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ABSTRACT

The growth and lipid content of freshwater (Chlorella sp., C. vulgaris

CCAP211/11B, B. braunii FC124, and S. obliquus R8) and marine microalgae (I. galbana 

LB987, N. oculata CCAP849/1, and D. salina) were investigated under different culture 

modes. Enhanced growth was occurred when they were cultivated under heterotrophic or 

mixotrophic conditions compared with photoautotrophic mode. Meanwhile, high lipid 

accumulation in the cells occurred when they were cultivated under photoautotrophic or 

mixotrophic conditions. During mixotrophic cultivation mode, light intensity had an impact 

on freshwater microalgal growth and lipid accumulation. Marine microalgal biomass 

production was not affected significantly by light intensity. However, both chlorophyll 

concentration and lipid content increased dramatically with increasing light intensity under 

mixotrophic culture mode. Additionally, in marine microalagae under photoautotrophic 

culture mode, low nitrogen concentration stimulated lipid production, but a decreasing lipid 

content and an increasing biomass were observed with increasing nitrogen concentration. 

The effects of growth stimulators in oceanic sediment on biomass and lipid 

production of B. braunii LB572 and P. tricornutum B2089 in mixotrophic culture was also 

investigated. With the optimal mixing ratio of culture medium and oceanic sediment extract 

of 6:4 (v/v), specific growth rates of B. braunii LB572 and P. tricornutum B2089 

increased 13.0 and 11.3-fold, respectively. Then, maximum biomass and lipid production of 

B. braunii LB572 was 5.54 and 3.09 g/L, and that of P. tricornutum B2089 was 6.41 and 

3.61 g/L, respectively. Fe3+ and Ca2+ in sediment remarkably promoted biomass and lipid 

production, but Mg2+ did not. Humic acid extracted from sediment increased bioavailability 

of metal ions. Thus, low-cost oceanic sediment can supply sufficient growth stimulators for 

mass production of biomass and lipid in both microalgae.
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Moreover, this study investigated the effect of light regimes on the cell growth, 

lipid accumulation and fatty acid composition of oleaginous microalgae under mixotrophic 

culture mode in a tubular photobioreactor. Biomass production gradually increased with 

increasing light intensity up to 200 µmol photon/m2/s for B. braunii LB572 and 150 µmol 

photon/m2/s for P. tricornutum B2089, respectively, but the lipid content of both microalgae 

tended to increase continuously up to 300 µmol photon/m
2
/s. The effect of photoperiod was 

also similar to that of light intensity. Thus, the optimal photoperiod of the two microalgae 

was 18:6 h/L:D cycle, and the optimal light intensity was 200 µmol photon/m
2
/s for B. 

braunii LB572 and 150 µmol photon/m2/s for P. tricornutum B2089. Fatty acid composition 

in both microalgal cells was changed by the light intensity and photoperiods. The amounts 

of saturated and monounsaturated fatty acids in C16-C18 fatty acids, which were essential 

component for biodiesel, increased with increasing light intensity and duration time, but that 

of polyunsaturated fatty acids gradually decreased. Additionally, for optimization of 

microalgal cell disruption method, the six disruption methods (autoclave, sonication, 

bead-beater, microwave, french-press, and osmotic shock) for efficient lipid extraction of  

B. braunii LB572 and P. tricornutum B2089 were optimized. As a result, microwave 

disruption method was the most effective disruption for lipid extraction in both microalgae. 

The optimum conditions of microwave methods were as follows: microwave oven at 150 

℃ for 20 min with frequency of 1250 W and 2450 MHz.

In addition, biomass and lipid productivity of B. braunii LB572 and P. 

tricornutum B2089 were investigated in the continuous or repeated-batch culture under 

optimum light regimes. After cells of the two microalgae were cultured in the 12 L 

tubular-type photobioreactor (working volume 10 L) for 13 days, they were further cultured 

by different cultivation types. Each specific growth rate of B. braunii LB572 and P. 

tricornutum B2089 was 0.33 and 0.37 d-1, respectively, when cultured in the batch 

cultivation. In the continuous cultivation, fresh medium was supplied to the reactor at a 

speed of 2.4 mL/min and the same volume of cell suspension was drained from the 
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reactor. The highest biomass and lipid productivity was found when the dilution rate was 

0.35 d-1, then those of B. braunii LB572 and P. tricornutum B2089 were 2.47 and 1.41 

g/L/d and 4.24 and 2.45 g/L/d, respectively, which resulted in about 4 times higher than 

those obtained from the cells cultivated by batch culture mode. In addition, they were 

repeated-batch cultured for 30 days. 4 L of cell suspension was drained from the reactor at 

every 6 days and the same volume of fresh medium was supplied. After five times 

repeated-batch cultivation, the biomass and lipid productivity B. braunii LB572 was 2.71 

and 4.84 g/L/d and those of P. tricornutum B2089 was 3.72 and 6.24 g/L/d, respectively. 

These results indicates that repeated-batch culture is better than continuous culture for 

biomass and lipid production.

Also, direct-transesterification condition was optimized for biodiesel production 

from the microalgal biomass, and the FAME　 yields of the two microalgae were 

investigated under the optimal conditions, which were as follows: 10 g biomass was treated 

with 6.0 mL sulfuric acid and 8.0 mL chloroform and boiled at 200 ℃ for 60 min. Under 

this condition, 70 mL methanol for B. braunii LB572 and 35 mL methanol for P. 

tricornutum B2089 were added, respectively. The inner pressure in the reactor was found to 

be about 75 bar at the optimum temperature of 200 ℃. In addition, FAME yield (from 

non-disrupted wet biomass) of B. braunii LB572 and P. tricornutum B2089 through this 

reaction were found to be 95.6 and 96.2% (of lipid), respectively.



  Chapter I

General Introduction
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1. Introduction

1-1. Bioenergy and biomass

Sustainable alternative and renewable energy development is highly needed 

because of the various global problems of existing fossil fuels, such as lack of fuel 

resources, energy saving, and increasing energy cost, and this importance of sustainable 

alternative energy research and development is gradually attention [Dragone et al., 2010; 

Jung et al., 2012]. Wind, solar, geothermal, hydro, and biomass represent a major 

alternative sources to fossil fuels currently in use. According to published by REN21 

(Renewables Energy Policy Network for the 21
st Century, renewables 2016 Global Status 

Report), renewable energy is firmly established as a competitive mainstream energy source 

in many countries around the world [Zervos, 2016].

2015s was a record years for the development and application of renewable 

energy, and the capacity of energy generation is steadily increasing. In addition, the use of 

renewable energy is also increasing in transportation fuels [Savin, 2012]. According to the 

International Energy Agency (IEA) [Fatih, 2015], oil accounted for 31.1% of the world's 

major energy consumption, followed by coal (28.9%), natural gas (21.4%), renewable 

energy (13.8%). Compared with the 1970s, the share of oil has declined, but the share of 

natural gas, coal, nuclear energy and renewable energy has increased. Demand for heating 

has dropped sharply since the oil crisis, but demand for transportation has increased 

steadily. Recently, coal has faced a new situation due to improved air pollution and 

greenhouse gas reduction policies (such as paris agreement), and renewable energy has 

grown at its fastest pace since the 2000s, in view of strengthening energy security and 

reducing greenhouse gas emissions (Fig. 1-1).
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Bioenergy accounts for a larger share of the primary energy supply than any 

other renewable energy sources. Primary energy means that does not convert human 

engineered into natural resources (such as hydro, wind, geothermal, and solar power, etc.) 

and fossil resources (such as coal, oil, and natural gas). In 2015, the production of 

bioenergy has increased in response to rising energy demand and environmental 

considerations in some countries. However, the bioenergy sector is faces difficulties in 

terms of uncertainty in some markets, such as low oil prices and the commercialization of 

shale gas [Savin, 2012]. The recent commercialization of shale gas and the low cost 

policies of oil producing countries have reduced the need for research and development of 

bioenergy production. However, the reserves of fossil fuels and shale gas are limited, and 

research and development of bioenergy for greenhouse gas reduction should continue. On 

the other hand, Biomass-derived biofuels production is expected to provide a variety of 

opportunities in the upcoming era. It is expected to promote new employment in bio-energy 

production areas, replace fossil fuels in the long term, stabilize atmospheric greenhouse gas 

concentrations, promote desulfurization of transport fuels, and enhance the safety of energy 

supplies [Mata et al., 2010].

Fig. 1-1. Changes in global energy types since 2000s [BP, 2016].
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  1-1-1. Bioenergy production from Biomass

Bioenergy is the energy which is stored in biological matter or biomass, and 

bioenergy is a renewable energy source that is environmentally and sustainable and has 

high potential for global energy demand [Rosillo-Calle, 2016]. Biomass is a plant resource 

in which light energy is accumulated as chemical energy by photosynthesis. Because it is a 

resource that can be continuously produced through photosynthesis using solar energy, 

water, and carbon dioxide, which can be easily obtained from nature, mass production of 

biofuels can be continuously produced (Fig. 1-2).

Fig. 1-2. Biological conversion of solar energy to chemical energy.
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   a. 1st generation biofuels

The most common type of biofuels today is so-called "1
st

generation biofuels 

(or 1
st

generation biomass)" that include ethanol, methanol. butanol. and pure vegetable oil 

(PPO). Sugarcane, corn, soybeans, potatoes, wheat, and sugarbeets are major sources of 

1
st
-generation bioenergy in the bioenergy sector. However, price competition with food 

resources is inevitable for 1
st 

generation biofuels [Bringezu et al., 2007].

   b. 2nd generation biofuels

Therefore, recent studies have focused on the production of "2nd generation 

biofuel (such as 2nd generation biomass)" or advanced biofuels cause the potential 

non-sustainability of first generation fuels. The 2nd biomass is made from lignocellulosic 

biomass and agricultural waste. However, these feeders have no direct competition with 

human food resources (1st generation biofuel). On the other hand, in the case of arable 

land, a biofuel production could ultimately be a rival to food crops, also second generation 

biomass is very difficult to pre-treatment due to lignocellulose when producing biofuel 

[Eisentraut, 2010].

   c. 3rd generation biofuels

Algal biofuel, the bioenenrgy of the next generation of bioenergy, are 

considered “3rd generation biofuel (of 3rd generation biomass)” [Dragone et al., 2010]. Algal 

crops can not be directly competitive with land-based foods and crops because they can be 

grown in water [Roesijadi et al., 2010]. Algae are organisms that ate like plants and 

vegetables. There are called “Macroalgae” and “Microalgae”. Macroalgae are commonly 

known as “seaweed”, that macro means big plant. and “Microalgae” are often 

“phytoplankton”, the word micro means small plant. Microalga uses light and carbon 

dioxide to reproduce itself with photosynthesis. Microalgae convert solar energy to chemical 

energy of carbohydrates, proteins and lipids through photosynthesis (Fig. 1-3), and their 
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growth is completed in only a few days [Sheehan et al., 1998]. The growth rate of 

microalgae can be accelerated by adding certain nutrients and sufficient aeration (containing 

carbon dioxide), but growth is possible where sunlight and some simple nutrients are 

needed [Aslan and kapdan, 2006; Pratoomyot et al., 2005; Renaud et al., 1999]. Microalgae 

has great potential to produce many types of biofuels as follows; production of methane by 

anaerobic digestion [Spolaore et al., 2006], biodiesel production from microalgal oil [Chen 

et al., 2011; Cheng et al, 2009; Converti et al., 2009; Doan et al., 2011; Dunahay et al., 

1996; Jung et al., 2012; Mandal and Mallick, 2009; Miao and Wu, 2006; Sawayama et al., 

1995; Scott et al., 2010; Xu et al., 2006; Yang et al., 2011], and photobiological produced 

biohydrogen [Akkerman et al., 2002; Fedorov et al., 2005; Ghirardi et al., 2000;  Kapdan 

and Kargi, 2006; Melis, 2002].

Fig. 1-3. Biodiesel production from microalgae by photosynthesis.
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Benefits of biofuels (such as biodiesel) production using microalgal species are 

as follows. ① Microalgal strain can produce high biodiesel productivity because it growth 

more rapidly in crops and woody biomass and can be produced every year round [Schenk 

et al., 2008]. ② Water in necessary for microalgae and crops to grow, but water use is 

less than land-crops, which can reduce th load on freshwater [Dismukes et al., 2008]. ③ 

Also, microalgae can be cultivated in the presence of salt and adapt to various 

environmental culture conditions, so that they do not significantly affect microalgal biomass 

productivity [Searchinger et al., 2008]. ④ Most microalgae have fast growth rate (doubling 

time was about 3.5 h) and high total lipid contents (about 20-50%, w/w). It has a very 

high potential as an energy source for effective biodiesel production [Chisti, 2007; Metting, 

1996; Spolaore et al., 2006]. ⑤ During the microalgal biomass production, it is possible to 

maintain and improve air quality through carbon dioxide fixation (1 kg of dry microalgal 

bioimass utllise about 1.83 kg of CO2) [Chisti, 2007]. ⑥ Nutrients (Nitrogen, phosphorus, 

and carbon) for nicroalgal cultivation can be obtained from a variety wastewater and 

organic wastes, enabling an environmentally friendly microalgal culture process [Cantrell et 

al., 2008]. ⑦ After oil extraction from microalgal cells, it is possible to produce various 

high-value by-products such as proteins and residual biomass [Spolaore et al., 2006]. ⑧ 

Depending on the microalgal growth culture conditions changes can be controlled for each 

of the biochemical composition, and also total lipid accumulation in cells can be 

significantly improved [Qin, 2005].

1-2. Biodiesel production from microalgae

Biodiesel is an alternative fuel similar to conventional of fossil diesel. Biodiesel 

production and commercialization technology lasted for more than 50 years [Barnwal and 

Sharma, 2005; Demirbas, 2005; Felizardo et al., 2006; Fukuda et al., 2001; Knothe et al., 
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1997; Kulkarni and Dalai, 2006; Meher et al., 2006; Van Gerpen, 2005]. As shown table 

1-1, microalgae seem to be a powerful biodiesel source that can completely replace fossil 

fuels and unlike other biomass (corn and soybean), it is very effective in oil yield and 

land area [Chisti, 2007].

Biomass
Oil Yield

(L/ha)

Land area required

(M ha)
a Percent of US cropping areaa

Corn 172 1,540 846

Soybean 446 594 326

Canola 1,190 223 122

Jatropha 1,832 140 77

Coconut 2,689 99 54

Oil palm 5,950 45 24

Microalgae
b 136,900 2 1.1

Microalgaec 58,700 4.5 2.5
a

For meet 50% of the demand for the total transport fuels in the US.
b

70% oil (wet weight) in microalgal biomass
c

30% oil (wet weight) in microalgal biomass

Table 1-1. Comparison of various biomass of biodiesel [Chisti, 2007]

In order to produce biodiesel from microalgae, selection of microalgae species, 

optimization of culture conditions, mass cultivation systems, and each of 

harvest-disruption-extraction-conversion process should be accompanied. Depending on the 

species of algae can be produced various bio-molecules such as lipid, hydrocarbons, 

proteins, pigment, and other components [Banerjee et al., 2002; Metzger and Largeau, 

2005]. Although not all microalgal oils are satisfactory for biodiesel production, most 

microalgae species can produce oils suitable for biodiesel production. Significant funds are 

invested in research on high growth rates, cell density, and lipid content in biodiesel 

production from microalgae. However, there are many obstacles to overcome in order to 

improve microalgae culture and oil extraction methods as an economically feasible platform 
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to offset diesel conversion and by-product treatment methods and consquently reduce carbon 

dioxide emissions. The microalgal biofuels production diagram is shown Fig. 1-4, and key 

challenges include microalgal strain selection and development, cultivation technology, 

production, harvesting, by-product development, oil extraction, oil refining and residual 

utilization [Hannon et al., 2014].

Fig. 1-4. Microalgal biofuels production diagram [Hannon et al., 2014].

  1-2-1. Microalgal species

Microalgae is estimated to be inhabited in aquatic and terrestrial environments. 

There are currently more than 50,000 species and about 30,000 species have been studied 

and analyzed [Richmond, 2004]. Because microalgae vary in species diversity, the 

production of lipids, hydrocarbons, and other complex oils depends on the microalgal 

species specific [Banerjee et al., 2002; Metzger and Largeau, 2005]. Therefore, effective 
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microalgal strain selection and optimization is required from natural in order to increase the 

productivity of microalgal biodiesel [Lee et al., 2015]. There are 5 major factors 

considerations when electing microalgae as follows. ① It should be possible to convert 

effective light energy into biomass in various light conditions. The light conversion 

efficiency of microalgae is usually less than 5%, and microalgal growth is limited by 

photoinhibition effect under high light intensity. ② If oxygen is not released in the 

microalgal culture systems, high density culture of microalgae difficult due to the oxygen 

inhibition effect. Therefore, it is necessary to select a strain capable of culturing even at a 

high oxygen partial pressure. ③ For cultivate high cell density and open type culture 

systems of microalgae, it is essential to select and improve strains for resistant 

contamination from external organisms. ④ It is possible to improve biodiesel productivity 

through the improvement and selection of strains with high cell growth and lipid content. 

In recently, studies on the improvement of lipid accumulations through cultivation under 

depleted conditions of light, temperature, and nitrogen, and the like are active [Converti et 

al., 2009; Gim et al., 2016; Giridhar Babu et al., 2017; Gordillo et al., 1998; 

Khotimchenko and Yakovleva, 2005; Li et al., 2008; Merzlyak et al., 2007; Mock and 

Kroon, 2002; Pal et al., 2011; Qin, 2005; Sugimoto et al., 2008; Xin et al., 2010; Yeesang 

and Ceirsilp, 2011]. ⑤ After microalgae cultivation, selection and development of 

microalgae suitable for harvesting and extraction are needed. Especially, microalgae such as 

Botryococcus is able to reduce the harvest cost by forming floc at high concentration and 

thin-walled microalgae show an advance to promote lipid extraction.

   a. Freshwater microalgae

    ○ Chlorella is able to growth in both aquatic and terrestrial habitats because of its 

simple life period and has a plant-like photosynthesis mechanism. This microalgal 

species are the most notable microorganisms for biodiesel production or other 
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application sectors. Recently, researches on biodiesel production for C. vulgaris

[Church et al., 2017; Mohd-Sahib et al., 2017; Wong et al., 2017] and Chlorella 

sorokiniana [Giridhar Babu et al., 2017; Mandal et al., 2017] were very active. 

Chlorella strains, unicellular green algae, are spherical or ellipsoidal with a diameter 

of 2-10 µm and doubling time is 9-20 hr [Richmond and Hu, 2013; Rosenberg et 

al., 2014]. Chlorella contains about 60% protein, 10-15% carbohydrates, and 15-20% 

lipids and major compositions of fatty acids in lipid are the C16 and C18 groups. 

In particular, the lipid content of Chlorella can be increased up to 60% under 

nitrogen depletion and excess illumination conditions [Hu er al., 2008].

   ○ Scenedesmus is one of the common freshwater microalgal strain, like Chlorella. This 

species have many shapes and it is difficult to identify these microorganism visually 

with the eye. Scenedesmus can exist as unicells, but these strains may be present in 

the form of 4 or 8 cells like coenobia [Lürling, 1998] and the doubling time of this 

strain is 10 to 21 h [Gardner et al., 2012]. Scenedesmus is a microalgal strain 

capable of producing various bioenergy (bio-ethanol, hydrogen, and diesel) and is 

one of the major microalgae in biodiesel production research until recently [Abd El 

Baky et al., 2012; Mandal and Mallick, 2009]. Scenedesmus is highly 

biomass-producing in green algae and it is possible to produce better productivity by 

adding various organic carbon sources (heterotrphic cultivation) [Gim et al., 2014]. 

In addition, recent active research has shown that the total lipid content of 

Scenedesmus has been increased to about 60%, and it has attracted attention as a 

suitable strain for biodiesel production in the future [Banerjee, 2002; Mandal and 

Mallick, 2009]. 

    ○ Botryococcus braunii is colonial green alga, pyriform shaped planktonic microalga 

[Tasić et al., 2016], this strain is widely distributed is freshwater environments. Cell 

size (length × width) is in the range of 8-9 × 5 µm to 13 × 7-9 µm. Botryococcus

is most promising for biofuel production, because that strain is produces a high 



- 12 -

content of hydrocarbon and lipid in the cells, and the hydrocarbon and lipid content 

are up to 75 and 65% of dry weight [Banerjee et al., 2002; Chisti, 2007; Metzger 

and Largeau, 2005]. Moreover, its strain enriched in saturated and unsaturated fatty 

acids known as TAGs, which is well suited for biodiesel production [Kalacheva et 

al., 2002a and b]. However, Botryococcus has a slow growth rate compared to other 

microalgae species and is a major obstacle to commercial application use. The 

relatively slow doubling time of this strain is about 40 hours at optimal growth 

conditions [Wolf et al., 1985].

   b. Marine microalgae

   ○ Dunaliella is a unicellular microalgae, motile, bi-flagellate, that is widespread in 

freshwater and seawater, and is a green algae (Chlorophyta, Chlorophyceae) 

[Borowitzka and Borowitzka, 1988]. In addition, the cell length is 5-29 μm (average 

10.9-16.9 μm) and th doubling time is 6 hr in the optimum culture condition 

[Ben-Amotz, et al., 1991; Richmond and Hu, 2013; Tang et al., 2011; Zou et al., 

2009]. This strain is a source of biological β-carotene and has since been 

commercially used as a natural source of valuable carotenoids in the pharmaceutical 

and functional food industries since the 1980s [Richmond and Hu, 2013]. In 

addition, Dunaliella species, D. salina and Dunaliella tertiolecta have been studied 

for the biodiesel production until recently. However, these species have low biomass 

production (about 1.0 g/L, dry weight) compared to high lipid content (up to 

30-40%, w/w) and require much research on optimized culture condition [Abd El 

Baky et al., 2014; Gim et al., 2016]. 

    ○ Isochrysis is a genus of haptophytes, and includes the species such as I. galbana, 

Isochrysis litoralis, and Isochrysis maritima. Especially, this marine microalgal strain 

I. galbana is a golden-brown alga that accumulation of lipid and carbohydrate. 

Because of its high lipid contents, fast growth (doubling time is 38 h) [Kalplan et 
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al., 1986], and non-toxicity, I. galbana is a promising biomass for the production of 

a variety of livestock (and shellfish) food and biodiesel. Moreover, unlike most 

microalgae, there is no cell wall of I. galbana, so lipid extraction is relatively easy 

and extraction efficiency is easy to improved [Liu and Wang, 2014]. 

    ○ Nannochloropsis was first named by Hibberd [1981], and is a genus of microalgae 

within the heterokont family of eukaryotes that are being studied for microalgal 

biodiesel production. Nannochloropsis species have been shown to be suitable for 

biofuel production because of their ease of growth (doubling time is 23 h) and high 

lipid content (28.7-37.3% of dry weight) and mostly unsaturated fatty acids and 

palmitic acid. It also contains sufficient unsaturated fatty acids linolenic acid and 

polyunsaturated acids for high-quality biodiesel [Converti et al., 2009; Gim et al., 

2016; Gouveia and Oliveira, 2009; Pal et al., 2011; Sukenik et al., 1989].

   ○ Phaeodactylum tricornutum is a diatom, and this is the only species in the genus 

Phaeodactylum. Unlike other diatoms, P. tricornutum grow in various forms 

(fusiform, triradiate, and oval) as the growth environment changes [de Martino et al., 

2007]. Phaeodactylum, in this the cell size (length × width) is in the range of 

10-20 × 3-4 µm and th doubling time is 18-21 hr in the optimum culture condition 

[Thomas and Dodson, 1968]. Moreover, in this unicellular microalgal strains can be 

accumulate lipids in the range 20-60% (dry weight) under suitable culture conditions 

[Valenzuela et al., 2013], and it can store carbon and energy in the from of neutral 

lipids, especially TAGs. Therefore, P. tricornutum has potential as a source for 

biodiesel production [Valenzuela et al., 2012].
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Fig. 1-5. Photographs of freshwater and marine microalgal species: 

(a) C. vulgaris; (b) S. obliquus; (c) B. braunii; (d) I. galbana; (e) 

N. oculata; (f) D. salina; (g) P. tricornutum.

  1-2-2. Cultivation

For stable microalgae cultivation, modification and optimization study of 

microalgal culture medium, nutritions (Macronutrient, trace elements, and other organic 

carbon sources), environmental growth factors (light intensity, photo periods, temperature, 

and pH), various culture modes (photoautotrophic, heterotrophic, and mixotrophic culture 

mode), and reactor (open and closed system) should be performed indispensable.

   a. Cultivation medium & nutrients

   ○ Growth medium for microalgal strain cultivation should be provided by various 

inorganic nutrients for algal cell formation and growth. Essential elements are 

nitrogen (N), phosphorus (P), iron, calcium, and sometimes silicon. The minimum 

nutrients requirement of stable microalgae cultivation can be estimated using the 
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approximate molecular formula of microalgal biomass as follows: CO0.48H1.83N0.11P0.01 

[Grobbelaar, 2004]. Proper microalgal seeds management and maintenance of 

microalgae strains depend on the choice of growth medium and culture parameters. 

When selecting the culture medium, the microalgae species habitat environment 

should be identified. For example, in consideration of eutrophicate environment and 

nutritional deficiency environment, the microalgal culture medium suitable for the 

species should be selected [Barsanti and Gualtieri, 2006]. In addition, selection of 

nutrients (Nitrogen and Phosphorous), trace elements (iron, calcium, magnesium, and 

silicon), buffer solution, various vitamins, chelating agents, and various extract (such 

as soil) and proper concentration adjustments are required for the preparation of a 

suitable medium for microalgae.

   b. Environmental growth factors

   ○ Microalgae culture temperature is one of the environmental factors which are very 

sensitive to microalgae growth and metabolism activity, and easy to control in 

microalgae cultivation. For reference, the total lipid content was increased 2 times 

by increasing the incubation temperature of N. oculata from 20 ℃ to 25 ℃

[Converti et al., 2009].

   ○ Light supply is a major environmental factor influencing phytoplankton physiology 

and is the most important factor affecting photosynthesis kinetics of microalgae 

[Khoeyi, et al., 2012]. According to previous studies, optimal growth of microalgae 

is possible under the optimum light condition, but when the light intensity is low or 

high, light inhibition phenomenon which inhibits microalgal growth is caused 

[Bouterfas et al., 2002].
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   c. Culture mode

   ○ Most algae groups refer to photoautotrophs, which produce carbohydrates and ATP 

through photosynthesis using sunlight as an energy source and carbon dioxide as a 

carbon source [Barsanti and Gualtieri, 2006], however, the production efficiency of 

microalgal growth and lipid accumulation are deteriorated due to the limit of light 

supply of microalgae in the culture medium under photoautotrophic culture mode. 

However, depending on the microalgal species, it is possible to cultivate in 

heterotrophic and mixrotrophic culture mode rather than photoautotrophic culture 

mode, and it is possible to high growth rate and lipid accumulation [Gim et al., 

2014 and 2016]. Under light-free culture conditions in heterotrphic cultivation mode, 

microalgae growth using only organic carbon. Mixotrophic culture mode are grown 

by metabolic precesses combined with independent nutrients and heterotroph mode 

that use both organic and inorganic carbon. They use energy produced from organic 

compounds fro cell synthesis and store chemical energy converted from light energy 

[Chojnacka and Marquez-Rocha, 2004; Gim et al., 2014 and 2016]. Several 

microalgal strains which have been observed under photoauto-, hetero-, and 

mixotrophic conditions are C. vulgaris [Gim et al., 2014; Mitra et al., 2012], 

Chlorella sorokiniana [Wang et al., 2012], Chlorella zofingiensis [Liu et al., 2012], 

Haematococcus pluvialis [Kobayashi et al., 1992], S. obliquus [Gim et al., 2014], B. 

braunii [Gim et al., 2014; Zhang et al., 2011], N. oculata [Gim et al., 2016], I.

galbana [Gim et al., 2016], and D. salina [Gim et al., 2016].

   d. Mass cultivation & culture systems

   ○ The industrial use of microalgal strains for feed, food, functional and biofuels 

production is currently limited by various factors, including those related to massive 

scale cultivation. Mass production of microalgal biomass typically uses various 

culture systems in the indoor (such as photobioreactor) or outdoor (such as open 



- 17 -

pond and raceway) processes. Universally, large-scale microalgal production systems 

are raceway pond [Terry and Raymond, 1985] and several photobioreactors [Tredici 

and Zittelli, 1998].

    ○ Since 1950s, mass cultivation of microalgae have been cultivated using raceway, it 

is difficult to control the temperature of the reactor depending on the external 

temperature and seasonal changes. However, carbon dioxide is readily available in 

the atmosphere and is more effective than photobioreactors. This open type reactor 

is susceptible to external other microorganisms contamination and uses natural light, 

making it difficult to provide effective illumination [Terry and Raymond, 1985].

    ○ On the other hand, photobioreactors (PBRs) are highly specialized mass cultivation 

systems that can be optimized for the biological and physical characteristics of 

microalgae cultured in closed system. In PBRs, microalgal cultured can be protected 

from a variety of external inflammatory factors, and the control of various 

influencing factors is flexible. Compared to opentype reactors, it is possible to 

develop modular processes with space-efficient design and carious functions. 

Currently, reactors for the microalgal mass production are vertical tubular [Kumar et 

al., 2011], bubble column [Doran, 1995], air-lift [Loubiere et al., 2009], flat-pannel 

[Barbosa et al., 2005; Zhang et al., 2001], horizontal [Tredici and Zittelli, 1998], 

helical type [Morita et al., 2001], stirred tank [Kumar et al., 2011], and hybrid type 

[Fernandez et al., 2001], etc. Each PBRs type has advantages and disadvantages. 

Depending on the species characteristics and application industries of microalgae, the 

choice of reactor is flexible.
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  1-2-3. Cell disruption

Optimization research of cell disruption processes are very important for 

effective lipid extraction from microalgal cells (Fig. 1-6) [Agerkvist and Enfors, 1990; Chen 

et al., 2009; Middelberg, 1995; Mutanda et al., 2011]. There are four main categories of 

microbial disruption, including microalgae. The selection of microalgal cell disruption 

methods has several influencing factors, especially, consideration should be given to 

microalgae such as cell wall toughness, economics, ease of scale-up, and deformation of 

lipid products. Mechanical or physical disruption methods are the least preferred method 

because they are not dependent on microalgae species and can cause less contamination and 

deformation of microalgal lipids. However, these methods generally require higher energy 

requirements than chemical or enzymatic methods and have less mechanical damage due to 

heat generation. Therefore, in order to produce biodiesel using microalgae, the most suirable 

cell disruption process for each strain should be studied [Harrison, 1991].

