The culture was aerated at Usg OF 0.5
cm.st with a mixture-of air. and CO, at 2% by volume. The CO, fixation-was related
directly to _cell density.as cells need carbon for their growth and the only source of
carbon in this system was from CO,. Hence, it was expected that the culture aerated
with CO, which was enriched with'more carbon source should exert positive effect to
cell growth rate. Figure 4.12 indicates clearly that Entomoneis sp. grew better.in the
system with 2% CO,. The maximum cell concentration of 52.27x10* cells mL* and
0.50 d* in specific growth rate were relatively high when compared with the results

from the cultivation without CO, (max. cell = 41.29x10" cells mL™, sp. growth rate =
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0.48 d™). This finding agrees well with literature where the addition of CO. at 2%

could increase the maximum cell density on the growth (Chiu et al., 2008 and 2009).
4.6.2 Cultivation in 17 L flat-plate airlift photobioreactor

In this section, the effect of CO, concentration on the growth of Entomoneis
sp. was further investigated in the large scale 17 L flat-plate airlift photobioreactor
with Ag/A; = 0.4, operating in_a semi-continuous mode with an initial cell density of
10x10* cells mL™ under sunlight during the day time and fluorescent light during the
night. The light intensity from fluorescent light was about 43 pmol photon m?s™. The
temperature was controlled at 2742°C, and the aeration was supplied at usy of 0.5 cm
s, The aeration was mixed with CO at 1, 3, 5, and 7% by volume. The cultures were
harvested at a 3-day interval and this was repeated 2 times. The results are illustrated
in Figure 4.13 where the best growth occurred at 5% CO, with the maximum cell
concentration and specific growth rate of 53.89x10° cell mL™ and 0.68 d*,
respectively. The next best growth with cell concentration of 52x10*, 42.5x10* and
39.92x10* cell mL™ oceurred at CO, of 3%, 1%, and 7%, respectively.

The evaluation of CO; utilization by Entomoneis sp. is illustrated in Table
4.5. The results indicated that, for the 17 L flat-plate airlift photobioreactor, cells
consumed about 8.3, 11.2, 11.5 and 8.3 g CO; in the culture aerated with 1, 3, 5 and
7% CO,, respectively. These were equivalent to the CO; conversion of 95, 43.1, 26.6,
and 13.6% (Note : the calculation of total CO; inlet, CO, ultilization and CO,
conversion are provided in Appendix B). This reveals that, with the conditions used in
this work, only wvery limited quantity of CO,. could be utilized, and more CO,
conversion was abtained at low CQ3 content in the air feed (at 1% CO,, CO;
conversion-equals 95%). Based on the result from Table 4.8 could be concluded as
follows,

1) at low CO, throughput, high conversion could be achieved but still not enough

CO, was supplied,

2) at higher CO, throughput, higher CO, was being converted to cell but the CO,

conversion was low,



48

3) at very high CO, throughput, pH could play a significant role in limiting the
growth.

4.7 Economic evaluation on the cultivation of Entomoneis sp.

This section describes the economical analysis of the various systems for the
cultivation of Entomonelis sp., i.e. 17 L flat plate airlift system in batch and semi-
continuous modes and-2.5 L bubble column in batch-mode. Table 4.9 indicates that
the operation of the 27L flat plate airlift as semi-continuous mode was the most
attractive for the cultivation of Entomoneis sp. The operating cost for the production
of 1 kg (dry cell) was approximately 1,278 THB which was the lowest when
compared to any other investigated systems. It should be noted that the cultivation of
Entomoneis sp."in the 17 L flat plate airlift photobioreactor was conducted with the
most suitable operating conditions obtained from Sections 4.5 whereas the 2.5L
bubble column was performed with conditions stated in Sections 4.4.1, and this
analysis did not include the installation cost for the equipments, and neither the reuse

of the medium was considered.
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Table 4.1 Influences of different culture media on the growth of Entomoneis sp.

