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ABSTRACT 

 

MICROALGAE CULTIVATION AND PRODUCTION OF BIO-OIL FROM 

MICROALGAE BIOMASS   

 

Masoud DERAKHSHANDEH 
 

Environmental Engineering Department 

Anadolu University, Graduate School of Sciences, June 2018 
 

Supervisor: Prof. Dr. Ümran TEZCAN ÜN 

 

 In this research, production of bio-Oil as a renewable biofuel from microalgae 

biomass was studied. The work was divided into four main steps. Firstly, wild-type 

microalgae species from local habitat were isolated, identified and characterized based on 

their potential for biofuel production and/or carbon dioxide fixation capacity. The highest 

measured lipid content was 47.32 % for Scenedesmus quadricauda (I). The attempt for 

improving lipid extraction efficiency from microalgae cell was the subject of second step. 

The effect of adding microparticles of glass as a cell disruption enhancer to maximize the 

extracted lipid from microalgae was investigated. With the addition of 40 µm particles in 

2.25 mass proportion of particle to dried biomass, lipid extraction from Chlorella sp. 

enhanced by 46.60 %. In the third step, the aim was to maximize the growth rate of the 

selected microalgae Scenedesmus sp. in the first step which was the most proper one for 

bio-oil production. With the optimized values of 6.3 % CO2, 1.03 vvm flow rate, 1.47 

mm diffuser diameter and 0.230 g/l initial inoculation, the maximum growth rate of 0.513 

g/l.d was estimated. At the forth step, biomasses of microalgae Scenedesmus and 

Synechosystis species were thermochemically converted to biofuel in a fast pyrolysis 

process. The best pyrolysis temperature for Scenedesmus and Synechosystis biomass was 

respectively 500 oC and 600 oC resulted in higher biooil yield of 80.0 and 71.0 wt %.  

Keywords: Microalgae, Biofuel, Growth optimization, Lipid extraction, Pyrolysis. 
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ÖZET 

 

MİKROALG YETİŞTİRME VE MİKROALG BİYOKÜTLESİNDEN 

BİYO-YAĞ ÜRETİMİ 

 

Masoud DERAKHSHANDEH 
 

Çevre Mühendisliği 

Anadolu Üniversitesi, Fen Bilimleri Enstitüsü, Haziran 2018 
 

Danışman: Prof. Dr. Ümran Tezcan ÜN 

 

Bu araştırmada, mikroalg biyokütlesinden yenilenebilir biyoyakıt olarak biyo-yağ 

üretimi incelenmiştir. Çalışma dört aşamadan oluşmaktadır. Birinci aşama, yerel 

habitattan elde edilen yabani tip mikroalg türleri izole edilmiş, tanımlanmış ve biyoyakıt 

üretimi ve/veya karbondioksit fiksasyon kapasitesi açısından potansiyellerine göre 

karakterize edilmiştir. Değerlendirilen türler içinde lipid içeriği en yüksek çıkan, % 47,32 

ile Scenedesmus quadricauda (I) türüdür. İkinci aşamada Mikroalg hücresinden lipit 

ekstraksiyon veriminin artırılması çalışılmıştır. Mikroalglardan ekstrakt edilen lipitin 

maksimize edilmesi için bir hücre parçalama arttırıcı olarak cam mikropartiküllerinin 

eklenmesi araştırılmıştır. 40 µm’lik partikülün, kurutulmuş biyokütle miktarına 2,25 kütle 

oranında eklenmesiyle Chlorella türü için lipit miktarı % 46,60 oranında artmıştır. 

Üçüncü aşamada, seçilen mikroalg Scenedesmus türünün büyüme oranını maksimize 

etmek hedeflenmiştir. İlk aşamada Scenedesmus türü, biyo-yağ üretimi için en uygun 

mikroalg olarak tespit edilmiştir. Optimize edilmiş değerler, % 6,3 CO2, 1,03 vvm akış 

hızı, 1,47 mm difüzör çapı ve 0,230 g/l başlangıç inokülasyonu ile birlikte maksimum 

0,513 g/l.d büyüme oranı tahmin edilmiştir. Dördüncü aşamada, mikroalg Scenedesmus 

ve Synechosystis türlerinin biyokütleleri, hızlı piroliz işleminde termokimyasal 

yöntemiyle biyoyakıta dönüştürülmüştür. Scenedesmus ve Synechosystis biyokütleleri 

için en iyi piroliz sıcaklığı sırasıyla 500 oC ve 600 oC’de en yüksek biyo-oil verimi % 80,0 

ve % 71,0 olmuştur. 

Anahtar Sözcükler: Mikroalg, Biyoyakıt, Büyüme optimizasyonu, Lipit ekstraksiyonu, 

Piroliz. 
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1. INTRODUCTION  

1.1. Microalgae, Challenges and Prospects 

The growing demand for the energy and the increasing carbon dioxide emissions 

are challenging concerns of the world. Renewable energy while being carbon neutral 

resources have emerged as a remedy for these concerns. Biofuels as a significant group 

of renewables, are categorized into multiple generations based on the nature of raw 

material being used. Microalgae are photosynthetic microorganisms able to consume 

carbon in mineral forms [2]. They are carbon fixing autotroph microorganisms i.e. able 

to mitigate carbon dioxide directly. They have been considered as a solution to reduce the 

carbon dioxide content of the atmosphere [3]. They have been also studied vastly as 

promising species to be produced in large scale for biofuel production [4]. They grow fast 

and rely on sun light for their energy requirement and can uptake carbon dioxide directly. 

Microalgae based biofuels are amongst third generation biofuels which do not rely on 

edible material and arable lands [5]. Microalgae are interesting biomass producers 

because of their fast growing characteristics. They are also welcomed for not competing 

agriculture products as is unfortunately happening for crop based biofuels. Autotrophic 

nature of microalgae growth made them promising technology for carbon dioxide 

mitigation.  Unlike many agriculture products which are actively being used for large 

scale biofuel production like wheat, corn and soybean, microalgae can be cultivated in 

vertical reactors or pools without occupying arable lands [6]. Despite all the significant 

characteristics of microalgae, there is no commercially active biofuel production plant 

based on microalgae biomass [7]. There are still bottle necks hindering the emergence of 

microalgae biofuel technology. In short, Microalgae must be cultivated, harvested and 

transformed to biofuels.  In cultivation step, the aim is to maximize the growth rate and 

at the same time the highest possible biomass concentration [8]. A variety of reactors 

design have been tried to optimize the rate of biomass production and finally lowering 

the cost [8]. Harvesting is a challenging step because the method of harvest differ from 

one species to another one. Some microalgae species settle easily but for many of them 

they float freely in the solution and form a very stable broth [9]. Those species who settle 

naturally when mixing is stopped are welcomed because this will reduce the cost of 

harvesting significantly. 

Depending on the nature of final aimed biofuel, downstream processes will differ 

substantially. For biodiesel, an oil extraction step following by a transesterification 
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reaction will be needed [8] whereas for bioethanol, a saccharification step i. e. the process 

of breaking complex carbohydrates such as starch or cellulose into its monosaccharide 

components, followed by a fermentation processes are required [10].  

Microalgae dried mass composes of mainly lipid, carbohydrates and proteins [11]. 

The lipid part can be used for oil based biofuels like biodiesel while the carbohydrae are 

suitable for bioalchohol production. Some protein rich species of microalgae are edible 

for human or can be used as animal feed [12]. Their fast growing characteristics when 

high oil content as high as 70% of the dried mass are also achieved, the microalgae oil 

production rate will be 21 to 800 times more than different oil seed plants at the 

cultivation per hectare basis [13]. 

 

1.2. Need for Screening Study 

Altogether, finding species with high growth rates and also high oil or carbohydrate 

content will significantly affect the total cost of final product of interest. Moreover, 

locally isolated strains of microalgae would have higher chance of applicability because 

of adaptation to those local environment [14]. It may also reduce the risk of ecosystems 

imbalances due to unnatural interference of human by transferring foreign strains from 

other habitats [15, 16].    

At the present work, microalgae species were isolated from a river located in central 

Anatolia region (Porsuk River, Eskişehir, Turkey) and identified morphologically. They 

were investigated for their growth rate, carbon dioxide mitigation rate, lipid, carbohydrate 

and protein content. They were also studied for their settling behavior in cultivation broth. 

To the extent of our knowledge, there was no previous study of this kind on the 

microalgae strains of this region. The detail of the work is presented in chapter 2. 

 

1.3. Enhancement of Lipid Extraction 

Microalgae are considered as a promising microorganism for biofuel production 

which are also known as third generation biofuel with the advantage of being carbon 

neutral and direct energy uptake from the sun and no need for arable land [17]. There are 

obstacles in the use of microalgae sources for fuel production which cause their 

production to be economically favorable only when crude oil price goes over 100$ per 

barrel [18]. One of those challenges is the extraction of the lipid from the cell as a 

feedstock for biodiesel which requires pretreatment steps to disrupt the cell wall [19]. 
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Microalgae small cell size and relative thick cell wall make them formidable against any 

extraction methods [20]. A variety of techniques have been tested for cell disruption 

including physical/mechanical methods using ultrasound, microwave, high pressure 

steaming, bead milling and osmotic shock [21-25] and chemical methods using acids, 

bases, ionic liquids, ozone , hydrogen peroxide and combinations of common solvents 

like dimethyl carbonate, hexane, methane and chloroform [26-29]. Biological methods 

like enzymatic hydrolysis and degradation by algicidal bacteria or viruses (alga-lythic) 

have been tried as well [30, 31]. All the proposed techniques come with drawbacks so 

that the technology has yet to be applicable in large scale. Halim and friends [32] 

compared different techniques for cell disruption and concluded that the high-pressure 

homogenization was more effective than ultrasonication, bead beating and sulfuric acid 

treatment. Pragya et al. [33] concluded that the efficiency of different methods varies 

largely between different species so that for C. vulgaris and Scenedesmus sp. the most 

effective method was microwave oven while for Botryococcus sp. bead beating was the 

better choice. The mechanical approaches are more favorable because of not being algal 

specie’s specific, ease of scaling up and being fast and no need for special care as is 

expected in biological approaches. Moreover, possible change of products characteristics 

as may happen with chemical treatments is avoided in mechanical methods [34, 35]. Up 

to date, for proposed mechanical methods the energy requirement is so high that makes 

them energy inefficient. Lee and friends [35] reviewed different methods while estimating 

least theoretical energy required for algal cell disruption and concluded that amongst 

sonication, high pressure homogenization, rotor-stator homogenizers, bead mills, freeze 

drying, microwave, autoclaving, gas decompression and hydrodynamic cavitation, the 

least energy consumption was recorded for hydrodynamic cavitation which was five 

times more than the least theoretical energy of cell disruption.  