Fig. 1-6. Classification of various cell disruption methods [Günerken et al., 2015].
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  1-2-4. Biodiesel conversion

The parents oil (from microalgal lipid) used in biodiesel production is 

composed of triacylglycerides (TAGs), and TAGs is esterified with three fatty acid 

molecules and one glycerol molecules. In this reaction, 1 mole of triglyceride reacts with 3 

moles of alcohol such as methanol to produce 1 mole of glycerol and 3 moles of 

methylester, and a catalyst is used for this reaction (Fig. 1-7). Catalyst are promoted in the 

transesterification, and the catalyst used in this reaction are mainly acids, alkalis, and 

enzymes [Fukuda et al., 2001; Meher et al., 2006]. The transesterification reaction using an 

alkali catalyst such as sodium hydroxide (or potassium) is much higher (approximately 

4000 times) than the acid catalysis. However, when the free-fatty acid content of 

microalgae is high, the conversion efficiency of biodiesel due to the saponification reaction 

decrease [Fukuda et al., 2001]. Therefore, catalyst selection is very important for the 

optimization of transesterification process for biodiesel production from microalgae.

Fig. 1-7. Conversion of biodiesel to microalgae [Mata et al., 2010].
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1-3. Overall research objective

After industrial revolution, energy depletion and global warming are one of the 

world’s problems, seeking solutions around the world and international conventions (the 

Paris Climate Change Accord) are underway. Moreover, Korea is also confident that it will 

become a bioenergy powerhouse by researching bioenergy production such as biodiesel 

production using microalgae in order to solve the energy depletion and global warming 

problem to come.

Production of biodiesel using microalgae is carried out according to each step 

of cultivation-harvest-extraction-transesterification, and various studies are carried out for 

each step. Especially, since the cultivation process is the most expensive in the entire 

process, various researchers have been actively conducted for years to secure economical 

efficiency of the cultivation process. In order to ensure the economical efficiency of the 

culture process, development of microalgal strains (with high growth and lipid 

accumulation), new medium (contained organic carbon sources and various nutrients), and 

high efficiency photobioreactor are very important. In order to commercialize high-quality 

biodiesel, it is necessary to study changes fatty acid contents and composition of microalgal 

in the cells depending on various factors such as nutrients, trace metal ions, and photo 

regimes. Therefore, in this study, the research necessary for the production of biodiesel 

using microalgae was carried out as follows.

This study was carried out as follows to optimize culture conditions, culture 

mode (photoautotrophic, heterotrophic, and mixotrophic culture condition), and cell 

disruption methods in flask-scale for freshwater and marine microalgae, and to develop new 

media for high productivity of biomass and lipid of selected microalgae. First, for the 

present study, microalgae with a rapid growth rate and lipid content of less than 20% 

(w/w) were searched and selected. Secondly, biomass production and lipid content of 

freshwater and marine microalgae were investigated in various cultivation modes. And then, 
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the effect of light intensity on microalgal growth and lipid accumulation under mixotrophic 

culture mode was investigated (chapter II and III). In addition, effect on the growth and 

lipid accumulation of marine microalgae were carried out under depleted- and rich-nitrogen 

condition. In the next chapter, we have developed a new medium capable of promoting 

microalgal growth and lipid accumulation in oil-rich microalgae, and examined the effect of 

the oceanic sediments extract (such as, DOC and metal ions) on microalgal growth and 

lipid accumulation (chapter IV). 

And, based on the results of the study on the flask-scale, a study was 

conducted for the mass cultivation and direct-transesterification of oil-rich microalgae using 

photobioreactor. In chapter V, effect of various light regimes on microalgal growth, lipid 

accumulation, and fatty acid composition were investigated for the high quality biodiesel 

production from microalgae under mixotrophic culture mode. Moreover, we investigated the 

optimal disruption method for efficient lipid extraction from microalgal cells.

In addition, biomass and lipid productivity of each microalgae were investigated 

through various cultivation systems (such as, batch-, repeated-batch, and continuous culture 

systems). Also, the transesterification was optimized to investigate the FAME yield and 

productivity from microalgal biomass cultured in a photobioreactor (Chapter VI). 



  Chapter II

Comparison of biomass production and total 

lipid content of freshwater green microalgae 

cultivated under various culture conditions

This chapter is published in Bioprocess & Biosystems Engineering 37 (2) 99-106 (2014)
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1. Introduction

Microalgae are a potential renewable fuel source because of their high lipid 

content, abundance and fast growth rate as compared to other plants. Cost-effective 

biodiesel production from microalgae primarily depends on high biomass productivity, high 

lipid yields and efficient harvesting. Thus, there has been extensive research and 

development focused on photoautotrophic, heterotrophic and mixotrophic culture conditions 

to increase microalgae biomass production and total lipid content [Cho et al., 2007; Li et 

al., 2007; Liang et al., 2009; Mata et al., 2010; Mandal and Mallick, 2009; Miao and Wu, 

2006; Xu et al., 2006; Yoo et al., 2010]. During photoautotrophic growth, microalgae 

harvest energy from sunlight and assimilate atmospheric CO2. However, photoautotrophic 

growth is slow, costly, and results in low biomass production. The major limitations 

associated with photoautotrophic cultivation can be overcome by heterotrophic cultivation of 

microalgae using organic carbon sources. Heterotrophic growth uses sugars and organic 

acids to replace traditional light energy [Huang et al., 2010]. Glucose [Liang et al., 2009; 

Hongjin and Guangce, 2009; Leesing and Nantaso, 2010; Wan et al., 2011], sodium acetate 

[Hongjin and Guangce, 2009; Ratledge et al., 2001] and sodium bicarbonate [Yeh et al., 

2010] are common carbon sources used for heterotrophic cultivation of microalgae. This 

mode of growth offers several advantages, including the elimination of light, good control 

of cultivation, high biomass production and high lipid content in cells [Mio and wu, 2006; 

Lee and Lee, 2002]. Conversely, mixotrophic cultivation uses light as the main energy 

source, although both organic carbon and inorganic carbon (CO2) are simultaneously 

assimilated. Thus, mixotrophic cultivation is a good strategy to obtain a large biomass with 

high lipid content [Lee and Lee, 2002]. Mixotrophic cultivation offers the additional benefit 

that CO2 released by the microalgae via metabolic processes can be trapped and reused for 

phototrophic cultivation [Mata et al., 2010]. 
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A number of environmental factors such as salinity, nitrogen, iron and light 

intensity are also known to strongly influence microalgal growth and lipid content. Most 

research on microalgae has focused on the selection of cultivation conditions that lead to 

the highest lipid yield in the shortest time [Doan et al., 2011; Yeesang and Cheirsilp, 

2011]. However, few studies have systematically compared biomass production and total 

lipid content in microalgae cultivated under various conditions. 

In the present study, we compared the microalgal growth and total lipid 

content of four green microalgal species (Chlorella sp., C. vulgaris CCAP211/11B, B. 

braunii FC124 and S. obliquus R8) under autotrophic, heterotrophic and mixotrophic 

conditions. The influence of six carbon sources, different glucose concentrations and light 

irradiation on cell growth and total lipid content was also investigated. 
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2. Materials and methods

2-1. Microalgae and growth medium

Four green microalgal species were studied: Chlorella sp. (obtained from Prof. 

Eon Seon Jin of Hanyang University, Seoul, Korea), C. vulgaris CCAP211/11B (obtained 

from the Culture Collection of Algae and Protozoa, Argyll, UK), S. obliquus R8 (obtained 

from Dr. Yang Hetong of the Biotechnology Center, Shandong Academy of Science, PR 

China), and B. braunii FC124 (obtained from the Korea Marine Microalgae Culture Center, 

Busan, Korea). 

The media used in this study were TAP (Tris-Acetate-Phosphate) medium 

[Harris, 1989] for Chlorella sp., BG11 (Blue-Green) medium [Stanier et al., 1971] for C. 

vulgaris CCAP211/11B, Bold’s Basal medium [Bold, 1949] for S. obliquus R8, and Chu 13 

medium [Chu, 1942] for B. braunii FC124. TAP medium contained the following (per liter, 

pH 7.0): 0.8 g NH4Cl, 0.1 g CaCl2·2H2O, 0.2 g MgSO4·7H2O, 0.3 g K2HPO4, 0.05 g 

EDTA·2H2O, 5 mg FeSO4·7H2O, 22 mg ZnSO4·7H2O, 5.2 mg H3BO3, 5.1 mg 

MnCl2·4H2O, 1.1 mg CuCl2·2H2O, 2.6 mg Na2MoO·2H2O, 1.6 mg CoCl2·6H2O. BG11 

medium contained the following (per liter, pH 7.1): 1.5 g NaNO3, 0.04 g K2HPO4, 7.5 mg 

MgSO4·7H2O, 36 mg CaCl2·2H2O, 6 mg citric acid, 6 mg ammonium ferric citrate green, 

1 mg Na2EDTA, 0.02 g Na2CO3, 2.9 mg H3BO3, 1.8 mg MnCl2·4H2O, 0.22 mg 

ZnSO4·7H2O, 0.39 mg Na2MoO·2H2O, 0.08 mg CuSO4·5H2O, 0.05 mg Co(NO3)2·2H2O. 

Bold’s Basal medium contained the following (per liter, pH 6.8): 0.175 g KH2PO4, 0.025 g 

CaCl2·2H2O, 7.5 mg MgSO4·7H2O, 0.255 g NaNO3, 0.075 g K2HPO4, 0.025 g NaCl, 0.01 

g Na2EDTA, 6.2 mg KOH, 5.0 mg FeSO4·7H2O, 10 µL H2SO4, 10.9 mg H3BO3, 1.8 mg 

MnCl2·4H2O, 0.2 mg ZnSO4·7H2O, 0.4 mg Na2MoO·2H2O, 0.079 mg CuSO4·5H2O, 0.05 

mg Co(NO3)2·6H2O. Chu13 medium contained the following (per liter, pH 7.5): 0.4 g 
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KNO3, 0.08 g K2HPO4, 0.107 g CaCl2·2H2O, 0.2 g MgSO4·7H2O, 0.02 g ferric citrate, 0.1 

g citric acid, 0.02 mg CoCl2, 5.7 mg H3BO3, 3.6 mg MnCl2·4H2O, 0.4 mg ZnSO4·7H2O, 

0.16 g CuSO4·5H2O, 0.084 mg Na2MoO, 1 drop of 0.072 N-H2SO4.

2-2. Pre-cultivation condition

Each microalga was pre-cultured in a 500 mL Erlenmeyer flask containing 

modified medium with the pH adjusted to 6.8-7.5 at 25-27 ℃. The light intensity and 

illumination period (light:dark) provided for each microalga were the following: 100 μmol 

photon/m2/s and 12:12 h (Light:dark cycle) for Chlorella sp.; 80 μmol photon/m2/s and 

12:12 h (Light: dark cycle) for C. vulgaris CCAP211/11B and S. obliquus R8; and 100 

μmol photon/m2/s and 16:8 h (Light:Dark cycle) for B. braunii FC124. The cultivation 

periods for each microalgal species were 12, 15, 20, and 30 days for Chlorella sp., C. 

vulgaris CCAP211/11B, S. obliquus R8, and B. braunii FC124, respectively.

2-3. Culture conditions

Photoautotrophic cultivation of the above four microalgae was performed under 

the same pre-cultivation conditions in 2 L Erlenmeyer flasks. The effects of various organic 

carbon sources such as glucose, xylose, rhamnose, fructose, sucrose, and galactose on 

heterotrophic cultivation (without light irradiation) of the four microalgae were studied. The 

initial concentration of each carbon source was 0.01 M. In addition, the influence of 

glucose concentration (0.2-2.0%, w/v) on microalgal growth under heterotrophic cultivation 

was determined. In the mixotrophic culture conditions, the start-up cultivation was the same 

as the photoautotrophic culture condition, with the exception of the initial glucose 

concentration (1%, w/v) for Chlorella sp., C. vulgaris CCAP211/11B, and B. braunii 
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FC124 and 2% (w/v) for S. obliquus R8). To study the effect of light intensity on 

microalgal growth and total lipid content, light intensities of 0, 15, 35, 80, 100, and 150 

μmol photon/m2/s were provided by a fluorescence lamp. Under mixotrophic conditions, 

Chlorella sp., C. vulgaris CCAP211/11B, S. obliquus R8, and B. braunii FC124 were 

cultivated for 11, 15, 12, and 20 days, respectively.
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2-4. Estimation of biomass production

To estimate the dry weight of the microalgae, 100 mL of stationary microalgal 

cultures were centrifuged at 5000 x g for 30 min. The resulting pellets were washed three 

times with 0.9% (w/v) NaCl. After washing, the pellet fraction was filtered through a 0.8 

μm glass membrane (Pall, USA), dried at 105 ℃ for 8 h in an electric oven (Advantec 

FUW243PA, Japan) and then weighed using an electronic balance.

2-5. Estimation of total lipid content

The cultured microalgal cells were harvested by centrifugation at 5000 x g for 

30 min. The resulting cell pellet was frozen overnight at -30 ℃ and freeze-dried at -50 ℃ 

under vacuum. One gram of the dry cell biomass was blended with 200 mL of distilled 

water and the biomass mixture was disrupted by autoclaving at 121 ℃ with 0.2 MPa for 

60 min. Analysis of the total lipid content from the microalgal biomass was performed 

according to the modified procedure described by Folch et al. [1957]. Briefly, the total 

lipid content was extracted with a mixture of chloroform-methanol (2:1, v/v) for 1 h and 

then separated into chloroform and aqueous methanol layers overnight. The chloroform layer 

was washed with distilled water and evaporated using a rotary vacuum evaporator 

(Rotavapor R-205; Buchi, Switzerland). All experiments were performed in triplicate and 

reported as average values with standard deviations.
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3. Results and discussion

3-1. Effect of organic carbon sources on biomass production

The effect of different carbon sources on biomass production for the four 

microalgae grown under heterotrophic culture conditions is shown in Fig. 2-1. Six carbon 

sources (glucose, xylose, rhamnose, fructose, sucrose, and galactose) were used in these 

experiments. When the initial concentration of each carbon source was 0.01 M, significant 

biomass growth variations were observed for all four microalgal species. Among the various 

carbon sources, glucose was the most effective carbon source for microalgal growth, 

especially for B. braunii FC124 and S. obliquus R8, whereas the other carbon sources did 

not significantly stimulate biomass production.

This occurred because glucose is a simple hexose monosaccharide, which is 

first catabolised into glucose-6-phosphate (an important intermediate product for various 

metabolic precursors) and subsequently converted to pyruvate through anaerobic glycolysis, 

before entering into the mitochondrial TCA cycle where it is oxidatively phosphorylated for 

ATP production [Neilson and Lewin, 1974]. Other carbon sources require more complicated 

inter-conversion metabolic processes to provide energy for algal growth and lipid 

production. Although glucose and fructose have the same number of carbon atoms, fructose 

cannot be directly converted into glucose-6-phosphate in microalgae. The lowest biomass 

production was observed with sucrose supplementation because sucrose is a non-reducing 

disaccharide molecule consisting of equimolar amounts of glucose and fructose that must be 

hydrolyzed prior to glycolysis. Overall, it was clear that differences in biomass production 

resulted from differences in the metabolic pathways used for carbon among the four 

microalgal species.
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Fig. 2-1. Effect of various carbon sources (0.01 M) on biomass production on (a) Chlorella

sp., (b) C. vulgaris CCAP211/11B, B. braunii FC124, and (d) S. obliquus R8, under 

heterotrophic cultivation.
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3-2. Effect of glucose concentration on microalgal biomass

The effect of glucose concentration (0.2-2.0%, w/v) on microalgal biomass was 

monitored for the four microalgal species under heterotrophic cultivation conditions (Fig. 

2-2). Generally, the biomasses of the four green microalgal species increased in proportion 

to glucose concentration. Among the cultures supplemented with glucose, the highest 

biomass production was achieved at a concentration of 1.0% (w/v) glucose, with higher 

concentrations severely inhibiting growth. Supplementation with 2.0% (w/v) glucose resulted 

in a 30-40% decrease in biomass production for most microalgae, because of substrate 

inhibition of growth; however, S. obliquus R8 exhibited a strong tolerance for high glucose 

concentrations (2.0%, w/v). 

The results obtained in these studies are in accordance with previous reports. 

The concentration of glucose had a marked effect on the biomass yield. For example, 

Chlorella protothecoides and Chlorella saccharophila have been reported to grow 

heterotrophically by using organic compounds as carbon sources and produce higher 

biomass yields [Shi et al., 1999; Hosoglu et al., 2012]. Furthermore, Tan and Johns [1991] 

and Hongjin and Guangce [2009] reported that microalgal growth is strongly inhibited at 

high carbon concentrations.
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Fig. 2-2. Influence of glucose concentration on biomass production under heterotrophic 

cultivation of (a) Chlorella sp., (b) C. vulgaris CCAP211/11B, B. braunii FC124, and (d) S. 

obliquus R8, under heterotrophic cultivation.
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3-3. Comparison of biomass and total lipid content under different 

culture conditions

Microalgal growth and total lipid content for all four microalgae under 

photoautotrophic, heterotrophic and mixotrophic cultivation were compared (Fig. 2-3). In this 

study, 1.0% (w/v) glucose was used in both the heterotrophic and mixotrophic (with light) 

conditions. The maximum biomass production under photoautotrophic, heterotrophic and 

mixotrophic culture conditions were as follows: 1.3, 2.5, and 2.7 g/L for Chlorella sp.; 0.5, 

1.7, and 1.8 g/L for C. vulgaris CCAP211/11B; 1.1, 2.2, and 2.3 g/L for S. obliquus R8; 

and 0.6, 2.1, and 2.4 g/L for B. braunii FC124 (Fig. 2-3a). Biomass production under 

autotrophic culture conditions was significantly lower than heterotrophic and mixotrophic 

culture conditions. There are two primary reasons why these variations occurred: first, the 

microalgal cells transferred low amounts of light energy into ATP production [Yang et al., 

2000]; and second, some of ATP produced during photochemical reactions was not utilized 

for anabolic processes [Yokota et al., 1989]. Due to the absence of light under 

heterotrophic culture conditions, the organic carbon source (glucose) was directly used for 

cell metabolism. Moreover, the growth of all four microalgal species was better under the 

mixotrophic conditions listed as follows: 100 µmol photon/m2/s, 1% (w/v) glucose and 11 

days incubation for Chlorella sp.; 100 µmol photon/m2/s, 2% (w/v) glucose and 12 days 

incubation for S. obliquus R8; 80 µmol photon/m2/s, 1% (w/v) glucose and 15 days 

incubation for C. vulgaris CCAP211/11B; and 80 µmol photon/m
2
/s, 1% (w/v) glucose and 

20 days incubation for B. braunii FC124. These results are in accordance with Liang et al. 

[2009] and Arroyo et al. [2011] who stated that mixotrophic cultivation produces higher 

biomass than heterotrophic and photoautotrophic cultivation. This phenomenon occurs 

because glucose and light energy can be metabolized to produce ATP and NAD(P)H 

production, thereby accelerating cell growth [Yang et al., 2000].
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Total lipid contents of the four microalgal species under different growth 

modes were compared and are presented in Fig. 2-3b. Total lipid content was highest for 

mixotrophic cultivation and lowest for heterotrophic cultivation. Lipid production under 

heterotrophic condition decreased when compared with autotrophic and mixotrophic culture 

conditions: 21 and 49% (w/w) in Chlorella sp.; 23 and 40% (w/w) in C. vulgaris 

CCAP211/11B; 38 and 51% (w/w) for S. obliquus R8; and 41 and 55% (w/w) for B. 

braunii FC124. Based on the above experimental results, it was revealed that mixotrophic 

cultivation of the four microalgal species stimulated both biomass and total lipid production 

better than heterotrophic cultivation. As shown in Fig. 2-3a, lower lipid content was 

obtained in heterotrophic systems because most of the organic carbon was completely 

utilized for algal growth. In mixotrophic culture conditions, however, simultaneous 

assimilation of glucose (carbon source) and CO2 took place in the algal cells. In the 

presence of light energy and glucose, most of the metabolizing enzyme spresent in the 

algal cells were more active. In particular, the activity of fatty acid synthesizing enzymes 

such as acetyl-CoA carboxylase, desaturatase, acyl-carrier protein synthase, and ATP: citrate 

lyase increased, resulting in an increase in the accumulation of lipids in the algal cells 

[Arroyo et al., 2011].
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Fig. 2-3. Comparison of (a) biomass production and (b) total lipid content of four green 

microalgae under photoautotrophic, heterotrophic, and mixotrophic culture conditions.

3-4. Effect of light intensity on biomass and lipid production

Microalgal acclimatization can occur due to variations in environmental factors 

such as light intensity. When microalgae are cultured with carbon dioxide as a sole carbon 

source, cell growth, biochemical composition (structural and storage molecules) and lipid 

accumulation depend on the availability of light [Khotimchenko and Yakovleva, 2005]. Fig. 

2-4 shows the effect of light intensity on biomass growth and total lipid content of the 

four microalgal species, which were cultured under mixotropic culture conditions. In our 

study, as light intensity increased from 0 to 150 µmol photon/m
2/s, no significant difference 

in biomass growth was found in Chlorella sp. and C. vulgaris CCAP211/11B. However, B. 

braunii FC124 showed higher biomass content (2.6 g/L) at 80 µmol photon/m2/s of light 

irradiation, with higher light intensities inhibiting cell growth. Conversely, S. obliquus R8 

growth increased with increasing light intensity. 

Total lipid content in these four species increased in proportional to light 

intensity. B. braunii FC124 was found to be the highest lipid producing microalga (39.4%, 
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w/w) compared with the other species. These results are in good agreement with that of 

Tansakul et al. [2005]. According to the literature, light intensity has a profound impact on 

lipid accumulation; more specifically, higher light irradiance is favoured for lipid production 

rather than biomass growth. When microalgae are exposed to large quantities of light 

energy, metabolic flux generated from photosynthesis is directed to lipid accumulation 

[Tansakul el al. 2005] as free fatty acid synthesis is up regulated in chloroplasts [Sauer 

and Heise, 1984].

Furthermore, low light intensities may cause higher chlorophyll a (Chl a) 

content in cells [Guihéneuf et al., 2009]. Under low light conditions, the microalgal cells 

increase their photosynthetic pigments, such as Chl a, and antenna pigments to maximize 

their ability to harvest light for their normal growth requirements [Mock and Kroon, 2002]. 

In addition, the algal cells have a relatively large volume of chloroplasts, a high surface 

density of thylakoid membrane and a small volume of lipid storage bodies [Sukenik et al., 

1989]. In contrast, at higher light intensities, the dimensions of microalgal light harvesting 

antenna pigments and Chl a content decreases and thylakoid membranes work more 

efficiently for lipid accumulation [Rammus, 1990].
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Fig. 2-4. Effect of light intensity on (a) biomass production and (b) total lipid content of 

four microalgae grown under mixotrophic condition.

Table 2-1 shows the biomass production and total lipid content for various 

microalgal species cultivated under different culture conditions. From this comparative 

analysis, it is evident that all four green microalgal species show relatively high total lipid 

content. Among them, B. braunii FC124 was found to be the best lipid producing 

microalgae under mixotrophic culture conditions (80 µmol photon/m2/s, 1% glucose, and 20 

days). Our study firmly proves that higher lipid production is obtained at lower light 

intensities (80 or 100 µmol photon/m2/s). It is known that light intensity also influences the 

fatty acid composition of cells including triglyceric acid, glycolipids, phospholipids, and 

poly-unsaturated fatty acids. In the near future, the effect of light intensity on microalgal 

fatty acid composition profile during mixotrophic cultivation should be investigated.
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Microalgae Culture condition Carbon sources
Light intensity

(µmol photon/m
2
/s)

Biomass production

(g/L)

Total lipid contents

(%, w/w)
Ref.

S. obliquus AS-6-1 Photobioreactor CO2 140 1.6 11.7 Ho et al., 2012

S. obliquus CNW-1 Photobioreactor CO2 140 1.4 9.2 Ho et al., 2012

S. obliquus ESP-5 Photobioreactor CO2 140 1.9 8.3 Ho et al., 2012

S. obliquus Photobioreactor 12% CO2 43.2 2.1 - Morais et al., 2007

S. obliquus R8 Mixotrophic/Batch 2% glucose 100 2.3 23.7 in this study

Nannochloropsis sp. Batch CO2 700 0.6 21.0 Pal et al., 2011

Dunaliella viridis Batch 1% CO2 1500 ~0.6 31.8 Gordillo et al., 1998

D. salina DCCBC2 Photobioreactor 3% CO2 100 3.2 - Kim et al., 2012

C. protothecoides Heterotrophic/Batch Glucose - 15.3 7.7 Chen and Walker, 2011

C. protothecoides Heterotrophic/Batch Pure glucose - 19.2 9.8 Chen and Walker, 2011

C. protothecoides Heterotrophic/Batch Crude glucose - 23.5 14.6 Chen and Walker, 2011

C. vulgaris LEB-104 Batch 5% CO2 47.3 1.9 10.0 Sydney et al., 2010

C. vulgaris CCAP211/11B Mixotrophic/Batch 1% glucose 80 1.8 20.1 in this study

Chlorella sp. Mixotrophic/Batch 1% glucose 100 2.7 22.5 in this study

B. braunii SAG-3081 Batch 5% CO2 47.3 3.1 33.0 Sydney et al., 2010

B. braunii FC124 Mixotrophic/Batch 1% glucose 80 2.4 34.9 in this study

Table 2-1. Comparison of biomass production and total lipid content of four green microalgae with related microalgae
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1. Introduction

In recent years, many researchers have increased efforts to find a better 

alternative renewable fuel because of depletion of fossil fuels. Microalgae promise to be a 

suitable energy resource through the photoautotrophic mechanism that can convert 

atmospheric carbon dioxide into biomass, fatty acid, and lipids. The total lipid content of 

microalgae varies from 1 to 70% of the dry cell weight [Li et al., 2008; Spolaore et al., 

2006; Xin et al., 2010]. The lipids present in microalgae are mainly in the form of esters 

of glycerol and fatty acids, which are suitable for producing biodiesel. Microalgae such as 

Scenedesmus pectinatus var XJ-1 [Xia et al., 2013], Chlorella sp. [Cheirsilp and Torpee, 

2012], Nannochloropsis sp. [Cheirsilp and Torpee, 2012], and Chlorella vulgaris [Liang et 

al., 2009] generally are cultured photoautotrophically. 

Unfortunately, the photoautotrophic cultivation of microalgae has many 

limitations, such as low biomass and lipid productivity, and this is mainly because of 

photolimitation (high cell density inhibits light penetration). Heterotrophic growth of 

microalgae can be performed in a culture medium supplemented with external 

organic/inorganic carbon sources. For heterotrophic microalgal cultivation, several carbon 

sources, such as glucose [Cerón-García et al., 2013, Gim et al., 2014; Ren et al., 2013], 

fructose [Gim et al., 2014; Ren et al., 2013], sucrose [Gim et al., 2014; Ren et al., 2013], 

glycerol [Cerón-García et al., 2013], and acetate [Vazhappilly and Chen, 1998], have been 

used. Heterotrophic cultivation offers many advantages, including good control of 

cultivation, higher biomass and lipid, and elimination of the requirement for light. However, 

mixotrophic growth that combines phototrophic and heterotrophic cultivation (i.e., with light 

and organic sources) is particularly useful for overcoming the problems imposed by 

phototrophic or heterotrophic growth [Gim et al., 2014]. One of the most notable 

advantages is that the CO2 released from microalgae during carbon metabolism is trapped 
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and reused. Recently, many studies have focused on the enhanced biomass and lipid 

productivity achieved by mixotrophic cultures of microalgae such as C. vulgaris [Kong et 

al., 2013], Scenedesmus sp. ZTY3, and Chlorella sp. ZTY4 [Tian-Yuan et al., 2014]. 

Furthermore, it is known that many environmental factors influence the growth, 

lipid content, and fatty-acid composition of microalgae. Microalgal cultivation requires 

rigorous control of various factors, such as carbon sources, salinity, nitrogen, iron, pH, 

temperature, CO2 concentration, and light intensity. It is most note worthy that carbon 

source, light-intensity and -wavelength have been reported to change the lipid metabolism 

in microalgae by enhancing the biomass production and lipid content, as shown for 

Nannochloropsis sp. [Das et al., 2011], Haematococcus pluvialis [Imamoglu et al., 2007], 

Scenedesmus sp. [Liu et al., 2012], and C. vulgaris ESP-31 [Yeh et al., 2010]. In addition, 

a number of nutritional factors, including phosphate [Gouveia and Olivira, 2009], sulfur 

[Sugimoto et al., 2008], iron [Liu et al., 2008], and nitrogen [Gouveia and Oliveria, 2009; 

Yeesang and Cheirsilp, 2011], have been reported to influence the growth and lipid content 

of algae. Nitrogen starvation especially affects the lipid accumulation in microalgal cells 

[Merzlyak et al., 2007]. However, to date, the studies on various modified and enhanced 

microalgal cultivation, lipid production, lipid extraction, and transesterification techniques are 

still in progress.

In this study, three microalgal species I. galbana LB987, N. oculata

CCAP849/1, and D. salina, which have relatively higher biomass and lipid productivity, 

were cultivated under photoautotrophic, heterotrophic, and mixotrophic conditions to obtain 

higher biomass and total lipid content. Effects of various carbon sources and light intensity 

on growth, chlorophyll concentration, total lipid content, and fatty-acid composition under 

the different culture conditions were investigated.



- 42 -

2. Materials and methods

2-1. Microalgae and growth medium

Three marine microalgae, which accommodate high content of lipid in cells, 

were used in this study. I. galbana LB987 (obtained from UTEX Culture Collection of 

Algae at The University of Texas at Austin, Austin, TX, USA) and N. oculata CCAP849/1 

(obtained from Culture Collection of Algae and Protozoa, UK) were cultured in f/2 medium 

[Guillard and Ryther, 1962], with the following composition (per liter of sea water): 75 mg 

NaNO3, 5.65 mg NaH2PO4·2H2O, 4.16 mg Na2·EDTA, 3.15 mg FeCl3·6H2O, 0.01 mg 

CuSO4·5H2O, 0.02 mg ZnSO4·7H2O, 0.01 mg CoCl2·6H2O, 0.18 mg MnCl2·4H2O, 6 µg 

Na2MoO4·2H2O, 0.5 µg, cyanocobalamin (vitamin B12), 0.1 mg thiamine-HCl (vitamin B1), 

and 0.5 µg biotin. D. salina (a gift from Hanyang University, Seoul, Korea) was cultured 

in modified D medium [Castenholz, 1969], with the following composition (per liter of 

distilled water): 58.44 g NaCl, 4.84 g Tris, 0.51 g KNO3, 0.92 g MgCl2·6H2O, 0.12 g 

MgSO4·7H2O, 0.04 g CaCl2, 0.02 g K2HPO4, 0.55 mg FeCl3, 2.45 mg EDTA, 0.31 mg 

H3BO3, 0.20 mg MnCl2·4H2O, 0.02 mg ZnSO4·5H2O, 0.01 mg CuSO4·5H2O, 0.05 mg 

NaMoO4·2H2O, 0.005 mg CoCl2·6H2O, 0.03 mg NaVO3, and 2.1 g NaHCO3. 
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2-2. Microalgal culture conditions

Photoautotrophic batch cultivation of the three marine microalgae was 

performed in 1-L Erlenmeyer flasks containing a working volume of 0.3 L medium at pH 

8.0 with cotton plugs that allow exchange with the atmosphere. Cells were cultivated at 25  

°C. Cultures were illuminated with cool-white fluorescent lamps, which were fixed on the 

wall, and light intensity was attenuated by adjusting distance from lamps and was measured 

with an illuminance meter (LT Lutron LM-81LX; Lutron Electronic Enterprise, Co., Taipei, 

Taiwan). From our previous results of optimal growth conditions, light intensity was 

maintained at 80 µmol photon/m2/s for I. galbana LB987 and N. oculata CCAP849/1 and 

at 100 µmol photon/m2/s for D. salina, and the photoperiods were 12:12 h light/dark in all 

three microalgae. Their photoautotrophic cultivation period was 10 days.