Media Specific Maximum cell Specific productivity
growth rate concentration x102 (g L™ dh)
(dh x10 (cellmL™)
F/2 0.28 57 4.3
FI2M 0.30 1 5.9
WC 0.32 10.5 5.7
Chu’s 0.25 3.9 4.2
Walne 0.20 6.6 8.3
Table 4.2 Cost comparison of F/2M and WC media
FI2M
Nutrient Final conc. Cost Final Conc. Cost
(mg/L) (Bath/ L) (mg/ L) (Bath/ L)
Na,SiOs. 9H,0 60 0.072 28.42 0.034
NaNO; 75 0.05625 85.01 0.064
NaH,PO,.H,0 10 0.0101 - -
K;HPO, - - 8.71 0.007316
CaCl,.2 H,QO - - 36.76 0.022
MgS04.7H,0 - - 36.97 0.024
H3BO3 - - 1.0 0.001
Sum - 0.1385 - 0.1523




Table 4.3 Silicon concentration and feeding schedule
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Batch Si conc. Day Amount of added Si* Total
(mg L™ (Siaddition) (mg L™ concentration of Si
(mg L)
B-0 Typical 0 13 13
B-1 4.8 0,3,45,6 11.02, 2.54,2.6,2.10, 1.50 22.36
B-2 6.7 73 475 9.50,4.47, 4.24, 3.80 22.01
B-3 13.7 0,3,5 11.52, 10.77,10.60 32.89
B-4 30.60 0 30.60 30.60

* This amountof Si is needed to replenish the consumed Si. By adding this Si, the

concentration of Si will be back to the original level as indicated in the second

column.

Table 4.4 Cellularyield based on Si-component

Experiment Cell conc. (g L™ Si conc. (g Si L™) Yo o = AX
(see in Table 4.2) X/St ™ asi
Initial Final Initial Final

B-0 0.06 0.22 13 0.2 11.7

B-1 0.06 0.55 32.89 6.7 26.8

B-2 0.06 0.57 22.36 4 27

B-3 0.06 0.47 22.01 3.3 15.5

B-4 0.06 0.32 30.57 b 9.9




Table 4.5 Cellular yield based on P-component
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phosphorus Cell conc. (g L™ Phosphorus conc. (g P L™) Y _ AX
content X/P = p
Initial Final Initial Final
1x 0.06 0.53 1.85 0.166 299.8
2X 0.06 0.57 3.85 0.644 160
3X 0.06 0.59 6.15 1.750 120.2
Table 4.6 Effect of aeration on the growth
Usg ) Specific Max. cell'conc. Max. cell mass Specific
(cms growth rate = x10* (cell mL™) (gL Productivity
(d? x10% (gL d™Y
0.3 0.4 18.47 0.37 5.6
0.5 0.43 /i 0.57 7.8
1.0 0.42 30.87 0.55 7.5
2.0 0.42 26.94 0.49 7.6
Table 4.7 Effect of light intensity on the growth
Light intensitg Specific Max. cell conc. Max. cell Specific
21
(umol photons.m™s™) growth rate  x10* (cell mL™) mass Productivity
(d) (gL?) _ x10%(@gL*d"
81 0.43 32.75 0.57 7.8
135 0.46 33.33 0.58 8.6
270 0.48 41.29 0.70 10.7
Sunlight 0.40 27.5 0.50 I -
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Table 4.8 Analysis of CO, utilization by Entomoneis sp. in 17 L flat-plate airlift

photobioreactor

CO, cell . AN TS _ Max. cell Specific
concentration man pH QY Version concentration grOWth rate
(%0) @L?) | ' x10° (cellmLY)  (d)

1 0.71 425 0.59
3 0.85 52 0.65
5 0.87 53.89 0.68

7 0.68 39.92 0.56

AUt IneningIng
ARIANIAUUNIINYIAY
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17 L FP Airlift 17 L FP Airlift 25L
Feasibility Semi- continuous Batch Bubble column
Area (m?) 0.12 0.12 0.015
Reactor Area (m°) 0.04 0.04 0.005
Height (m) 0.5 0.5 0.6
Volume (m°) 0.02 0.02 0.003
growth rate (d%) 0.544 0.591 0.474
Max cell density (cell/mL™) 37.5x10* 31.1x10* 41.3x10*
Dry weight (g L™) 0.645 0.548 0.7
Initial cell density (cell mL?) 10x10° 1x10* 1x10*
Harvesting period (d) 2.43 5.81 7.85
Harvesting volume (m°) 1.47x10 1.94x10 2.94x10°°
Productivity (g dry cell d) 9.45 10.6 2.06
Productivity (g dry cell year?) 2.84x10° 3.18 x10° 6.18 x10?
Nutrient requirements for the cultivation at the target productivity
Nutrient charge (B/kg) 88.7 99.5 90
Electricity requirements
1. Lighting (kWh) 129.6 129.6 648
2. Fan (kWh) 333 333 0
3. Controlling system (kWh) 54 54 0
4. Air pump (KWh) 720 720 720
Total electricity requirements
(kWh) 1236.6 1236.6 1701
Electricity charge (B/kWh) 3 3 3
Total Electricity Charge (B/kg) 1170 1310 5265
Water requirements
1. Nutrient.solution. (L) 1.55.x10° 1.83x10° 1.43x10°
2. Washing activity (L) 4.56x10° 5.7x10? 9.52x10°
Total water consumption (L) 2.01x10° 2.36x10° 2.3810°
Water charge (B/cum.) 10 10 10
Total Water Charge (B/kg) 20 23 23.8
Sea water charge neglect neglect neglect
Harvesting method neglect neglect neglect
Cost to yield cell 1 kg (B/kg) 1278.7 1432.5 5378.8