In this study we report on a novel use of glass microparticles with mixing at 

relatively low revolution per minute (rpm). The goal was to avoid using complex 

techniques which also may consume lots of energy. Moreover, the possible recovery and 

reuse of microparticles from even waste glass pieces makes their use economically 

favorable. The idea is indeed simple but to the extent of author’s knowledge have not 

been addressed elsewhere. The assumption is that instead of applying lots of energy in 

various form of compression or shear to collapse the cell, glass microparticle with sharp 

edges can scrape and cut the cell wall with much less energy. The effect of glass particles 
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size and quantity for the lipid extraction of two microalgae species of Chlorella and 

Synechocystis have been investigated. The details of this part of study is presented in 

chapter 3. 

 

1.4. Maximizing Biomass Production Rate 

Microalgae are fast growing photosynthetic microorganisms capable of fixing 

mineral carbon. Two main families of microalgae including green and blue-green 

microalgae have been studied vastly as a renewable source for producing biofuels [36]. 

They are also economically interesting source of valuable materials including 

carotenoids, phenolic compounds and immune modulators [37]. A variety of studies have 

been done to maximize the growth rate (GR) of microalgae [38-43]. Microalgae growth 

is strongly influenced by feeding rate of CO2 into cultivation broth, light quality, intensity 

and dark-light period, type of reactor, temperature, pH, nutritious chemicals and type of 

microalgae itself [38-44]. There is no consensus among literature over the best range of 

these factors. For carbon dioxide percent in the inflow gas streams, a wide ranges of 

carbon dioxide from air (~380 ppm CO2) (v/v) to as high as 60 % CO2 are investigated 

[44-46] where the optimum value varies a lot based on different microalgae species and 

reactor design [46-49]. Many of microalgae species do not tolerate CO2 more than 5.0 % 

(v/v) [50]. 

 The optimum gas flow rate which are usually reported as the volume of gas per 

volume of liquid medium per minute (vvm) were mostly in the range of 0.1-1.0 vvm [44] 

where 0.5 vvm was reported as the best in [49]. The working temperature was reported 

as low as 18 oC for Isochrysis galbana [51] and as high as 40 oC for strains of Chlorella 

[42] where near 30 oC favored for many species. Another sensitively effective parameter 

is pH where a near neutral pH was suggested by many researchers [44]. For light intensity, 

suggested ranges are very different ranging from 100 to 500 µmol/m2.s [43, 52]. The light 

color (wavelength) was studied by wang et al. [43] where a red light (620-645 nm) 

showed the best GR while a white light (mixture of wavelength 380-760 nm) was the 

poorest one. Moreover, not only the light color or intensity but the period for light-dark 

cycles was found very important depending on the microalgae species where a 24-0 

regime, 12-12 and other combinations where proposed [43, 44, 53]. A variety of 

microalgae species were subjected to growth optimization studies including Neochloris 

oleoabundans [53], Chlorella [49, 52], Scenedesmus Sp. [41], Aphanothece microscopica 
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Nägeli [47], Spirulina platenesis [43], Chlamydomonas Sp. [54], and mixed cultures [55]. 

The highest obtained growth rate was in the range of 0.106- 0.900 gr/l.d [44].  

The design of photobioreactors is a very important factor since the configuration 

will affect the availability of light inside medium and also the efficiency of mixing for 

both microorganism and carbon dioxide absorption into liquid medium. Almost all of the 

previous reports when addressing the feeding rate of carbon dioxide, ignored the effect 

of gas bubble size or the geometry of bubbling point (diffuser orifice). From a mass 

transfer point of view, a smaller sized bubbles would result in more efficient carbon 

dioxide absorption into liquid medium but in contrary lowers the mixing efficiency for 

microalgae cells. There are many reports on the effective parameters but truly 

optimization studies are few. The important thing which is not well addressed in the 

literature is the interaction of determining factors where a statistical optimization 

approach at multiple levels of variable must be implemented to reveal such effects.  

In the present study, the growth condition of Scenedesmus sp. was optimized to 

reach the maximum possible growth rate. Totally, four important growth factors including 

aeration rate, carbon dioxide percentage in the gas flow, initial inoculum density and the 

gas diffuser pore diameter was investigated. A central composite design (CCD) approach 

was implemented using Design Expert software. 

 

1.5. Bio crude Oil 

Different biofuels have been produced from microalgae biomass either through 

thermochemical conversion methods like gasification, thermochemical liquefaction and 

pyrolysis to produce syngas, Bio-oil and charcoal including bioethanol, biodiesel or 

through biochemical conversion methods like anaerobic digestion, fermentation and 

photobiological hydrogen production to produce mainly methane, ethanol and hydrogen 

[56]. The biofuels technologies like biodiesel or bioalcohol while being interesting 

products suffer from need of pretreatment steps before conversion of biomass to fuel 

product. They can just be produced either from lipid or carbohydrate part of biomass not 

both or all the biomass as whole. Pyrolysis is thermal conversion through 

depolymerization of organic material in the absence of oxygen into bio-oil suitable to be 

used as fuel [1, 11, 57-60]. Pyrolysis unselectively converts the biomass to fuel. Pyrolysis 

products are mainly liquids and solid char, both being valuable as fuel. Generally the 

liquid products are more favorable for ease of transportation and application. In Fast 
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pyrolysis, the process parameters can be adjusted so that the liquid product will be 

maximized. The biochemical composition of feed biomass is also a determining factor 

where higher fat content improves the conversion yield and final biooil product 

characteristics.  

Fast pyrolysis which is known by very short residence time of 1 to 3 seconds and 

temperature of around 500-600 °C is reported to have high bio-oil efficiency for 

microalgae [61, 62]. Multiple species of microalgae have been investigated like strains of 

chlorella [62, 63] , Scenedesmus [11], Dunaliella [64], Nannochloropsis [65] and 

Spirulina [66].  

In the present study, the characteristics of bio-oil produced from biomass of two 

different strains of microalgae have been investigated. Wild-type Scenedesmus and 

Synechosystis microalgae were isolated from local streams and used as biomass 

producers. The fast pyrolysis process at different temperature was applied to obtain bio-

oil. The characteristics of such products were investigated in detail. Finally, based on the 

observed rate of biomass production of microalgae and the obtained biooil yield, large 

scale application of microalgae technology was evaluated in compare to a fossil crude oil 

factory input capacity. The detail of this study is presented in chapter 4.  
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2. THE SCREENING OF MICROALGAE SPECIES ISOLATED FROM 

CENTRAL ANATOLIA REGION FOR LIPID, CARBOHYDRATE AND 

PROTEIN CONTENT 

In this study, wild-type microalgae species isolated from a central Anatolia stream 

have been investigated and evaluated as a biofuel production feed stock and/or carbon 

dioxide sink. They have been morphologically identified and then screened based on their 

biochemical compositions. Out of 20 identified microalgae, 18 species were studied for 

their growth rate, CO2 mitigation rate, lipid, carbohydrate and protein content and also 

their natural settling behavior. The cultivation was followed by providing a 3500 lux light 

intensity provided for 24 hrs continuously, 2 vvm air flow rate in bubble column 

photobioreactors. The microalgae Gleocystis ampula had the highest growth rate equal to 

0.138 gr/l.d which also was observed to fix the carbon dioxide with the highest rate of 

0.281 gr/l.d . The highest measured lipid content was 47.32 % for Scenedesmus 

quadricauda (I) with an estimated lipid production rate of 52 gr/l.d. The species 

Kirchneriella lunaris and Micrococcus sp. were screened to have the highest carbohydrate 

and protein proportion respectively being 72.43 and 58.11 %. It was also concluded that, 

the microalgae technology has a good potential to be used as raw material for biofuel 

production but this technology has yet to be implemented as a treatment method to sink 

all carbon dioxide emission of a facility like for example a power plant.  

 

2.1.  Materials and Method 

2.1.1. Chemicals 

The chemicals NaNO3, K2HPO4, MgSO4.7H2O , CaCl2.2H2O, Citric acid, 

Ammonium ferric citrate, EDTANa2, Na2CO3, H3BO3, MnCl2.4H2O, ZnSO4.7H2O, 

Na2MoO4.2H2O, CuSO4.5H2O, Co(NO3)2.6H2O were purchased from Sigma-Aldrich, 

USA. Acetone, chloroform, methanol, phenol, sulfuric acid, KCl,  and propanol were 

provided by Tekkim, Turkey. All the chemicals were reagent grade. Nile red (9-

diethylamino-5Hbenzo[a]phenoxazine-5-one) purchased from Sigma-Aldrich,USA 

(assay ≥98.0% (HPLC)). Reagent water was utilized in laboratory using a water 

purification unit (Thermo Scientific, Germany). 
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2.1.2. Sampling, culture and isolation 

Samples were taken from two points alongside Porsuk River, Eskişehir, Turkey. 

One being a deep point with very slow current adjacent to Astsubay Raif Özgür Park 

(39.770002, 30.498488) and the other being a shallow point with higher current and 

turbulences in Botanic park (39.742747, 30.460088). Previously sterilized 50 ml conical 

falcons were filled there and immediately transferred to lab. BG11 medium according to 

[67] have been used throughout the study for microalgae culture. All the cell transferring 

tasks were done in aseptically to reduce the risk of contamination. Ten milliliters of 

obtained samples were transferred to 250 ml flasks containing 100 ml BG11. Triplicates 

of the cultures were prepared and left over a glass plate being shed with 3500 lux white 

light from bottom provided by 35 W fluorescent lamps for almost one month until green 

color was clearly observed. The light intensity was adjusted with an illuminance Meter 

(T-10MA Konica Minolta; Japan). Microscopic view (Olympus, Japan) of the well-grown 

cultures showed a mixture of multiple green and blue-green microalgae, macroalgae 

species, diatoms and protozoa (Figure 2.1).  

For isolation and purification of the species, single cell isolation techniques was 

used. In this regard, a droplet of microalgae culture were put on a glass slide and looked 

under microscope. A glass pasture pipet tip was heated over flame and pulled immediately 

for elongation to form a fiber like tip. The tip was then cut and looked under microscope 

to verify its approximate micro scale diameter. This pipet was attached to an adjacent 

second microscope and adjusted so that the pipet tip could be easily moved with a good 

control in the solution droplet on the slide. The microalgae cell of interest was pulled into 

the pipet with a very gentle suction from the other end of pipet by a pipet bulb. The 

possibly caught cell was transferred to a 10 ml tube containing 5 ml BG11. This was then 

distributed to 10 subcultures to maintain dilution and increase the chance of purification. 

These cultures were exposed to light over above mentioned plate for 3 months until clear 

green color was observed in some cultures. The purification was verified using a light 

microscope. This attempt was repeated many times to capture cells with different 

morphologies, sizes or colors.   
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Figure 2.1. The growth of different microorganisms in mixed culture 

 

2.1.3. Calibration curve 

The next step in the study was to study the biochemical composition i.e., lipid, 

carbohydrate and protein content of the isolated microalgae. Throughout the study, a 

calibration curve was needed to convert optical density (OD680nm, Shimadzu UV-1800 

UV-Vis Spectrophotometer ) to concentration in mg/l in dry basis. Cultivation of each 

isolated species were followed using a 1 liter flasks as photobioreactors (Figure 2.2). They 

were kept under sufficient light, approximately 3500 lux, and continuously aerated with 

approximate equal flow rates of 1 volume of gas per volume of liquid per minuets (vvm).  