To determine the optimal nitrogen concentration for maximal biomass and lipid 

productivity, each of I. galbana LB987 and N. oculata CCAP849/1 was cultivated in a 

modified f/2 medium containing different NaNO3 concentrations ranging from 0.75 to 1.0 

mM; D. salina was cultivated in a modified D medium containing various KNO3 

concentrations ranging from 1 to 10 mM.

For heterotrophic cultivation, the above two different culture media were 

supplemented with six different carbon sources: glucose, xylose, rhamnose, fructose, sucrose, 

and galactose (0.01 M). The influence of initial glucose concentration on microalgal growth 

was performed within arange of 0.01 to 0.05 M. Mixotrophic cultivation was evaluated 

with an initial glucose concentration of 0.02 M for I. galbana LB987 and N. oculata

CCAP849/1 and 0.05 M for D. salina. The effect of light intensity on algal cell growth 

and total lipid content under mixotrophic cultivation was tested with different light 

intensities ranging from 0 to 200 µmol photon/m2/s.
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2-3. Determination of biomass production

Dry biomass was determined with 100 mL of microalgal culture, which was 

collected and filtered through a 0.8 μm glass membrane (Pall Corporation, Port Washington, 

NY, USA). The filtrate was dried at 105 °C for 8 h in an electric oven (Advantec 

FUW243PA; Advantec, Ehime, Japan) and then weighed by using an electronic balance 

(Ohaus Explorer EX623; Ohaus Corporation, Newark, NJ). All of the experiments were 

conducted in triplicate.

2-4. Measurement of reducing sugar concentration

Reducing sugar was quantitatively analyzed by DNS (3,5-dinitrosalicylic acid) 

assay method suggested by Miller [1959]. DNS reagent was prepared as follows: 0.25 g of 

DNS and 75 g of sodium potassium tartrate were dissolved in 250 mL of 0.4 M sodium 

hydroxide solution. Glucose with different concentrations, from 1.0 to 10.0 mg/mL, was 

used to create the calibration curve. To analyze the residual glucose concentration in the 

microalgal medium according to the cell growth, 500 μL of each medium sample was 

mixed with 5.0 mL of DNS reagent and heated at 100 °C for 10 min to develop the 

red-brown color. 8 mL of distilled water was added into the samples when temperature 

dropped to the room temperature. Then the samples were detected by UV–visible 

spectrophotometer (DU800; Beckman Coulter, Brea, CA, USA) at 540 nm. All of the tests 

were conducted in triplicate.
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2-5. Determination of chlorophyll content

Chlorophylls in fresh microalgal cells were extracted with acetone. The 

concentration of chlorophylls in the extracted solution was determined by measuring the 

absorbance at 645 and 663 nm with a UV–visible spectrophotometer (DU800; Beckman 

Coulter, Brea, CA, USA) and then calculating with the following equation [Becker, 1994]:

Chlorophylls (mg/L) = 8.02 × A663 + 20.21 × A645                (Eq. 1)

The chlorophyll contents in the microalgal cells (mg/g) were calculated by 

dividing the concentration of the chlorophylls (mg/L) by the dry weight (g/L) of 

microalgae.

2-6. Estimation of total lipid content

Microalgal cells were harvested by centrifugation at 5000 × g for 30 min. The 

cell pellets were frozen overnight at -30 °C and freeze-dried at -50 °C under vacuum (FD 

8508 Bench-Top freeze-dryer; Ilshin BioBase, Co. Ltd., Gyeonggi-do, South Korea). One 

gram of dried cell biomass was blended with 200 mL of distilled water, and the cell 

mixture was disrupted by a sonicator (Sonifier 250; Branson Ultrasonics, Danbury, CT, 

USA) at a resonance of 10 kHz for 5 min. Lipid extraction was performed according to 

the modified method described by Folch et al. [1957]. Total lipid was extracted with a 

mixture of chloroform–methanol (2:1, v/v) for 1 h. The chloroform layer was removed by 

evaporation with rotary vacuum (Rotavapor R-205; Buchi Labortechnik, Flawill, Switzerland) 

and weighed.
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2-7. Analysis of fatty acid composition

The extracted lipid was used to analyze fatty acid composition by a modified 

saponification and methylation procedure described by Metcalfe and Schmitz [1966]. The 

composition of each microalgal strain was determined by gas chromatography (GC-2010 

Plus; Shimadzu Corporation, Kyoto, Japan), with an art-2560 capillary column (length 100 

m, 0.25 mm inner diameter, 0.25 μm film thickness) and a flame ionization detector. 

Operation conditions were as follows: inlet temperature 260 °C, initial oven temperature 

140 °C held for 5 min and then ramped by 4 °C per min and held for 15 min, and the 

detector temperature 260 °C. Fatty acids were identified by a comparison of their retention 

times with known standards.
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3. Results

3-1. Effect of nitrogen concentration on photoautotrophic growth 

and total lipid content

To examine the effect of nitrogen on the biomass and total lipid production of 

the three microalgae under photoautotrophic cultivation (light intensity was maintained at 80 

µmol photon/m2/s for I. galbana LB987 and N. oculata CCAP849/1, and at 100 µmol 

photon/m2/s for D. salina), different concentrations of nitrogen were supplemented to the 

modified culture media. As shown in Fig. 3-1, a low nitrogen concentration did not support 

cell growth but stimulated total lipid accumulation in cells. As nitrogen concentration 

increased, biomass production increased. High amounts of biomass from I. galbana LB987 

(0.58 g biomass per liter) and N. oculata CCAP849/1 (0.56 g/L) were obtained at a 

concentration of 0.95 mM NaNO3, whereas a biomass of 0.62 g/L was obtained from D. 

salina at 7.5 mM KNO3. In contrast to biomass production, total lipid content decreased 

significantly in all three strains by increasing nitrogen concentration. In particular, total 

lipid content decreased >35% (w/w) in D. salina as nitrogen concentration increased from 

1.0 to 10.0 mM.
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Fig. 3-1. Effect of nitrogen concentration on biomass and total lipid content under 

photoautotrophic condition: (a) I. galbana LB987; (b) N. oculata CCAP849/1; and (c) D. 

salina.
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3-2. Effect of carbon source on heterotrophic growth

Fig. 3-2 shows the growth of the three microalgae under heterotrophic culture 

conditions with various carbon sources (0.01 M), such as glucose, galactose, fructose, 

xylose, rhamnose, and sucrose. The three microalgal species can use all of the carbon 

sources tested. However, among the carbon sources tested, glucose was the best, with 

maximal biomass of 0.75 g/L for I. galbana LB987, 1.40 g/L for N. oculata CCAP849/1, 

and 0.65 g/L for D. salina, respectively, during 10 days cultivation. Compared with 

photoautotrophic cultivation, heterotrophically cultured biomass increased remarkably; 

especially, that of N. oculata CCAP849/1 increased approximately three fold. On the other 

hand, poor biomass production was observed from I. galbana LB987 and D. salina when 

supplemented with sucrose and from N. oculata CCAP849/1 with galactose as the sole 

carbon source. It is obvious from the data shown in Fig. 3-2 that the total lipid contents 

in cells cultured in heterotrophic conditions were relatively low.

To learn about the effect of initial glucose concentration on cell growth, all 

three microalgae were cultured in different modified media supplemented with various 

glucose concentrations (0.01–0.05 M) for 10 days. The results are illustrated in Fig. 3-3. 

When 0.02 M glucose was supplemented, the highest amount of biomass was observed in 

I. galbana LB987 (0.79 g/L) and N. oculata CCAP849/1 (1.46 g/L). On the other hand, 

0.90 g/L biomass was observed in D. salina with 0.05 M glucose. In addition, glucose 

consumption rates of three microalgae in different initial concentration were also determined 

as cells grew (Fig. 3-3). After 10 days incubation with 0.02 M glucose, the consumption 

rates of I. galbana LB987 and N. oculata CCAP849/1 were found to be 83.8 and 93.3%, 

respectively. In contrast, no more than 50% of glucose was utilized in higher 

concentrations (>0.04 M). Similarly, D. salina showed the highest consumption rate (97.3%) 

when grown on initial 0.05 M glucose concentration, but substrate inhibition was also 

happened at higher concentrations (data not shown). Moreover, the pH changes in the 

medium during cells growth were also monitored. Medium pH deceased from initial 8.0 to 
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final 6.8–7.2 for 10 days incubation in all three microalgae, but it did not inhibit cell 

growth significantly.

Fig. 3-2. Effect of six different carbon sources (0.01 M) on heterotrophic microalgal growth: 

(a) I. galbana LB987; (b) N. oculata CCAP849/1; and (c) D. salina.
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Fig. 3-3. Influence of glucose concentration (0.01-0.05 M) on microalgal growth under 

heterotrophic cultivation and glucose consumption rate according to cell growth: (a) I. 

galbana LB987; (b) N. oculata CCAP849/1; and (c) D. salina.
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3-3. Biomass, total lipid, and chlorophyll content under different 

culture conditions

The effect of culture mode on biomass, chlorophyll, and total lipid content was 

investigated. For heterotrophic and mixotrophic cultivation, 0.02 M glucose for I. galbana

LB987 and N. oculata CCAP849/1 and 0.05 M glucose for D. salina were supplemented to 

the media, and light intensity for mixotrophic conditions was the same as that for 

photoautotrophic conditions. As shown in Fig. 3-4, biomass production of all strains 

improved dramatically when they were grown under mixotrophic conditions. Biomass 

obtained under photoautotrophic, heterotrophic, and mixotrophic culture conditions were as 

follows: 0.56, 0.83, and 0.89 g/L for I. galbana LB987; 0.54, 1.46, and 1.69 g/L for N. 

oculata CCAP849/1; and 0.59, 0.90, and 1.16 g/L for D. salina, respectively.

As described above, microalgal cells grown under heterotrophic condition, 

which means dark conditions, maintained low-level chlorophyll and total lipid content. 

However, under mixotrophic conditions, light stimulated the production of chlorophyll and 

total lipid to the maximal level. Chlorophyll concentration in cells grown under 

photoautotrophic, heterotrophic, and mixotrophic cultivation were as follows: 32.3, 4.1, and 

29.1 mg/g for I. galbana LB987; 41.9, 3.7, and 39.2 mg/g for N. oculata CCAP849/1; and 

38.5, 2.6, and 35.2 mg/g for D. salina, respectively (Fig. 3-4). In addition, total lipid 

contents (%, w/w) in cells obtained from photoautotrophic, heterotrophic, and mixotrophic 

cultivation were as follows: 26.5, 17.4, and 30.1% (w/w) for I. galbana LB987; 26.5, 18.4, 

and 37.3% (w/w) for N. oculata CCAP849/1; and 24.6, 15.8, and 31.3% (w/w) for D. 

salina, respectively. The increase or decrease patterns for chlorophyll and total lipid 

production under different culture conditions were very similar.

It is known that light intensity directly influences microalgal cell growth and 

photosynthesis. Therefore, the effect of light intensity on biomass, total lipid, and 

chlorophyll concentrations was assessed under mixotrophic cultivation, with varying light 
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intensity ranging from 0 to 200 μmol photon/m2/s and a constant photoperiod (12:12 h, 

light/dark cycle). It is noteworthy that light intensity did not have a significant impact on 

cell growth but stimulated chlorophyll synthesis and lipid production in cells remarkably 

(Fig. 3-5). Optimal range of light intensity for maximum total lipid production of all three 

strains was found to be from 80 to 150 μmol photon/m2/s.

Fig. 3-4. Biomass, total lipid and chlorophyll content of three green microalgae grown 

photoautotrophic, heterotrophic, and mixotrophic culture conditions;: (a) I. galbana LB987; 

(b) N. oculata CCAP849/1; and (c) D. salina.



- 54 -

Fig. 3-5. Effect of light intensity on cell growth, total lipid content, and chlorophyll content 

under mixotrophic cultivation: (a) I. galbana LB987; (b) N. oculata CCAP849/1; and (c) D. 

salina.
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3-4. Effect of light intensity on fatty acid composition

Effect of light intensity on total fatty acid concentration and composition of 

total lipid in all three strains was analyzed with different light intensities ranging from 0 to 

200 μmol photon/m2/s. Fatty acid composition was determined as palmitic acid (C16:0), 

palmitoleic acid (C16:1), stearic acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2), and 

linolenic acid (C18:3) from extracted lipid to focus on the quality improvement of 

biodiesel. As light intensity increased up to 150 μmol photon/m2/s, fatty acid concentrations 

in the three microalgae increased slightly (Fig. 3-6). N. oculata CCAP849/1 produced the 

highest amount of C16–C18 fatty acids among the three strains, 67.0 mg/mL with a light 

intensity of 150 μmol photon/m2/s. Unlike I. galbana LB987 and N. oculata CCAP849/1, 

the concentration of C16–C18 fatty acids of D. salina increased remarkably according to 

the increase of light intensity up to 150 μmol photon/m2/s, although its relative 

concentration level (approximately 20 mg/mL) was low. More than 40 mg/mL fatty acids 

were involved as forms of lignoceric acid (C24:0), docosahexaenoic acid (C22:6), and 

eicosapentaenoic acid (C20:5), in decreasing order.

Meanwhile, light intensity variations did not change C16–C18 fatty acids 

composition significantly in all three strains (Table 1). Regardless of light intensity, the 

major constituents of I. galbana LB987 were long-chain fatty acid of palmitic (C16:0) and 

oleic acid (C18:1), whereas those of N. oculata CCAP849/1 were palmitic (C16:0) and 

palmitoleic acid (C16:1). In the case of D. salina, linolenic (C18:3) and linoleic acids 

(C18:2) were found to be dominant in cells. It is noteworthy that all three strains 

contained a relatively low concentration of stearic acid (C18:0), a common fatty acid in 

microalgae.
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Fig. 3-6. Effect of light intensity on fatty acid composition under mixotrophic cultivation: (a) 

I. galbana LB987; (b) N. oculata CCAP849/1; and (c) D. salina.



- 57 -

Microalgae
Light intensity

(μmol photon/m2/s)

Fatty acid compositions
C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 total fatty acid

mg/mL, (%) mg/mL, (%) mg/mL, (%) mg/mL, (%) mg/mL, (%) mg/mL, (%) mg/mL, (%)

I. galbana

LB987

0 17.4, (41.2) 0.9, (2.0) 3.1, (7.3) 10.9, (25.8) 6.9, (16.3) 3.1, (7.3) 42.3, (100)

20 17.6, (38.7) 0.9, (2.0) 5.9, (13.0) 11.2, (24.7) 6.5, (14.3) 3.3, (7.3) 45.4, (100)

42 17.9, (38.8) 0.9, (2.0) 6.0, (13.0) 11.6, (25.1) 7.0, (15.1) 2.8, (6.1) 46.2, (100)

80 18.3, (36.2) 1.0, (1.9) 6.3, (12.5) 12.0, (23.7) 7.1, (14.0) 5.9, (11.7) 50.6, (100)

100 19.4, (38.3) 0.9, (1.8) 6.4, (12.6) 12.4, (24.4) 7.5, (14.8) 4.1, (8.0) 50.7, (100)

150 19.7, (38.5) 1.0, (1.9) 6.4, (12.5) 12.6, (24.6) 7.2, (14.1) 4.3, (8.4) 51.1, (100)

200 17.3, (41.9) 0.9, (1.9) 6.1, (12.9) 12.7, (26.8) 6.7, (14.2) 3.6, (7.6) 47.3, (100)

N. oculata

CCAP849/1

0 21.3, (41.9) 20.8, (41.1) 0.8, (1.7) 4.1, (8.0) 3.0, (5.8) 0.8, (1.5) 50.7, (100)

20 23.8, (43.3) 21.5, (39.0) 1.4, (2.5) 4.1, (7.5) 3.5, (6.3) 0.8, (1.4) 55.0, (100)

40 25.8, (44.1) 22.5, (38.5) 1.4, (2.4) 4.3, (7.3) 3.7, (6.3) 0.8, (1.4) 58.5, (100)

80 27.3, (42.3) 26.0, (40.2) 1.7, (2.6) 6.3, (9.7) 2.7, (4.1) 0.8, (1.2) 64.7, (100)

100 26.2, (40.0) 26.4, (40.2) 1.5, (2.3) 6.9, (10.5) 3.7, (5.6) 0.9, (1.4) 65.6, (100)

150 26.4, (39.4) 27.2, (40.6) 1.5, (2.2) 6.3, (9.4) 4.8, (7.1) 0.9, (1.3) 67.0, (100)

200 25.7, (41.6) 23.2, (37.6) 1.4, (2.3) 6.6, (10.6) 4.1, (6.6) 0.8, (1.2) 61.6, (100)

D. salina.

0 0.2, (8.8) 0.2, (7.1) 0.2, (8.0) 0.1, (4.6) 0.6, (25.6) 1.1, (45.8) 2.4, (100)

20 0.4, (11.7) 0.2, (6.7) 0.2, (7.0) 0.2, (5.0) 0.7, (24.8) 1.3, (44.6) 3.0, (100)

40 0.9, (13.2) 0.4, (6.3) 0.6, (8.4) 0.3, (4.1) 1.2, (16.7) 3.6, (51.2) 7.0, (100)

80 1.5, (10.8) 0.5, (3.7) 0.9, (6.9) 0.7, (4.8) 2.7, (19.6) 7.4, (54.3) 13.7, (100)

100 1.6, (8.5) 0.5, (2.8) 1.1, (5.9) 1.2, (6.2) 4.0, (21.6) 10.3, (55.0) 18.6, (100)

150 1.6, (7.8) 0.6, (2.7) 1.3, (6.5) 1.2, (6.0) 4.3, (20.8) 11.7, (56.3) 20.8, (100)

200 1.6, (8.0) 0.6, (3.0) 1.4, (6.8) 1.2, (5.9) 4.4, (21.7) 11.0, (54.6) 20.1, (100)

Table 3-1. Relative fatty acid (C16-18) composition (%) of lipids in cells grown under mixotrophic condition with different light 

intensities
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4. Discussion

Nitrogen concentration in the culture medium is one of the vital factors that 

affect lipid synthesis of microalgae. It has been reported that lipid content in Chlorella

could be doubled or even tripled under N-depletion conditions [Coverti et al., 2009; Scott 

et al., 2010], and a reciprocal relationship between nitrogen concentration and lipid content 

was also observed [Widjaja et al., 2009]. Under nitrogen starvation, the capacity for de 

novo lipid synthesis seems a characteristic of some algal species by converting excess of 

carbon and energy into triacylglycerols (TAG) [Thompson, 1996]. TAG consisted mainly of 

saturated and monounsaturated fatty acids can be efficiently stored in the cell and generate 

more energy than carbohydrates upon oxidation, thus forming the efficient carbon sink for 

rebuilding the cell after the stress. Although nitrogen starvation is well known to trigger a 

high amount of lipid accumulation, it can cause poor cell growth as well. Therefore, it is 

important to establish an appropriate concentration of nitrogen in culture medium to obtain 

maximal lipid productivity. This study shows that the total lipid content in cells decreased 

but cell growth improved with increasing nitrogen concentration (Fig. 3-1).

Some photoautotrophic microalgal cells can grow under mixotrophic conditions, 

with the addition of external organic carbon sources. This phenomenon exists in a number 

of microalgal genera and species distributed in major taxonomic divisions [Feuillade and 

Feuilade, 1989; Ukeles and Rose, 1976]. Most of the previous works have focused on the 

use of organic carbon as precursor for cell growth and for the accumulation of 

macromolecules, such as lipids, saccharides, proteins, and other active biochemicals under 

heterotrophic cultivation [Mata et al., 2010]. Heterotrophic cultivation has many advantages 

such as pure and high cell density culture without photolimitation effect and ease of 

harvesting. The use of carbon source is species-specific. In the present study, among the 

carbon sources tested, the supplementation of glucose led to a significant improvement of 
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growth in all three microalgal cells (Fig. 3-2). In general, glucose is the most commonly 

used carbon source in the heterotrophic cultivation of many microalgae. Based on the 

finding from Griffiths et al. [1960], we found that high biomass concentrations were 

obtained when glucose was added as the sole carbon source. Liang et al. [2009] showed 

that the highest biomass and a 14-fold higher lipid productivity of C. vulgaris were 

obtained under heterotrophic conditions in the presence of glucose. In addition, Liu et al. 

[2010] stated that glucose is the best carbon source for microalgal growth and lipid 

accumulation. This is mainly because the supplementation of glucose in the culture medium 

induces the membrane-bound H+-glucose symport system [Haass and Tanner, 1973] and 

enhances the driving force of glucose uptake [Tanner, 1969]. The major metabolic pathways 

of glucose in algal cells are the glycolytic and pentose phosphate pathways. The reducing 

equivalents (FADH2 and NADPH) are produced from glucose metabolism involved in ATP 

synthesis during oxidative phosphorylation. As a consequence, all of the produced ATPs are 

used for cell growth and lipid accumulation.

In our study, increasing growth trend was observed with increasing glucose 

concentrations; however, higher glucose concentrations provoked a decrease in biomass 

amount, which might be attributed to substrate inhibition (Fig. 3-3). In this case, excess 

glucose molecules would compete with the glucose molecules on the membrane-bound 

glucose permease.

The influence of three different culture modes on growth, chlorophyll, and total 

lipid content in three microalgae is presented in Fig. 3-4. Low biomass production occurred 

under photoautotrophic cultivation compared with heterotrophic or mixotrophic cultivation. 

The major reason for this outcome was that, in phototrophic conditions, only one factor 

acts as an energy source (light). Meanwhile, both light energy and organic carbon source 

were used for ATP production under mixotrophic conditions. In mixotrophic conditions, 

light energy is the major source for ATP production in the early stage of cell growth. 

Furthermore, in the presence of an organic carbon source, the concentration of 

photosynthetic pigments was low, and the formation of thylakoids was disturbed within the 
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cell. Yang et al. [2000] stated that total ATPs produced under photoautotrophic, 

heterotrophic, and mixotrophic conditions were 34.4, 19.4, and 27.4 mmol/g/h, respectively. 

However, the percentages of ATP consumption/production were 56.8, 18.2, and 36.3% 

during photoautotrophic, heterotrophic, and mixotrophic cultivation, respectively. A low ATP 

consumption during heterotrophic cultivation was attributed to the absence of the Calvin 

cycle (no light energy), and most of ATP was consumed only for glucose uptake and 

biomass synthesis. Among the three different culture mode operations, the highest total lipid 

content was observed under mixotrophic cultivation. This is because mixotrophic cultivation 

uses both light energy and carbon sources for cell growth and lipid accumulation.

The effect of light intensity on microalgal growth and total lipid content is 

depicted in Fig. 3-5. Our previous studies indicated that cell growth and total lipid 

production of freshwater green microalgal cells under mixotrophic conditions are notably 

affected by light intensity [Gim et al., 2014]. Cheirsilp and Torpee [2012] reported that the 

number of photosynthetic pigments (chlorophyll a and light-harvesting pigments such as 

chlorophyll c, phycobilins, and carotenoids) increases with increasing light intensity. In the 

present study, the total lipid content increases with increasing light intensity; this is because 

excessive light energy was converted into fatty acids. Under optimal growth conditions, 

light energy absorbed by antenna pigments is converted to ATP or NADPH, and this 

chemical energy is stored ultimately as starch and/or lipids by fixing CO2 through the 

Calvin cycle and lipogenesis. Furthermore, when high light energy was supplied into the 

microalgal culture, the enzymes involved in fatty acid biosynthesis were very active, 

particularly acetyl-CoA carboxylase, desaturase, acyl-carrier protein synthase, ATP/citrate 

lyase, and membrane-bound glucose permease [Arroyo et al., 2011; Gim et al., 2014]. In 

contrast, photo-oxidative cell damage occurred when microalgal cells were grown under 

higher light intensity. Under these conditions, the light-harvesting chlorophyll molecules 

were converted to unstable forms, which in turn react with dissolved oxygen species. These 

reactive oxygen species then react with free fatty acids to make lipid peroxidase in inactive 

form, which reduces the fatty acid concentration. Furthermore, microalgal cells can 
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accumulate excessive light energy in the form of other macromolecules such as 

polysaccharides and proteins. Instead, low light intensity may increase the light reaction 

center pigments and light-harvesting (antenna) pigments to absorb maximal photons for 

normal cell growth. Moreover, a large volume of chloroplasts and a high density of 

thylakoid membranes lead to reduced lipid storage [Gim et al., 2014].

It has been shown that light intensity influences fatty acid composition of 

microalgal cells such as triglyceric acids, glycolipids, phospholipids, and polyunsaturated 

fatty acids (PUFA) [Yang et al., 2000]. Fatty acid composition plays an important role in 

the evaluation of biodiesel quality. The changes in fatty acid composition attributed to light 

intensity are highly species-specific. Furthermore, when the cells were grown at a higher 

light intensity, this led to an increased concentration of saturated fatty acids but a decrease 

in PUFA [Brown et al., 1996]. In contrast, low light intensity induces the formation of 

membrane polar lipids associated with chloroplasts. In this situation, more electron receptors 

were synthesized in thylakoids. Under low light intensity, the photosynthetic pigments and 

PUFA increased [Zhukova and Titlyanov, 2006]. It is noteworthy that Solovchenko et al. 

[2013] reported that the fatty acid composition of lipids in Desmodesmus sp. were most 

likely changed in chloroplasts accompanied by the dismantling of thylakoid membranes 

under very high light intensity. 

In this study, the effect of light intensity on total amount and composition of 

fatty acid (C16–C18) of total lipid in three microalgal cells was investigated. As shown in 

Fig. 3-6 and Table 3-1, fatty acid concentration increased slightly with increasing light 

intensity up to 150 μmol photon/m
2/

s, and the order of microalgal species containing high 

fatty acids (C16–C18) concentration was N. oculata CCAP849/1 > I. galbana LB987 > D. 

salina. However, relative fatty acid compositions of total lipid were not changed by the 

variation of light intensity. Regardless of light intensity, I. galbana LB987 contained 

approximately 40% palmitic (C16:0) and 25% oleic acids (C18:1) as major fatty acids but 

stearic (C18:0) and linoleic acids (C18:2) as minor fatty acids, whereas N. oculata

CCAP849/1 contained >40% palmitic (C16:0) and >40% palmitoleic acids (C16:1) as major 
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fatty acids but oleic acid (C18:1) as minor fatty acid. In the case of D. salina, total fatty 

acid concentration was 62.1 mg/mL, however, C16–C18 concentration was found to be only 

20 mg/mL. More than 40 mg/mL fatty acid was involved as forms of lignoceric (C24:0), 

docosahexaenoic (C22:6), and eicosapentaenoic acids (C20:5) in D. salina. From these 

results, we can expect that the species of N. oculata CCAP849/1 and I. galbana LB987 

can be used as sources for biodiesel production, whereas D. salina species can be used as 

a source for omega-3 production, which is effective for human health benefits of cancer, 

cardiac disease, stroke, high blood pressure, and arrhythmia [Romieu et al., 2005; 

Vazhappilly and Chen, 1998].

Table 3-2 shows the comparative analysis of the biomass and lipid production 

in the three marine microalgae species with other related species under the different culture 

conditions. From this analysis, it was confirmed that mixotrophic cultivation is more 

efficient for lipid production than photoautotrophic culture in the same microalgal species 

and glucose can be used for growth as a better organic source. Among the microalgal 

species described in this Table 3-2, N. oculata CCAP849/1 was the best biomass- and lipid 

producing microalga under mixotrophic culture conditions with 0.02 M glucose and light 

intensity of 150 μmol photon/m2/s. Maximal biomass and lipid productivities of this species 

were 169.4 and 63.1 mg/L/d, respectively.
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Microalgae Reactor type

Culture conditions Biomass Lipid

Ref.
Culture mode

Light intensity

(μmol photon/m2/s)

Carbon 

sources

Production

(g/L)

Productivity

(mg/L/d)

Content

(%, w/w)

Production

(g/L)

Productivity

(mg/L/d)

I. galbana
Circular 

cylindrical (20 L)
Photoautotrophic 36 - 0.57 24.9 23.2 - - Lee et al., 2011

I. galbana Circular 
cylindrical (5 L)

Photoautotrophic 110 - 0.80 66.6 24.0 - - Ra et al., 2015

I. galbana 

LB987

Erlenmeyer flask 
(1 L) Mixotrophic 150

0.02 M 
glucose 0.89 89.1 30.1 0.27 26.8 In this study

N. oculata Circular 
cylindrical (20 L)

Photoautotrophic 36 - 0.57 20.4 8.2 - - Lee et al., 2011

N. oculata 

CCMP525

Circular 
cylindrical (5 L) Photoautotrophic 110 - 0.51 47.5 17.0 - - Ra et al., 2015

N. oculata 

CCAP849/1
- Mixotrophic 270

0.06 M 
glucose

0.61 - - 0.16 14.0 Wan et al., 2011

D. tertiolecta Erlenmeyer flask 
(1 L)

Mixotrophic 150 0.02 M 
glucose

1.69 169.4 38.5 0.63 63.1 In this study

D. slaina
Circular 

cylindrical (5 L)
Photoautotrophic 110 - 0.28 44.2 23.0 - - Ra et al., 2015

D. slaina 

FACHB435

Circular 
cylindrical (5 L)

Photoautotrophic 110 - 0.25 37.5 22.0 - - Ra et al., 2015

D. salina - Mixotrophic 270
0.08 M 
glucose 0.52 - - 0.15 12.0 Wan et al., 2011

Table 3-2. Relative fatty acid (C16-18) composition (%) of lipids in cells grown under mixotrophic condition with different light 

intensities



  Chapter IV

Growth factors in oceanic sediment significantly 

stimulate the biomass and lipid production of 

two oleaginous microalgae
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1. Introduction

Because of the shortage and increasing cost of conventional fossil fuels, the 

development of new technologies for renewable biofuel production is expected to become 

increasingly important [Concas et al., 2014]. Microalgae are considered a suitable energy 

resource through the photoautotrophic mechanism that can convert carbon dioxide into 

biomass, fatty acids, and lipids. Several oleaginous microalgae, such as C. vulgaris, I. 

galbana, N. oculata, S. obliquus, and Tetraselmis suecica were considered some of the 

most promising feedstock for biofuel production because of their rapid growth rate (cell 

doubling time of 1–10 days) and high intracellular lipid content (more than 50%, cell dry 

weight) [Yang et al., 2011]. In contrast, B. braunii and P. tricornutum have relatively high 

lipid content (maximum 57–75%), but require long cultivation times (approximately 20–30 

days) and have low biomass productivities (0.02 and 0.003–1.9 g/L/d) [Mata et al., 2010]. 

Therefore, at present, these two microalgal strains were not considered to be suitable 

sources for biodiesel production. 