Note: This analysis focused only on the operating cost for the production of 1 kg of

Entomoneis sp.
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Figure 4.9 Comparisons on the growth of Entomoneis sp. under fluorescent lamp and

sunlight
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Figure 4.10 Growth of Entomoneis sp. in 17 L flat-plate airlift and 2.5 L bubble
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Figure 4.11 Growth-of Entomoneis sp. in 17 L flat-plate airlift in semi-continuous

mode
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Major findings from this work can be summarized as follows:

1. The optimal condition for cultivation of Entomoneis sp. was investigated in 2.5
L bubble column photobioreactor as batch mode. The results revealed the
maximum cell concentration of 32.75x10* cell mL™ and the specific growth
rate of 0.429 d™/ The appropriate nutrient concentrations, light intensities,

aeration rate were identified and summarized below:

Parameter Optimal condition

Nutrient concentration ~ Standard F/2 medium with adding silicon concentrations
(fixed 6.7 mg L™) at Day 3,4 and 5

Light intensity 270 pmol photon m?s™
Aeration rate (in terms 0.5 cms*

of superficial velocity)

2. Entomoneis sp. cultured in a large scale 17 L flat plate airlift photobioreactor as
batch mode with A¢A: = 0.4 was achieved with the maximum cell
concentration of 31.05x10° cell mL™* and the specific growth rate of 0.51 d™*.

3. The semi-continuous culture in large scale 17 L flat plate airlift photobioreactor
was successfully implemented which helped maintain the silicon concentration
in the medium. In this system, there was no needto periodically add silicon as
needed. for the batch culture. The harvest at 3-day interval provided the
maximum cell concentration of 37.49x10* cell mL™ ‘and the specific growth
rate of 0.54 d™.

4. Preliminary investigation of the effect of CO, on the growth of Entomoneis sp.

in bubble column demonstrated clearly that Entomoneis sp. grew better in the
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system with 2% CO.. The attainable maximum cell concentration of 52.27x10*
cells mL™ and the specific growth rate of 0.502 d* were relatively high when
compared with the results from the cultivation without CO, where the
maximum cell density of 32.75x10 cells mL™ and specific growth rate of
0.429 d™* could only be obtained.

5. The highest cell.concentration was maintained with 5% CO, in 17 L flat plate
airlift system where the -maximum cell concentration of 53.89x10* cell mL™

and the specific growth rate of 0.68 d™* could be achieved.
6. Entomoneis sp. could be produced at the cost of approx. 1.07x10° THB/kg dry

biomass

5.2 Contributions

The cultivation of Entomoneis sp. in this work is. generally performed in
bubble columns in batch mode. The result demonstrates that silicon was limiting
factor of the growth of this alga, and a periodic addition of Si could, to some extent,
overcome this limitation.

The result demonstrates also that the airlift system could be use effectively as
a cultivation method for Entomoneis. This Is because airlift systems help improve
medium circulation and oxygen transfer resulting in cells being well circulated in the
system, and being better exposed to light. As a result, the cell growth in flat-plate
airlift grew better than that in the bubble column photobioreactor. Furthermore, the
cultivation of Entomoneis sp. could be achieved successfully in a semi-continuous
mode and this culture help maintain the silicon.concentration and there was no need to
periodically add silicon as'suggested for the batch culture.

The cultivation of Entomonels sp. with addition of CO, might further enhance
the growth of the diatom. This indicates that microalgae can uptake CO, from the

atmosphere and.help.cool.down.the global warming. problem.
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5.3 Recommendation

There are still other aspects of research that should be conducted to enhance
the basic knowledge in the cultivation of Entomoneis sp. and also to complete the

fundamentals on the photobioreactor design. These are:

1. The reuse of medium is strongly suggested to reduce the operating cost
(nutrient cost)

2. The upscale of theflat plate airlift photobiareactor should be more closely
looked at.

3. Utilization of natural sunlight should be given priority to minimize the
electricity cost.

4. Thewse of CO,from the flue gas for the culture of Entomoneis should be
considered. This will not only improve the biomass productivity, but will

help lessen the climate change dilemma.
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Appendix A