The air flow was passed through a 0.2 µm PTFE membrane filters (Fluoropore, Merck 

Millipore) to maintain its sterilization. The inoculation from purified stocks were 

initialized at OD680 equal to 0.5. After 20 days cultivation the solutions were then 

centrifuged to have a paste like microalgae biomass then two aliquots each 5 ml were 

transferred to weighing dishes and dried in oven for 24 hrs at 110 °C. The dishes were 

then cooled down in a desiccator and weighed again. In this way, dried mass in microalgae 

paste was calculated. In Parallel, 5 ml of paste was diluted serially and the OD680 was 
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read. In OD range were the OD vs microalgae mass concentration graph showed linear, 

trend line was passed through the points and the coefficient was calculated for each 

microalgae. The results are presented in Table 1. The OD vs concentration curves is 

provided as supplementary material. The observed approximate linear range for OD680 

(Table 1) showed that a range of 0.15 to 1.60 absorbance values would apply for all 

isolated microalgae. For the next steps of the study, the estimated coefficients were used 

to convert OD680 to dried biomass concentration in gr/l according to: 

Biomass Con.(g. l-1) = Cf × ( OD680−ODb)    (2.1) 

Where Cf is the conversion factor, OD680 is the optical density at 680 nm 

wavelength and ODb is the optical density of blank. 

 

 

Figure 2.2. The cultivation of isolated microalgae for calibration curve withdrawal and elemental 

analysis 
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2.1.4. Lipid determination 

A flourometric approach was followed for lipid determination based on the work of 

Elsey and friends [68] with some modifications. The samples were diluted until OD680 

felt in the range of 0.1–0.3. Per sampling, 3 mL of this algal suspension was stained with 

20 μL of 7.8×10−4 M Nile Red dissolved in acetone and then excited at 486 nm before 

measuring the emission at 570 nm (Qubit 4 Fluorometer, Thermofisher, USA). Blanks 

 

Table 2.1. The linear rande of OD680 for isolated microalgae and the conversion factors to 

dried biomass concentration 

Microalgae # Apx. Linear Range 

OD680 

Coefficient 

 

R2 

1 0.3-2.50 0.153 0.994 

2 0.2-2.10 0.310 0.999 

3 0.17-1.85 0.154 0.998 

4 0.15-2.20 0.250 0.998 

5 0.15-1.88 0.194 0.998 

6 ---- -----  

7 0.18-2.87 0.432 0.999 

8 0.44-2.12 0.171 0.997 

9 ----- ------  

10 0.20-2.10 0.249 0.998 

11 0.2-1.90 0.087 0.999 

12 0.20-1.79 0.207 0.992 

13 0.18-2.24 0.133 0.990 

14 0.25-2.53 0.171 0.990 

15 0.23-1.96 0.151 0.997 

16 0.22-1.85 0.359 0.999 

17 0.20-2.65 0.249 0.993 

18 0.17-2.00 0.198 0.990 

19 0.25-2.40 0.162 0.990 

20 0.21-2.40 0.176 0.999 
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were also prepared by filtering (0.22 micron) microalgae solutions and the fluorescence 

value was subtracted from samples value. The calculated value was used for screening of 

the microalgae species with regard to lipid content. Higher lipid content corresponds to 

higher fluorescence.  

For lipid content estimations, a calibration curve of fluorescence vs lipid content 

was prepared. Microalgae samples were centrifuged and the lipid was extracted and 

quantified according to the method of Bligh and Dyer [69].  

 

2.1.5. Carbohydrate 

Phenol-sulfuric acid colorimetric method was used for carbohydrate determination 

as was described in [70]. Dextran was used as reference sugar for standard solution 

preparation.  

 

2.1.6. Protein 

For estimation of protein a conversion factor of elemental nitrogen to protein (N-

Prot factor) was used. Different studies reported ranges of N-Prot factor. In this study, the 

N-Prot factor equal to 4.78±0.62 was selected based on the work of Lourenço and friends 

[71]. They have reported specifically on the estimation of protein content of microalgae 

using elemental CHN/S analysis as was used in the present work (CHN/S Elemental 

Analyzer, Thermoscientific, USA). 

 

2.2. Results and Discussions 

2.2.1. Identification of the isolated species 

The purified cultures were morphologically identified with comparison to data 

available.  Their microscopic view using oil immersion microscopy is provided in figure 

2.3. The identified microalgae were #1: Chroococcus disperus, #2: Gleocystis ampula, 

#3: Synechocystis (I), #4: Scenedesmus obliguus (I), #5: Chlorella vulgaris (I), #6: 

Phormidium uncinatum (I), #7: Scenedesmus quadricauda (I) #8: Synechocystis (II), #9: 

Phormidium uncinatum (II), #10: Scenedesmus dimorphus, #11: Microcystis aeruginosa, 

#12: Chlorella vulgaris(II), #13: Cyanobacterium cedrorum, #14: Chroococcus sp.(I), 

#15: Kirchneriella lunaris, #16: Scenedesmus quadricauda (II), #17: Chlorella vulgaris 

(III), #18: Nannochloris sp., #19: Chroococcus sp.(II) and #20: Micrococcus sp. These 

species belonges to the green microalgae and cyanobacteria or blue-green microalgae 
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subdivisions of algae which are categorized under cyanophyta and chlorophyta phylum 

respectively.  

 

 

Figure 2.3. The microscopic view (oil immersion) of the isolated microalgae species 

 

 

 

1. Chroococcus disperus 2. Gleocystis ampula 3. Synechocystis I 

   

 

4. Scenedesmus obliguus I 

 

5. Chlorella vulgaris I 

 

6. Phormidium uncinatum I 
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Figure 2.3. (Continued) The microscopic view (oil immersion) of the isolated microalgae species 

 

 

 

7. Scenedesmus quadricauda I 

 

8. Synechocystis II 

 

9. Phormidium uncinatum II 

   

 

10. Scenedesmus dimorphus 

 

11. Microcystis aeruginosa 

 

12. Chlorella vulgaris II 

 

 

  

13. Cyanobacterium cedrorum 14. Chroococcus sp. I 15. Kirchneriella lunaris 
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Figure 2.3. (Continued) The microscopic view (oil immersion) of the isolated microalgae species 

 

 

 

 

 

 

 

 

16. Scenedesmus quadricauda II 

 

17. Chlorella vulgaris III 

 

18. Nannochloris sp 

 

 

  

 

19. Chroococcus sp. II 

 

20. Micrococcus sp. 
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2.2.2. Growth rate 

Growth rate is a very important factor to be determined for each of the isolated 

microalgae species because it determines the amount of obtainable biomass and equally 

the amount of fixed carbon. The rate of growth depends on multiple factors which also 

can be modified to maximize the rate and/or the final concentration of biomass in the 

solution. These factors mainly are light intensity and its duration, temperature, pH, gas 

flow rate, carbon dioxide concentration in the gas flow and nutritious composition. 

Totally, 18 species out of 20 identified species were studied for their growth rate because 

the microalgae Phormidium uncinatum I&II were excluded because the photobioreactor 

suitable for these long chain forming microalgae would be completely different in design. 

A preliminary cultivation in 1 litre photobioreactor with continuous bubbling for all 20 

species showed that this kind of photobioreactors are not suitable for all type of 

microalgae. As can be seen from figure 2.4, microalgae Phormidium uncinatum I&II 

which are from Oscillatoriaceae family did not homogeneously dispersed in the liquid 

medium and either formed a single woven matt or attached to the surface (Figure 2.4). A 

sketch of the cultivation vessel with dimensions and real configuration is shown in figure 

2.5. The cultivation vessels were identical. Air was charged into the cultivation vessels at 

1 vvm flow rate. The light was provided at 3500 lux by 8 white fluorescent lamps. The 

medium was BG11 without any organic carbon. The pH was fixed at 7 while the 

temperature was not controlled. The ambient temperature was approximately 25 °C.  

Inoculation started with OD680 equal to 0.5. For the first days of cultivation 3 ml samples 

were taken using sterile syringes attached to 3 way luer-lock valves without need for 

removing caps. For the cases where OD were out of linear range (Table 2.1), samples 

were diluted as much as needed. The microalgae concentration then was estimated using 

conversion factors (Table 2.1). The obtained growth curves are shown in figure 2.6. The 

slope of the linear phase of the growth was calculated as the growth rate (Table 2.2). The 

microalgae  Gleocystis ampula, Scenedesmus dimorphus and Chlorella vulgaris(II) 

showed the highest growth rate with 0.138, 0.137 and 0.133 gr/l.d respectively. In 

opposite, microalgae Kirchneriella lunaris , Microcystis aeruginosa and Chlorella 

vulgaris (I) were the slowest growing species with growth rates of 0.042, 0.056 and 0.079 

gr/l.d in order. The highest recorded concentration during 35 days of cultivation is also 

reported (Table 2.2) where microalgae Scenedesmus quadricauda (I), Gleocystis ampula 
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and Scenedesmus quadricauda (II)  reached the highest concentration with 2.831, 2.625 

and 2.496 gr/l in dried basis.   

 

 

Figure 2.4. The different behaviour of long chain strand forming microalgae in liquid medium 

 

 

 

Figure 2.5. The schematic view (left) and the real view of the photobioreactors 
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Figure 2.6. The Growth curve for isolated microalgae 
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Table 2.2. Growth characteristics and biochemical compositions of isolated microalge 

 # Microalgae Family Growth 

Rate 

 

Max. 

Conc. 

 

%C %N %H Co2 

fixing  

rate 

 

Lipid 

 

CHO 

 

PRO 

 

Lipid  

Prod. 