Generally, it is known that soil extracts contain essential elements for 

microalgal growth, such as macronutrient elements (C, N, and P), trace metal ions (Fe3+, 

Mg2+, Ca2+, Mn2+, Zn2+, Co2+, Cu2+, and Mo2+, etc.), vitamins, chelators, and other carbon 

additives. In recent years, interest in the function of metal ions for microalgal biomass and 

lipid production has been growing. Metal ions are environmental factors that affect the 

metabolic growth and lipid accumulation processes of microalgae [Huang et al., 2014]. Iron 

is one of the most essential metal ions required by microalgae. Several studies have shown 

that increasing iron concentration in the culture medium promotes an increase in both 

growth rate and lipid content of microalgae [Liu et al., 2008; Ruangsomboon et al., 2013]. 

In addition, calcium and magnesium are also favorable for algal lipid accumulation [Gorain 

et al., 2013]. Most of these experiments were conducted under photoautotrophic conditions. 
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Humic substances (humic and fulvic acids) in soil extracts could serve multiple 

functions in biological systems [Petersen, 1991]. They influence phytoplankton via both 

direct (e.g., a nutrient source [Carlsson et al., 1999] or modifier of membrane 

characteristics [Petersen, 1991]) and indirect (e.g., light attenuation [Dera et al., 1978; 

Doering et al., 1994] and trace metal chelation [Sunda and Huntsman, 1995; Sunda et al., 

1983]) mechanisms. Enhanced microalgal growth using soil extract has been primarily 

attributed to the chelating action of the humic substances, which reduce heavy metal ion 

toxicity or increase the bioavailability of trace metals, such as iron. Sweeney [Sweeney, 

1954] used soil extract as an alternative for vitamin B12 and EDTA, which are commonly 

added to seawater medium. In natural seawater, dissolved organic carbon (DOC) and EDTA 

act as chelators. Steelink [1977] and Prakash and Rashid [1968] reported that the 

iron-humic substance complex in aquatic systems stimulated microalgal growth. Most 

macronutrients and major metal ions are generally highly soluble and non-toxic, but several 

micronutrients were toxic at high concentrations. For example, hydrous ferric oxide, one 

form of iron compounds, is an insoluble precipitate and unavailable to microalgae. In 

addition, the ferric precipitate adsorbed other essential metals and lowered their 

bioavailability. Because of these difficulties, providing adequate and non-toxic trace metal 

ions to microalgae in culture is very important. Initially, this problem was solved through 

the addition of oceanic sediments, which contains various kinds of trace metal ions along 

with complex mixtures of high molecular weight organic acids, such as humic acid.

In this study, the composition of oceanic sediment was analyzed and the 

mixing ratio between sediment extract and culture medium was optimized to obtain 

maximum biomass and lipid production of microalgae under the mixotrophic mode. The 

optimum concentrations of growth stimulators, such as metal ions, EDTA and humic 

substances, were investigated. Finally, biomass and lipid productions obtained from cells 

cultured in media containing different components of growth stimulators or oceanic 

sediment were compared.
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2. Materials and Methods

2-1. Microalgal culture media and conditions

Two microalgae, which accommodate a high content of lipid in their cells, 

were used in this study. One freshwater microalgal species, B. braunii LB572, and another 

marine species, P. tricornutum B2089, were obtained from UTEX Culture Collection of 

Algae (The University of Texas at Austin, Austin, USA). The media used in this study 

were Jaworski’s medium [Thompson et al., 1988] for B. braunii LB572, and f/2 medium 

[Guillard and Ryther, 1962] for P. tricornutum B2089. Microalgal cells obtained from 

culture collection were spread out on an agar surface and single colonies were isolated to 

avoid the bacterial contamination. 

Pre-cultivation of the two microalgae was performed in a 500 mL Erlenmeyer 

flask containing a working volume of 250 mL of microalgal species-specific medium with 

cotton plugs that allow exchange with the atmosphere. Cells were cultivated at 25 °C under 

photoautotrophic culture conditions. Cultures were illuminated with cool-white fluorescent 

lamps, which were fixed on the wall, and light intensity was attenuated by adjusting the 

distance from lamps and was measured with an illuminance meter (LT Lutron LM-81LX; 

Lutron Electronic Enterprise, Co., Taipei, Taiwan). Based on our previous results of optimal 

growth conditions, light intensity was maintained at 95 µmol photon/m2/s for P. tricornutum 

B2089 and at 100 µmol photon/m2/s for B. braunii LB572. The photoperiods were 12:12 h 

(Light:Dark cycle). Each cultivation period for the two microalgal species was as follows: 

20 days for B. braunii LB572 and 21 days for P. tricornutum B2089.
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2-2. Preparation of oceanic sediment extract

Oceanic sediments were collected at six coastal areas in Jeollanam-do province, 

Republic of Korea. Sediment samples were collected at a depth of 10-20 cm and primarily 

leached through a no. 4–10 Sieve (opening diameter: 4.76–2 mm) and dried at 30 °C for 

24 h. 35 g of dried sediment was placed in 1 L of distilled water and treated with 10 mL 

of 1 N-HNO3 to adjust pH 2.0. The mixture was stirred for 6 h and then allowed to stand 

for 1 h. Then, the supernatant was filtered using a 0.2 μm membrane filter (Pall, USA) 

and the final pH of the extract was adjusted to 7.0–8.0.

2-3. Effect of oceanic sediments on cell growth and lipid 

production

As described in the introduction, oceanic sediment contains complex mixtures 

of high molecular mass organic acids, along with various types of trace metal ions. Among 

the multiple sediments collected from six areas at different periods, the samples collected 

from Yeosu-city (34ﾟ47'48.6"N 127ﾟ33'30.6"E) at summer season (from June to September, 

2016) was the most nutritious and contained an appropriate ratio of dissolved organic 

carbon (DOC), T-N, T-P, and metal ions at approximately similar concentrations, so these 

samples was used in all subsequent experiments. Several effects of growth factors in these 

sediments on microalgal growth and lipid production under the mixotrophic culture modes 

were investigated as detailed below.

In experiment I, to determine the optimal mixing ratio for maximum biomass 

and lipid production, the culture medium and oceanic sediment extract were mixed with 

medium to sediment ratios of 10:0, 9:1, 8:2, 7:3, 6:4, and 5:5 (v/v). Microalgal cell 

cultivation was performed in 5L Erlenmeyer flasks containing 3 L of culture medium 

mixed with appropriate amount of oceanic sediment extract.
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In experiment II, the availability of DOC in the oceanic sediment extract was 

tested as a carbon source. When the culture medium was mixed with sediment extract at a 

ratio of 6:4 (v/v), DOC concentration in the medium was 1.08 g/L. As a control, 1.0 g/L 

of glucose was added to each microalgal culture medium. During cell cultivation in 

different media, consumption of DOC and glucose in the media was determined and 

compared. In addition, concomitant biomass production was measured.

In experiment III, the effects of metal ions in the sediment on biomass and 

lipid production were investigated. First, the concentration of Fe
3+

, Mg
2+

, and Ca
2+ 

in the 

mixture of culture medium with extractat a ratio of 6:4 (v/v) was determined. Next, each 

metal ion in a limited concentration range was added to the corresponding culture medium 

without oceanic sediment extract. After cell cultivation in different media, biomass and lipid 

production were determined and compared.

In experiment IV, the effects of EDTA or aquatic humic substances (AHSs) to 

reduce metal ion toxicity or increase bioavailability of metal ions was examined. Different 

concentrations of EDTA (0, 0.25, 0.5, 1.0, 2.0, 3.5, 7.0, 10.0, and 20.0 mg/L) were treated 

in each culture medium containing the optimal concentration of metal ion for cell growth. 

In addition, AHSs were extracted from oceanic sediment and added to the culture medium 

at different concentrations (0, 1.0, 5.0, 10.0, 20.0, 40.0, 80.0, and 100.0 mg/L). Extraction 

of AHSs from sediment was conducted using the method of Schnitzer and Vendette [1975]. 

A 50 g sample of dried sediment was added to 500 mL of 0.5 N-NaOH. The mixture was 

agitated for 24 h and centrifuged at 900 × g for 30 min. The supernatant was adjusted to 

pH2 with 6 N-HCl and centrifuged. To remove the salts, the supernatant (the crude fulvic 

acid extract) was dialyzed with distilled water using a dialysis sac (Thermo scientific, 

USA). The precipitate (the crude humic acid extract) was washed with distilled water three 

times, and then dried. The final concentrations of humic and fulvic acids were analyzed 

with TOC (TOC 5000, Shimadzu, Japan). After cell cultivation, the differences between 

initial and final concentrations of trace metal ions were determined to confirm the uptake 

of metal ions.
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2-4. Analytical methods

Microalgal dry biomass was determined with 100 mL of microalgal culture, 

which was collected and harvested by centrifugation at 4500 × g for 15 min. Cell pellets 

were frozen immediately at -80 °C and later freeze dried at -45 °C under vacuum using a 

freeze-dryer (FD 8508 Bench-Top freeze-dryer, Ilshin BioBase, Republic of Korea). After 

drying, microalgal pellets were weighed using an electronic balance (Ohaus, Explorer 

EX623, USA). 

For estimation of total lipid contents (%, w/w), 1 g of dried microalgal cells 

were blended with 200 mL of distilled water, and the cell mixture was disrupted by 

sonication (Sonifier 250, Branson, USA) at a resonance of 10 kHz for 5 min. Lipid 

extraction was performed according to a modification of the method described by Folch et 

al. [1957]. Total lipids were extracted with a mixture of chloroform-methanol (2:1, v/v) in 

a separatory funnel and shaken for 1 h. The lower part of the chloroform layer (containing 

lipid) was selected and removed by evaporation using a rotary evaporator (Rotavapor 

R-205, Buchi, Switzerland) and the extracted lipids were weighed. Metal ion concentration 

of oceanic sediment extract was analyzed with an ICP-MS (Elan DRCII, Perkin Elmer, 

USA) and DOC (also humic substances) was determined by TOC (TOC 5000, Shimadzu, 

Japan). The concentrations of total nitrogen (T-N) and total phosphorus (T-P) were 

determined by standard methods [APHA, 1995].
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3. Results

3-1. Analysis of oceanic sediments composition

The concentrations of macronutrients and trace metal ions dissolved in the 

oceanic sediment extract used in this study are shown in Table 4-1. The concentrations of 

DOC, T-N, and T-P, were 2652.2, 15.0, and 0.7 mg/L, respectively. In addition, the 

concentration of Fe
3+, Mg2+, and Ca2+ ions were 1.85, 9.92, and 13.80 mg/L, respectively.

Macronutrients (mg/L) Trace metal ions (mg/L)

DOC T-N T-P Mg2+ Ca2+ Fe3+ Mn2+ Zn2+ Co2+ Cu2+ Mo2+

2708.2 15.8 0.8 10.2 14.7 1.9 32.2 27.0 5.2 19.6 3.4

Table 4-1. Compositions of macronutrients and metal ions in oceanic sediment extract used 

in this study
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3-2. Optimization of mixing ratio between culture medium and 

oceanic sediment extract

To determine the optimal mixing ratio for maximum biomass and lipid 

production, microalgal culture medium and oceanic sediment extract were blended at ratios 

of 10:0, 9:1, 8:2, 7:3, 6:4, and 5:5 (v/v). Biomass and lipid production data for the two 

microalgae cultivated mixotrophically for 14 days with different mixing ratios are shown in 

Table 4-2. Overall, the maximum production of biomass and lipids in the microalgae was 

observed at a mixing ratio of 6:4 (v/v), and lipid contents increased 8-10% (w/w) as the 

amount of sediment increased. When compared with sediment-free medium, specific growth 

rates of B. braunii LB572 and P. tricornutum B2089 were enhanced 13.0 and 11.3 times, 

respectively. Because of increased growth rate, the cultivation time of both microalgae was 

reduced by at least 6 days. Under this condition, maximal biomass and lipid production of 

B. braunii LB572 was 5.54 and 3.09 g/L, and that of P. tricornutum B2089 was 6.41 and 

3.61 g/L, respectively. These data suggested that oceanic sediment remarkably stimulated B. 

braunii LB572 and P. tricornutum B2089, resulting in the increase of biomass and lipid 

production at least 6- and 8-folds, respectively. Based on these results, the following 

experiment was conducted to determine the components in the oceanic sediment that 

promoted microalgal growth.
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Microalgae

Mixing ratio between culture 

medium and oceanic sediments

(v/v)

Cultivation time

(day)

Biomass Lipid

Specific growth rate

(day-1)

Production

(g/L)

Content

(%, w/w)

Production

(g/L)

B. braunii LB572

10:0 (JM) 20 0.03 0.79 48.0 0.38

9:1 14 0.09 1.36 47.2 0.64

8:2 14 0.13 1.99 48.5 0.97

7:3 14 0.22 3.22 51.3 1.65

6:4 14 0.39 5.54 55.8 3.09

5:5 14 0.21 3.00 50.2 1.51

P. tricornutum B2089

10:0 (f/2) 21 0.04 0.96 46.0 0.44

9:1 14 0.10 1.49 46.5 0.69

8:2 14 0.16 2.40 49.3 1.18

7:3 14 0.26 3.76 51.5 1.94

6:4 14 0.45 6.41 56.3 3.61

5:5 14 0.29 4.18 49.2 2.06

* JM (Jaworski’s medium), and f/2 medium 

Table 4-2. Effect of mixing ratio between culture medium and oceanic sediments on the microalgal biomass and lipid production
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3-3. Effect of DOC on biomass and lipid production

As shown in Table 4-1, oceanic sediment extract contained 2708.2 mg/L of 

DOC. There is a possibility that the DOC could be utilized as a carbon source for 

mixotrophic growth of microalgal cells, although its concentration was relatively low. When 

culture medium was mixed with oceanic sediment extract at a ratio of 6:4 (v/v), DOC 

concentration in the mixture was approximately 1.0 g/L. If DOC was used as a carbon 

source, its consumption and concomitant algal growth patterns should be similar with those 

of glucose. Thus, 1.0 g/L of glucose (as a control group) or DOC in mixture was used in 

the carbon utilization test for B. braunii LB572 and P. tricornutum B2089 under 

mixotrophic culture mode with illumination at 95 µmol photon/m2/s under a 12:12 h 

(light:dark) photoperiod. Compared to glucose, less DOC was consumed for 14 days, but at 

least 1.5 times higher cell mass and a concomitant 1.1 times higher lipid contents were 

achieved (Fig. 4-1). This indicated that small amounts of DOC was utilized as a carbon 

source for microalgal growth.
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Fig. 4-1. Effect of glucose or DOC in oceanic sediment on biomass and lipid production of 

(a) B. braunii LB572 and (b) P. tricornutum B2089.
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3-4. Effect of metal ions on microalgal growth and lipid production

As mentioned above, oceanic sediment included several metal ions, including 

1.9 mg/L Fe
3+, 10.2 mg/L Mg2+, and 14.7 mg/L Ca2+. Next, experiments were conducted to 

investigate the optimum concentration of each metal ion to determine if the concentrations 

of metal ions in the sediment were sufficient to positively influence the growth and lipid 

production of microalgae. Each cell of B. braunii LB572 and P. tricornutum LB2089 was 

cultured on different medium (JM or f/2 medium), which was supplied with different 

concentrations of metal ions; the concentration ranges of Fe3+, Mg2+, and Ca2+ were 0–20, 

0–10, and 0–20 mg/L, respectively. As shown in Fig. 4-2a and c, increasing the initial 

concentration of Fe3+ dramatically stimulated biomass and lipid productions, as well as lipid 

contentin both microalgae. When Fe3+ concentration reached 5.0 mg/L, the biomass and 

lipid productions of B. braunii LB572 and P. tricornutum B2089 increased more than 5.5 

and 28 times, respectively, compared to those of the control (Fe3+-free) group. In addition, 

lipid content of both microalgae was also improved (4–5 times higher than that of the 

control). However, at higher concentrations, their production was seriously inhibited. The 

effect of Ca2+ on growth and lipid production of microalgae was very similar to that of 

Fe3+. As the initial concentrations of Ca2+ increased up to 10.0 mg/L for B. braunii LB572 

and 5.0 mg/L for P. tricornutum B2089, the biomass and lipid production also highly 

increased (Fig. 4-2b and d). Compared with Fe3+ and Ca2+ produced less biomass but 

accumulated similar contents of lipids in cells. The stimulating effect of Mg2+ on 

microalgal biomass and lipid production was less than that of Fe3+ and Ca2+ ions (data not 

shown). However, biomass and lipid production tended to increase with increasing 

concentrations up to 5.0 mg/L in B. braunii LB572 and 2.5 mg/L in P. tricornutum

B2089. 

Consequently, the optimal concentrations of metal ions for photoautotrophic 

microalgal growth and lipid production were found to be as follows: 5.0 mg/L Fe3+, 10.0 

mg/L Ca2+, and 5.0 mg/L Mg2+ for B. braunii LB572; and 5.0 mg/L Fe3+, 5.0 mg/L Ca2+, 
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and 2.5 mg/L Mg2+ for P. tricornutum B2089. Under these optimal conditions, the biomass, 

lipid production, and lipid content of B. braunii LB572 were 4.06 g/L, 2.19 g/L, and 

53.9% (w/w), respectively; those of P. tricornutum B2089 were 4.99 g/L, 2.80 g/L, and 

56.1%, respectively. These values were 5-6 times higher than those obtained from cultures 

in JM or f/2 medium, but were lower than those obtained from cells grown on the 

medium mixed with oceanic sediment. Although the sediment mixed medium contained 

lower metal ions than the optimum concentrations, it produced more biomass and lipids. 

From these results, it is expected that some components in sediment may improve the 

bioavailability of metal ions to microalgae.
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Fig. 4-2. Effect of Fe
3+

and Ca
2+

on the biomass and lipid production of B. braunii LB572 (a 

and b) and P. tricornutum B2089 (c and d).
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3-5. Effect of EDTA or humic substances on bioavailability of 

metal ions to microalgae

The effect of EDTA, a non-specific complexing ligand, on the biomass and 

lipid accumulation of microalgal strains was studied at optimal concentrations of Fe3+, Ca2+, 

and Mg2+ ions. As shown in Fig. 4-3, biomass and lipid production significantly increased 

as the EDTA concentration increased up to 3.5 mg/L for B. braunii LB572 and 7.0 mg/L 

for P. tricornutum B2089. Under optimum EDTA concentration, biomass and lipid 

production of B. braunii LB572 were 4.4- and 6.7-fold higher and those of P. tricornutum

B2089 were 5.8- and 11.3-fold higher than the control group grown on EDTA-free 

medium. When EDTA concentration was low, residual concentrations of Fe3+ and Ca2+ in 

the medium decreased along with the increase of EDTA concentration. This indicates that 

EDTA enhanced the solubility of Fe3+ and Ca2+, and therefore improved the uptake of Fe3+ 

and Ca2+ into the microalgal cells [Jin et al., 2009; Yokoi et al., 2002]. However, high 

concentrations of EDTA severely inhibited the uptake of Fe3+ and Ca2+ and concomitantly 

hindered the growth and lipid accumulation of cells.

As described above, AHSs (humic and fulvic acid) are typically nonspecific 

organic ligands and generally constitute 30–80% of DOC [Jin et al., 2009]. In this study, 

145 and 220 mg/L of humic and fulvic acids were extracted from 2708.2 mg/L of DOC in 

oceanic sediment. To evaluate the effect of AHSs on cell growth and lipid accumulation, 

0–100 mg/L of the crude extracted humic and fulvic acids were applied to the culture 

medium, which contained optimal concentrations of Fe3+, Ca2+, and Mg2+ ions. Similar with 

EDTA effects, cell growth, lipid production and accumulation in both microalgae increased 

as the concentration of humic acid increased up to 80 mg/L, and concomitantly the residual 

concentrations of Fe3+ and Ca2+ in the medium decreased (Fig. 4-4). However, at higher 

concentrations than 100 mg/L, the uptake of Fe3+ and Ca2+ decreased and cell growth and 

lipid accumulation were inhibited significantly. 
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Fig. 4-5 shows the comparison of biomass, and lipid production and 

accumulation in microalgal cells grown on the media containing different compositions, 

such as oceanic sediments or optimized concentrations of metal ions, EDTA, and humic 

acid. The highest biomass and lipid production were obtained from the cells grown on 

appropriate culture medium (JM or f/2 medium) mixed with oceanic sediment at a ratio of 

6:4 (v/v) for 14 days.

Fig. 4-3. Chelation effect of EDTA on the bioavailability of metal ions to (a) B. braunii

LB572 and (b) P. tricornutum B2089.
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4. Discussion

Based on the results that maximal biomass and lipid productions of the two 

microalgae were obtained from the cells cultivated in the culture medium containing 

sediment extract at a ratio of 6:4 (v/v), it was investigated which components in the 

sediment promoted microalgal growth. There have been many reports concerning the 

physiological function of metals for microalgal biomass and lipid production [Abd El Baky 

et al., 2012; Ben Amor-Ben Ayed et al., 2015; Gorain et al., 2013; Huang et al., 2014; 

Liu et al., 2008; Ren et al., 2014]. Trace metal ions are very important in the cellular 

mechanism of microalgae, including photosynthesis, cell division, respiration, and 

intracellular transportation, and protein and lipid biosynthesis. They also enhance biomass 

and lipid yields of microalgae [Wan et al., 2014].

In these experiments, the optimum concentrations of Fe3+, Mg2+, and Ca2+ for 

two microalgae were determined. As the initial concentration of Fe3+ increased up to 5.0 

mg/L, biomass and lipid productions increased significantly (Fig. 4-2a and c). Abd El Baky 

et al. [2012] and Ren et al. [2014] described an increasing trend of cell growth and lipid 

accumulation of Scenedesmus sp. with an increasing of Fe3+ levels within appropriate 

concentration ranges under photoautotrophic or heterotrophic mode. Similar results were also 

found from Monoraphidium sp. [Che et al., 2015] and C. vulgaris [Liu et al. 2008]. Also, 

as shown in Fig. 4-2b and d, the initial concentrations of Ca
2+ 

reached 5.0-10.0 mg/L, the 

biomass and lipid production highly increased. Becker [1994] stated that Ca2+ is likely to 

be involved in cell growth and lipid accumulation through mechanisms, such as the 

formation of the cell membrane and enhancement of photo chemical efficiency of 

photosystem II. Conversely, Gorain et al., [2013] reported that increased Ca2+ concentration 

in the growth medium had little effect on biomass yield of C. vulgaris and S. obliquus; 

however, lipid content increased under photoautotrophic cultivation. Although a remarkable 
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effect of Mg2+ on lipid production was not observed in the tested microalgae, it is certain 

that Mg2+ plays an important role in their growth because it could enhance the acetyl-CoA 

carboxylase (ACCase) activity [Livine and Sukenik, 1992]. ACCase exerted intense 

regulation on fatty acid synthesis.

Compared to the effect of metal ion concentration, metal speciation is very 

important for bioavailability [Stumm and Morgan, 1996]. AHSs universally exist in natural 

water and are typically non-specific complexing organic ligands. They have a significant 

influence on metal speciation, and thus on bioavailability of metals to microalgae. Herein, 

the effects of EDTA and AHSs on the bioavailability of metal ions to the tested 

microalgae were determined. As shown in Fig. 4-3, the fact that the residual concentrations 

of Fe3+ and Ca2+ in the medium decreased along with the increase of EDTA concentration 

indicates that EDTA promotes the bioavailability of Fe3+ and Ca2+ to microalgal cells. At 

the same time, maximal biomass and lipid production was attained at concentration ranges 

from 3.5 to 7.0 mg/L. Gerringa et al., [2000] stated that EDTA increases the solubility of 

ferric oxide, and thereby increases iron availability to algae when EDTA concentration is 

low, but it chelates iron strongly and may decrease iron availability to some algae when 

EDTA concentration is high. Conversely, the uptake of Mg2+ in both microalgae was not 

affected by the EDTA concentration. Ren et al., [2014] reported that Mg2+ concentration 

exhibited as light decline with the addition of EDTA, which implies that the effect of 

EDTA on the bioavailability of Mg2+ was negligible. Like EDTA, humic acid also 

increased the bioavailability of Fe3+ and Ca2+ to microalgal cells and improved biomass and 

lipid production (Fig. 4-4). Interestingly, humic acid had a higher effect on biomass and 

lipid production than fulvic acid, which also had a similar effect (data not shown). Droop 

[1962] found that the growth of Skeletonema costatum was enhanced when humic acid was 

applied to the culture medium and that humic acid was more active than fulvic acid. 

Conversely, the effect of humic and fulvic acids on Mg2+ uptake was negligible. There are 

many reports demonstrating that humic substances stimulate algal growth. The 

growth-stimulating activity of soil extract on Gymnodinium species was primarily caused by 
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the chelating action of the humic component, which resulted in a reduction of the toxicity 

or an increase in the bioavailability of trace metals [Prakash and Rashid, 1968]. Ohkubo et 

al., [1998] showed that a chelating substance, such as humic isolates, can stimulate the 

growth of Microcystis aeruginosa by reducing the toxicity of heavy metals. Granéli and 

Moreira [1990] demonstrated that Prorocentrum minimum responds to humic acid with an 

increase in growth rate. Koukal et al., [2003] and Pempkowiak and Kosakoeska [1998] 

showed that the presence of humic substances stimulated photosynthesis and growth in the 

green algae, Pseudokirchneriella subcapitata and C. vulgaris A1-76, by reducing the 

toxicity of heavy metals.
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Fig. 4-4. Chelation effect of humic acid on the microalgal growth and bioavailability of 

metal ions to (a) B. braunii LB572 and (b) P. tricornutum B2089.
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As stated above, the optimum concentrations of Fe3+, Ca2+, Mg2+, EDTA, and 

humic acid for both algal growth were 5.0, 5.0–10.0, 2.5–5.0, 3.5–7.0, and 80.0 mg/L, 

respectively. Although concentrations of Fe3+, Ca2+, Mg2+, and humic acid in the culture 

medium were relatively low, their concentrations increased to 1.86, 7.93, 7.04, and 80.0 

mg/L in JM (B. braunii LB572) and 1.33, 5.88, 4.08, and 80.0 mg/L in f/2 medium (P. 

tricornutum B2089), respectively, when mixed with oceanic sediment at a ratio of 6:4 (v/v). 

From this comparison, it is expected that the oceanic sediment can supply and satisfy the 

optimal concentrations of several growth-stimulators for B. braunii LB572 and P. 

tricornutum B2089. Finally, the biomass and lipid productions of B. braunii LB572 and P. 

tricornutum B2089 cultured in a medium mixed with sediment were compared with those 

of other related microalgae grown on other carbon sources (Table 4-3). Consequently, the 

low cost of oceanic sediment would allow it to be easily utilized for microalgal cultivation 

for commercial purpose. In the near future, a large-scale cell cultivation will be conducted 

in 10 L tubular photobioreactors containing oceanic sediment medium.
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Fig. 4-5. Comparison of biomass and lipid production, and roral lipid contents of (a) B. 

braunii LB572 and (b) P. tricornutum B2089 cells cultivated on the corresponding medium 

containing different components: A algal medium (control); B optimized conc. of Fe3+; C 

optimized conc. of metal ions (Fe3+, Ca2+, and Mg2+); D optimized conc. of metal ions 

(Fe3+, Ca2+, and Mg2+) plus humic acid; and E oceanic sediment extract (6:4, v/v).
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Microalgae Culture mode
Carbon sources

(g/L)

Biomass production

(g/L)

Total lipid contents

(%, w/w)
Ref.

B. braunii TRG mixotrophic Glucose (5.0) 2.46 37.5 Yeesang and Cheirsilp, 2014

B. braunii FC124 mixotrophic Glucose (5.0) 2.40 34.9 Gim et al., 2014

B. braunii LB572 mixotrophic DOC in sediment (1.0) 5.54 55.8 This study

P. tricornutum UTEX-640 mixotrophic Glycerol (9.2) 7.04 - Cerón-García et al., 2006

P. tricornutum B2089 mixotrophic DOC in sediment (1.0) 6.41 56.3 This study

Table 4-3. Comparison of biomass and lipid production of B. braunii and P. tricornutum with other related microalgae



  Chapter V

Effect of light intensity and photoperiod on the 

cell growth, lipid accumulation and fatty acid 

composition in microalgal cells under mixo- 

trophic culture mode
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1. Introduction

Microalgae is a 3rd-generation biodiesel feedstock and has been developed as 

one of the most promising alternative raw materials for biodiesel production because of its 

higher biomass production and energy conversion efficiency [Becker, 1994; Mata et al., 

2010]. 

B. braunii is a colonial green microalga living in fresh water, such as lake and 

ponds [Wake and Hillen, 1980], and P. tricornutum is a marine diatom. These two 

microalgae strains contained a relatively high lipid content of about 30-60% (w/w), and 

were suitable for alternative source of energy production [Banerjee et al., 2002;  

Ruangsomboon, 2012]. It is known that biomass production of B. braunii and P. 

tricornutum were 3.5 g/L [Zhila et al., 2011] and 0.26 g/L [Song et al., 2013], 

respectively, under photoautotrophic culture mode. However, biomass production and lipid 

accumulation of Botryococcus species increased under mixotrophic culture condition, but 

total lipid content was still less than 40% (w/w) [Gim et al., 2014; Yeesang and Cheirsilp,  

2014]. In addition, there are not so many researches on lipid production of Phaeodactylum

strain under mixotrophic cultivation. Fortunately, it is possible to obtain high cell growth 

and lipid accumulation of both microalgal cells by mixotrophic cultivation with oceanic 

sediment extract.

Generally, various environment factors such as macronutrients, trace elements, 

temperature, and photo regimes are affecting the growth rates of microalgal cells. Especially 

light is the basic energy source for photosynthesis and essential for microalgal growth and 

assimilation metabolism [George, et al., 2014; Guihéneuf et al., 2009; He et al., 2015a and 

b; Khotimchenko and Yakovleva, 2005; Liu et al., 2012; Wahidin et al., 2013]. 

Photosynthesis and  biomass productivity of microalgae are greatly improved in the 

appropriate light intensity. Light energy are generally used for biomass and cell membrane 



- 90 -

formation by allocating energy into the photosynthetic complexes and chloroplast membrane 

matrix, respectively, under limited light energy [Khotimchenko and Yakovleva, 2005; Hu et 

al., 2008]. When light intensity is very high, ROS is remarkably increased, and microalgae 

are pressed to strong oxidative stress, which inhibit cell growth and photosynthesis activity. 

However, accumulation of lipid and triacylglyceride (TAG) tends to increase [Zhang et al., 

2013]. 

Additionally, Downstream processes such as harvest-disruption-extraction, which 

require relatively high energy and high cost, are recognized as bottlenecks in microalgal 

biorefinery process [Günerken et al., 2015; Lee et al., 2015]. Microalgal cells walls are 

relatively thick, and globules such as polysaccharide and protein are trapped in cell 

membranes, making it very difficult to disrupt microalgae [Gerken et al., 2013; Günerken 

et al., 2015]. Therefore, it is not easy to extract various products from microalgal cells 

[Gerken et al., 2013]. As shown in Fig. 1-6, various methods can be used for the cell wall 

disruption of microorganisms such as microalgae. In generally, the disruption methods can 

be classified by mechanical and non-mechanical methods [Agerkvist and Enfors, 1990; Chen 

et al., 2009; Middelberg, 1995; Mutanda et al., 2011].