Nutrient Analysis

Appendix A-1: Determination-of reactive silicate
(modified from Strickland and Parson, 1972)

Method

A. Calibration
Standard silicate from Concentration of Na,SiFg stock = 14.935 mg Si/ L
(Na,SiFg stock: Dissolved 100 mg of KNO3 in 1000 ml of sea water)
A: Dilute 500 fold of Na,SiFg stock, Concentration =0.02987 mg Si/ L
B: Dilute 250 fold of Na,SiFg stock, Concentration = 0.05974 mg Si/ L
C: Dilute 100 fold of Na,SiFs stock, Concentration =0.14935 mg Si/ L
D: Dilute 50 fold of Na,SiFs stock, Concentration = 0.2987 mg Si/ L
E: Dilute 10 fold of NasSiFs stock, Concentration = 1.4935 mg Si/ L
F: Dilute 5 fold of Na,SiFg stock, Concentration = 2.987 mg Si/ L

B. Reagents

1. ‘Stock molybdate solution: Dissolve 4 g of (NH4)¢Me7024.4H,0 and add
12°ml of HCI 10% in 300 ml of DI water. Store the solution in a plastic
bottle where it is stable indefinitely.

2. Metol-Sulphite solution: Dissolve 6 g of Na,SO3 and add 10 g of Metol (P-
methylaminophenol Sulphate)-in 500 ml of DI water. Filter the solution
with filter paper No.1. Store in a glass battle tightly stopped by a rubber
bung. The solution is stable for many months if no air is allowed to enter
the bottle unnecessarily.

3. Oxalic ‘acid solution: Dissolve 50 g of Oxalic. acid dihydrate
(COOH),.2H,0 in 500 ml of DI water. Store in a glass bottle tightly
stopped by a rubber bung.

4. Sulphuric acid solution: Dissolve 250 mi of 50 % v/v of Sulphuric acid in
500 ml of DI water.
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5. Reducing agent: Mixed 10 ml of Metol with 60 ml of Oxalic acid and
slowly add 60 ml of 50 % v/v of Sulphuric acid in the 300 ml of DI water.

Prepare afresh each day.

C. Blank
1. Add 0.5 mlof DI water to 0.2 ml of molybdate solution keep for 10 min.
2. Add 0.3 ml of reducing agent, allow-2- 3 hr for reaction time.
3. Measure the solution by Spectrophotometer at wavelength of 810 nm (set

blank-equal zero).

D. Procedure
1. Add 0.5 mlof Sample to 0.2 ml of molyhdate solution mix for 10 min
2. Add 0.3 ml of reducing agent, allow 2- 3 hr for reaction time.

3. Measure the solution by Spectrophotometer at wavelength of 810 nm
E. Calculation

Calculate the concentration of silicon (mg Si L™) with standard curve

as shown in Figure A-1

Standard Silicate

© o o o
A O oo

Absorbance (nm)
o
w

.o O
o N

0.0 0.2 04 0.6 0.8 1.0 1.2 14 1.6
Concentration (mg-Si L 1)



Appendix A-2: Determination of nitrate

Screening method

(APHA, 1998)

A. Calibration

Standard Nitrate from-Concentration of KNOs stock = 100 mg NOs-N/ L
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(KNOjs stock: Dissolved.0.7128 g of KNOs in distilled water, Diluted the solution to
1000 ml with distilled water. Store the stock in a dark glass bottle and keep with 1 ml

of Chloroform)

A: Dilute 200 fold of KNOj3 stock, Concentration =0.5 mg NO3-N/ L
B: Dilute 125 fold of KNO3stock, Concentration = 0.8 mg NO3-N/ L
C: Dilute 100 fold of KNO3 stock, Concentration = 1.0 mg NO3-N/ L

D: Dilute
E: Dilute
F: Dilute
G: Dilute
H: Dilute
I: Dilute
J: Dilute

50 fold of KNOj stock, Concentration = 2.0 mg NO3-N/ L
40 fold of KNOj stock, Concentration = 2.5 mg NOs-N/ L
30 fold of KNOj3 stock, Concentration = 3.0 mg NO3-N/ L
25 fold of KNOj stock, Concentration = 4.0 mg NO3-N/ L
20 fold of KNOj3 stock, Concentration = 5.0 mg NO3-N/ L
15 fold of KNOjs stock, Concentration = 8.0 mg NO3-N/ L
10 fold of KNOj stock, Concentration = 10 mg NO3-N/ L

B. Blank: 1 ml of distilled water, Measure by Spectrophotometer at wavelength

of 220 and 275 nm. Set blank equal zero

C. Procedure

Measure the sample by Spectrophotometer at a wavelength of 220 nm

to obtain NO3” reading and a wavelength of 275 nm to determine interference

due todissolved organic matter.