Rate 

 

Settling  

Efficiency  

after 24 hr 

   (g/l.d) (g/l) (%) (%) (%) (g/l.d) (%) (%) (%) (mg/l.d) (%) 

1 Chroococcus disperus b 0.109 2.024 56.48 10.97 7.50 0.226 6.73 19.68 52.45 7 0.35 

2 Gleocystis ampula g 0.138 2.625 55.51 7.53 7.40 0.281 21.71 31.26 35.98 30 96.04 

3 Synechocystis (I) b 0.101 1.838 53.32 11.52 7.77 0.196 4.23 26.62 55.07 4 2.53 

4 Scenedesmus obliguus (I) g 0.110 1.679 50.40 7.52 7.33 0.202 17.49 41.67 35.94 19 92.92 

5 Chlorella vulgaris (I) g 0.079 1.023 57.52 7.11 7.83 0.166 31.13 52.39 33.97 24 53.52 

6 Phormidium uncinatum (I) b -- -- 46.74 8.97 6.87 --- --- --- 42.86 --- --- 

7 Scenedesmus quadricauda (I) g 0.110 2.831 48.81 9.08 7.62 0.196 47.32 41.04 43.42 52 89.43 

8 Synechocystis (II) b 0.103 1.980 49.82 10.83 7.35 0.187 24.58 28.98 51.79 25 2.00 

9 Phormidium uncinatum (II) b --- --- 43.77 9.84 6.73 -- --- --- 47.03 --- --- 

10 Scenedesmus dimorphus g 0.137 2.232 51.45 7.21 7.58 0.259 26.97 55.02 34.46 37 92.82 

11 Microcystis aeruginosa b 0.056 0.657 51.30 11.50 7.45 0.105 39.70 17.75 54.99 22 1.19 

12 Chlorella vulgaris(II) g 0.133 1.786 56.37 7.28 7.81 0.274 30.88 55.45 34.79 41 33.54 

13 Cyanobacterium cedrorum b 0.087 1.662 52.21 10.81 7.19 0.167 16.60 32.83 51.68 14 1.76 

14 Chroococcus sp.(I) b 0.100 2.096 51.33 10.80 7.63 0.188 19.19 27.80 51.62 19 49.70 

15 Kirchneriella lunaris g 0.042 0.896 51.29 4.99 7.66 0.079 24.55 72.43 23.84 10 14.03 

16 Scenedesmus quadricauda (II) g 0.128 2.496 51.77 7.37 7.32 0.243 26.42 38.24 35.24 34 94.88 

17 Chlorella vulgaris (III) g 0.091 1.382 49.16 6.54 7.41 0.164 29.78 66.71 31.26 27 65.52 

18 Nannochloris sp. g 0.077 1.101 53.70 6.73 7.64 0.151 33.95 67.69 32.15 26 71.98 

19 Chroococcus sp.(II) b 0.096 2.084 48.32 10.49 7.13 0.170 24.30 24.99 50.12 23 0.03 

20 Micrococcus sp. b 0.106 1.465 54.96 12.16 8.05 0.213 11.56 27.19 58.11 12 2.15 

1
9
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Figure 2.7. Protein, carbohydrate and protein content 
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Figure 2.8. Lipid production rate of variety of isolated microalgae. 
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2.2.3. Elemental analysis and the estimation of carbon fixation rate 

The elemental analysis for carbon, hydrogen and nitrogen is presented in Table 2.2. 

The carbon content of microorganism is an important factor since it determines the 

potential for carbon fixation. The microalgae Chlorella vulgaris (I) showed the highest 

elemental carbon content being 57.5%. With a lesser amount Chroococcus disperus and 

Chlorella vulgaris (II) respectively were composed of 56.5 and 56.4% elemental carbon. 

The least value was 43.8% obtained for Phormidium uncinatum (II). As can be seen, there 

is a meaningful difference for carbon content between isolated species. From the data 

obtained for growth rate and the biomass elemental carbon, the rate of carbon dioxide 

fixation was estimated (Table 2.2). It was observed that the highest rate of carbon dioxide 

mitigation was 0.281 gr/l.d for Gleocystis ampula. If this is going to be used to capture 

and fix the carbon emission of a medium sized 405 MWe coal burning power plant like 

ICDAS Biga facility (Çanakkale, Turkey) with an approximate emission factor of 762 kg 

CO2/MWh [72] which emits almost 7406640 kg CO2 per day, a microalgal 

photobioreactor facility with a size of roughly 26.3 million m3 will be needed. Even 

though, this blind estimation ignores all the energy consumption of such microalgae plant, 

the result shows that the microalgae biomass technology cannot be a solution for CO2 

mitigation in large scale.   

 

2.2.4. Biochemical composition 

Lipids, carbohydrates and proteins are the main biochemical macromolecule 

composition of microalgae. These are important to be quantified because these are 

determining factors for final product of interest. The microalgae with higher lipid content 

is more favorable for biodiesel production while the carbohydrate rich species are suitable 

for bioalchohols production via fermentation. On the other hand, a protein rich species 

may be suitable to be used as feed ingredient for cattle or fishery industries. Although in 

this study, well-known procedures for determining these biochemicals have been used, 

the estimated results are not absolute values because for example the conversion 

coefficients for protein estimation is not species-specific coefficients for analyzed 

microalgae or the carbohydrate has been estimated using standards prepared by dextran 

as a reference sugar which may not be an exact indicator for isolated microalgae.  
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2.2.4.1. Lipid 

The estimated percentage of lipid, carbohydrate and protein is presented in Table 

2. A graphic presentation is also provided in figure 2.7 for ease of comparison between 

different species. As can be seen (Figure 2.7) Scenedesmus quadricauda (I), Microcystis 

aeruginosa and Nannochloris sp. had the highest lipid content being 47.32, 39.7 and 

33.95 % respectively. In a previous screening study for high lipid content, a scenedesmus 

sp was found to have 40.0 % lipid content [73]. Because of high lipid content of these 

species, they were promising candidates as biomass producers for oil based biofuels like 

biodiesel. From a process point of view, the rate of lipid production in a real plant may 

be more important than the lipid percentage in the biomass. Therefore by taking the data 

for growth rate in to account, the rate of lipid production for isolated species were 

estimated as presented in Table 2.2 and graphically shown in figure 2.8. In this case, the 

highest estimated lipid production rates (Figure 2.8) were 52, 41 And 37 mg/l.d 

respectively for Scenedesmus quadricauda (I), Chlorella vulgaris(II) and Scenedesmus 

dimorphus. The distribution of data into two categories of blue-green and green 

microalgae in figure 2.9 represented a haphazard distribution of the acquired data between 

two groups which presented lack of correlation. Additionally, the calculated correlation 

factor of 0.501 revealed no relation between the microalgae type and lipid content.  

To have a more sensible understanding of these results for lipid and estimated 

production rate, the estimated biodiesel rate with regard to the highest lipid production 

rate of this study was compared to the diesel production rate of Ras Tanura Refinery 

(Aramco, Saudi Arabiya), a petroleum refinery complex with an annual diesel production 

capacity of 65,893 barrel.  According to a previous study [74], the microalgae oil was 

converted to FAME with an efficiency of almost 77 percent for some green microalgae. 

Assuming an average density equal to 880 kg/m3 (EN 14214) for biodiesel, the size of 

photobioreactor facility to produce the same amount of diesel as in Ras Tanura Refinery, 

would roughly be 630,000 m3.  This estimation is for biomass production without any 

optimization on growth condition or other downstream processes. Any modification 

which would result in doubling the rate will reduce the size of such facility by half. A 

previous research [75] showed that when photobioreactor was fed with a 7% CO2 (v/v) 

gas stream, the growth rate has increased by almost 148.0 % for microalgae chlorella 

vulgaris. The use of microalgae for biodiesel production is not far beyond reality and can 

be achieved after improving the efficiencies of different steps of the process. 

https://en.wikipedia.org/wiki/Saudi_Aramco
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2.2.4.2. Carbohydrate 

The results for carbohydrate contents are presented in Table 2.2 and as bar charts 

in figure 2.7. The highest amount was recorded for Kirchneriella lunaris with 72.43% of 

the dried mass where Shady et al. reported 75.0 % for total carbohydrates of this 

microalgae [76]. At the second and third ranks were Nannochloris and Chlorella vulgaris 

(III) sp. respectively with 67.69 and 66.71 % carbohydrate contents. All of these three 

species belonged to green microalgae family. The distribution of data into two categories 

of blue-green and green microalgae in figure 2.9 clearly shows that the green microalgae 

species had obviously higher carbohydrate content. The calculated correlation factor was 

0.787 which revealed the significant correlation of microalgae type and carbohydrate 

content. The growth rate for these species were 0.042, 0.077 and 0.091 g/l.d respectively. 

The growth rate could be optimized for each of the species to increase the production rate 

but with the same growth condition for all the species in this research, the daily 

carbohydrate production rate was estimated as 31, 52 and 61 mg per liter of cultivation.  

 

2.2.4.3. Protein 

As can be seen from figure 2.7 and Table 2.2, Micrococcus, Synechocystis (I) and 

Microcystis aeruginosa species had the highest protein contents which in order were 

58.11, 55.07 and 54.99 % of the dried mass. Interestingly they were all cyanobacteria i. 

e. blue-green microalgae. The averaged data on protein content for all the isolated blue-

green species was 51.57% while for green microalgae was 34.11%. The distribution of 

data into two categories of blue-green and green microalgae in figure 2.9 clearly shows 

that the blue-green microalgae species had a significantly higher protein content where 

the correlation factor in this case was -0.928 which showed a very strong relation between 

microalgae family and their protein content. The results for protein content is 

considerably high and can be potentially used as supplementary feed material for animals 

or aquaculture breeding industries [77]  or even direct consumption by human [78].  
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Figure 2.9. Distribution of lipid, carbohydrate and protein content in Blue-Green and Green microalgae 

 

2.2.5. Microalgae Natural Settling behavior 

Microalgae species settling behavior are different mainly because of their size, 

motion ability and their floating capabilities.  From an application point of view this was 

important to be studied because the species which settle easily can be easily harvested 

without extra costs for processes such as centrifuge and chemical coagulation. In this 

regard, microalgae broth were transferred to 15 ml test tubes and left over night. The OD 

of the sample taken from the top layer of the broth at the start and after 24 hrs was read 

to measure the settling efficiency. The photograph in figure 2.11 shows that for some 

species the settling is almost complete like for example the microalgae Gleocystis 

ampula, Scenedesmus quadricauda (II) and Scenedesmus obliguus (I). The settling 

efficiency for mentioned species were respectively 96.04, 98.88 and 92.92 %. For the 

Microalgae Scenedesmus quadricauda (I) which was the most suitable one for lipid 

production, the settling efficiency was 89.43 % which was very significant. Contrarily, 

some species formed a very stable solution with almost no settling like for instance 

microalgae Chroococcus sp.(II), Chroococcus disperus and Microcystis aeruginosa. The 

analysis of correlation between estimated cell size and the settling efficiency showed a 

value of 0.75 which reveals a positive correlation of cell size and settling efficiency. The 

graph for scattered data in figure 2.10 showed that only one species i.e. Kirchneriella 

lunaris falls apart from these positive correlation. When this point was excluded, the 

correlation value even increased to 0.84.  The calculated average of settling efficiency for 

blue-green and green species were 70.47 and 7.47 % respectively which showed that blue-

green microalgae form much more stable solutions than green microalgae. These results 

showed that green microalgae can be harvested more easily and perhaps less costly.  
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Figure 2.10. Distribution of natural settling efficiency in approximate cell size of isolated microalgae 

 

 

Figure 2.11. The natural settling of microalgae cells in the solution; 1: Chroococcus disperus, 2: Gleocystis 

ampula, 3: Synechocystis (I), 4: Scenedesmus obliguus (I), 5: Chlorella vulgaris (I), 7: 

Scenedesmus quadricauda (I) 8: Synechocystis (II), 10: Scenedesmus dimorphus, 11: 

Microcystis aeruginosa, 12: Chlorella vulgaris(II), 13: Cyanobacterium cedrorum, 14: 

Chroococcus sp.(I), 15: Kirchneriella lunaris, 16: Scenedesmus quadricauda (II), 17: Chlorella 

vulgaris (III), 18: Nannochloris sp., 19: Chroococcus sp.(II) and 20: Micrococcus sp. 