Therefore, the present work focussed to study the effect of different photo 

regimes (light intensity and photoperiods) on growth, lipid accumulation, fatty acid 

compositions of the oil-rich microalgae, B. braunii LB572 and P. tricornutum B2089 in the 

10 L-scale tubular-photobioreactor. Moreover, the six physical and chemical disruption 

methods (autoclave, sonication, bead-beater, microwave, french-press, and osmotic shock) for 

efficient lipid extraction of  B. braunii LB572 and P. tricornutum B2089 were optimized, 

and the optimum disruption method procedure was selected for each microalgae.
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2. Materials and Methods

2-1. Microalgae and culture medium

A microalgal strains of B. braunii LB572 and P. tricornutum B2089 were 

obtained from UTEX Culture Collection of Algae (The University of Texas at Austin, 

Austin, USA). The media used in this study were Jaworski’s medium [Thompson et al., 

1988] for B. braunii LB572, and f/2 medium [Guilard and Ryther, 1962] for P. 

tricornutum B2089. Microalgal cells obtained from culture collection were spread out on an 

agar surface and single colonies were isolated to avoid bacterial contamination. In a 

previous study, it was found that the optimal mixing ratio between species-specific medium 

and oceanic sediments extracts for mixotrophic cultivation was 6:4 (v/v).

2-2. Preparation of oceanic sediment extract

Oceanic sediments were collected at six coastal areas in Jeollanam-do province, 

Republic of Korea. Sediment samples were collected at a depth of 10-20 cm and primarily 

leached through a no. 4-10 Sieve (opening diameter: 4.76-2 mm) and dried at 30 °C for 

24 h. 35 g of dried sediment was placed in 1 L of distilled water and treated with 10 mL 

of 1 N-HNO3 to adjust pH 2.0. The mixture was stirred for 6h and then allowed to stand 

for 1h. Then, the supernatant was filtered using a 0.2 μm membrane filter (Pall, USA) and 

the final pH of the extract was adjusted to 7.0–8.0.



- 92 -

2-3. Culture conditions

2-3-1. Pre-cultivation

Pre-cultivation of two oleaginous microalgae were performed in a 5 L 

Erlenmeyer flask containing a working volume of 3 L of mixed medium (JM or f/2 

medium:oceanic sediments extract, 6:4 (v/v)) with cotton plugs that allow exchange with 

the atmosphere. Microalgal cells were cultivated at 25 °C under mixotrophic culture mode. 

Cultures were illuminated with cool-white fluorescent lamps, which attenuated by adjusting 

the distance from lamps and was controlled by an illuminance meter (LT Lutron 

LM-81LX; Lutron Electronic Enterprise, Co., Taipei, Taiwan). Based on our previous results 

of optimal growth conditions, light regimes was maintained at 95 µmol photon/m2/s and 

12:12 h (Light:Dark) cycle for B. braunii LB572 and P. tricornutum B2089. Batch 

cultivation period was 13 days.

2-3-2. Batch cultivation in a photobioreactor

B. braunii LB572 and P. tricornutum B2089 were cultured in a 12 L scale 

tubular-type photobioreactor (70 × Φ 15 cm) containing a working volume of 10 L 

medium (Fig. 5-1). The photobioreactor was made of Pyrex glass and was placed 

horizontally to broaden the surface area of medium. Several injection ports were made on 

the bottom of photobioreactor for the influx of air and air flow rate was controlled with a 

flow meter (Dwyer, USA). The optimal pHs of B. braunii LB572 and P. tricornutum 

B2089 were adjusted to 7.2 and 7.8, respectively. Cultivation temperature was maintained at 

25 °C and light intensity was attenuated by adjusting the distance from lamps with an 

illuminance meter.
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Fig. 5-1. Schematic diagram of the tubular-type photobioreactor.

2-4. Experimental conditions

Effect of photo regimes on microalgal growth, lipid accumulation, and fatty 

acid composition were investigated. To examine optimal light intensity and photoperiods for 

maximum growth and lipid accumulation of the microalgae, different light intensity (50, 95, 

125, 150, 200, and 300 µmol photon/m2/s) and photoperiod (24:0, 18:6, 12:12, and 6:18, 

h:h/Light:Dark cycle) were supplied. Under these different conditions, biomass production 

and lipid accumulation were investigated. In addition, the composition changes of fatty acid 

in cells was also observed.
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2-5. Microalgal biomass and lipid contents

  2-5-1. Microalgal biomass and lipid

To measure biomass and total lipid contents of microalgal cells, 500 mL of the 

cultured sample was collected and harvested by centrifugation at 4500 × g for 15 min. 

Then, microalgal cell pellet were frozen immediately at -80 °C and later freeze dried at 

-45 °C under vacuum by freeze-dryer (FD 8508 Bench-Top freeze-dryer, Ilshin BioBase, 

Republic of Korea). After frozen drying, the dried pellet samples were weighed using an 

electronic balance (Ohaus, Explorer EX623, USA) for measurements of microalgal biomass 

production (g/L, dry weight). Also, for estimation of total lipid contents (%, w/w), 1 g of 

dried pellet were washed with 200 mL of distilled water. And then the cell mixture was 

disrupted by microwave (Multiwave 3000, Anton Paar, Austria) at 1250 W and 2450 MHz 

at 150 °C for 20 min. Extraction of lipid from microalgal pellet was carried out according 

to a modification of the method described by Folch et al. [1957].

  2-5-2. Analysis of fatty acid composition

The fatty acid composition from each microalgal strain was determined by gas 

chromatograph (Shimadzu GC-2010 plus, Japan). For saponification and methylation of 

microalgal extracted lipid was performed according to the modified procedure described by 

Metcalfe-Schmitz method [1966].
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2-6. Optimization of microalgal cell disruption methods

Approximately 1 g of dried microalgal biomass was mixed with 100 mL of 

distilled water, and two microalgal samples were disrupted by the following various 

methods: autoclave (PPAC-1000, Lab house, Republic of Korea), sonication (Sonifier 250, 

Branson, USA), bead-beater (BioSpec Products, USA), microwave (Microwave 3000, Anton 

Paar, Austria), french-press (VS-4600P, Vision scientific, Republic of Korea), and osmotic 

shock. And the experimental conditions for the optimization of each cell disruption methods 

are shown in table 5-1. Moreover, the optimum disruption method of B. braunii LB572 

and P. tricornutum B2089 were used to compare the efficiency of dry biomass and wet 

biomass of microalgae.

Disruption methods Conditions

Autoclave for 5, 10, 15, 30, 60, and 90 min at 121 ℃

Sonication resonance of 5, 10, 15, 30, and 60 kHz for 3, 5, 10, and 15 min

Bead-beater
bead diameter was 0.1, 0.5, 1.0, and 2.0 mm and high speed at 

2000, 2500, 3000, and 3500 for 10 min

Microwave
power of 0, 50, 100, 500, 1000, 1200, and 1250 W for 0-25 min at 

20-200 ℃ under 2450 MHz

French-press at 500, 1000, 2000, 2500, and 3000 psi

Osmotic shock
using a 0, 0.1, 0.3, 0.5, 0.7, 1.0, and 2.0 M NaCl with a stirred for 

1 min and maintained 48 h

Table 5-1. Experimental conditions for optimization of five disruption method
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3. Results and discussion

3-1. Optimization of microalgal cell disruption methods

Fig. 5-2 and table 5-2 show the lipid contents of two microalgae according to 

the optimal conditions of the various cell disruption methods. As a result of comparing the 

lipid extraction efficiency of the disruption method under optimum conditions, it was highly 

estimated in order to microwave, french-press, autoclave, bead-beater, and sonication. 

Already several researcher were investigated and compared according to various disruption 

methods for microalgal lipid extraction. As with this studies, microwave method showed to 

be effective disruption method for extracting lipid and vegetable oil [Lee et al., 2010; 

Mahesar et al., 2008; Prabakaran and Ravindran, 2011; Rakesh et al., 2015; Virot et al.,  

2008]. In this study, microwave, french press, and autoclave methods were found to be 

most effective among the various methods. However, the french press is difficult to treat 

large volumes of microalgal biomass because the amount of sample that can be processed 

is limited. Microwave and autoclave methods were most simple and easy systems, 

especially, microwave disruption methods the temperature and pressure at high speeds to 

create temperature and pressure gradients inside and outside the microalgal cell wall, so 

that the lipids can be extracted efficiently without damage [Uquiche et al., 2008; Virot et 

al., 2008]. For the high yield and economic efficiency of the biodiesel production process 

from microalgae, the lipid extraction efficiency is excellent and scale-up should be easy 

[Lee et al., 2010]. Therefore, microwave and autoclave are most effective for commercial 

application because it is easy to extract and operate with a relatively high productivity as 

shown in this study.
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Fig. 5-2. Comparison of lipid contents of B. braunii

LB572 and P. tricornutum B2089 under six optimum 

disruption methods.

Based on the optimized disruption conditions of previous studies, each 

microalgal lipid contents of dry and wet biomass were investigated respectively, and lipid 

extraction efficiency according to biomass condition was compared (Fig. 5-3). As a result 

of extracting lipids from microalgae using microwave optimal disruption method, the lipid 

production (lipid content, w/w) of wet biomass was estimated as follows: 0.51 g/L (44.9%, 

w/w) for B. braunii LB572 and 0.45 g/L (42.1%, w/w) P. tricornutum B2089, respectively. 

According to Fig. 5-3, compared to dry biomass, the lipid content and production of wet 

biomass was extracted to a level equivalent to approximately 80-90%. Guldhe et al. [2014], 

energy consumption by freeze-dry and dry oven was measured as 22.0 and 6 kW, 

respectively. It is expected that economical process will be possible through development of 

more effective disruption, extraction, and biodiesel conversion methods without drying 

process of wet biomass.
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Autoclavea Sonicationb Bead-beaterc Microwaved French-presse Osmotic shocke

Total lipid contents

(%, w/w)

B. braunii LB572 40.77 30.13 37.51 49.71 43.52 22.40

P. tricornutum B2089 42.80 32.57 39.00 47.91 45.28 17.70

a
autoclaving at 121 ℃ with 1.5 MPa for 60 min

b
sonication at a resonance of 30 kHz for 15 min

c
bead diameter 0.1 mm at a high-speed of 3000 rpm for 10 min

d
microwave oven at a 150 ℃ for 20 min with frequency of 1250 W and 2450 MHz

e
press run at 3000 psi

f
osmotic shock using a 2.0 M-NaCl with a stirred for 1 min and incubated 48 h

Table 5-2. Comparison of total lipid contents of six fresh and marine microalgae by each cell disruption methods
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Fig. 5-3. Comparison of lipid contents of microalgal dry 

and wet biomass under optimum microwave method.

3-2. Cell growth and lipid content in different culture vessels 

Table 5-2 shows the comparison of biomass and lipid productions of B. braunii 

LB572 and P. tricornutum B2089, which are cultured in different culture vessels. 

Microalgal species-specific medium was mixed with sediment extract at a ratio of 6:4 

(v/v)), and the cells were cultured in a 5 L-Erlenmeyer flask or a 12 L photobioreactor. 

After 13 days incubation, specific growth rates of B. braunii LB572 and P. tricornutum

B2089 in a photobioteactor increased by 1.4- and 2.1-times higher than those in a flask. 

Concomitantly, biomass and lipid productions of them in a photobioteactor were improved 

at similar ratios. Because mass culture of microalgae using photobioreactor is easy to 

control various culturing factors and is safe from external pollutants, it is possible to obtain 

maximal biomass and lipid of microalgae [Cogne et al., 2005; Ugwu et al., 2008].
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3-3. Effect of light intensity and photoperiod on biomass 

production under mixotrophic cultivation mode

The effect of light intensity on the growth of B. braunii LB572 and P. 

tricornutum B2089 was shown in Fig. 5-4. Cell growth and lipid accumulation of B. 

braunii LB572 increased when light intensity increased up to 200 µmol photon/m2/s. 

However, they dramatically decreased when light intensity reached to 300 µmol 

photon/m2/s. In case of P. tricornutum B2089, biomass production increased as light 

intensity increased up to 150 µmol photon/m2/s, but higher intensity gradually inhibited 

biomass production. Already, many literatures have mentioned that enough light intensity 

and duration time  stimulated microalgal growth, however, excessive light regimes could 

decline  cell growth [He et al., 2015a and b;  Hu et al., 2008; Xiao et al., 2015]. In our 

previous study, we cultured the cells with light intensity of 95 µmol photon/m2/s, then 

biomass production of two microalgae was as follows: 7.28 g/L for B. braunii LB572 and 

12.6 g/L for P. tricornutum B2089, respectively. When they were cultured with light 

intensity of 200 or 150 µmol photon/m2/s, respectively, their biomass production improved 

to 7.64 g/L for B. braunii LB572 and 13.4 g/L for P. tricornutum B2089, respectively. 

The increased microalgal growth and biomass production were due to the increased light 

intensity, and the similar patterns are observed in various microalgal strains such as 

Ankistroedesmus fusiformis H1 [He et al., 2015b], Nannochloropsis sp. [Wahidin et al., 

2013], Chlorella sp. L1, Monoraphidium sp. [He et al., 2015a], Scenedesmus sp. [Liu et 

al., 2012], and B. braunii KMITL 2 [Ruangsomboon, 2012]. Biomass production increased 

as light intensity increased, but it tended to decrease at relatively high light intensity. 

Under high light conditions, the excited electrons of photosystem II　 exceed the transport 

capacity of the electron transport chain system so that they increase ROS (reactive oxygen 

species), which increase oxidative stress or inhibit photosynthesis activity. On the other 
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hand, excess light intensity strongly stimulated the accumulation of lipid and TAGs [Zhang 

et al., 2013].

The effect of four different photoperiods conditions (24:0, 18:6, 12:12, and 

6:18, h:h/Light:Dark cycles) at different light intensity ranges (50-300 µmol photon/m
2
/s) on 

the growth of B. braunii LB572 and P. tricornutum B2089 for 13 days cultivation is 

illustrated in Fig. 5-4. Maximum biomass of B. braunii LB572 and P. tricornutum B2089 

were 9.05 g/L and 14.16 g/L, respectively, when they were exposed to light illumination of 

18 h at 200 µmol photon/m
2/s for B. braunii LB572 and at 150 µmol photon/m2/s for P. 

tricornutum B2089, respectively. On the other hand, longer light supply time than 18 h 

remarkably decreased biomass production in both microalgal species. Although it was 

possible to achieve a high growth rate with sufficient light supply, biomass production was 

reduced due to photo-inhibition [Wahidin et al., 2013]. Many researches reported that 

optimum photoperiod for the highest microalgal growth and lipid accumulation was 12:12 h 

or 18:6 h [Anderson, 2005; Khoeyi et al., 2012; Wahidin et al., 2013].
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3 L-Erlenmeyer flask 12 L-tubular photobioreactor

Light

Specific 

growth rate

(d-1)

Biomass 

production

(g/L)

Lipid Light

Specific 

growth rate

(d-1)

Biomass 

production

(g/L)

Lipid

Intensity

(µmol 

photon/m
2
/s)

Periods

(h:h/L:D)

Content

(%, w/w)

Production

(g/L)

Intensity

(µmol 

photons/m
2
/s)

Periods

(h:h/L:D)

Content

(%, w/w)

Production

(g/L)

B. braunii 

LB572
95 12:12 0.39 5.54 55.2 3.06 95 12:12 0.55 7.28 57.0 4.15

P. tricornutum 

B2089
95 12:12 0.45 6.41 56.5 3.62 95 12:12 0.96 12.55 58.4 7.45

Table 5-3. Comparison of biomass and lipid productions of two oleaginous microalgal cells in different culture vessels
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Fig. 5-4. Effect of light intensity and photoperiod on biomass production of (a) B. braunii

LB572 and (b) P. tricornutum B2089.

3-4. Effect of light intensity and photoperiods on lipid content 

Lipid content of B. braunii LB572 and P. tricornutum B2089 was varied 

depending on the light intensity and photoperiods. As shown in Fig. 5-5, lipid content 

increased with increasing light intensity and duration time. Previous studies have also 

reported that lipid accumulation in microalgal cells increase with increasing light intensity 

and light duration time up to 18 h [George et al., 2014; Ruangsomboon, 2012; Wahidin et 

al., 2013]. Also, lipid production of B. braunii LB572 and P. tricornutum B2089 was 

similar to biomass production, and the highest lipid production of two microalgae were as 

follows: 5.43 g/L for B. braunii LB572 at 200 µmol photon/m2/s for 18 h light 

illumination and 9.02 g/L for P. tricornutum B2089 at 150 µmol photon/m2/s for 18 h 

light, respectively (data not shown). Consequently, as light duration time increased from 12 

h to 18 h, lipid content increased by 1-2% and lipid production increased by 1.1-1.2 times. 
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In this study, it was found that increasing light intensity and duration time had 

an positive effect on the lipid accumulation as well as microalgal growth. During 

photosynthesis, ATP and NADPH compounds are formed in the light dependent reactions, 

and metabolic molecules such as lipid are synthesized by using them in the light 

independent reactions (dark reaction). Therefore, an appropriate proportion of photoperiod 

shows a synergistic effect that is positive for the growth and lipid synthesis of microalgae, 

and can be attributed to high productivity and economical efficiency in the microalgae 

culture process [Bouterfas et al., 2002; Ugwu et al., 2007].

Fig. 5-5. Effect of light intensity and photoperiod on lipid content of (a) B. braunii LB572 

and (b) P. tricornutum B2089.
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3-5. Effect of light regimes on fatty acid composition

It is known that culture conditions of microalgae are important factors in the 

determination of quality and quantity of biodiesel through the changes of composition and 

content of each fatty acid [Khotimchenko and Yakovleva, 2005; Pratoomyot et al., 2005; 

Renaud et al., 1991]. The major fatty acids in high quality biodiesel are monounsaturated 

fatty acids (MUFAs) such as palmitoleic acid (C16:1) and oleic acid (C18:1) [He et al., 

2015b; Knothe, 2009; Xiao et al., 2015]. As described in chapter 5, B. braunii LB572 and 

P. tricornutum B2089, which were cultivated photoautotrophically at 95 µmol photons/m2/s 

for 12:12-h cycles, contained more than 50% of MUFAs. In addition, total fatty acid 

(TFA) content in cells of B. braunii LB572 and P. tricornutum B2089 cultivated 

mixotrophically in the sediment mixed medium was about 1.2 times higher than that in 

cells cultured in the species-specific medium (data not shown). Under the same illumination 

conditions as above, the main fatty acids contained in the two microalgae cultured 

mixotrophically were palmitic acid (14.9%), oleic acid (58.4%) and linolenic acid (23.6%) 

for B. braunii LB572, and  palmitic acid (20.8%), palmitoleic acid (61.0%) and oleic acid 

(10.0%) for P. tricornutum B2089, respectively. Generally, as the light intensity and 

duration times increased, the content of SFAs and MUFAs tends to increase but PUFAs 

tends to decrease [Guihéneuf et al., 2009; He et al., 2015a and b; Xiao et al., 2015]. For 

B. braunii LB572, as light intensity increased from 95 to 300 µmol photon/m2/s at 

photoperiod 12:12 h, the content of palmitic acid increased from 14.9 to 21.6%. And, as 

light intensity reached to 200 µmol photon/m2/s, the content of oleic acid increased, but its 

content decreased at higher intensity. On the other hand, the content of linolenic acid 

(C18:3) decreased as light intensity increased. Namely, the highest content was found when 

light intensity was 50 µmol photon/m2/s and illumination time was 6 h. The effect of light 

intensity and photoperiod on fatty acid composition in cells of P. tricornutum B2089 was 

similar with that in cells of B. braunii LB572. The content of palmitic acid steadily 

increased as light intensity increased up to 300 µmol photon/m2/s, whereas that of 



- 106 -

palmitoleic or oleic acid increased as light intensity increased up to 200 µmol photon/m2/s. 

However, the content of linoleic acid (C18:2) decreased continuously as light intensity 

increased. Similary, as light illumination time increased from 12 to 24 h at any light 

intensity ranges, the content of SFAs and MUFAs slightly increased, however, that of 

PUFAs tended to decrease. In both microalgae, stearic acid (C18:0) content was observed 

at very low level regardless of light intensity and duration time. 
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Light

regimes

Light intensity

(µmol photon/m
2
/s)

50 95 125 150 200 300

Photoperiods

(h:h, light:dark)

6:18 12:12 18:6 24:0 6:18 12:12 18:6 24:0 6:18 12:12 18:6 24:0 6:18 12:12 18:6 24:0 6:18 12:12 18:6 24:0 6:18 12:12 18:6 24:0

Fatty acid composition

(%, total fatty acid)

C16:0 12.8 13.2 13.3 13.3 14.5 14.9 15.1 15.3 14.6 15.3 15.5 15.7 15.1 15.6 15.7 15.9 16.2 16.7 16.9 17.2 20.9 21.6 22.0 22.5

C16:1 0.6 0.7 0.8 1.0 0.5 0.7 0.8 1.2 0.6 0.8 1.0 1.1 0.9 0.9 1.0 1.3 1.0 1.2 1.3 1.5 2.2 3.5 3.7 4.0

C18:0 2.0 1.8 1.8 1.9 0.6 0.7 0.7 0.8 0.9 0.8 0.7 1.2 1.0 0.8 0.9 1.1 1.5 1.1 1.0 1.2 3.8 3.3 3.4 3.7

C18:1 40.0 50.2 50.8 51.4 55.3 58.4 59.0 59.6 56.0 59.2 61.1 61.9 59.4 62.3 63.1 63.6 58.8 62.5 63.2 64.0 56.0 56.5 57.1 57.4

C18:2 6.8 1.4 3.0 4.3 4.1 1.7 1.4 0.3 5.4 2.0 0.5 0.1 1.8 0.1 0.3 0.0 3.2 0.4 0.1 0.0 0.4 0.3 0.2 0.3

C18:3 37.8 32.7 30.3 28.1 25.0 23.6 23.0 22.8 22.5 21.9 21.2 20.0 21.8 20.3 19.0 18.1 19.3 18.1 17.5 16.1 16.7 14.8 13.6 12.1

SFA 14.8 15.0 15.1 15.2 15.1 15.6 15.8 16.1 15.5 16.1 16.2 16.9 16.1 16.4 16.6 17.0 17.7 17.8 17.9 18.4 24.7 24.9 25.4 26.2

MUFA 40.6 50.9 51.6 52.4 55.8 59.1 59.8 60.8 56.6 60.0 62.1 63.0 60.3 63.2 64.1 64.9 59.8 63.7 64.5 65.5 58.2 60.0 60.8 61.4

PUFA 44.6 34.1 33.3 32.4 29.1 25.3 24.4 23.1 27.9 23.9 21.7 20.1 23.6 20.4 19.3 18.1 22.5 18.5 17.6 16.1 17.1 15.4 13.8 12.4

Total 100

Table 5-4. Fatty acid composition of B. braunii LB572 under various light regimes
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Light

regimes

Light intensity

(µmol photon/m
2
/s)

50 95 125 150 200 300

Photoperiods

(h:h, light:dark)

6:18 12:12 18:6 24:0 6:18 12:12 18:6 24:0 6:18 12:12 18:6 24:0 6:18 12:12 18:6 24:0 6:18 12:12 18:6 24:0 6:18 12:12 18:6 24:0

Fatty acid composition

(%, total fatty acid)

C16:0 17.9 19.3 19.7 20.0 20.2 20.8 20.7 21.0 21.0 21.3 21.4 21.6 21.3 21.8 22.1 22.3 21.8 22.7 23.3 22.8 22.2 23.6 23.7 24.1

C16:1 55.1 57.8 58.2 58.4 58.3 61.0 61.1 61.2 60.4 62.3 62.3 62.4 61.1 63.1 63.3 63.6 64.9 65.3 65.7 65.9 64.1 64.2 64.4 64.6

C18:0 3.1 2.7 2.4 2.2 1.9 0.2 0.2 0.3 0.4 0.2 0.2 0.2 0.4 0.3 0.3 0.6 0.5 0.4 0.3 0.7 0.8 0.2 0.4 1.2

C18:1 7.5 8.4 8.8 9.0 11.2 10.0 10.4 10.8 10.3 10.8 10.9 11.0 11.7 12.0 12.4 12.8 11.0 10.5 10.3 10.0 9.0 9.2 9.2 9.5

C18:2 9.8 8.0 8.9 9.3 8.2 7.8 7.4 6.4 7.8 5.2 5.0 4.5 5.4 2.7 1.9 0.7 1.7 0.9 0.4 0.6 3.9 2.7 2.1 0.6

C18:3 6.6 3.8 2.0 1.1 0.2 0.2 0.2 0.3 0.1 0.2 0.2 0.3 0.1 0.1 0.0 0.0 0.1 0.2 0.0 0.0 0.0 0.1 0.2 0.0

SFA 21.0 22.0 22.1 22.2 22.1 21.0 20.9 21.3 21.4 21.5 21.6 21.8 21.7 22.1 22.4 22.9 22.3 23.1 23.6 23.5 23.0 23.8 24.1 25.3

MUFA 62.6 66.2 67.0 67.4 69.5 71.0 71.5 72.0 70.7 73.1 73.2 73.4 72.8 75.1 75.7 76.4 76.9 75.8 76.0 75.9 73.1 73.4 73.6 74.1

PUFA 16.4 11.8 10.9 10.4 8.4 8.0 7.6 6.7 7.9 5.4 5.2 4.8 5.5 2.8 1.9 0.7 0.8 1.1 0.4 0.6 3.9 2.8 2.3 0.6

Total 100

Table 5-5. Fatty acid composition of P. tricornutum B2089 under various light regimes
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and direct-transesterification for biodiesel 

production
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1. Introduction

The entire world is working hard to find solutions to the economic and 

strategic implications of producing alternative fuels from new biomass resources [Tang et 

al., 2012]. Microalgae have a very high potential as a biomass of bioenergy, and we can 

suggest possible solutions to this problem. However, commercial applications of microalgal 

mass production are very difficult because of the limitations of microalgal growth, lipid 

content, and cultivation techniques to date. Thus, development and selection of various 

reactors and culture types such as fed-batch, repeated-batch and continuous cultivation) are 

very important for mass cultivation of microalgae [Carvalho et al., 2006]. The culture type 

affects the microalgal growth and biochemicals as well as various growth factors [Han et 

al., 2013]. Until recently, various cultivation techniques have been studied for lipid 

synthesis and promotion of microalgal growth, however, most research and 

commercialization have been performed in most batch system [Gardner et al., 2011; Kitaya 

et al., 2008; Liu et al., 2011]. However, studies are underway on optimization and process 

development on various mass cultivation systems such as fed-batch [Cerón-García et al., 

2013; McGinn et al., 2012; Mirón et al., 2002; Ruiz et al., 2013], repeated-batch 

[Kaewpintong et al., 2007; Radmann et al., 2007; Reinehr and Costa, 2006], 

semi-continuous [Ashokkumar et al., 2014; Cerón-García et al., 2013; Feng et al., 2014; 

Han et al., 2013; Rodolfi et al., 2009; Yoon et al., 2015], continuous culture system 

[Alonso et al., 2000; Ethier et al., 2011; McGinn et al., 2012]. The various cultivation 

types of the above microalgae could be accompanied by the economics of large-scale 

culture systems [Bezerra et al., 2011]. 

The process of extracting lipids from biomass of cultured microalgae is an 

essential and limited process in the biodiesel production process. In fact, many energy and 

chemicals are used to effectively extract lipids from microalgal cells, and it is nor easy to 
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apply them in the actual biodiesel field [Ehimen et al., 2010; Gerken et al., 2013; 

Günerken et al., 2015; Hidalgo et al., 2013]. Transesterification (or alcoholysis) is a 

reaction in which fatty acid methyl esters (FAMEs) and glycerol are produced through the 

reaction of triglyceride with alcohol such as methanol, and the reaction is promoted through 

the use of catalysts such as acids, bases, and enzymes [Chisti, 2007]. The biodiesel 

production process using microalgae has many obstacles such as high cost biomass 

production and biodiesel conversion process, and low-yield biodiesel conversion [Ehimen et 

al., 2010]. Therefore, the development of single lipid extraction-transesterification of 

microalgal biomass is an invaluable technology in biodiesel production facilities [Jin et al., 

2014].

In this study, biomass and lipid production and productivity of B. braunii

LB572 and P. tricornutum B2089 according to repeated-batch and continuous culture 

systems were compared in the 10 L-scale tubular-photobioreactor under optimal culture 

conditions and mixed media examined (Chapter IV and V). In addition, a single process of 

dry-diruption-extraction-transesterification process using the wet biomass of microalgae 

cultured and FAMEs yield and productivity of two microalgae were investigated.
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2. Materials and Methods

2-1. Microalgae and culture medium

A microalgal strains of B. braunii LB572 (obtained from UTEX Culture 

Collection of Algae at The University of Texas at Austin, Austin, TX, USA) and P. 

tricornutum B2089 (obtained from Culture Collection of Algae and Protozoa, UK) were 

selected. In previous study, optimal mixing ratio was investigated for the preparation of 

mixed medium of microalgae species-specific medium and oceanic sediments extracts. The 

optimum ratio of mixed medium of B. braunii LB572 and P. tricornutum B2089 were 6:4 

(v/v), respectively.

2-2. Pre-cultivation

Pre-cultivation of two oleaginous microalgae were performed in a 5 L 

Erlenmeyer flask containing a working volume of 3 L of mixed medium (JM and f/2: 

oceanic sediments extract, 6:4 (v/v)) with cotton plugs that allow exchange with the 

atmosphere. Microalgal cells were cultivated at 25 °C under mixotrophic culture mode. 

Cultures were illuminated with cool-white fluorescent lamps, which attenuated by adjusting 

the distance from lamps and was controlled by an illuminance meter (LT Lutron 

LM-81LX; Lutron Electronic Enterprise, Co., Taipei, Taiwan). Based on our previous results 

of optimal growth conditions and light regimes was maintained at 200 µmol photon/m2/s 

and 18:6 h/Light:Dark cycle for B. braunii LB572 and 150 µmol photon/m2/s and 18:6 

h/Light:Dark cycle for P. tricornutum B2089. Each batch cultivation period for the two 

microalgal species were as follows: 13 days for B. braunii LB572 and P. tricornutum 

B2089.
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2-3. Estimation of biomass and lipid production

To measure biomass and total lipid contents of microalgal cells, 500 mL of the 

cultured sample was collected and harvested by centrifugation at 4500 × g for 15 min. 

Then, microalgal cell pellet were frozen immediately at -80 °C and later freeze dried at 

-45 °C under vacuum by freeze-dryer (FD 8508 Bench-Top freeze-dryer, Ilshin BioBase, 

Republic of Korea).