D. Calculation

Calculate the concentration of nitrate (mg NOs-N L™) with standard

curve as shown in Figure A-2
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Standard Nitrate

y =0.337x
R?=0.994

2.5 3.0

AUt IneningIng
QRINNIUANIINYA Y



Method

75

Appendix A-3: Determination of reactive phosphate

(modified from Strickland and Parson, 1972)

A. Calibration

Standard Nitrate from Concentration of KH,PO4 stock = 186 mg PO4-P/ L
(KH,PO4 stock: Dissolved 0.816 g of KH,PO4 in 1000 ml of distilled water. Store the
stock in a dark glass bettle and keep with 1 ml of Chloroform)

A: Concentration =.0.0186 mg PO,-P/ L.

B: Concentration = 0.093 mg PO,-P/ L

C: Concentration = 0.186 mgPO4-P/ L

D: Concentration = 0.372 mg PO4-P/ L

B. Reagents

1.

Stock ~Ammonium .« molybdate solution: Dissolve 15 g of
(NH4)sM07054.4H,0 in 500 ml of distilled water. Store the solution in a
plastic bottle where it is stable indefinitely.

Sulfuric acid solution: Dissolve 15 ml of Sulfuric acid in 500 ml of
distilled water. Store the solution in a glass bottle and keep in refrigerator.
Ascorbic acid solution: Dissolved 27 g of ascorbic acid in 900 ml of
distilled water. Store in a glass or plastic bottle and keep in refrigerator.
Potassium antimonyle tartrate solution: Dissolved 0.34 g of
KNaC4H4Cs.4H,0 in 250 ml of distilled water. Store in a glass or plastic
bottle and keep in refrigerator.

Mixed Reagent: Mix 2 ml of Ammonium molybdate solution, 5 ml of
Sulfuric acid solution, 2 ml of Ascorbic acid solution and 1ml of

Potassium antimonyle tartrate solution. Prepare afresh each day.

C. Blank: Add 0.1 ml of mixed reagent in 1 ml distilled water, allow 10 min for

reaction time. Measure by Spectrophotometer at wavelength of 885 nm. Set

blank equal zero
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. Procedure: Add 0.1 ml of mixed reagent in 1 ml sample, allow 10 min for

reaction time. Measure by Spectrophotometer at wavelength of 885 nm.

. Calculation
Calculate the concentration of phosphorus (mg PO4-P L™) with

standard curveas shown in Figure A-3

Standard Phosphate

R2= 0.993

T

0 0.2 0.4 0.6 0.8
Concentration (mg PO, -P L)
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The calculation of conversion of CO, by Entomoneis sp.

Example case: Cultivation of Entomoneis sp.with air (3% CO,)

Mass of CO, feed into reactor

Conditions: Aeration rate (@) =0.005 m s™*

Area of riser (Ag)=10.00084 m?

Time to input air to reactor (t) =259,200 s

Composition of COsin air (CO, conc.) = 3% = 0. 03 %viv
Molecular weight of CO, (MW CQ,) = 44.g mol™ CO,

The amount of CO, in the input air can be calculated from:

1 mol

=0 X [ X KX X
CO, = Q X area riser X CO, conc.X.t X MW €O, 524 L

m 1 mol
C0, = 0.005 < x 0.00034 m? % 0.03 X 259,200 s X 44 g Co, X T2 AL

= 25.96 gCO,

CO, uptake to cell mass

Conditions: Cell initial (Xo) = 100,000 cell mL™
Cell maximum (Xm) = 520,000 cell mL™

Cell density (Xgensity) = 1.64x10° g cell™
VVolume of reactor (V)= 17 L

Ratio of molecule of cell (CH4Nq.14P0.15S10300.9) per carhon (C) (ratio) =.0.26

Molecular weight of CO, (MW CO,) = 44 g mol™ CO;
Molecular weight of C (MW C) = 12 g mol™ C

The amount of CO; uptake can be calculated from:

(Xon — X0) X Xgensity X V X ratio x MW CO,
MWC

(520,000 — 100,000) x 1.64 x 1072 x 17 L X 1000 X 0.26 X 44
2 =
12

COZ =

L
X 1000—

m3

=11.2g CO,
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