 

0.00

20.00

40.00

60.00

80.00

100.00

0 5 10 15 20

Se
tt

lin
g 

Ef
fi

ci
en

cy
, %

Appr. Cell Size, µm

1       2       3        4       5       7       8      10     11     12    13    14      15     16     17      18     19    20       

20 

1       2       3        4         5       7        8      10     11    12    13    14      15    16     17     18     19    20       



27 

 

3. LIPID EXTRACTION FROM MICROALGAE CHLORELLA AND 

SYNECHOCYSTIS SP. USING GLASS MICROPARTICLES 

In this study, the effect of adding microparticles of glass as a cell disruption 

enhancer to maximize the extracted lipid from wild-type microalgae Synechocystis and 

Chlorella sp. have been investigated. A general factorial design approach at different 

levels have been implemented to evaluate the effectiveness of size and quantity of glass 

particles for both species. The statistical analyze of variance (ANOVA) for the obtained 

results revealed the significance of the method and defined factors. The recorded lipid 

content without addition of particles were 45.02 and 23.19% for Synechocystis and 

Chlorella sp., respectively. With the addition of particles, the highest recorded value for 

lipid content of Chlorella was 34.01% which stands for 46.60 % enhancement of 

extraction efficiency. This was achieved when 40 µm particles in 2.25 mass proportion 

of particle to dried biomass were used. The addition of particle did not improved the lipid 

extraction efficiency for the Synechocystis sp. These findings also showed that the 

conventional gravimetric methods may underestimate the lipid content of microalgae 

species.  

 

3.1. Materials and Method 

3.1.1. Reagents 

The chemicals NaNO3, K2HPO4, MgSO4.7H2O , CaCl2.2H2O, Citric acid, 

Ammonium ferric citrate, EDTANa2, Na2CO3, H3BO3, MnCl2.4H2O, ZnSO4.7H2O, 

Na2MoO4.2H2O, CuSO4.5H2O, Co(NO3)2.6H2O were purchased from Sigma-

Aldrich;USA. Chloroform, methanol and propanol were provided by Tekkim,Turkey. All 

the chemicals were reagent grade. Reagent water was provided in laboratory using a water 

purification unit (Thermo Scientific, Germany).  

  

3.1.2. Microalgae isolation and culture 

Samples were taken from Porsuk river in botanic park of Eskisehir province Turkey 

(39.742747, 30.460088), and transferred immediately to laboratory for cultivation. The 

cultivation was followed in a 250 mL flask with BG11 medium according to literature 

[67]. About 20 mL of the sample was added to the previously autoclaved 200 mL medium. 

After 3 weeks the green color showed sufficient growth of the mixture. The purification 

https://www.google.com.tr/search?q=synechocystis&spell=1&sa=X&ved=0ahUKEwjMsIu0p_nTAhVBuywKHZEPDP0QvwUIIygA
https://www.google.com.tr/search?q=synechocystis&spell=1&sa=X&ved=0ahUKEwjMsIu0p_nTAhVBuywKHZEPDP0QvwUIIygA
https://www.google.com.tr/search?q=synechocystis&spell=1&sa=X&ved=0ahUKEwjMsIu0p_nTAhVBuywKHZEPDP0QvwUIIygA
https://www.google.com.tr/search?q=synechocystis&spell=1&sa=X&ved=0ahUKEwjMsIu0p_nTAhVBuywKHZEPDP0QvwUIIygA
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was done using single cell isolation approach under microscope. The presumably pure 

micro-samples was transferred to 10 mL sterilized medium and then distributed to 10 test 

tube for higher certainty of successful purification. The tubes were kept under fluorescent 

lamps (3x35 W) for almost one month until green color was clearly observed. The wild 

type Synechocystis sp. and Chlorella sp. microalgae type was morphologically identified 

(Figure 3.1) and transferred gradually after apparent growth to 250 mL flask then 1 liter 

flask and finally 4 liter photobioreactor with the aeration rate of 0.5 vvm to obtain enough 

biomass for further experiments. For all the steps, cultivation medium were exposed for 

24 h a day to light intensity provided with 3 fluorescent lamps (35 W TL5 Pelsan, 

Turkey). The growth was monitored using spectrophotometry (UV-VIS 1800 Shimadzu, 

Japan) at 650 nm wavelength. The approximate size distribution of both microalgae was 

determined by using an optical microscope (Olympus, Japan) equipped with eyepiece 

reticule. Harvesting was done when growth reached almost its plateau. Two liter of the 

solution was centrifuged and the obtained paste was kept at 4 oC for later experiments.  
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Figure 3.1. Up: Oil immersion light microscopic view of isolated microalgae species Chlorella & 

Synechocystis, Down: The cell size distribution for both microalgaes 
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3.1.3. Glass particle 

Pieces of colorless tea glass cup were washed and rinsed with water and propanol 

to remove dirt. After complete evaporation of propanol, the glass pieces grinded for 5 

minute in a ring-puck pulverizer (Retsch, RS200). The product was then sieved using 

multi tray (125, 45 and 38 µm mesh) vibratory sieve shaker (ANALYSETTE 3 

SPARTAN, Fritsch) with oscillation rate of 90 for 20 minutes. The collected powder 

between 45 and 38 µm sieves trays was rinsed with propanol to remove attached smaller 

particle and then dried and taken as nominal 40 micron size particles. The collected 

powder under 38 micron sieve was taken for further wet grinding using a Planetary Mono 

Mill (PULVERISETTE 6, Fritsch) with 4 silicon nitride balls (5 mm diameter ) in a 

Silicon nitride bowl with propanol as dispersant liquid for 60 minutes at 300 rpm. The 

slurry was then dried using a rotary evaporator (G1, Heidolph). The dried product was 

collected using a sonication bath (Elma, TS 540). The particle size of the grinding product 

was determined using a laser light scattering device (Mastersizer 2000, Malvern). The 

result is shown in figure 3.2.  

 

 

Figure 3.2. Particle size distribution of 10 µm particles 

 

3.1.4. Lipid extraction 

The basis for lipid extraction was the method of Bligh and Dyer using chloroform, 

ethanol and water [69]. In this method the extraction and the separation steps are basically 

separate stages. Preliminary tests in this study showed that extraction from a paste of 

microalgae gives higher lipid yield and the experiment was followed using microalgae 
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paste rather than a dried biomass. The disruption and extractive steps were performed 

simultaneously by agitating a solution where microalgae, glass particles and extracting 

reactants were present simultaneously. The concentration of the paste was 11.3 and 44.4 

mg dried mass per mL respectively for Synechocystis and Chlorella pastes. Comparing 

to the method of Folch [79] , the Bligh and Dyer method had the benefit of providing a 

homogeneous single phase at the first step of the procedure which was more favorable 

for an effective cell-solvent-particle contact. In the extraction step, chloroform, ethanol, 

water proportion was 1:2:0.8 and for the separation step the proportion was adjusted by 

addition of chloroform and water to 2:2:1.8 respectively. The extraction was done in 50 

mL volumetric flasks on a magnet stirring plate (RT 10 IKA, Germany). The same plate 

was used to dry the extracts. A scale with 1 mg accuracy (SBC 31 Scaltec) was used for 

weighing. The detail of the procedure is schematically shown in figure 3.3.  

 

 

Figure 3.3. Flowchart of lipid extraction steps 
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3.1.5. Experiment design 

The aim of this study was to investigate the effect of different factors including the 

size and quantity of added glass particles on the extraction yield of lipid from two 

microalgae species. The experiment design and further analyses were done using Design 

Expert software (v.7 Stat-Ease). A general factorial design approach at different levels 

with 2 replicates for each run was performed. A total number of 24 runs were required. 

After omitting the identical runs i.e. runs with zero concentration of glass particles were 

identical, 20 separate runs were executed. The detail of variables level for each runs are 

given in Table 3.1. These ranges were established after effectiveness of the method was 

observed following a preliminary blind run with 100 mg of 40 µm glass particles.  
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Table 3.1. Obtained response at different runs  

# Run Factor 1 

A: Algae 

Sp. 

Factor 2 

B: 

Diameter  

(µm) 

Factor 3 

C: 

Particle 

amount 

(mg) 

Response 

Lipid 

Content  

(%) 

1 Syn 40 100 40.92 

2 Chl 40 100 32.66 

3 Syn 10 0 44.69 

4 Chl 10 300 9.91 

5 Chl 40 0 27.48 

6 Syn 40 0 45.02 

7 Chl 10 0 18.91 

8 Syn 10 300 33.63 

9 Syn 40 300 24.57 

10 Chl 10 100 21.85 

11 Chl 10 100 16.22 

12 Syn 40 100 39.60 

13 Chl 40 300 28.38 

14 Syn 40 0 45.02 

15 Chl 40 300 27.48 

16 Syn 10 100 25.89 

17 Chl 40 0 27.48 

18 Chl 10 300 10.81 

19 Syn 10 300 34.07 

20 Syn 40 300 37.72 

21 Syn 10 0 44.69 

22 Syn 10 100 20.58 

23 Chl 10 0 18.92 

24 Chl 40 100 34.01 

 

3.2. Results and Discussion 

The recorded data for different runs are presented in Table 3.1. The obtained results 

at different runs were analyzed using Design Expert software. The statistical analysis of 

the results was performed to see the main and the two factor interaction effects. The 
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selected factors were the hypothesized three significant variables including the 

microalgae species, particles size and the amount of added particles. Here, the response 

was the mass percentage of lipid in the dried biomass. The employed code for a 2 factor 

interaction model (2FI) was: 

η = A0 + A1X1 + A2X2 + A3X3 + A4X1X2+ A5X1X3 + A6X2X3                 (3.1) 

A total number of 24 value were entered to the model as responses (Table 3.1). The 

Design Matrix Evaluation for Factorial 2FI Model showed no significant aliases between 

the estimated terms. The standard errors were approximately the same within type of 

coefficient. The variance inflation factor (VIF) close to 1 and the Ri-Squared terms very 

close to 0 indicated insignificant correlation between factors.  

The analyze of factorial design using a normal probability plot (Figure 3.4) reveals 

that the amount of extracted lipid changes significantly with the species of microalgae, 

diameter of the glass particle and added amount of particle respectively. A weak 

interaction between two factors including microalgae species and the diameter of the 

added particle was also observed. As can be seen from the figure 3.4, the particle size had 

a positive effect but the concentration showed a negative effect in general.  

 

 

Figure 3.4. Normal probability plot 
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The results for analysis of variance (ANOVA) is presented in Table 3.2. The model 

F-value of 8.72 implies the model was significant. The probability value "Prob > F" less 

than 0.0500 indicated model terms were significant. This value for Model, microalgae 

Sp., glass microparticle diameter and glass microparticle concentration was 0.0002, 

0.0001, 0.0021 and 0.0208 respectively. In this case microalgae type, particle diameter 

and the amount of added particle were significant as were indicated in normal probability 

plot. Values greater than 0.1000 indicated the insignificant model terms. Thus, indeed all 

the two factor interaction were not significant, a very weak interaction of factors A and 

B was observed as was stated before.  