After frozen drying, that dried pellet samples were weighed using an electronic 

balance (Ohaus, Explorer EX623, USA) for measurements of microalgal biomass production 

(g/L, dry weight). Also, for estimation of lipid contents (%, w/w), 1 g of dried pellet were 

washed with 200 mL of distilled water. And then the cell mixture was disrupted by 

microwave (Multiwave 3000, Anton Paar, Austria) at 150 ℃ for 20 min with radiation at 

1250 W and 2450 MHz. Extracted lipid from microalgal pellet was carried out according 

to a modification of the method described by Folch et al. [1957]. The lipids contents were 

extracted with a mixture of chloroform-methanol (2:1, v/v) in a separatory funnel and 

shaken for 1 h. The chloroform layer (containing lipid) was selected and removed by 

evaporation using a rotary evaporator (Rotavapor R-205, Buchi, Switzerland) and the 

extracted lipids were weighed.
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2-4. Determination of microalgal growth and dilution rate

Another method of measuring the microalgal growth was also used in this 

study, the specific growth rates, and the microalgal specific growth rates was calculated as 

follows: 

    ln  ln                                    (Eq. 6-1)

where B2 and B1 is the biomass productions at cultivation times T2 and T1, respectively. In 

this study, the specific growth rates was taken to be equivalent to the steady-state dilution 

rate (D, d-1) for continuous cultivation of microalgae:

                                                    (Eq. 6-2)

Eq. 6-3 and 6-4 were used to calculate the two microalgal cultured biomass 

productivity in repeated batch and continuous culture systems [Feng et al., 2014; Griffiths 

and Harrison, 2009]: 

                                   (Eq. 6-3)

     ×                                      (Eq. 6-4) 

where B2 and B1 is the biomass productions on day T2 and T1, respectively. And where D

is steady-state dilution rate (D, d-1) for two microalgal continuous cultivation:

For microalgal lipid productivity for each culture mode was also estimation of 
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is as follows: 

   ×


  ×


                            (Eq. 6-5) 

where B2 and B1 is the biomass productions and C2 and C1 is the lipid content on 

cultivation time T2 and T1, respectively.

2-5. Analytical methods

Metal ion concentration of oceanic sediment extract was analyzed with an 

ICP-MS (Elan DRCII, Perkin Elmer, USA) and TOC (also humic substances) was 

determined by TOC (TOC 5000, Shimadzu, Japan). The concentrations of total nitrogen 

(T-N) and total phosphorus (T-P) were determined by standard methods [APHA, 1995].
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2-6. Repeated-batch and continuous cultivation in  

tubular-photobioreactor

B. braunii LB572 and P. tricornutum B2089 were repeated-batch and 

continuous cultivated in a designed 10 L scale tubular-photobioreactor (70 × Φ 15 cm) was 

used (Fig. 6-1). The photobioreactor was made of Pyrex glass and it was placed 

horizontally for microalgal cells incubation to broaden the surface area of medium supplied 

with air (containing carbon dioxide). Several injection ports were made on the bottom of 

photobioreactor for the influx of air and proper air flow rate controlled at 1.0 vv/m with a 

flow meter (Dwyer, USA). The optimal pH of B. braunii LB572 and P. tricornutum B2089 

were 7.2 and 7.8, thus the pH in the photobioreactor was adjusted to the optimal pH for 

every day. repeated-batch and continuous culture using a tubular-photobioreactor of B. 

braunii LB572 and P. tricornutum B2089 were performed in the microalgal cultivation 

room. During the experiment, the cultivation room was maintained at 25 °C and each of 

light intensity and photoperiod was irradiated to each microalgal species using a cool-white 

fluorescent lamps. The light regimes of each microalgae were as follows. 200 µmol 

photon/m2/s and 18:6 h/Light:Dark cycle for B. braunii LB572 and 150 µmol photon/m2/s 

and 18:6 h/Light:Dark cycle for P. tricornutum B2089. Moreover, each of microalgal 

cultivation were used 10 L of JM: and f/2:oceanic sediments mixed medium (6:4, v/v). 

Two microalgae cultures were performed for 13 days in batch culture system 

for specific growth rate and dilution rate. Based on the specific growth rate and dilution 

rate in batch culture, the optimum dilution rate was investigated by comparing the biomass 

productivity against each dilution rate of two microalgae in the continuous culture system. 

Also, the amount of feed to be recovered and fed was determined based on the optimum 

dilution rate in the case of repeated-batch culture. The two microalgal strains dilution rates 

were 0.1, 0.35, 0.5, 0.7, and 1.0 d-1, respectively. The flow rate of the feed and harvest of 

medium to each dilution rate was controlled by peripatetic pump and operated continuously. 



- 117 -

After the batch culture, the repeated-batch and continuous culture systems of B. braunii 

LB572 and P. tricornutum B2089 were continued for about 30 days, respectively. After 

batch culture, approximately 40% of algal culture was recovered, and fresh medium 

(microalgal species specific and oceanic sediment mixed medium, 6:4 (v/v)) of the same 

volume mixed medium was again supplied. In this culture mode was repeated 5 times in a 

cycles of 6 days.

Fig. 6-1. Schematic diagram of the tubular-photobioreactor for repeated-batch and 

continuous cultivation systems.



- 118 -

2-7. Direct-transesterification

  2-7-1. Optimization of transesterification

For the first time to optimize the transesterification process, each concentration 

of methanol (20, 35, 70, and 100 mL), sulfuric acid (1, 3, 6, and 10 mL, 98% purity), 

and chloroform (1, 4, 6, 8, and 10 mL) were optimized in about 10 g of dry microalgal 

biomass in the reactor of Fig. 6-2, the reaction performed at 100 ℃ for 120 min. After 

the optimum concentration of chemicals were investigated, the reaction temperature (50, 

100, 150, 200, and 250 ℃) and reaction time (30, 60, 90, 120, and 240 min) of 

transesterification were optimized. At the same time, the pressure in the reactor according 

to reaction temperature was confirmed by pressure gauge located at the top of the reactor. 

After optimization, the efficiency of direct-transesterification process with dry and wet 

biomass were compared.

The reactor used in this reaction was a volume of 100 mL (working volume: 

about 80 mL), and it is possible to operate at 500 ℃ and 300 bar. The material of the 

reactor is 316 stainless steel (316SS) is austenitic chromium-nickel stainless rust resistant to 

chemical corrosion and heat-resistant steel (Fig. 6-2).
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Fig. 6-2. Diagram of reactor for direct-transesterification reactor.

  2-7-2. Analysis of FAME

The extracted lipid was used to analyze FAME composition by a modified 

saponification and methylation procedure described by Metcalfe and Schmitz [1966]. The 

composition of each microalgal strain was determined by gas chromatography (GC-2010 

Plus; Shimadzu Corporation, Kyoto, Japan), with an art-2560 capillary column (length 100 

m, 0.25 mm inner diameter, 0.25 μm film thickness) and a flame ionization detector. 

Operation conditions were as follows: inlet temperature 260 °C, initial oven temperature 

140 °C held for 5 min and then ramped by 4 °C per min and held for 15 min, and the 

detector temperature 260 °C. Fatty acids were identified by a comparison of their retention 

times with known standards.
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Moreover, the productivity of FAME was calculated (Eq. 6-6) as the 

productivity of microalgal biomass and the fatty acid content measurement by gas 

chromatography.

    ×                               (Eq. 6-6)

Additionally, The efficiency of the direct-transesterification was calculated by 

following equation:

         ×     (Eq. 6-7)

where FAME (%, w/w) is content by GC-FID of fatty acid methyl esters and lipid 

represent the content of gravimetric measurement.
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3. Results and discussion

3-1. Microalgal growth rate and dilution rate

In the batch culture type, the specific growth rate were 0.33 d
-1

for B. braunii 

LB572 and 0.37 d-1 for P. tricornutum B2089 in photobioreactor, and according to Eq. 2, 

the dilution rate was used as specific growth rate value, respectively. The biomass and 

lipid production of two microalgae were as follows (Fig. 6-3): 7.28 and 4.15 g/L for B. 

braunii LB572 and 12.80 and 7.45 g/L for P. tricornutum B2089, respectively.

Fig. 6-3. Measurement of growth rate, biomass production, and lipid content of (a) B. braunii

LB572 and (b) P. tricornutum B2089 in batch culture using tubular-photobiorector.
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3-2. Continuous cultivation

As shown in Fig 6-4, the B. braunii LB572 and P. tricornutum B2089 were 

cultured for 13 days under batch culture type, and then continuous cultivation was carried 

out according to the respective dilution rate, the highest dilution rate of biomass production 

of the both microalgae was 0.1 d
-1. As the dilution rate increased, biomass production 

decreased gradually. however, at 0.1 d-1 with the highest biomass production, the biomass 

productivity of both microalgal strains were 0.77 and 1.29 g/L/d, approximately 3 times 

lower than the biomass productivity at 0.35 d-1. Biomass productivity of two microalgae 

also declined as the dilution rate increased to over 0.35 d-1. As a result of comparing 

biomass production with batch culture type of two microalgal species, in continuous culture 

type with a dilution rate of 0.35 d-1, biomass production was slightly lower in both 

microalgae than in batch culture mode. On the other hand, the biomass and lipid 

productivity of B. braunii LB572 and P. tricornutum B2089 were about 4 times higher 

than the batch culture type in continuous cultivation at 0.35 d-1. According to Tang et al., 

[2012], the dilution rate in continuous culture of Chlorella minutissima has a significant 

effect on the steady-state cell density and biomass production, and cell density and biomass 

production tend to decrease with increasing dilution rate. The biomass and lipid productivity 

of various microalgal species by continuous or semi-continuous culture type were compared 

with the results of this study. In particular, Cerón-García et al. [2013] reported that 

biomass production of P. tricornutum UTEX640 was 8.87 g/L and productivity was 1.49 

g/L/d when cultivated in semi-continuous culture mode, the above results are about 1.4-3.0 

times lower than biomass production and productivity of P. tricornutum B2089 (in this 

study) by continuous culture mode. As shown table 6-3, the biomass productivity of 

microalgae in continuous and repeated-batch cultivation types were lower than that of 

present study.
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The concentration of nutrients and trace elements in the culture medium 

maintained a suitable concentration for microalgal growth during continuous cultivation of 

both microalgae, also the pH was maintained ar a constant pH range without significant 

changes (Fig. 6-5).

Fig. 6-4. Effect of dilution rate (d-1) on biomass production of (a) B. braunii LB572 and (b) 

P. tricornutum B2089 in continuous cultivation under mixotrophic culture condition.
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Fig. 6-5. Investigation of various nutrients (C, N, and P) and metal ions consumption rate 

(%) during the continuous cultivation (0.35 d-1) of (a) B. braunii LB572 and (b) P. 

tricornutum B2089.



- 125 -

Microalgae
Dilution rate

(d-1)

Biomass Lipid

Production

(g/L)

Productivity

(g/L/d)

Content

(%, w/w)

Production

(g/L)

Productivity

(g/L/d)

B. braunii LB572

Batch 7.28 0.55 57.0 4.15 0.32

0.1 7.71 0.77 57.2 4.41 0.44

0.35 7.07 2.47 56.8 4.02 1.41

0.5 4.44 2.22 50.3 2.23 1.12

0.7 2.92 1.46 41.2 1.20 0.84

1.0 1.98 0.99 33.8 0.67 0.67

P. tricornutum B2089

Batch 12.75 0.97 58.4 7.45 0.57

0.1 12.88 1.29 58.0 7.47 0.75

0.35 12.11 4.24 57.8 7.00 2.45

0.5 7.10 3.55 52.4 3.72 1.86

0.7 5.61 2.80 43.9 2.46 1.72

1.0 3.71 1.86 30.5 1.13 1.13

Table 6-1. Comparison of two microalgal biomass and lipid productivity in continuous culture mode



- 126 -

3-3. Repeated-batch cultivation

After batch cultured for 13 day, B. braunii LB572 and P. tricornutum B2089 

were repeated batch cultured 5 times (every 6 days) in 10 L-scale tubular-photobioreactor. 

As shown Fig. 6-6 and 6-7, biomass and lipid production of B. braunii LB572 and P. 

tricornutum B2089 increased gradually, but lipid content did not show any significant 

difference in both microalgae. Biomass and lipid production in both microalgae tended to 

increase by about 1.1 times as the batch culture was repeated. In the 5th repeated batch 

cultivation, biomass and lipid production of two microalgae were 13.65 and 7.96 g/L for B. 

braunii LB572 and 18.71 and 11.54 g/L for P. tricornutum B2089, respectively. As a 

result of comparing the biomass and lipid productivity of B. braunii LB572 and P. 

tricornutum B2089 according to repeated-batch and continuous culture type, repeated-batch 

cultivation type was biomass and lipid production by 1.5-2.0 times, lipid productivity by 

2.5-3.4 times, and lipid content by 2-4%, respectively, higher than continuous culture type. 

However, there was no significant difference in biomass productivity between the both 

culture types. Spirulina platensis was able to continuously increase or maintain the biomass 

productivity and growth rate by repeated-batch culture type for about 50 days and this 

study found that cost of mass cultivation of S. platensis for commercialization could be 

reduced [Radmann et al., 2007]. 

Until now, there has not been much studies on the use of microalgal 

repeated-batch cultivation type for biodiesel production, but this study shows that the 

biomass and lipid productivity of B. braunii LB572 and P. tricornutum B2089 in 

repeated-batch cultivation were significantly higher than other researches.
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Fig. 6-6. Mixotrophic cultivation of B. braunii LB572 in repeated fed-batch cultivation 

system using tubular-photobiorector: (a) biomass production and pH and (b) lipid contents 

and lipid production.

Fig. 6-7. Mixotrophic cultivation of P. tricornutum B2089 in repeated fed-batch cultivation 

system using tubular-photobiorector: (a) biomass production and pH and (b) lipid contents 

and lipid production.
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Microalgae Times of repeated

Biomass Lipid

Production

(g/L)

Productivity

(g/L/d)

Content

(%, w/w)

Production

(g/L)

Productivity

(g/L/d)

B. braunii LB572

Batch 7.32 0.56 57.5 4.21 0.32

1
st

8.68 1.72 57.3 4.97 4.64

2
nd

10.70 2.12 57.6 6.16 4.70

3
rd

11.40 2.26 58.0 6.61 4.78

4th 12.02 2.38 57.1 6.86 4.60

5
th

13.65 2.71 58.3 7.96 4.84

P. tricornutum B2089

Batch 12.72 0.97 58.4 7.42 0.57

1st 13.35 2.66 58.5 7.81 5.60

2
nd

14.42 2.87 59.0 8.51 5.70

3rd 15.89 3.18 59.7 9.56 5.84

4th 17.60 3.50 60.8 10.70 6.06

5th 18.71 3.72 61.7 11.54 6.24

Table 6-2. Comparison of two microalgal biomass and lipid productivity in repeated batch culture mode
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Microalgae Culture mode

Biomass Lipid

Ref.Production

(g/L)

Productivity

(g/L/d)

Content

(%, w/w)

Production

(g/L)

Productivity

(g/L/d)
N. oleoabundans Semi-continuous - 0.052 - - - Yoon et al., 2015

Chlorella pyrenoidosa FACHB9 Semi-continuous - - - - 0.12 Han et al., 2013

S. obliquus Semi-continuous 4.45 0.54 49.6 - 0.20 Feng et al., 2014

Spirulina platensis Semi-continuous 4.39 1.32 - - - Bezerra et al., 2011

Scenedesmus sp. Continuous 0.31 0.23 - - - Mcginn et al., 2012

P. tricornutum UTEX640 Semi-continuous 8.87 1.49 - - - Cerón García et al., 2013

B. braunii TN101 Semi-continuous 33.8 - 51.5 - - Ashokkumar et al., 2014

Schizochytrium limacinum SR21 Fed batch 37.9 3.25 - - - Ethier et al., 2011

Schizochytrium limacinum SR21 Continuous 11.8 3.48 - - - Ethier et al., 2011

C. minutissima UTEX2219 Continuous 0.73 0.14 - - - Tang et al., 2012

S. obliquus SAG276-10 Continuous - 0.27 - - 0.11 Ruiz et al., 2013

Spirulina platensis Repeated batch - 0.05 - - - Radmann et al., 2007

B. braunii LB572 Continuous 7.07 2.47 56.8 4.02 1.41 in this study

P. tricornutum B2089 Continuous 12.11 4.24 57.8 7.00 2.45 in this study

B. braunii LB572 Repeated batch 13.65 2.71 58.3 7.96 4.84 in this study

P. tricornutum B2089 Repeated batch 18.71 3.72 61.7 11.54 6.24 in this study

Table 6-3. Comparison of microalgal biomass and lipid productivity according to each culture modes
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3-4. Optimization of Driect-transesterification

In this study, the direct-transesterification was optimized for biodiesel 

production from the microalgal biomass, and the FAME　yield of B. braunii LB572 and P. 

tricornutum B2089 were investigated in the optimal direct-transesterification. In order to 

optimize the direct-transesterification, the addition amount of methanol, sulfuric acid, and 

chloroform and reaction temperature and time were optimized, respectively (Fig. 6-8). The 

samples used were non-disrupted dry biomass, and the control of this experiment was a 

disrupted dry microalgal biomass. 

The results of optimization of direct-transesterification from microalgal biomass 

was as follows: 70 mL of methanol, 6.0 mL of sulfuric acid, 8.0 mL of chloroform, 200 

℃, and 60 min for B. braunii LB572 and 35 mL of methanol, 6.0 mL of sulfuric acid, 

8.0 mL of chloroform, 200 ℃, and 60 min for P. tricornutum B2089, respectively, also 

the pressure inside the reactor for transesterification was measured to be about 75 bar at 

the optimum esterified temperature of 200 ℃. FAME yield (from non-disrupted biomass) of 

B. braunii LB572 and P. tricornutum B2089 in the above optimized transesterification were 

95.6 and 96.2%, respectively, moreover, 2-3% higher than the disrupted microalgal biomass. 

The above results show that dry biomass could be transesterification to more than 90% of 

FAME yield from extracted lipid from non-disruption process of microalgal biomass. 

By controlling the dewatering and drying process of microalgal biomass, it is 

possible to reduce the cost of the biodiesel production [Johnson and Wen, 2009]. 

Direct-transesterification was carried out without drying to investigated the FAME yield of 

wet microalgal biomass cultured in photobioreactor. As a results, the FAME yield of wet 

biomass was not significantly different from that of dried microalgal biomass, however 

increased about 1-2% over the FAME yield of lipids extracted from dry biomass. 

According to table 6-4, the content of FAME contained in microalgal lipids was about 

55%, and through this optimized direct-transesterification, the recovery of FAME from the 
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lipids of B. braunii LB572 and P. tricornutum B2089 were over 96%. Finally, from the 

wet biomass of B. braunii LB572 and P. tricornutum B2089 were cultivated 5th repeatedly, 

the FAME productivity were expected to be 0.26 g/L/d and 0.37 g/L/d, respectively.
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Fig. 6-8. Optimization of (a) methanol, (b) sulfuric acid, (c) chloroform, (d) temperature, and 

(e) reaction time for transesterification. 
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Fig. 6-9. Comparison of FAME yields of dry and wet 

biomass by direct-transesterification.
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B. braunii LB572 P. tricornutum B2089

Disrupted biomass
Direct-transesterification

Disrupted biomass
Direct-transesterification

Dry biomass Wet biomass Dry biomass Wet biomass

Lipid content (%, w/w) 57.3 57.2 51.0 58.6 58.8 54.1

FAME content (% of lipid) 53.29 54.8 55.4 54.2 56.4 57.7

FAME yield (% of lipid) 93.0 95.6 96.7 92.5 96.2 98.4

FAME productivity (g/L/d)a 0.25 0.26 0.26 0.34 0.36 0.37

a
using biomass cultured in 5th repeated batch culture

Table 6-4. Comparison of FAME yield of two microalgal wet and dry biomass using optimized direct-transesterification in 

the repeated-batch culture mode



- 135 -

Reference

Abd El Baky, H.H., El Baroty, G.S., Bouaid, A., Martinez, M., Aracil, J., 2012. 

Enhancement of lipid accumulation in Scenedesmus obliquus by optimizing CO2 and Fe3+ 

levels for biodiesel production, Bioresour. Technol. 119, 429-432.

Abd El Baky, H.H., El Baroty, G.S., Bouaid, A., 2014. Lipid induction in Dunaliella 

salina culture aerated with various levels CO2 and its biodiesel production. J. Aquacult. 

Res. Dev. 5, http://dx.doi.org/10.4172/2155-9546.1000223.

Agerkvist, I., Enfors, S.O., 1990. Characterization of E. coli cell disintegrates from a bead 

mill and high pressure homogenizers. Biotechnol. Bioeng. 36, 1083–1089.

Akkerman, I., Janssen, M., Rocha, J., Wijffels, R.H., 2002. Photobiological hydrogen 

production: photochemical efficiency and bioreactor design. Int. J. Hydrogen Energy 27, 

1195-1208.

Alonso, D.L., Belarbi, E.-H., Fernández-Sevilla, J..M., Rodríguez-Ruiz, J., Molina Grima, E., 

2000. Acyl lipid composition variation related to culture age and nitrogen concentration in 

continuous culture of the microalga Phaeodactylum tricornutum. Phytochemistry 54, 

461-471.



- 136 -

Anderson, R.A., 2005. Algal culturing techniques. Academic Press Publication, West 

Boothbay Harbor.

APHA (American Public Health Association), 1995. Standard Methods for the Examination 

of Water and Wastewater, 19th ed., Washington, D.C., USA.

Arroyo, T.H., Wei, W., Ruan, R., Hu, B., 2011. Mixotrophic cultivation of Chlorella 

vulgaris and its potential application for oil accumulation from non-sugar materials. Biomass 

Bioenergy 35, 2245-2253.

Aslan, S., Kapdan, I.K. 2006. Batch kinetics of nitrogen and phosphorus removal from 

synthetic wastewater by algae. Ecological. Eng. 28, 64-70.

Ashokkumar, V., Agila, E., Sivakumar, P., Salam, Z., Rengasamy, R., Ani, F.N., 2014. 

Optimization and characterization of biodiesel production from microalgae Botrycoccus 

grown at semi-continuous system. Energy Convers. Manage. 88, 936-946.

Banerjee, A., Sharma, R., Chisti, Y., Banerjee, U.C., 2002. Botryococcus braunii: a 

renewable source of hydrocarbons and other chemicals. Crit. Rev. Biotechnol. 22, 245-279.



- 137 -

Barbosa, M.J., Zijffers, W.J., Nisworo, A., Vaes, W., Schoonhoven, V.J., Wijffels, R.H., 

2005. Optimization of biomass, vitamins, and carotenoid yield on light energy in a 

flat-panel reactor using the A-stat technique. Biotechnol. Bioeng. 89, 233–242.

Barnwal, B.K., Sharma, M.P., 2005. Prospects of biodiesel production from vegetables oils 

in India. Renew. Sustain. Energy. Rev. 9, 363-378.

Barsanti, L., Gualtieri, P., 2006. Algae: Anatomy, Biochemistry, and Biotechnology. CRC 

Press, p. 167.

Becker, E.W., 1994. Microalgae: Biotechnology and Microbiology, Cambridge University 

Press, UK.

Ben Amor-Ben Ayed, H., Taidi, B., Ayadi, H., Pareau, D., Stambouli, M., 2015. Effect of 

magnesium ion concentration in autotrophic culture of Chlorella vulgaris, Algal Res. 9, 

291-269.

Ben-Amotz, A., Shaish, A., Avron, M., 1991. The biotechnology of cultivation Dunaliella 

for production of β-carotene rich algae. Bioresol. Technol. 38, 233-235.



- 138 -

Bezerra, R.P., Montoya, E.Y.O., Sato, S., Perego, P. de Carvalho, J.C.M., Converti, A., 

2011. Effects of light intensity and dilution rate on the semicontinuous cultivation of 

Arthrospira (spirulina) platensis. A kinetic Monod-type approach. Bioresour. Technol. 102, 

3215-3219.

Bold, H.C., 1949. The morphology of Chlamydomonas sp. nov. Bull Torrey Bot Club 76, 

101-8.

Borowitzka, M.A., Borowitzka, L.J., 1988. Dunaliella. In: Borowitzka, M.A., Borowitzka, 

L.J. (Eds.) Microalgal Biotechnology. Cambridge University Press, New York, US.

Bouterfas, K.C.D., Belkoura, M., Dauta, A., 2002. Light and temperature effects on the 

growth rate of three fresh water algae isolated from eutrophic lake. Hydrobiologia 489, 

207-217.

Bringezu, S., Ramesohl, S., Arnold, K., Fischedick, M., Von Geibler, J., Liedtke, C., 

Schutz, H., 2007. Towards a sustainable biomass strategy: What we know and what we 

should know. Wuppertal 163, pp.1-50. 

British Petroleum (BP), 2016. BP Statistical Review of World Energy 2015. BP, London, 

UK.



- 139 -

Brown, M.R., Dunstan, G.A., Norwood, S.J., Miller, K.A., 1996. Effects of harvest stage 

and light on the biochemical composition of the diatom Thalassiosira pseudinana. J. 

phycol. 32, 64-73.

Cantrell, K.B., Ducey, T., Ro, K.S., Hunt, P.G., 2008. Livestock waste-to-bioenergy 

generation opportunities. Bioresour. Technol. 99, 7941-7953.

Carlsson, P., Granéli, E., Segatto, A.Z., 1999. Cycling of biologically available nitrogen in 

riverine humic substances between marine bacteria, a heterotrophic nan nanoflagellate and 

photosynthetic dinoflagellate, Aquat. Microb. Ecol. 18, 23-36.

Carvalho, A.P., Meireles, L.A., Malcata, F.X., 2006. Microalgal reactors: A review of 

enclosed system designs and performances. Biotechnol. Prog. 22, 1490-1506.

Castenholz, R.W., 1969. Thermophilic blue-green algae and the thermal environment. Bact. 

Rev. 33, 476-504.

Cerón-García, M.C., Fernández-Sevilla, J.M., Sánchez-Mirón, A., García-Camacho, F., 

Contreras-Gómez, A., Molina-Grima, E., 2013. Mixotrophic growth of Phaeodactylum 

tricornutum on fructose and glycerol in fed-batch and semi-continuous modes. Bioresour. 

Technol. 147, 569-576.



- 140 -

Cerón-García, M.C., García-Camacho, F., Sánchez-Mirón, A., Fernández-Sevilla, J.M., Chisti, 

Y., Molina-Grima, E., 2006. Mixotrophic production of marine microalga Phaeodactylum 

tricornutum on various carbon sources, J. Microbiol. Bitechnol. 16, 689-694.

Che, R., Huang, L., Yu, X., 2015. Enhanced biomass production, lipid yield and 

sedimentation efficiency by iron ion, Bioresour. Technol. 192, 795-798.

Cheirsilp, B., Torpee, S., 2012. Enhanced growth and lipid production of microalgae under 

mixotrophic culture condition: Effect of light intensity, glucose concentration and fed-batch 

cultivation. Bioresour. Technol. 110, 510-516.

Chen, P., Min, M., Chen, Y., Wang, L., Li, Y., Chen, Q., Wang, C., Wan, Y., Wang, X., 

Cheng, Y., Deng, S., Hennessy, K., Lin, X., Liu, Y., Wang, Y., Martinez, B., Ruan, R., 

2009. Review of the biological and engineering aspects of algae to fuels approach. Int. J. 

Agric. Biol. Eng. 2, 1-30.

Chen, Y.H., Walker, T.H., 2011. Biomass and lipid production of heterotrophic microalgae 

Chlorella protothecoides by using biodiesel-derived crude glycerol. Biotechnol. Lett. 33, 

1973-1983.

Cheng, Y., Zhou, W.G., Gao, C.F., Lan, K., Gao, Y., Wu, Q.Y., 2009 Biodiesel production 

from Jerusalem artichoke (Helianthus Tuberosus L.) tuber by heterotrophic microalgae 

Chlorella protothecoides. J. Chem. Technol. Biotechnol. 84, 777-781.



- 141 -

Chisti, Y., 2007. Biodiesel frommicroalgae. Biotechnol. Adv. 25, 294-306.

Chojnacka, K., Marquez-Rocha, F.-J., 2004. Kinetic and stoichiometric relationships of the 

energy and carbon metabolism in the culture of microalgae. 3, 21-34.

Cho, S., Ji, S.C., Hur, S., Bae, J., Park, I.S., Song, Y.C. 2007 Optimum temperature and 

salinity conditions for growth of green algae Chlorella ellipsoidea and Nannochloris 

oculata. Fish. Sci. 73, 1050-1056.

Chu, S.P., 1942, The influence of the mineral composition of the medium on the growth 

of planktonic algae: patt I. Methods and culture media. J. Ecol. 30 (2), 284-325.

Church, J., Hwang, J.H., Kim, K.T., Mclean, R., Oh, Y.K., Nam, B., J, J.C., Lee, W.H., 

2017. Effect o salt type and concentration on the growth and lipid contetn of Chlorella 

vulgaris in synthetic saline wastewater for biofuel production. 243, 147-153.

Cogne, G., Cornet, J.F., Gross, J.B., 2005. Design, operation, and modeling of a membrane 

photobioreactor to study the growth of the cyanobacterium Arthrospira platensis in space 

conditions. Biotechnol. Prog. 21, 741-750.



- 142 -

Concas, A., Steriti, A., Pisu, M., Cao, G., 2014. Comprehensive modeling and investigation 

of the effect of iron on the growth rate and lipid accumulation of Chlorella vulgaris

cultured in batch photobioreactors, Bioresour. Technol. 153, 340-350.

Converti, A., Casazza, A.A., Ortiz, E.Y., Perego, P., Del Borghi, M., 2009. Effect of 

temperature and nitrogen concentration on the growth and lipid content of Nannochloropsis 

oculata and Chlorella vulgaris for biodiesel production. Chem. Eng. Process 48, 1146-1151.

Das, P., Lei, W., Aziz, S.S., Obbard, J.P., 2011. Enhanced algal growth in both 

phototrophic and mixotrophic culture under blue light. Bioresour. Technol. 102, 3883-3887.

de Martino, A., Meichenin, A., Shi, J,. Pan, K.H., Bowler, C., 2007. Genetic and 

phenotypic characterization of Phaeodactylum tricornutum (Bacillariophyceae) accessions. J. 

Phycol. 43, 992-1009

Demirbas, A., 2005. Biodiesel production from vegetable oils via catalytic and non-catalytic 

supercritical methanol transesterification methods. Pror. Energy. Combust. Sci. 31 (5–6), 

466-487.



- 143 -

Dera, J., Gohs, L., Wozniak, B., 1978. Experimental study of the composite parts of the 

light-beam attenuation process in waters of the Gulf of Gdańsk, Oceanol. 10, 5-26.

Dismukes, G.C., Carrieri, D., Bennette, N., Ananyev, G.M., Posewitz, M.C., 2008. Aquatic 

phototrophs: efficient alternatives to land-based crops for biofuels. Curr. Opin. Biotechnol. 

19, 235-240.

Doan, T.T.Y., Sivaloganathan, B., Obbard, J.P. 2011. Screening of marine microalgae for 

biodiesel feedstock. Biomass Bioenergy 35, 2534-2544.

Doering, P.H., Oviatt, C.A., McKenna, J.H., Reed, L.W., 1994. Mixing behavior of 

dissolved organic carbon and its potential biological significance in the Pawcatuck River 

Estuary, Estuaries 17, 521-536.

Doran, P.M., 1995. Bioprocess engineering principles. Published by Academic Press.