 

Table 3.2. ANOVA for selected factorial model 

Analysis of variance table [Partial sum of squares - Type III] 
 

Sum of 
 

Mean F p-value 

Source Squares df Square Value Prob > F 

Model 1972.79 6 328.7984 8.717609 0.0002 

A-AlgSp. 1018.75 1 1018.75 27.01067 < 0.0001 

B-Diameter 493.489 1 493.489 13.08414 0.0021 

C-Concentration 244.9949 1 244.9949 6.495683 0.0208 

AB 114.7523 1 114.7523 3.04249 0.0992 

AC 30.2803 1 30.2803 0.802838 0.3828 

BC 0.731794 1 0.731794 0.019402 0.8909 

 

The model diagnostic plots including normal probability, residual vs. predicted, 

residual vs. run and actual vs. predicted values are presented in figure 3.5. As can be seen, 

the normal probability plot didn’t followed an S-shaped pattern. A random scatter of 

points was observed in the plot of the residuals versus the ascending predicted response 

values. Therefore there was no need for transformation of the response. The plot of 

residuals versus the experimental run with a random scatter order didn’t show any lurking 

variables. The plot of actual response values versus the predicted response values showed 

that the model was able to predict the responses to a very good extent for most of the runs.  
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Figure 3.5. The model diagnostic plots 

 

A minimum of 9.91% and a maximum of 45.02% were recorded for lipid 

percentage (Table 3.1). Summary of the results is presented in figure 3.6. For 

Synechocystis, the addition of particles was deteriorating in all cases. Generally, the 

results show that Synechocystis sp. contained higher amount of lipid comparing to the 

Chlorella. The highest recorded lipid content was 45.02% for Synechocystis without 

addition of particles whereas the least recorded lipid content was 10.36% for Chlorella 

when 300 mg of 10 micron particle was used. The best result for Chlorella was 34.01% 

when 100 mg of 40 micron particle was added while higher amounts of particle didn’t 

help. For the 10 µm particles the obtained lipid reduced for both species at every amounts 

of particles (Figure 3.6a). This could be related to the comparatively small size of the 10 

µm particles which do not maintain the required inertia to cut the cells wall. In addition, 
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very small size of 10 µm particles cause them to form agglomerates which would 

encapsulate oil droplets so that washing out by chloroform may not be possible. The 

results were different for 40 µm particles (Figure 3.6b) and higher lipid content were 

recorded for both species at every amount of particle when compared to the 10 µm 

particles. Larger particles move more sluggishly relative to the cells which are turning in 

the solution in a speed very close to the rotation speed of the bulk solution. In this case, 

the sharp edge of the particles would result in cutting the cell wall. It can be related to the 

effectiveness of relative size of particle to cell size rather than just particle size as a single 

factor. An approximate cell size distribution for both microalgae is presented in figure 

3.1.B. For chlorella 53.6 % of the cell were observed to be larger than 15 µm and less 

than 30 µm where in total almost 82.0 % the chlorella cells were larger than 15 µm. In 

contrast, 72.6 % of Synechocystis cells were between 3 to 5 µm and in total 85.4 % of the 

cells were larger than 3 µm. 

 

 

Figure 3.6. Yield of lipid extraction for a) 10 µm particle size, b) 40 µm particle size 
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Figure 3.7. Microscopic view of the debris (dashed arrows show intact cells, black arrows show the 

collapsed cells) 

 

The microscopic view of the cell debris after solvent treatment with particles reveals 

that still significant number of the cells were intact (Figure 3.7). A further treatment time 

or more effective mixing would result in higher extraction efficiencies. In that figure, 

disrupted cells are also observable. Some of them have collapsed from one point and the 

cytoplasm extracted out.  

A summary of the previous research results for the reported lipid content of 

Chlorella vulgaris with different extraction methods and solvents is presented in Table 
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3.3. As can be seen from the Table 3.3, so many different values have been reported for 

lipid content of Chlorella vulgaris so that a comparative study with a reasonable judgment 

seems to be impossible. In many of the studies, a variety of extraction strategies have 

been tried including sonication, high speed homogenizers, super critical solvents, high 

pressure steam and bead beating devices. Although all of them enhanced the extraction 

efficiency, they are not applicable for a large scale application since they consume high 

amount of energy. Safi et al. have tried the influence of bead milling on extraction 

performance and reported 16 % increase in total extract yield from Chlorella vulgaris 

while concluding the high energy demand of the method [80]. Bead beating was also 

studied by Lee and friends [81] where they concluded on the low effectiveness of the 

method for Chlorella vulgaris and Scenedesmus sp.. They also argued scale up of the 

method. Park et al. studied the combination of homogenization at 7000 rpm with 

sonication again for Chlorella cell disruption where a significant improvement was 

achieved by 8.1 fold increase in the extracted lipid after 60 minutes and the final lipid in 

dried mass was 15.2% [82]. A good summary of the tested methods for cell disruption 

was reviewed by Kim and friends [20]. They have also criticized the methods for energy 

requirements, chemical costs, toxicity and products stability. The findings of this study 

showed that glass microparticles can be used effectively for some microalgae species to 

enhance the lipid extraction efficiency even at low mixing rates and room temperature to 

reduce the cost of energy. The method can be easily scaled up for any desired scale. The 

glass microparticles can be easily recovered and reused to avoid the cost of microparticles 

production.  

 

Table 3.3. Lipid content of Chlorella vulgaris in different studies 

Extraction method Solvent Lipid (%) Ref. 

Organic Solvent treatment Hexane and Methanol  18.54 Choi et al. [28] 

Organic solvent assisted by 

ultrasound 

Chloroform- Methanol 52.20 Glacio et al. [83] 

Fenton reactant treatment H2O2 and FeSO4 17.40 Concas et al. [84] 

Acid-catalyzed hot-water 

extraction 

H2SO4 and water 33.74 Ji-Yeon et al. [85] 

Ionic liquid mixture 1-ethyl-3-methyl 

imidazolium based ILs 

20.06 Choi et al. [28] 

http://www.sciencedirect.com/science/article/pii/S1385894714014557#!
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Based on the findings of this study, researchers should be careful when they use 

conventional solvent extraction methods of analysis for fat determination because most 

of the conventional solvent treatment methods have been basically introduced for fat 

determination in bulk tissues and mainly animal tissues. Therefore, because of the 

different characteristics of microalgae cell wall and their resistance to solvents, there may 

be a significant underestimation of lipid content of the microalgae species. 
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4. OPTIMIZATION Of GROWTH RATE Of MICROALGAE SCENEDESMUS 

SP. :CENTRAL COMPOSITE DESIGN  STATISTICAL APPROACH 

In this research, growth rate of microalgae Scenedesmus sp. was modified by 

optimizing four effective factors. A central composite design statistical approach was 

implemented to evaluate the results. The examined factors were carbon dioxide 

concentration (0.038 (air), 2.0, 5.0, 7.0, 10.0%), aeration rate (0.2, 0.5, 1.5, 3.0, 4.0 vvm), 

initial inoculum concentration (0.140-0.430 g/l) and the gas diffuser diameter (0.4, 1.0, 

2.6, 4.0, 5.0 mm). It was observed that this factors effect was very significant at the 

modeled ranges. The diffuser diameter also showed different effect when low or high 

carbon dioxide concentration was applied. The optimized value (6.3 % CO2, 1.03 vvm 

flow rate, 1.47 mm diffuser diameter and 0.230 g/l initial inoculation) would result the 

maximum growth rate of 0.513 g/l.d which was very significant. It was concluded that 

microalgae technology is a promising solution for carbon dioxide sink in large scale and 

biofuel production after optimizing the biomass production rate. 

    

4.1. Materials and Method 

4.1.1. Chemicals 

The chemicals NaNO3, K2HPO4, MgSO4.7H2O , CaCl2.2H2O, Citric acid, 

Ammonium ferric citrate, EDTANa2, Na2CO3, H3BO3, MnCl2.4H2O, ZnSO4.7H2O, 

Na2MoO4.2H2O, CuSO4.5H2O, Co(NO3)2.6H2O were purchased from Sigma-Aldrich, 

USA. Acetone, chloroform, methanol, phenol, sulfuric acid, KCl,  and propanol were 

provided by Tekkim, Turkey. All the chemicals were of reagent grade. Reagent water was 

utilized in laboratory using a water purification unit (Thermo Scientific, Germany). 

 

4.1.2. Microalgae species and medium 

Scenedesmus Sp. (Figure 4.1) was isolated from Porsuk River, Eskişehir, Turkey 

(Botanic park  39.742747, 30.460088). The procedure was described elsewhere [86]. In 

this study BG11 medium was prepared according to [67] and used throughout the study 

for microalgae culture. The light intensity was adjusted with an illuminance Meter (T-

10MA Konica Minolta; Japan). The biochemical composition and elemental analysis of 

well-grown Scenedesmus Sp. dried biomass is provided in Table 4.1. 
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Figure 4.1. Scenedesmus sp. Oil immersion microscopy 

 

Table 4.1. Scenedesmus sp. dried biomass CHN analysis and biochemical composition 

Elemental analyses  Biochemical composition 

%C %N %H  Lipid 

% 

CHO 

% 

PRO 

% 

48.81 9.08 7.62  47.32 41.04 43.42 

 

4.1.3. Growth curve and linear growth rate 

The growth was monitored by daily sampling and reading optical density at 680 nm 

(OD680nm, Shimadzu UV-1800 UV-Vis Spectrophotometer).  To convert the OD680 to 

microalgae concentration in the broth in dried mass basis, a coefficient factor withdrawn 

and used as in Eq.1. This coefficient was obtained after centrifugation of a well-grown 

culture of microalgae and drying the obtained paste. An aliquot of this paste was then 

diluted until the OD was changing linearly with dilution. At this range the coefficient was 

determined and the afterward OD readings was performed at this range upon certain 

dilution.     

Biomass Conc. (g. l-1) = Cf × ( OD680−ODb)     (4.1) 

Where, Cf is the conversion factor, OD680 is the optical density at 680 nm wavelength 

and ODb is the optical density of blank. 
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4.1.4. Photobioreactor  

A multicultivator (MC 100-OD, Photon Systems Instruments) with eight separate 

cultivation cells was used. This unit has the advantage of providing uniform light 

intensities up to 1000 µmol/m2.s and precise temperature control for all cells. A schematic 

picture of the whole setup is shown in figure 4.2. Desired mixture of carbon dioxide and 

air was prepared using mass flow controller units (MKS instruments, USA) and then 

distributed between 8 cultivation cells with certain flow rates using pre-calibrated 

manometers (mzb instruments, China). A 0.2 µm PTFE membrane filters (Fluoropore, 

Merck Millipore) was used for each line to maintain gas stream sterilization. Daily 

samples were taken using luer-lock three way valves and syringes. 