Dragone, G., Fernandes, B.,Vicente, A.A., Teixeira, J.A., 2010. Third generation biofuels 

from microalgae. In: Vilas, A.M., (Eds), Current Research, Technology and Education 

Topics in Applied Microbiology and Microbial Biotechnology, vol. 2, Formatex Research 

Center, Badajoz, pp. 1355-1366. 

Droop, M.R., 1974. Heterotrophy of carbon, In: Stewart, W.D.P. (Eds), Algal Physiology 

Biochemistry Blackwell Scientific, Oxford, UK, pp. 530-559.

Droop, M.R., 1962. On cultivating Skeletonema costatum: some problems, in: A. Pirson 

(Eds.), Fisher, Stuttgart, pp.77-82.



- 144 -

Dunahay, T.G., Jarvis, E.E., Dais, S.S., Roessler, P.G., 1996. Manipulation of microalgal 

lipid production using genetic engineering. Appl. Biochem. Biotechnol. 57-58, 223-31.

Ehimen, E., Sun, Z., Carrington, C., 2010. Variables affecting the in situ transesterification 

of microalgae lipids. Fuel 89, 677-684.

Eisentraut, A., 2010. Sustainable production of second-generation biofuels potential and 

perspectives in major reconomies and developing countries. Int. Energy Agency (IEA), 7-8.

Ethier, S., Woisard, K., Vaughan, D., Wen, Z., 2011. Continuous culture of the microalgae 

Schizochytrium limacinum on biodiesel-derived crude glycerol for producing docosahexaenoic 

acid. Bioresour. Technol. 102, 88-93.

Fatih, B., 2015. World energy outlook 2015, International Energy Agency, London, UK.

Fedorov, A.S., Kosourov, S., Ghirardi, M.L., Seibert, M., 2005. Continuous H2

photoproduction by Chlamydomonas reinhardtii using a novel two-stage, sulfate-limited 

chemostat system. Appl. Biochem. Biotechnol. 121124, 403-412.

Felizardo, P., Correia, M.J.N., Raposo, I., Mendes, J.F., Berkemeier, R., Bordado, J.M., 

2006. Production of biodiesel from waste frying oil. Waste Manag. 26, 487-494.



- 145 -

Feng, P., Yang, K., Xu, Z., Wang, Z., Fan, L., Zin, L., Zhu, S., Shang, C., Chai, P., 

Yuan, Z., Hu, L., 2014. Growth and lipid accumulation characteristics of Scenedesmus 

obliquus in semi-continuous cultivation outdoors for biodiesel feddstock. Bioresour. Technol. 

173, 406-414.

Feuillade, M., Feuillade, J., 1989. Heterotrophic capabilities of blue–green alga Oscillatoria 

rubescens. Arch. Hydrobiol. 117, 61-76.

Fernandez, F.G.A., Sevilla, J.M.F., Perez, J.A.S., Grima, E.M., Chisti, Y., 2001. Airlift 

driven external loop tubular photobioreactors for outdoor production of microalgae: 

assessment of design and performance. Chem. Eng. Sci. 56, 2721–2732.

Folch, J., Lees, M., Stanley, G.H.S., 1957. A simple method for the isolation and 

purification of total lipids from animal tissues, J. Biol. Chem. 226, 497-509.

Fukuda, H., Kondo, A., Noda, H., 2001. Biodiesel fuel production by transesterification of 

oils. J. Biosci. Bioeng. 92, 405-416.



- 146 -

Gardner, D.R., Cooksey, K.E., Mus, F., Macur, R., Moll, K., Eustance, E., Calson, R.P., 

Gerlach, R., Fields, M.W., Peyton, B.M., 2012. Use od sodium bicarbonate to stimulate 

triacylglycerol accumulation in the chlorophyte Scenedesmus sp., and the diatom 

Phaodactylum tricornutum. J. Appl. Phycol. 24, 1311-1320.

Gardner, R., Peters, P., Peyton, B., Cooksey, K.E., 2011. Medium pH and nitrate 

concentration effects on accumulation of triacylglycerol in two members of the chlorophyta. 

J. Appl. Phycol. 23, 1005-1016.

George, B., Pancha, I., Desai, C., Chokshi, K., Paliwal, C., Ghosh, T., Mishra, S., 2014. 

Effects of different media composition, light intensity and photoperiod on morphology and 

physiology of freshwater microalgae Ankistrodesmus falcatus-A potential strain for bio-fuel 

production. Bioresour. Technol. 171, 367-374.

Gerken, H.G., Donohoe, B., Knoshaug, E.P., 2013. Enzymatic cell wall degradation of 

Chlorella vulgaris and other microalgae for biofuels production. Planta. 237, 239-253.

Gerringa, L.J.A., De Baar, H.J.W., Timmermans, K.R., 2000. A comparison of iron 

limitation of phytoplankton in natural oceanic waters and laboratory media conditioned with 

EDTA, Mar. Chem. 68, 335-346.

Ghirardi, M.L., Zhang, J.P., Lee, J.W., Flynn, T., Seibert, M., Greenbaum, E., Melis, A., 

2000. Microalgae: a green source of renewable H2. Trends Biotechnol. 18, 506-511.



- 147 -

Gim, G.H., Kim, J.K., Kim, H.S., Kathiravan, M.N., Yang, H., Jeong, S.H., Kim, S.W. 

2014. Comparison of biomass production and total lipid content of freshwater green 

microalgae cultivated under various culture conditions. Bioprocess. Biosyst. Eng. 37, 99-106.

Gim, G.H., Ryu, J., Kim, M.J., Kim, P.I., Kim S.W., 2016. Effects of carbon sources and 

light intensity on the growth and total lipid production of three microalgae under different 

culture conditions. J. Ind. Microbiol. 43, 605-616.

Giridhar Babu, A., Wu, X., Kabra, A.N., Kim, D.P., 2017. Cultivation of an indigenous 

Chlorella sorokiniana with phytohormones for biomass and lipid production under 

N-limitation. Agal Res. 23, 178-185.

Gordillo, F.J.L., Goutx, M., Figueroa, F.L., Niell, F.X. 1998. Effects of light intensity, CO2

and nitrogen supply on lipid class composition of Dunaliella viridis. J. Appl. Phycol. 10, 

135-144.

Gorain, P.C., Bagchi, S.K., Mallick, N., 2013. Effect of calcium, magnesium and sodium 

chloride in enhancing lipid accumulation in two green microalgae, Environ. Technol. 34, 

1887-1894.

Gouveia, L., Oliveira, A.C., 2009. Microalgae as raw material for biofuels production. J. 

Ind. Microbiol. Biotechnol. 36, 269-274.



- 148 -

Granéli, E., Moreira, M.O., 1990. Effects of river water of different origin on the growth 

of marine dinoflagellates and diatoms in laboratory cultures, J. Exp. Mar. Biol. Ecol. 136, 

89-106.

Griffiths, J.S., Harrison, S.T.L., 2009. Lipid productivity as a key characteristic for 

choosing algal species for biodiesel production, J. Appl. Phycol. 21, 493-507.

Griffiths, D.J., Thresher, C.L., Street, H.E., 1960. The heterotrophic nutrition of Chlorella 

vulgaris. Ann. Bot. 24, 1-11.

Grobbelaar, J.U., 2004. Algal nutrition. In: Richmond A, editor. Handbook of microalgal 

culture: biotechnology and applied phycology. Blackwell, pp. 97-115.

Guihéneuf, F., Mimouni, V., Ulmann, L., Tremblin, G., 2009 Combined effects of 

irradiance level and carbon source on fatty acid and lipid class composition in the 

microalgae pavlova lutheri commonly used in mariculture. J. Experiment. Marine. Biol. 

Ecol. 369, 136-143.

Guillard, R.R.L., Ryther, J.H., 1962. Studies of marine planktonic diatoms I. Cyclotella 

nana Hustedt and Detonula confervaceae (Cleve) Gran, Can. J. Microbiol. 8, 229-239.

Guldhe, A., Singh, B., Rawat, I., Ramluckan, K., Bux, F., 2014. Efficacy of drying and 

cell disruption techniques on lipid recovery from microalgae for biodiesel production. Fuel 

128, 46-52.



- 149 -

Günerken, E., D’Hondt, E., Eppink, M.H., Garcia-Gonzalez, L., Elst, K., Wijffels, R.H., 

2015. Cell disruption for microalgae biorefineries. Biotechnol. Adv. 33, 243-260.

Haass, D., Tanner, W., 1973. Regulation of hexose transport in Chlorella vulgaris. Plant 

Physiol. 53, 14-20.

Han, F., Huang, J., Li, Y., Wang, W., Wan, M., Shen, G., Wang, J., 2013. Enhanced lipid 

productivity of Chlorella pyrenoidosa through the culture strategy of semi-continuous 

cultivation with nitrogen limitation and pH control by CO2. Bioresour. Technol. 136, 

418-424.

Hannon, M., Gimpel, J., Trana, M., Rasalaa, B., Mayfieldb, S., 2014. Biofuels from algae: 

challenges and potential. Biofuels 1, 763-784.

Harris, E.H., 1989. The Chlamydomonas source book: a comprehensive guide to biology 

and laboratory use, Academic Press, San diego, USA, pp. 780.

Harrison, S.T.L., 1991. Bacterial cell disruption: a key unit operation in the recovery of 

intracellular products. Biotechnol. Adv. 9, 217-240.



- 150 -

He, Q., Yang, H., Wu, L., Hu, C., 2015a. Effects of light intensity on physiological 

changes, carbon allocation and neutral lipid accumulation in oleaginous microalgae. 

Bioresour. Technol. 191, 219-228.

He, Q., Yang, H., Hu, C., 2015b. Optimizing light regimes on growth and lipid 

accumulation in Ankistrodesmus fusiformis H1 for biodiesel production. Bioresour. Technol. 

198, 876-883.

Hibberd, D.J., 1981. Notes on the taxonomy and nomenclature on the algal classes 

Eustigmatophyceae and Tribophyceae (synonym Xanthophyceae). Bot. J. Linn. Soc. 82, 

93-119.

Hidalgo, P., Toro, C., Ciudad, G., Navia, R., 2013. Advances in direct transesterification of 

microalgal biomass for biodiesel production. Rev. Environ. Sci. Biotechnol. 12, 179-199.

Ho, S.H., Lu, W.B., Chang, J.S. 2012. Photobioreactor strategies for improving the CO2

fixation effiency of indigenous Scenedesmus obliquus CNW-N: Statistical optimization of 

CO2 feeding. Bioresour. Technol. 105, 106-113.

Hongjin, Q., Guangce, W., 2009 Effect of carbon source on growth and lipid accumulation 

in Chlorella sorokiniana GXNN01. Chinese J. Oceanol. Limnol. 27, 762-768.



- 151 -

Hosoglu, M.I., Gultepe, I., Elibol, M. 2012. Optimization of carbon and nitrogen sources 

for biomass and lipid production by Chlorella saccharophila under heterotrophic conditions 

and development of Nile red fluorescence based method for quantification of its neutral 

lipid content. Biochem. Eng. J. 61, 11-19.

Hu, Q., Sommerfeld, M., Jarvis, E., Ghirardi, M., Posewitz, M., Seibert, M., Darzins, A. 

2008. Microalgal triacylglycerols as feedstocks for biofuel production: perspectives and 

advances. Plant J. 54, 621-639.

Huang, G.H., Chen, F., Wei, D., Zhang, X.W., Chen, G., 2010. Biodiesel production by 

microalgal biotechnology. Appl. Energy 87, 38-46.

Huang, L., Xu, J., Li, T., Wang, L., Deng, T., Yu, X., 2014. Effect of additional Mg
2+ on 

the growth, lipid production, and fatty acid composition of Monoraphidium sp. FXY-10 

under different culture conditions, Ann. Microbiol. 64, 1247-1256.

Imamoglu, E., Sukan, F.V., Dalay, M.C., 2007. Effect of different culture media and light 

intensities on growth of Haematococcus pluvialis. Int. J Natural. Eng. Sci. 1, 5-9.

Jin, B., Duan, P., Xu, Y., Wang, B., Wang, F., Zhang, L., 2014. Lewis acid-catalyzed in 

situ transesterification/esterification of microalgae in supercritical ethanol. Bioresour. Technol. 

162, 341-349.



- 152 -

Jin, X., Chu, Z., Yan, F., Zeng, Q., 2009. Effects of lanthanum (III) and EDTA on the 

growth and competition of Microcystis aeruginosa and Scenedesmus quadricauda, 

Limnologica 39, 86-93.

Johnson, M.B., Wen, Z., 2009. Production of biodiesel fuel from the microalga 

Schizochytrium limacinum by direct transesterification of algal biomass. Energy Fuels 23, 

5179-5183.

Jung, K.A., Lim, S.R., Kim, Y., Park, J.M., 2012. Potentials of macroalgae as feedstocks 

for biorefinery. Bioresour. Technol. 135, 182-190.

Kaewpintong, K., Shotipruk, A., Powtongsook, S., Pavasant, P., 2007. Photoautotrophic 

high-density cultivation of vegetative cells of Haematococcus pluvialis in airlift bioreactor. 

Bioresour. Technol. 98, 288-295.

Kalacheva, G.S., Zhila, N.O., Volova, T.G., 2002a. Lipid and hydrocarbon competition of a 

collection strain and awild sample of the green microalga Botryococcus. Aquat. Ecol. 36, 

317-330.

Kalacheva, G.S., Zhila, N.O., Volova, T.G., 2002b. Lipid of the green alga Botryococcus 

cultured in a batch mode. Microbiol. 70, 256-62.

Kalplan, D., Cohen, Z., Abeliovich, A., 1986. Optimal growth conditions for Isochrysis 

galbana. Biomass 9, 37-48.



- 153 -

Kapdan, I.K., Kargi, F., 2006. Bio-hydrogen production from waste materials. Enzyme 

Microb. Technol. 38, 569-582.

Khotimchenko, S.V., Yakovleva, I.M. 2005. Lipid composition of the red alga Tichocarpus 

crinitus exposed to different levels of photon irradiance. Phytochemistry 66, 73-79.

Kim, W., Park, J.M., Gim, G.H., Jeong, S., Kang, C.M., Kim, D., Kim, S.W., 2012 

Optimization of culture conditions and comparison of biomass productivity of three green 

algae. Bioprocess Biosyst. Eng. 35, 19-27.

Kitaya, Y., Xiao, L., Masuda, A., Ozawa, T., Tsuda, M., Omasa, K.. 2008. Effects of 

temperature, photosynthetic photon flux density, photoperiod and O2 and CO2 concentrations 

on growth rates of the symbiotic dinoflagel-late, Amphidinium sp. J. Appl. Phycol. 20, 

737742.

Knothe, G., 2009. Improving biodiesel fuel properties by modifying fatty ester composition. 

Enengy Environ. Sci. 2, 759-766.

Knothe, G., Dunn, R.O., Bagby, M.O., 1997. Biodiesel: the use of vegetable oils and their 

derivatives as alternative diesel fuels. ACS Symp. Ser. 666, 172-208.

Kobayashi, M., Kakizono, T., Yamaguchi, K., Nishio, N., Nagai, S., 1992. Growth and 

astaxanthin formation of Haematococcus pluvialis in heterotrohpic and micotrophic 

conditions. J. Ferment. Bioeng. 74, 17-20.



- 154 -

Khoeyi, Z.A., Seyfabadi, J., Ramezanpour, Z., 2012. Effect of light intensity and 

photoperiod on biomass and fattya cid composition of the microalgae, Chlorella vulgaris. 

Aquacult. Int. 20, 41-49.

Kong, W.B., Yang, H., Cao, Y.T., Song, H., Hua, S.F., Xia, C.G., 2013. Effect of glycerol 

and glucose on the enhancement of biomass, lipid and soluble carbohydrate production by 

Chlorella vulgaris in mixotrophic culture. Food Technol. Biotechnol. 51, 62-69.

Koukal, B., Guéguen, C., Pardos, M., Dominik, J., 2003. Influence of humic substances on 

the toxic effects of cadmium and zinc to the green alga Pseudokirchneriella subcapitata, 

Chemosphere 53, 953-961.

Kulkarni, M.G., Dalai, A.K., 2006. Waste cooking oil-an economical source for biodiesel: 

A review. Inds. Eng. Chem. Res. 6 (45), 2901-2913.

Kumar, K., Dasgupta, C.N., Nayak, B., Lindblad, P., Das, D., 2011. Development of 

suitable photobioreactors for CO2 sequestration addressing global warming using green algae 

and cyanobacteria. Bioresour. Technol. 102, 4945-4953.

Lee, J.Y., Yoo, C.Y., Jun, S.Y., Ahn, C.Y., Oh, H.M., 2010. Comparison of several 

methods for effective lipid extraction from microalgae. Bioresour. Technol. 101, S75-S77.

Lee, K., Lee, C. 2002 Nitrogen removal from wastewaters by microalgae without 

consuming organic carbon sources. J. Microbiol. Biotechnol. 12, 979-985.



- 155 -

Lee, S.j., Go, S., Jeong, G.T., Kim, S.K., 2011. Oil production from five marine 

microalgae for the production of biodiesel. Biotechnol. Bioprocess. Eng. 16, 561-556.

Lee, Y.C., Lee, K., Oh, Y.K., 2015. Recent nanoparticle engineering advances in microalgal 

cultivation and harvesting processes of biodiesel production: a review. Bioresour. Technol. 

184, 63-72.

Leesing, R., Nontaso, N. 2010. Microalgal oil production by green microalgae under 

heterotrophic cultivation. KKU Res. J. 15, 787-793.

Li, X.F., Xu, H., Wu, Q.Y., 2007. Large-scale biodiesel production from microalga 

Chlorella protothecoides through heterotrophic cultivation in bioreactors. Biotechnol. Bioeng. 

98, 764-771.

Li, Y., Wang, B., Wu, N., Lan, C.Q., 2008. Effects of nitrogen sources on cell growth and 

lipid production of Neochloris oleoabundans. Appl. Microbiol. Biotechnol. 81, 629-636.

Liang, Y., Sarkany, N., Cui, Y., 2009 Biomass and lipid productivities of Chlorella 

vulgaris under autotrophic, heterotrophic and mixotrophic growth conditions. Biotechnol. 

Lett. 31, 1043-1049.

Liu, J., Hung, J., Fan, K.W., Jiang, Y., Zhong, Y., Sun, Z., Chen, F., 2010. Production 

potential of Chlorella zofingienesis as a feedstock for biodiesel. Bioresour. Technol. 101, 

8658-8663.



- 156 -

Liu, J., Huang, J.C., Sun, Z., Zhong, Y.J., Jiang, Y., Chen, F., 2011. Differential lipid and 

fatty acid profiles of photoautotrophic and heterotrophic Chlorella zofingiensis: Assessment 

of algal oils for biodiesel production. Bioresour. Technol. 102, 106-110.

Liu, J., Yuan, C., Hu, G., Li, F., 2012. Effects of light intensity on the growth and lipid 

accumulation of microalga Scenedesmus sp. 11-1 under nitrogen limitation. Appl. Biochem. 

Biotechnol. 166, 2127-2137. 

Liu, Z., Wang, G., 2014. Effect of Fe3+ on the growth and lipid content of Isochrysis 

galbana. Chin. J. Oceanol. Limnol. 32, 47-53.

Liu, Z.Y., Wang, G.-C., Zhou, B.-C., 2008. Effect of iron on growth and lipid 

accumulation in Chlorella vulgaris, Bioresour. Technol. 99, 4717-4722.

Livne, A., Sukenik, A., 1992. Lipid synthesis and abundance of acetyl CoA carboxylase in 

Isochrysis galbana (Prymnesiophyceae) following nitrogen starvation, Plant Cell Physiol. 33, 

1175-1181.

Loubiere, K., Olivo, E., Bougaran, G., Pruvost, J., Robert, R., Legrand, J., 2009. A new 

photobioreactor for continuous microalgal production in hatcheries based on external-loop 

airlift and swirling flow. Biotechnol. Bioeng. 102, 132-147.

Lürling, M., 1998. Effect of grazing-associated infochemicals on growth and morphological 

development in Scenedesmus acutus Meyen (Chlorophyceae). J. Phycol. 34, 578–586.



- 157 -

Mahesar, S.A., Sherazi, T.H., Abro, K., Kandhro, A., Bhanger, M.I., Van de Voort, F.R., 

Sedman, J., 2008. Application of microwave heating for the fast extraction of fat content 

from the poultry feeds. Talanta. 75, 1240-1244.

Mandal, M., Ghosh, A., Tiwari, O.N., Gayen, K., Das, P., Mandal, M.K., Halder, G., 2017. 

Influence of carbon sources and light intensity on biomass and lipid production of 

Chlorella sorokiniana BTA 9031 isolated from coalfield under various nutritional modes. 

Energy Convers. Manag. 145, 247-254. 

Mandal, S., Mallick, N., 2009. Microalga Scenedesmus obliquus as a potential source for 

biodiesel production. Appl. Microbiol. Biotechnol. 84, 281-291.

Mata, T.M., Martins, A.A., Caetano, N.S., 2010. Microalgae for biodiesel production and 

other application: review. Renew. Sustain. Energy. Rev. 14, 217-232.

McGinn, P.J., Dickinson, K.E., Park, K.C., Whithey, C.G., Macquarrie, S.P., Black, F.J., 

Frigon, J.-C., Guiot, S.R., O’Leary, S.J.B., 2012. Assessment of the bioenergy and 

bioremediation potentials of the microalga Scenedesmus sp. AMDD cultivated in municipal 

wastewater effluent in batch and continuous mode. Algal Res. 1, 155-165.

Meher, L.C., Vidya Sagar, D., Naik, S.N., 2006. Technical aspects of biodiesel production 

by transesterification-a review. Renew. Sustain. Energy. Rev. 10, 248-268.

Melis, A., 2002. Green alga hydrogen production: progress, challenges and prospects. Int. J. 

Hydrogen Energy 27, 1217-1228.



- 158 -

Merzlyak, M.N., Chivkunova, O.B., Gorelova, O.A., Reshetnikova, I.V., Solovchenko, A.E., 

Khozin-Goldberg, I., Cohen, Z., 2007. Effect of nitrogen starvation on optical properties, 

pigments, and arachidonic acid content of the unicellular green alga Parietochloris incise

(Trebouxiophyceae, Chlorophyta). J. Phycol. 43, 833-843.

Metcalfe, L.D., Schmitz, A.A., Pelka, J.R. 1966. Rapid preparation of fatty acid esters from 

lipids for gas chromatographic analysis. Anal. Chem. 38, 514-515.

Metting, F.B., 1996. Biodiversity and application of microalgae. J. Ind. Microbiol. 17 (5–6), 

477-489.

Metzger, P., Largeau, C., 2005. Botryococcus braunii: a rich source for hydrocarbons and 

related ether lipids. Appl. Microbiol. Biotechnol. 66, 486-496.

Miao, X., Wu, Q., 2006. Biodiesel production from heterotrophic microalgal oil. Bioresour. 

Technol. 97, 841-846.

Middelberg, A.P.J., 1995. Process-scale disruption of microorganisms. Biotechnol. Adv. 13, 

491-551.

Miller, G.L., 1959. Use of dinitrosalicylic acid reagent for determination of reducing sugar. 

Anal. Chem. 31, 426-428.



- 159 -

Mirón, A.S., Garcia, M.C.C., Camacho, F.G., Grima, E.M., Chisti, Y., 2002. Growth and 

biochemical characterization of microalgal biomass produced in bubble column and airlift 

photobioreactors: studies in fed-batch culture. Enzyme Microb. Technol. 31, 1015-1023.

Mitra, D., Leeuwen, J., Lamsal, B., 2012. Heterotrophic/mixotrophic cultivation of 

oleaginous Chlorella vulgaris on industrial co-products. Algal Res. 1, 40-48.

Mock, T., Kroon, B.M.A., 2002. Photosynthetic energy conversion under extreme 

conditions-II: the significance of lipids under light limited growth in antractic sea ice 

diatoms. Phytochemistry 61, 53-60.

Mohd-Sahib, A.-A., Lim, J.-W., Lam, M.-K., Uemura, Y., Isa, M.H., Ho, C.-D., Kutty, 

S.R.M., Wong, C.-Y., Rosli, S.-S., 2017. Lipid for biodiesel production from attached 

growth Chlorella vulgaris biomass cultivating in fluidized bed bioreactor packed with 

polyurethane foam material. Bioresour. Technol. 239, 127-136.

Morais, M.G., Costa, J.A.V., 2007. Carbon dioxide fixation by Chlorella kessleri, C. 

vulgaris, Scenedesmus obli

quus and Spirulina sp. cultivated in flasks and vertical tubular photobioreactors. Biotechnol. 

Lett. 29, 1349-1352.

Morita, M., Watanabe, Y., Okawa, T., Saiki, H., 2001. Photosynthetic productivity of 

conical helical tubular photobioreactors incorporating Chlorella sp. Under various culture 

medium flow conditions. Biotechnol. Bioeng. 74, 137-144.



- 160 -

Mutanda, T., Ramesh, D., Karthikeyan, S., Kumari, S., Anandraj, A., Bux, F., 2011. 

Bioprospecting for hyper-lipid producing microalgal strains for sustainable biofuel 

production. Bioresour. Technol. 102, 57-70.

Neilson, A.H., Lewin, R.A., 1974. The uptake and utilization of organic carbon by algae: 

an essay in comparative biochemistry. Phycologia. 13, 227-264.

Ohkubo, N., Yagi, O., Okada, M., 1998. Effect of humic acid and fulvic acids on the 

growth of Microcystis aeruginosa, Environ. Technol. 19, 611-617.

Pal, D., Goldberg, I.K., Cohen, Z., Boussiba, S., 2011. The effect of light, salinity, and 

nitrogen availability on lipid production by Nannochloropsis sp.. Appl. Microbiol. 

Biotechnol. 90, 1429-1441.

Pempkowiak, J., Kosakoeska, A., 1998. Accumulation of cadmium by green algae Chlorella 

vulgaris in the presence of marine humic substances, Environ. Int. 24, 583-588.

Petersen Jr, R.C., 1991. The contradictory biological behavior of humic substances in the 

aquatic environment, in: Allard, B., Borén, H., Grimvall, A., (Eds.), Humic Substances in 

the Aquatic and Terrestrial Environments, Springer-Verlag, Berlin, pp. 367-390.

Prabakaran, P., Ravindran, A.D., 2011. Acomparative study on effective cell disruption 

methods for lipid extraction from microalgae. Lett. Appl. microbiol. 53, 150-154.

Prakash, A., Rashid, M.A., 1968. Influence of humic substances on the growth of marine 

phytoplankton: dinoflagellates, Limnol. Oceanogr. 13, 598-606.



- 161 -

Pratoomyot, J., Srivilas, P., Noiraksar, T. 2005. Fatty acids composition of 10 microalgal 

species. Songklanakarin J. Sci. Technol. 27(6), 1179-1187.

Qin, J., 2005. Bio-hydrocarbons from algae-impacts of temperature, light and salinity on 

algae growth. Barton, Australia: Rural Industries Research and Development Corporation. 

Ra, C.H., Kang, C.H., Kim, N.K., Lee, C.G., Kim, S.K., 2015. Cultivation of four 

microalgae for biomass and oil production using a two-stage culture strategy with salt 

stress. Renew. Energy. 80, 117-122.

Radmann, E.M., Reinhr, C.O., Costa, J.A.V., 2007. Optimization of the repeated batch 

cultivation of microalga Spirulina platensis in open raceway ponds. Aquaculture 265, 

118-126.

Rammus, J., 1990. A form-function analysis of photon captures for seaweeds. Hydrobiologia 

204, 65-71.

Rakesh, S., Dhar, D.W., Prasanna, R., Saxena, A.K., Saha, S., Shukla, M., Sharma, K., 

2015. Cell disruption methods for improving liipid extraction efficiency in unicellular 

microalgae. Eng. Life Sci. 15, 443-447.

Ratledge, C., Kanagachandran, K., Anderson, A.J., Gr antham, D.J., Stephenson, J.C., 2001. 

Production of docosahexaenoic acid by Crypthecodinium cohnii grown in a pH-auxostat 

culture with acetic acid as principal carbon source. Lipids 36, 12410-12416.



- 162 -

Reinehr, C.O., Costa, J.A.V., 2006. Repeated batch cultivation of the microalga Spirulina 

platensis. World J. Microb. Biot. 22, 937-943.

REN21 (Reneable Energy Policy Network for the 21st Century), 2016. Renewables 2016 

Global Status Report, Paris, France.

Ren, H.Y., Liu, B.F., Kong, F., Zhao, L., Xie, G.J., Ren, N.Q., 2014. Enhanced lipid 

accumulation of green microalga Scenedesmus sp. by metal ions and EDTA addition, 

Bioresour. Technol. 169, 763-767.

Ren, H.Y., Liu, B.F., Ma, C., Zhao, L., Ren, N.Q., 2013. A new lipid-rich microalga 

Scenedesmus sp. strain R-16 isolated using Nile red staining: effects of carbon and nitrogen 

sources and initial pH on the biomass and lipid production. Biotechnol. Biofuels 6, 143.

Renaud, S.M., Parry, D.L., Luong-Van, T., Kuo, C., Padovan, A., Sammy, N., 1991. Effect 

of light intensity on the proximate biochemical and fatty acid composition of Isochrysis sp. 

and Nannochloropsis oculata for use in tropical aquaculture. J. Appl. Phycol. 3, 43-53.

Renaud, S.M., Thinh, L.V., Parry, D.L. 1999. The gross chemical composition and fatty 

acid composition of 18 species of tropical Australian microalgae for possible use in 

mariculture. Aquaculture 170, 147-159.

Richmond, A., 2004. Handbook of microalgal culture: biotechnology and applied phycology. 

Blackwell Science Ltd.



- 163 -

Richmond, A., Hu, Q., 2013. Handbook of Microalgal Culture: Applied phycology and 

biotechnology. Second Ed. Jhon Wiley and Sons Ltd, Oxford, UK.

Rodolfi, L., Zittelli, G.C., Bassi, N., Padovani, G., Biondi, N., Bonini, M., Tredici, M.R., 

2009. Microalgae for oil: strain selection, induction of lipid synthesis and outdoor mass 

cultivation in a low-cost photobioreactor. Biotechnol. Bioeng. 102, 100-112.

Roesijadi, G., Jones, S.B., Snowden-Swan, L.J., Zhu, Y., 2010. Macroalgae as a Biomass 

Feedstock: a Preliminary Analysis. Pacific Northwest National Laboratory, Richland, WA.

Romieu, I., Tellez Rojo, M.M., Lazo, M., Manzano Patino, A., Cortez Lugo, M., Julien, P., 

Belanger, M.C., Hernandez Avila, M., Holguin, F., 2005. Omega-3 fatty acid prevents heart 

rate variability reductions associated with particulate matter. Am. J. Respir. Crit. Care. Med. 

12, 1534-1540.

Rosillo-Calle, F., 2016. A review of biomass energy- shortcomings and concerns. J. Chem. 

Technol. Biotechnol. 91, 1933-1945.

Rosenberg, J.N., Kobayashi, N., Barnes, A., Noel, E.A., Betenbaugh, M.J., Oyler, G.A., 

2014. Comparative analyses of three Chlorella species in response to light  and sugar 

reveal distinctive lipid accumulation patterns in the microalga C. sorokiniana. PLos ONE 4, 

11-13.



- 164 -

Ruangsomboon, S., 2012. Effect of light, nutrient, cultivation time and salinity on lipid 

production of newly isolated strain of the green microalga, Botryococcus braunii KMITL 2. 

Bioresour. Technol. 109, 261-265.

Ruangsomboon, S., Ganmanee, M., Choochote, S., 2013. Effects of different nitrogen, 

phosphorus, and iron concentrations and salinity on lipid production in newly isolated strain 

of the tropical green microalga, Scenedesmus dimorphus KMITL, J. Appl. Phycol. 25, 

867-874.

Ruiz, J., Álvarez-Díaz, P.D., Arbib, A., Garrido-Pérez, C., Barragán, J., Perales, J.A., 2013. 

Performance of a flat panel reactor in the continuous culture of microalgae in urban 

wastewater: Prediction from a batch experiment. Bioresour. Technol. 127, 456-463.

Sauer, A., Heise, K.P., 1984. Regulation of acetyl-coenzyme A carboxylase and 

acetyl-coenzyme A synthetase in spinach chloroplasts. Z Naturforsch. 39, 268-275.

Savin, L.J., 2012. Renewables. Global status report. REN21 Secretariat, Paris, France.

Sawayama, S., Inoue, S., Dote, Y., Yokoyama, S.Y. 1995. CO2 fixation and oil production 

through microalga. Energy Convers. Manag. 136, 729-731.

Scott, S.A., Davey, M.P., Dennis, J.S., Horst, I., Howe, C.J., Lea-Smith, D.J., Smith, A.G., 

2010. Biodiesel from algae: challenges and prospects. Curr. Opinion. Biotechnol. 21, 

277-286.



- 165 -

Schenk, P., Thomas-Hall, S., Stephens, E., Marx, U., Mussgnug, J., Posten, C., Kruse, O., 

Hankamer, B., 2008. Second generation biofuels: high-efficiency microalgae for biodiesel 

production. Bioenerg. Res. 1, 20-43.

Schnitzer, M., Vendette, E., 1975. Chemistry of humic substances extracted from an arctic 

soil, Can. J. Soil Sci. 55, 93-103.

Searchinger, T., Heimlich, R., Houghton, R.A., Dong, F., Elobeid, A., Fabiosa, J., Tokgoz, 

S., Hayes, D., Yu, T.-H., 2008. Use of U.S. croplands for biofuels increases greenhouse 

gases through emissions from land-use change. Science 319 (5867), 1238-1240.

Sheehan, J., Dunahay, T., Benemann, J., Roessler, P., 1998. A look back at the U.S. 

Department of Energy’s Aquatic Species program: Biodiesel from Algae. Report 

NREL/TP-580-24190.

Shi, X.M., Liu, H.J., Zhang, X.W., Chen, F., 1999. Production of biomass and lutein by 

Chlorella protothecoides at various glucose concentrations in heterotrophic cultures. Process 

Biochem. 34, 341-347.

Solovchenko, A.E., Chivkunova, O.B., Semenova, L.R., Selyakh, I.O., Shcherbakov, P.N., 

Karpova, E.A., Lobakova, E.S., 2013. Stress-induced changes in pigment and fatty acid 

content in the microalga Desmodesmus sp. isolated from a white sea hydroid. Russ. J. 

Plant. Physiol. 60, 313-321.



- 166 -

Song, M., Pei, H., Hu, W., Ma, G., 2013. Evaluation of the potential of 10 microalgal 

strains for biodiesel production. Bioresour. Technol. 141, 245-251.

Spolaore, P., Joannis Cassan, C., Duran, E., Isambert, A., 2006. Commercial applications of 

microalgae. J. Biosci. Bioeng. 101, 87-96.

Stanier, R.Y., Kunisawa, R., Mandel, M., Cohen Bazire, G., 1971. Purification and 

properties of unicellular blue-green algae (order Chroococcales). Bacteriol. Rev. 35, 171-205.

Steelink, C., 1977. Humates and other natural organic substances in the aquatic 

environment, J. Chem. Educ. 54, 599-603.

Stumm, W., Morgan, J.J., 1996. Aquatic Chemistry: Chemical equilibria and rates in natural 

waters, John Wiley and Sons, New York, USA.

Sugimoto, K., Midorikawa, T., Tsuzuki, M., Sato, N., 2008. Upregulation of PG synthesis 

on sulfur-starvation for PS I in Chlamydomonas. Biochem. Biophys. Res. Commun. 369, 

660-665.

Sukenik, A., Carmell, Y., Berner, T., 1989 Regulation of fatty acid composition by 

irradiance level in the eustigmatophyte Nannochloropsis sp.. J. Phycol. 25, 686-692.

Sunda, W.G., Huntsman, S.A., 1995. Iron uptake and growth limitation in oceanic and 

coastal phytoplankton, Mar. Chem. 50, 189-206.



- 167 -

Sunda, W.G., Huntsman, S.A., Harvey, G.R., 1983. Photoreduction of manganese oxides in 

seawater and its geochemical and biological implications, Nature 301, 234-236.

Sweeney, B.M., 1954. Gymnodinium splendens, a marine dinoflagellate requiring vitamin 

B12, Am. J. Bot. 41, 821-824.

Sydney, E.B., Sturm, W., Carvalho, J.C., Soccol, V.T., Larroche, C., Pandey, A., Soccol, 

C.R., 2010. Potential carbon dioxide fixation by industrially important microalgae. 

Bioresour. Technol. 10, 5892-5896.

Tan, C.K., Johns, M.R., 1991. Fatty acid production by heterotrophic Chlorella 

saccharophila. Hydrobiologia 215, 13-19.

Tang, H., Chen, M., Simon Ng, K.Y., Salley, S.O., 2012. Continuous microalgae cultivation 

in a photobioreactor. Biotechnol. Bioeng. 109, 2468-2474.

Tang, H., Abunasser, N., Garcia, M.E.D., Chen, M., Ng, K.Y.S., Salley, S.O., 2011, 

Potential of microalgae oil from Dunaliella tertiolecta as a feedstock for biodiesel. Appl. 

Energy 88, 3330.

Tanner, W., 1969. Light-driven active uptake of 3-O-methylglucose via an inducible hexose 

uptake system of Chlorella. Biochem. Biophys. Res. Commun. 36, 278-283.



- 168 -

Tansakul, P., Savaddirakasa, Y., Prasertsan, P., Tongurai, C., 2005. Cultivation of the 

hydrocarbon-rich alga, Botryococcus braunii in secondary treated effluent from a sea food 

processing plant. Thai. J. Agric. Sci. 38, 71-76.

Tasić, M.B., Pinto, L.F.R., Klein, B.C., Veljković, V.B., Filho, R.M., 2016. Botryococcus 

braunii for biodiesel production. Renew. Sustain. Energy Rev. 64, 260-270.

Terry, K.L., Raymond, L.P., 1985. System design for the autotrophic production of 

microalgae. Enzyme Microb. Technol. 7, 474-487.

Thomas, W.H., Dodson, A.N., 1968. Effects of phosphate concentration on cell division 

rates and yield of a tropical oceanic diatom. Biol. Bull. 134, 199-208.

Thompson, A.S., Rhodes, J.C., Pettman, I., 1988. Natural environmental research council 

culture collection of algae and protozoa: catalogue of strains, Freshwater Biological 

Association, Ambleside, UK.

Thompson, G.A., Jr. 1996. Lipids and membrane function in green algae. Biochim. 

Biophys. Acta. 1302, 17-45.

Tian-Yuan, Z., Yin-hu, w., Lin-Lan, Z., Xiao-Xiong, W., Hong-Ying, H., 2014. Screening 

heterotrophic microalgal strain by using the biolog method for biofuel production from 

organic wastewater. Algal Res. 6, 175-179.

Tredici, M.R., Zittelli, G.C., 1998. Efficiency of sunlight utilization: tubular versus flat 

photobioreactors. Biotechnol. Bioeng. 57, 187-197.



- 169 -

Ugwu, C.U., Aoyagi, H., Uchiyama, H., 2007. Influence of irradiance, dissolved oxygen 

concentration, and temperature on the growth of Chlorella sorokiniana. Photosynthetica 45, 

309-311.

Ugwu, C.U., Aoyagi, H., Uchiyama, H., 2008. Photobioreactors for mass cultivation of 

algae. Bioresour. Technol. 99, 4021-4028.

Ukeles, R., Rose, W.E., 1976. Observations on organic carbon utilisation by photosynthetic 

marine microalgae. Marine Biol. 7, 11-28.

Uquiche, E., Jerez, M., Ortiz, J., 2008. Effect of pretreatment with microwaves on 

mechanical extraction yield and quality of vegetable oil from Chlilean hazelnuts (Gevuina 

avellana Mol). Innov. Food Sci. Emerg. Technol. 9, 495-500.

Van Gerpen, J., 2005. Biodiesel processing and production. Fuel Process Technol. 86, 

1097-1107.

Vazhappilly, R., Chen, F., 1998. Eicosapentaenoic acid and docosahexaenoic acid production 

potential of microalgae and their heterotrophic growth. J. Am. Oil Chem. Soc. 75, 393-397.

Valenzuela, J., Carlson, R.P., Gerlach, R., Cooksey, K., Peyton, B.M., Bothner, B., Fields, 

M.W., 2013. Nutrient resupplementation arrests bio-oil accumulation in Phaeodactylum 

tricornutum. Appl. Microbiol. Biotechnol. 97, 7049-7059.



- 170 -

Valenzuela, J., Mazurie, A., Carlson, R.P., Gerlach, R., Cooksey, K.E., Peyton, B.M., 

Fields, M.W., 2012. Potential role of multiple carbon fixation pathways during lipid 

accumulation in Phaeodactylum tricornutum. Biotechnol. Biofuels 5, 40.

Virot, M., Tomao, V., Ginies, C., Visinoni, F., Chemat, F., 2008. Microwave-integrated 

extraction of total fats and oils. J. Chromatogr. A 1196-1197, 57-64. 

Wahidin, S., Idris, A., Shaleh, S.R.M., 2013. The influence of light intensity and 

photoperiod on the growth and lipid content of microalgae Nannochloropsis sp.. Bioresour. 

Technol. 129, 7-11.

Wake, L.V., Hillen, L.W., 1980. Study of a “bloom” of the oil-rich alga Botryococcus 

braunii in the Darwin river. Biotechnol. Bioeng. 22, 1637-1656.

Wan, M., Jin, X., Xia, J., Rosenberg, J.N., Yu, G., Nie, Z., Oyler, G.A., Betenbaugh, M.J., 

2014. The effect of iron on growth, lipid accumulation, and gene expression profile of the 

freshwater microalga Chlorella sorokiniana, Appl. Microbiol. Biotechnol. 98, 9473-9481.

Wan, M., Liu, P., Xia, J., Rosenberg, J.N., Oyler, G.A., Betenbaugh, M.J., Nie, Z., Qiu, 

G., 2011. The effect of mixotrophy on microalgal growth, lipid content, and expression 

levels of three pathway genes in Chlorella sorokiniana. Appl. Microbiol. 91, 835-844.

Wang, H., Xiong, H., Zeng, X., 2012. Mixotrophic cultivation of Chlorella pyrenoidosa

with diluted primary piggery wastewater to produce lipids. Bioresour, Technol. 104, 

215-220.



- 171 -

Widjaja, A., Chien, C.C., Ju, Y.H., 2009. Study of increasing lipid production from fresh 

water Microalgae Chlorella vulgaris. J. Taiwan Institute Chem. Eng. 40, 13-20.

Wolf, F.R., Nemethy, E.K., Blanding, J.H., Bassham, J.A., 1985. Biosynthesis of unusual 

acyclic isoprenoids in the alga Botryococcus braunii. Phytochemistry 24, 733-737.

Wong, Y.K., Ho, Y.K., Ho, K.C., Leung, H.M., Yung, K.K.L., 2017. Maximization of cell 

growth and lipid production of freshwater microalga Chlorella vulgaris by environment 

technique for biodiesel production. Envrion. Sci. Pollut. Re. 24, 9089-9101.

Xia, L., Ge, H., Zhou, X., Zhang, D., Hu, C., 2013. Photoautotrophic outdoor two-stage 

cultivation for oleaginous microalgae Scenendesmus obtusus XJ-15. Bioresour. Technol. 144, 

261-267.

Xiao, Y., Zhang, J., Cui, J., Yao, X., Sun, Z., Feng, Y., Cui, Q., 2015. Simultaneous 

accumulation of neutral lipids and biomass in Nannochloropsis oceanica IMET1  under 

high light intensity and nitrogen replete conditions. Algal Res. 11, 55-62.

Xin, L., Hong ying, H., Ke, G., Ying xue, S., 2010. Effects of different nitrogen and 

phosphorus concentrations on the growth, nutrient uptake, and lipid accumulation of a 

freshwater microalga Scenedesmus sp. Bioresour. Technol. 101, 5494-5500.

Xu, H., Miao, X.L., Wu, Q.Y., 2006. High quality biodiesel production from a microalga 

Chlorella protothecoides by heterotrophic growth in fermenters. J. Biotechnol. 126, 499-507.



- 172 -

Yang, C., Hua, Q., Shimizu, K., 2000. Energetics and carbon metabolism during growth of 

microalgal cells under photoautotrophic, mixotrophic and cyclic 

light-autotrophic/dark-heterotrophic conditions. Biochem. Eng. J. 6, 87-102.

Yang, J., Xu, M., Zhang, X., Hu, Q., Sommerfeld, M., Chen, Y., 2011. Life-cycle analysis 

on biodiesel production from microalgae: water footprint and nutrients balance, Bioresour. 

Technol. 102, 159-165.

Yeesang, C., Cheirsilp, B., 2011. Effect of nitrogen, salt, and iron content in the growth 

medium and light intensity on lipid production by microalgae isolated from freshwater 

sources in Thailand. Bioresour. Technol. 102, 3034-3040.

Yeesang, C., Cheirsilp, B., 2014. Low-cost production of green microalga Botryococcus 

braunii biomass with high lipid content through mixotrophic and photoautotrophic 

cultivation, Appl. Biochem. Biotechnol. 174, 116-129.

Yeh, K.L., Chang, J.S., Chen, Y.M., 2010. Effect of light supply and carbon source on 

cell growth and cellular composition of a newly isolated microalga Chlorella vulgaris

ESP-31. Eng. Life Sci. 10, 201-208.

Yokoi, H., Maki, R., Hirose, R., Hayashi, S., 2002. Microbial production of hydrogen from 

starch-manufacturing wastes, Biomass Bioenergy 22, 389-395.

Yokota, A., Harada, A., Kitaoka, S., 1989. Characterization of ribulose 1,5-bisphosphate 

carboxylase/oxygenase from Euglena gracilis Z. J. Biochem. 105, 400-405.



- 173 -

Yoo, C., Jun, S.Y., Lee, J.Y., Ahn, C.Y., Oh, H.M., 2010. Selection of microalgae for 

lipid production under high levels carbon dioxide. Bioresour. Technol. 101, S71-S74.

Yoon, S.Y., Hong, M.E., Chang, W.S., Sim, S.J., 2015. Enhanced biodiesel production in 

Neochloris oleoabundans by a semi-continuous process in two-stage photobioreactors. 

Bioprocess Biosyst. Eng. 38, 1415-1421.

Zervos, A., 2016. Renewables 2016 Global Status Report, REN21 Paris, Secretariat, Paris, 

France.

Zhang, K., Miyachi, S., Kurano, N., 2001. Evaluation of a vertical flat-plate photobioreactor 

for outdoor biomass production and carbon dioxide biofixation: effects of reactor 

dimensions, irradiation and cell concentration on the biomass productivity and irradiation 

utilization efficiency. Appl. Microbiol. Biotechnol. 55, 428-433.

Zhang, H., Wang, W., Li, Y., Yang, W., Shen, G., 2011. Mixotrophic cultivationi of 

Botryococcus braunii. Biomass Bioenergy 35, 1710-1715. 

Zhang, T.Y., Wu, Y.H., Zhu, S.f., Li, F.M., Hu, H.Y., 2013. Isolation and heterotrophic 

cultivation of mixotrophic microalgae strains for domestic wastewater treatment and lipid 

production under dark condition. Biresour. Technol. 149, 586-589.

Zhila, N.O., Kalacheva, G.S., Volova, T.G., 2011. Effect of salinity on the biochemical 

composition of the alga Botryococcus braunii Kütz IPPAS H-252. J. Appl. Phycol. 23, 

47-52.



- 174 -

Zhukova, N.V., Titlyanov, E.A., 2006. Effect of light intensity on the fatty acid 

composition of dinoflagellates symbiotic with hermatypic corals. Bot. Mar. 49, 339-346.

Zou, S., Wu, Y., Yang, M., Li, C., Tong, J., 2009. Thermochemical catalytic liquefaction 

of the marine microalgae Dunaliella tertiolecta and characterization of bio-oils. Energ. Fuel. 

23, 3753-3758.



- 175 -

Overall conclusion

In the present study, four green microalgal growth and total lipid contents were 

compared in three different modes of cultivations. Comparing to photoautotrophic 

cultivation, higher biomass productionwas observed in heterotrophic cultivation. Among the 

various carbon sources tested, glucose was the best carbon source for four microalgal 

growths, and 1 % glucose was optimum for higher biomass production in three microalgal 

species except S. obliquus R8 (2 % glucose). The B. braunii FC124 was found to be a 

best lipid producing microalga under 80 µmol photons/m2/s of light intensity, 1 %of 

glucose and 20 days incubation. Lipid accumulation increased with increasing light intensity 

in the mixotrophic cultivation. Total lipid content was lesser in the heterotrophic mode 

when compared with other two modes. Nevertheless, no significant variations in the 

biomass production was noted between heterotrophic and mixotrophic cultivations. These 

algal species can be used for the industrial scale-up of lipid production.

In this study, the improvement of biomass and total lipid production of three 

microalgal species under different culture modes was investigated. Nitrogen starvation under 

photoautotrophic conditions could increase lipid synthesis of microalgae. Cells cultivated 

under mixotrophic condition with 0.02 M glucose and light intensity of 150 µmol 

photons/m2/s showed the maximal biomass and lipid productivities. Light intensity 

stimulated chlorophyll synthesis and lipid production in cells significantly, but did not 

increase cell growth. Meanwhile, light intensity variations did not change C16–C18 fatty 

acids composition significantly in all three strains. N. oculata CCAP849/1 used in this 

study can be applicable for industrial level lipid production.

The effect of growth stimulators in oceanic sediment on the biomass and lipid 

production of B. braunii LB572 and P. tricornutum B2089 was investigated. The optimal 

mixing ratio between culture medium and oceanic sediments extract for maximal production 
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was 6:4 (v/v). Among the components in sediment, Fe3+ and Ca2+ significantly improved 

biomass and lipid production and humic acid increased the uptake of metal ions to the 

microalgae. The fact that concentrations of metal ions and humic acid in the culture 

medium containing sediment were within the optimum ranges indicates oceanic sediment 

can supply sufficient growth factors required for microalgal growth.

Under mixotrophic culture mode, the lipid content of B. braunii LB572 and P. 

tricornutum B2089 increased steadily as the light intensity and duration time. However, 

biomass production decreased significantly at high light intensity, as more than 200 µmol 

photons/m2/s for B. braunii LB572 and 150 µmol photons/m2/s for P. tricornutum B2089. 

The effect of photoperiod was also similar to that of light intensity. Also, the MUFA 

content tended to increased with light intensity and duration time, but PUFA decreased.

The lipid extract efficiency of B. braunii LB572 and P. tricornutum B2089 

according to optimized six disruption methods was high in order of microwave, 

french-press, autoclave, bead-beater, sonication, and osmotic shock. In the optimal 

microwave method (icrowave oven at 150 ℃ for 20 min with frequency of 1250 W and 

2450 MHz), the lipid content of B. braunii LB572 and P. tricornutum B2089 were 49.71 

and 47.91% (w/w), respectively. Moreover, the lipid extraction efficiency of dry and wet 

microalgal biomass using the above disruption method was about 10% lower than dry 

biomass.

In the batch culture type, the specific growth rate, biomass and lipid production 

of the cultivated above microalgal strains in the 10 L tubular-photobioreactor using the 

optimized light regimes and developed mixed medium studied in this study were as 

follows: 0.33 d-1, 7.28 and 4.15 g/L for B. braunii LB572 and 0.37 d-1, 12.80 and 7.45 

g/L for P. tricornutum B2089, respectively. In the continuous culture type, the two 

microalgae were examined with the highest biomass and lipid productivity at a dilution of 

0.35 d-1, which was about 3 times higher than the batch culture type. However, biomass 

and lipid production have been diluted with increasing dilution rates. In addition, when the 

batch culture type was repeated 5 times, the biomass and lipid production of the both 
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microalgae increase 1.1 times at each repeated culture cycle. The biomass and lipid 

production of two microalgae finally produced were as follows: 13.65 and 7.96 g/L for B. 

braunii LB572 and 18.71 and 11.54 g/L for P. tricornutum B2089, respectively. There was 

no significant difference in biomass productivity between continuous and repeated-batch 

culture type, but the lipid productivity in the repeated-batch type was about three times 

higher than the continuous culture type. 

The conversion yield of FAME (% of microalgal lipid) under 

direct-ransesterification from non-disrupted biomass of B. braunii LB572 and P. tricornutum

B2089 was about 95%, and there was no significant difference in the yield of FAME of 

disrupted biomass of both microalgae. The FAME yield esterified from wet biomass were 

found to be 96.7% for B. braunii LB572 and 98.4% for P. tricornutum B2089, 

respectively, which was 1-2% higher than FAME yield of dry biomass. Finally, the FAME 

productivity of each microalgae cultured in repeated-batch culture type by optimized 

direct-transesterification was measured as follows: 0.26 g/L/d for B. braunii LB572 and 

0.37 g/L/d for P. tricornutum B2089, respectively.
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요  약  문

다양한 배양조건에 따라 담수 (Chlorella sp., C. vulgaris CCAP211/1B, B. 

braunii FC124, 그리고 S. obliquus R8) 및 해양 미세조류 (I. galbana LB987, N. 

oculata CCAP849/1, 그리고 D. salina)의 성장 및 지질 함량을 조사하였다. 광독립영양

배양조건 (photoautotrophic culture mode)과 달리 종속영양 (Heterotrophic) 또는 혼

합영양배양조건 (Mixotrophic culture mode)에서 배양할 경우 해당 미세조류의 성장이 

향상되었다. 한편, 광독립영양배양조건과 혼합영양배양조건에서 미세조류 세포 내의 지

질 축적량이 증가하였다. 그러나, 혼합영양배양조건에서, 빛은 담수 미세조류의 성장과 

지질 축적 증진에 영향을 미쳤다. 그리고, 해양 미세조류의 바이오매스 생산에 큰 영향

을 미치지 못했으나, 클로로필과 지질 함량은 빛의 세기가 증가함에 따라 급격하게 증

가하는 경향을 보였다. 또한, 광독립영양배양조건에서 I. galbana LB987, N. oculata

CCAP849/1, 그리고 D. salina는 낮은 질소 (NO3
-)의 농도에서 지질의 생산이 촉진되었

으나, 질소의 농도가 증가함에 따라 바이오매스의 생산량은 증가하며 지질 함량은 감

소하였다.

또한, 미세조류의 높은 지질 함량을 유지하고 성장 증가를 위해, 혼합영양배

양조건에서 미세조류의 생장 촉진제인 해양 퇴적물 (oceanic sediments)가 B. braunii

LB572와 P. tricornutum B2089의 바이오매스 및 지질의 생산에 미치는 영향을 조사하

였다. 미세조류의 각 배양 배지와 해양 퇴적물을 혼합한 최적 혼합 비율은 6:4 (v/v)로 

B. braunii LB572와 P. tricornutum B2089의 specific growth rate가 약 각각 13.0과 

11.3 배 증가하였다. 그리고, 최적 혼합비율의 혼합배지에서 두 미세조류의 바이오매스

와 지질의 생산량의 경우, B. braunii LB572는 5.54 및 3.09 g/L 그리고 P. tricornutum

B2089는 6.41 및 3.61 g/L로 각각 조사되었다. 해양 퇴적물 내 두 미세조류의 생장과 

지질 축적량 증진에 미치는 영향인자를 확인한 결과, Fe3+ 와 Ca2+는 두 미세조류의 바

이오매스 및 지질 생산을 촉진하였으나 Mg2+의 경우 큰 영향을 미치지 못했다. 또한, 

해양 퇴적물로부터 추출한 부식산 (humic acid)은 금속이온들의 생체 이용률 
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(bioavailability)을 증가시켜 해당 미세조류의 생장 및 지질 추출을 극대화하였다. 따라

서, 해양 퇴적물을 이용한 미세조류 배양 배지 조제를 통해 미세조류의 바이오매스와 

지질의 대량생산을 위한 저비용의 공급이 가능할 것으로 판단된다.

본 연구에서는, 해양 퇴적물의 혼합배지를 이용한 혼합영양배양조건에서 

oleaginous 미세조류인 B. braunii LB572와 P. tricornutum B2089를 10 L 규모의 관형-

광생물반응기 (10 L-Scale tubular-photobioreactor)를 이용하여 빛의 세기 및 주기에 

따른 성장, 지질 축적, 및 지방산 조성에 미치는 영향을 조사하였다. 빛의 세기가 B. 

braunii LB572는 200 µmol photons/m
2
/s 그리고 P. tricornutum B2089는 150 µmol 

photons/m2/s까지 증가함에 따라 바이오매스 생산량은 점차적으로 증가하였으며, 빛의 

세기가 최대 300 µmol photons/m2/s 까지 증가함에 따라 두 미세조류 모두 지질 생

산량은 증가하는 경향을 나타내었다. 또한, 빛 주기의 경우 빛 세기와 비슷한 결과가 

조사되었다. 두 종 미세조류 모두 18:6시간/명반응:암반응의 주기에서 가장 높은 바이

오매스 및 지질의 생산량이 조사되었으며, 빛의 세기의 경우 B. braunii LB572는 200 

µmol photons/m2/s 그리고 P. tricornutum B2089는 150 µmol photons/m2/s로 각각 

조사되었다. 다양한 빛의 조건에 따라 미세조류의 지질 내 지방산 (C16-C18)의 함량 

및 조성의 변화를 나타내었다. 미세조류를 이용한 바이오디젤 생산에 필수적인 지방산

인 C16-C18의 지방산 중 빛의 세기 및 공급시간이 증가함에 따라 포화지방산 

(saturated fatty acid)과 단일 불포화지방산 (monounsaturated fatty acid)의 함량이 증

가하였으나, 다중 불포화지방산 (polyunsaturated fatty acid)의 함량은 점차적으로 감소

하는 양상을 보였다.

배양된 미세조류의 바이오매스로부터 효과적인 지질 추출을 위해 적합한 

파쇄방법의 선택 및 최적화를 수행하였다. 본 연구에서 이용한 파쇄방법은 6가지의 물

리적 혹은 화학적 방법 (autoclave, sonication, bead-beater, microwave, french-press, 

그리고 osmotic shock)을 각각 이용하여 B. braunii LB572와 P. tricornutum B2089의 

최적 파쇄방법을 조사한 결과, 두 종 미세조류 모두 microwave 방법으로 확인되었다. 

본 연구에서 조사된 microwave의 최적 파쇄 조건은 오븐의 온도를 150 ℃에서 1250 

W와 2450 MHz의 세기에서 20분 동안 각 미세조류의 시료를 파쇄 하였으며, 위 최적 

파쇄 조건에서 B. braunii LB572와 P. tricornutum B2089의 지질 함량은 49.71과 
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47.91% (w/w)로 각각 조사되었다.

선행연구 결과를 기반으로 하여, 연속 배양 (continuous culture)과 반복-회

분 (repeated-batch culture)을 수행하면서 B. braunii LB572와 P. tricornutum B2089의  

바이오매스와 지질 생산성을 비교하였다. 두 미세조류를 12 L 관형-광생물반응기 

(working volume 10 L)에서 13일 동안 각각 회분배양한 후, 약 30일 동안 연속배양 

또는 반복-회분배양하였다. 회분배양에서 B. braunii LB572와 P. tricornutum B2089의 

specific growth rate를 조사한 결과 B. braunii LB572는 0.33 그리고 P. tricornutum

B2089는 0.37 d
-1
로 각각 조사되었다. 연속배양에서 신선한 배지를 2.4 mL/min의 속도

로 주입하고 역시 동일한 속도로 균체가 생장한 배양액을 회수하였다. 0.35 d-1의 희석

률에서 가장 높은 바이오매스 및 지질의 생산성을 나타내었으며, 이 때 B. braunii

LB572의 바이오매스 및 지질의 생산성은 2.47 및 1.41 g/L/d이었고, P. tricornutum

B2089의 바이오매스 및 지질의 생산성은 4.24 및 2.45 g/L/d이었다. 이 결과는 두 미

세조류의 회분배양에서 얻은 생산성보다 약 4배 증가한 것이다. 또한, 미세조류를 반복

-회분배양하기 위해 6일을 주기로 하여 10 L 배양액 중 4 L의 균체 배양액을 일시에 

회수하고 역시 동일한 양의 신선한 배지를 일시에 공급하면서 30일 동안 총 5번을 반

복적으로 회분배양하였다. 두 미세조류 모두 회분배양이 반복됨에 따라 지질 함량은 

큰 변화를 보이지 않았으나, 바이오매스와 지질의 생산량 및 생산성은 일정하게 증가

하였다. 최종적으로 5번째 회분배양이 반복되었을 때 바이오매스 및 지질의 생산성은 

B. braunii LB572의 경우, 2.71 및 4.84 g/L/d 그리고 P. tricornutum B2089의 경우, 

3.72 및 6.24 g/L/d로 각각 조사되었다. 이러한 결과는 바이오매스와 지질 생산에 있어

서 연속배양 보다 반복-회분배양이 더 효율적이라는 것을 의미한다.

본 연구에서 생산된 미세조류 바이오매스를 이용한 바이오디젤 생산을 위

해 직접-에스테르 교환반응 조건을 최적화하였다. 또한 최적화된 직접-에스테르 교환

반응 (Direct-transeterification)을 통해 B. braunii LB572와 P. tricornutum B2089의 

FAME yield 및 생산성을 각각 조사하였다. 이 때 직접-에스테르 교환반응의 최적조건

은 다음과 같다. 기본적으로 6.0 mL sulfuric acid와 8.0 mL chloroform을 각각 10 g의 

바이오매스에 첨가한 후 200 ℃ 에서 60 분간 처리하되, B. braunii LB572에는 70 mL 

methanol을, P. tricornutum B2089에는 35 mL methanol을 첨가하였다. 반응기 내부 
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온도가 200 ℃ 일 때, 반응기 내 압력은 약 75 bar로 측정되었다. 건조시키지 않은 바

이오매스를 직접-에스테르 교환반응을 통해 얻은 각 FAME yield는 B. braunii LB572가 

95.6%, P. tricornutum B2089가 96.2%이었다. 이 때 B. braunii LB572와 P. tricornutum

B2089의 FAME 생산성은 0.26 및 0.37 g/L/d로 각각 조사되었다.
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