 

  

Figure 4.2. Experimental setup. 1: One out of eight cultivation cells. 2: Gas diffuser. 3: Sampling point 

including a three way valve and a syringe. 4: vent. 5: In-line gas filter. 6: Rotameter type gas 

flow meter. 7: MFC units. 8: MFC control unit. 9: Air compressor 10: CO2 cylinder 

 

4.1.5.  Experimental Design and statistical approach 

Design Expert software was used to perform statistical analysis. A central 

composite experimental design (CCD) was implemented. In a CCD design, each variable 
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is distributed in five level with five repeats at center point. With this regard, three factors 

including carbon dioxide concentration (0.038 (air), 2.0, 5.0, 7.0, 10.0%), flow rate (0.2, 

0.5, 1.5, 3.0, 4.0 vvm) and diffuser diameter (0.4, 1.0, 2.6, 4.0, 5.0 mm) were adjusted to 

be optimized. The combination of these levels resulted in 18 runs. One extra repeats for 

the 0.038 and 10.0 % runs were added. In addition, initial inoculation concentration was 

adjusted in the range of 135-433 mg/l. All the twenty runs variables and the obtained 

experimental results for linear growth rate and the maximum concentration of microalgae 

in the solution as two responses are summarized in Table 4.1.  

 

Table 4.2. The adjusted variables for different runs and experimental responses 

Run CO2 

Concentration 

(ppm) 

Aeration 

rate 

(vvm) 

Diffuser  

diameter 

(mm) 

Inoculum 

density 

(g/l) 

GR 

 

(g/l.d) 

Maximum 

Concentration 

(g/l) 

1 50000 1.5 2.6 0.43 0.387 4.555 

2 70000 3 1 0.28 0.371 3.824 

3 380 1.5 2.6 0.18 0.133 3.596 

4 20000 0.5 1 0.39 0.299 3.956 

5 50000 1.5 0.4 0.43 0.294 4.699 

6 50000 1.5 2.6 0.43 0.378 4.911 

7 70000 0.5 4 0.2 0.494 4.050 

8 50000 1.5 2.6 0.43 0.382 4.455 

9 70000 0.5 1 0.36 0.344 3.583 

10 50000 0.2 2.6 0.43 0.324 4.198 

11 20000 0.5 4 0.26 0.306 3.096 

12 50000 1.5 2.6 0.43 0.377 4.958 

13 50000 1.5 5 0.43 0.295 4.769 

14 100000 1.5 2.6 0.18 0.283 3.258 

15 70000 3 4 0.14 0.385 3.859 

16 50000 4 2.6 0.43 0.381 5.711 

17 20000 3 4 0.25 0.272 2.695 

18 20000 3 1 0.25 0.357 4.050 

19 100000 1.5 2.6 0.27 0.229 3.146 

20 380 1.5 2.6 0.27 0.097 2.985 
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4.2. Results and Discussions 

4.2.1. Experimental data 

For twenty runs, the cultivation were monitored for almost 30 days till the growth 

curve reached plateau or entered death phase. The growth curve for all runs is provided 

in supplementary documents 3. The results for the best, worst and a moderate performing 

runs are presented in figure 4.3. The highest growth rate of 0.494 g/l.d was achieved when 

7.0 % CO2 at 0.5 vvm flow rate with a 4.0 mm diameter diffuser was applied. The 

maximum concentration of microalgae in dried basis for this run was 4.05 g/l at day 

sixteen.   The lowest growth rate of 0.097 g/l.d was achieved when 0.038% CO2 (air) at 

1.5 vvm flow rate with a 2.6 mm diameter diffuser was applied. The maximum 

concentration of microalgae in dried basis for this run was 2.98 g/l at day twenty nine. 

The highest microalgae concentration of 5.71 g/l was recorded for run 16 where 5.0% 

CO2 (air) at 4.0 vvm flow rate with a 2.6 mm diameter diffuser was applied. Since 

different factors were set for each run according to the design of experiment, no judgment 

could be made for the optimum values without a statistical analysis. This is discussed in 

the following sections. 

 

 

Figure 4.3. The growth curve for fast (run 7), moderate (run 5) and slow (run 3) growth 

 

4.2.2. Statistical analysis 

The obtained data for a CCD design was entered and using analysis tools of Design 

Expert software, these data was fitted to different models including linear, two factor 

interaction (2FI), quadratic and cubic models for best fit. The model summary statistics 
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and the lack of fit tests for the mentioned models are presented in Table 4.2. These results 

showed that a quadratic model was a good choice since the lack of test was insignificant 

(p-value 0.3299) and the adjusted R-squared and predicted R-squared values (respectively 

0.995 and 0.716) were maximized and reasonably close to each other for a quadratic 

model. Therefore the initial quadratic model was as follows: 

𝐺𝑅(𝑔𝑟 𝑙. 𝑑)⁄ 𝜆
= 𝑐1𝐴 + 𝑐2𝐵 + 𝑐3𝐶 + 𝑐4𝐷 + 𝑐5𝐴𝐵 + 𝑐6𝐴𝐶 + 𝑐7𝐴𝐷 + 𝑐8𝐵𝐶 + 𝑐9𝐵𝐷 +

𝑐10𝐶𝐷 + 𝑐11𝐴2 + 𝑐12𝐵2 + 𝑐13𝐶2 + 𝑐14𝐷2    (4.2) 

where GR is the growth rate as response, c1 to c14 are the model parameters 

estimated coefficients, and A, B, C and D are input variables of carbon dioxide 

concentration (CO2C), gas flow rate (FR), diffuser diameter (DD) and initial inoculation 

concentration (IC) respectively. These model was then modified to reduce the 

insignificant parameters. The λ is transformation value for a power function. Initially, no 

transformation was used, i. e.  λ was one, but after diagnostic analysis of the results, λ 

was set to 1.83 for better fit. Therefore, the final model was a Response Surface Reduced 

Quadratic Model.   

 

Table 4.3. Model fit summary statistics and lack of fit test results 

Lack of Fit Tests      

 Sum of  Mean F p-value  

Source Squares df Square Value Prob > F  

Linear 0.051 12 0.004 285.510 0.0003  

2FI 0.026 6 0.004 289.411 0.0003  

Quadratic 0.000 2 0.000 1.642 0.3299 Suggested 

Cubic 0 0    Aliased 

 Model Summary Statistics     

 Std.  Adjusted Predicted   

Source Dev. R-Squared R-Squared R-Squared PRESS  

Linear 0.058 0.224 0.017 -0.487 0.098  

2FI 0.054 0.606 0.169 -1.813 0.185  

Quadratic 0.004 0.999 0.995 0.716 0.019 Suggested 

Cubic 0.004 0.999 0.996  + Aliased 

  

4.2.3. Analysis of variance (ANOVA) 

The ANOVA results for the selected model after modifications and the estimated 

coefficients are summarized in Table 4.3. A p-value less than 0.0001 showed that the 
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model was significant. There was just one insignificant term (term A) and was reduced. 

The remaining factors were all significant. The Prob > F values less than 0.05 indicated 

significant model terms. The lack of fit F-value of 1.105 revealed that lack of fit was not 

significant comparing to the pure error. The diagnostic plots for normal probability plot 

of studentized residuals, studentized results vs predicted values, externally studentized 

residuals for outliers and the Box-Cox plot for power transformation is shown in figure 

4.4. The 95% confidence interval for λ (1.57 to 2.11) did not include 1, so a transformation 

was appropriate. The best λ for a power transformation was 1.83. The normal plot of 

residuals showed approximately linear without significant outliers. The plot of residuals 

vs predicted values showed a random bounce around zero line with almost a horizontal 

band and no significant outliers. The plot of externally studentized residuals also did not 

show any outliers. Therefore, it was concluded that the proposed model was a very good 

description of experimental data.  

 

Table 4.4. ANOVA for Response Surface Reduced Quadratic Model 

 

 Sum of  Mean F p-value Estimeted 

Source Squares df Square Value Prob > F Coefficient 

Model 0.06567 13 0.005052 322.64 < 0.0001  

B-Flow (v/v) 0.00180 1 0.001799 114.92 < 0.0001 -0.223 

C-Bubble_D 0.00013 1 0.000128 8.21 0.0286 0.015 

D-Initi.Conc. 0.00141 1 0.001410 90.06 < 0.0001 0.053 

AB 0.00155 1 0.001548 98.87 < 0.0001 -0.011 

AC 0.00311 1 0.003105 198.33 < 0.0001 0.029 

AD 0.00037 1 0.000373 23.85 0.0028 -0.014 

BC 0.00028 1 0.000283 18.06 0.0054 0.022 

BD 0.00431 1 0.004310 275.24 < 0.0001 0.099 

CD 0.00042 1 0.000420 26.81 0.0021 0.016 

A^2 0.02257 1 0.022575 1441.78 < 0.0001 -0.089 

B^2 0.00117 1 0.001172 74.86 0.0001 -0.077 

C^2 0.00567 1 0.005674 362.40 < 0.0001 -0.025 

D^2 0.00196 1 0.001965 125.49 < 0.0001 -0.044 

Intercept  1    0.130 

Residual 0.00009 6 0.000016    

Lack of Fit 0.000049 3 0.000016 1.105 0.4683  

Pure Error 0.000045 3 0.000015    
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Figure 4.4. The diagnostic plots of a) Normal plot of residuals, b) Residuals vs predicted, c) Externally 

studentized residuals for outliers, d) the Box-Cox plot 

 

4.2.4. The effect of carbon dioxide concentration 

Microalgae are autotrophic microorganisms which means they are able to directly 

consume mineral carbon in the form of carbonate, bicarbonate and dissolved carbon 

dioxide [44]. As the carbon dioxide concentration in the gas stream increases, the 

dissolved carbon dioxide in the aqueous solution will increase. But on the other hand, the 

increased concentration of carbon dioxide in the solution will reduce the pH, something 

that deter the growth of microalgae. The 3D plot of the model output for the effect of 

carbon dioxide concentration on the GR is shown in figure 4.5a&b. As can be seen for 

the plotted range of 2.0% to 8.0 % CO2 the GR formed an arc curve shape with maximum 

a b 

c 
d 
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zenith which means there is an optimum value in this range. Very high carbon dioxide 

concentration reduces the solution pH so that may not be tolerable for microalgae cells. 

Contrarily, low concentrations of CO2 provides less available carbon source for cell 

growth. The experimental data when 10000 ppm CO2 was used resulted to a GR of 0.256 

g/l.d in average (Table 4.1, runs 14 and 19) where for air stream (ppm 380) was 0.115 

g/l.d in average (Table 4.1, runs 3 and 20). These were comparably lower than the average 

GR of 0.352 g/l.d when 50000 ppm CO2 was applied. The contour plot of the software 

solution for optimum range of values are shown in figure 4.6. The suggested optimum 

values were 63450 ppm CO2, 1.03 vvm flow rate, 1.47 mm orifice diameter and 0.230 g/l 

of initial inoculation which would result in a growth rate of 0.513 g/l.d.  
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 Figure 4.5. The 3D plot output of the quadratic model, a) GR vs CO2C&FR at DD:2.6 mm, IC:0.280 gr/l, 

b) GR vs CO2C&DD at FR:3.16 vvm, IC:0.280 gr/l, c) GR vs DD&FR at CO2C: 26648 ppm, 

IC:0.280 gr/l, d) GR vs DD&FR at CO2C: 75250 ppm, IC:0.280, e) GR vs CO2C&IC at DD:2.6 

mm, FR:3.16 gr/l 
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c 
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 Figure 4.6. The contour plot output of the software solution for the optimized values  a) GR vs CO2C&FR 

at DD:2.86 mm, IC:0.190 gr/l, b) GR vs CO2C&DD at FR:2.19 vvm, IC:0.190 gr/l, c) GR vs 

CO2C&IC at FR: 2.19 vvm, DD:2.86 mm 

 

4.2.5. The effect of gas flow rate 

It was realized that for 1.17 to 4.03 mm range of diffuser size, lower flow rate 

resulted in higher growth rate (Figure 4.5c&d). But the correlation value for all 

experiments result vs diffuser size showed a weak 0.06 positive value. It was revealed 

that the effect of flow rate may change with other factors where in the plotted range of 

a 
b 

c 
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model was not observable. Therefore experimental data for different flow rates at the 

same CO2 percentage and diffuser diameter was plotted at categorized series as is shown 

in figure 4.7. It was clear that for smaller diffuser diameters (DD < 4 mm), the higher 

flow rate enhanced the growth rate but for larger diffusers the opposite was true. Higher 

flow rates provides better mixing and at the same time larger bubbles. Larger bubbles 

comparing to smaller bubbles provide less surface area which hinders mass transfer rate. 

The 3D plot in figure 4.5c&d shows that in the 2.0% to 8.0% CO2 range, lower gas flow 

rate was more favorable.  

 

 

Figure 4.7. The experimental result for growth rate vs flow rate at different DD and CO2C 

 

4.2.6. The effect of gas diffuser diameter 

The number of researches reporting on the operational effect diffuser diameter in a 

photobioreactor was very low [87]. From a mass transport phenomena prospective, it is 

an important factor since it has effect on the size of produced bubbles. Akita and Yoshida 

[88] in their study on the bubble size and liquid phase mass transfer in a bubble column 

reported that two main factors affect the size of initial bubbles (i. e. the bubbles 

immediately leaving diffuser), are gas flow rate and the diffuser diameter. The effect of 

diffuser diameter was more significant when small gas velocity are applied which means 

at higher gas velocities the volumetric liquid phase mass transfer coefficient kLa is 

independent from orifice diameter because at higher flow rates larger bubbles coalesce 

and break to smaller bubbles [89, 90].  
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The output of the statistical evaluation showed that 1.47 mm diffuser diameter was 

the optimum value (Figure 4.6b). The estimations for GR at different diffusers diameter 

revealed that diffusers size was a very important factor (Figure 4.6c&d). Interestingly, 

the effect of diffuser diameter varied with the range of CO2 concentration. For lower 

concentrations (~ 2.0% CO2) a smaller diffuser size was more effective whereas for 

higher CO2 concentrations (~ 7.0% CO2) larger diffuser was more effective. The smaller 

diffuser size provides smaller bubbles and more surface area for mass transfer. The higher 

mass transfer rate in general is favorable but when intolerable high concentrations of CO2 

is applied, less mass transfer rate from gas phase to liquid would be beneficial to avoid 

low pH in the cultivation broth.   

 

4.2.7. The effect of initial inoculum concentration 

The presumption was that higher initial inoculum size would exhibit higher linear 

phase growth rate. There are not many previous papers reporting on this factor [91]. 

Ssince the availability of the light is a very important growth factor, self-shading may 

inhibit growth when higher initial inoculum densities were used [91]. As can be seen from 

figure 4.6e, initial inoculum size had very strong influence on the GR where neither a 

very high nor a very low densities were favorable. There was an optimum value for the 

initial inoculum density in the range of 0.14 to 0.43 g/l. This value was found to be 0.230 

g/l for the first solution but in fact the software provides many solutions with maximum 

desirability of “one” where for majority of them the initial inoculum density falls in the 

range of 0.18 to 0.28 g/l. On the contrary, Starting with higher inoculum size gave the 

chance of avoiding lag phase (Figure 4.3). In lag phase the cells are getting adopted to the 

environment and no significant growth happens. This is practically a disadvantage since 

providing light and aeration for some days without considerable growth impose extra 

operational cost.   

 

4.2.8. Microalgae potential as biofuel feedstock in large scale 

Microalgae technology is hopefully being vastly studied as a future energy 

resource. Potentially, it can be also used to reduce the carbon dioxide emissions of 

existing plants like power plants or other large factories like in cement industries or 

petrochemical complexes. It is helpful to have a sensible size overview of such 

microalgae plants when applied for these two sets of application which possibly can be 
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integrated as well. Here the aim is to simply estimate the size of a microalgae cultivation 

plant when applied for: 

1- Capturing CO2 emissions of a power plant 

An existing coal burning plant was taken as example. ICDAS Biga facility 

(Çanakkale, Turkey) is a medium sized coal burning power plant which produces 405 

MWe electric power. With an approximate emission factor of 762 kg CO2/MWh of 

electric energy [72] for such plant, approximately 7406640 kg/day CO2 is being released 

to the atmosphere. The following equation can be used to estimate the microalgae plant 

size (MAPS); 

𝑀𝐴𝑃𝑆(𝑚3) =
6.55×𝑃×𝐸𝑓

𝐺𝑅×𝐶𝑒
      (4.3) 

where P is the power plant electric production capacity(MWe), Ef is carbon dioxide 

emission factor for that plant (kg CO2/kWh),  GR is the microalgae growth rate (g/l.d), 

Ce is the elemental carbon fraction in dried biomass.  

Using the below equation the occupied land area for building such microalgae can 

be estimated; 

𝐴𝑟𝑒𝑎(ℎ𝑎) = 𝑀𝐴𝑃𝑆 × 10−4/𝜂𝑟    (4.4) 

Where 𝜂𝑟 (m3/m2) is the ratio of reactor volume per unit area specific for a special 

design of photobioreactor. For example if the bubble column reactor units can be designed 

so that in every square meter of land one cubic meter reactor volume could be available, 

then 𝜂𝑟 value equals one. It must be considered that reactors might be vertically enlarged 

but providing enough light (natural sunlight) could be an issue. More ever, taller columns 

will impose more compression cost for aeration. 

With the obtained data in the present study, microalgae plant size for capturing the 

above mentioned power plant using Eq. 3, is 8.04×106 m3. Assuming a 𝜂𝑟 value of “one”, 

the occupied area calculated from (4) equals 804 ha. This is roughly the area of a 2.83 km 

by 2.83 km square shaped land.   

The above estimations for occupied land area shows that microalgae biotechnology 

when overall process efficiency is modified and photobioreactor facility could be 

designed efficiently, can be applied for large scale carbon dioxide fixation. The produced 

biomass of such a gigantic facility might be evaluated as energy source to compensate 

part of consumed energy.  
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2- Producing biofuel as much as a real fossil fuel refinery factory 

Microalgae was used as a biofuel feed stock in many studies. The biodiesel has 

gained more notice since the process is considerably less complex and more efficient 

comparing to other biofuels like bioethanol or pyrolytic bio-oil. The need of biomass for 

a biodiesel production facility as large as an existing fossil based diesel is estimated. 

Then, the MAPS was calculated from below equation: 

𝑀𝐴𝑃𝑆(𝑚3) =
𝐷𝑝𝑟×𝜌𝑑×0.159

𝐺𝑅×𝐿×𝐶𝑓
     (4.5) 

where Dpr is diesel production rate of a fossil diesel producing factory (bpd), ρd is 

biodiesel density (kg/l), GR is the growth rate of microalgae (gr/l.d), L is the lipid fraction 

in biomass and Cf is the conversion factor of lipid to FAME.  

Ras Tanura Refinery (Aramco, Saudi Arabiya), is a petroleum refinery complex 

with a diesel production capacity of 181000 bpd was taken as a reference for comparison. 

According to a previous study [74], the microalgae oil was converted to FAME with an 

efficiency of almost 77.0 percent for some green microalgae. Assuming an average 

density equal to 0.880 kg/l (EN 14214) for biodiesel, optimized GR of 0.514 gr/l.d, lipid 

fraction of 47% (Table 4.1)  the size of photobioreactor facility to produce the same 

amount of diesel as in Ras Tanura, would roughly be 136,400 m3.  The use of microalgae 

for biodiesel production is not far beyond reality and can be achieved after improving the 

efficiencies of different steps of the process. Similar to the previous discussion, assuming 

a 𝜂𝑟 value of “one”, the occupied area calculated from Eq. 3 equals 13.64 ha. This is 

roughly the area of a 370 m side length square. 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Saudi_Aramco
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5. RENEWABLE BIOFUEL FROM FAST PYROLYSIS OF SYNECHOSYSTIS 

AND SCENEDESMUS WILD-TYPE MICROALGAE SPECIES 

In this study, biomasses of microalgae Scenedesmus and Synechosystis species were 

thermochemically converted to biofuel in a fast pyrolysis process. The microalgae species 

were wild-type and isolated from local habitats. The effect of pyrolysis temperature (400, 

500 and 600 oC) on the products yields were investigated. The obtained biooil and biochar 

where characterized using Fourier transform infrared (FTIR) spectroscopy, CHN/O 

analysis, Gas chromatography–mass spectrometry (GC-MS), Scanning Electron 

Microscopy (SEM), Brunauer–Emmett–Teller (BET) analysis. It was observed that both 

microalgae produced a biomass with high volatile content which converted mainly to 

liquid biooil product. The best pyrolysis temperature for Scenedesmus and Synechosystis 

biomass was respectively 500 oC and 600 oC resulted in higher biooil yield of 80.0 wt % 

and 71.0 wt %. The produced biooil had higher calorific value than that of wood source 

biooil where lower O/C ratio was observed. The produced biochar had low surface area 

but with considerable nitrogen, phosphorus and other minerals content was suggested as 

fertilizer. The biooil samples were mainly composed of nitrogenous phenolic compounds, 

carboxylic acids, amines compounds and heavy hydrocarbons. It was concluded that 

microalgae biomass was more suitable for biooil production compared to lignocellulosic 

feed stock especially with higher production rate of microalgae.  

  

5.1. Materials and method 

5.1.1. Chemicals 

The chemicals NaNO3, K2HPO4, MgSO4.7H2O , CaCl2.2H2O, Citric acid, 

Ammonium ferric citrate, EDTANa2, Na2CO3, H3BO3, MnCl2.4H2O, ZnSO4.7H2O, 

Na2MoO4.2H2O, CuSO4.5H2O, Co(NO3)2.6H2O were used during microalgae culturing 

and large volume cultivation, purchased from Sigma-Aldrich, USA. Acetone, chloroform, 

methanol, phenol, sulfuric acid, KCl,  and propanol were provided by Tekkim, Turkey. 

All the chemicals were of reagent grade. Reagent water was utilized in laboratory using 

a water purification unit (Thermo Scientific, Germany). Dichloromethane (DCM) was 

used as solvent for pyrolysis liquid product provided by Sigma-Aldrich, USA. Sodium 

sulfate anhydrous was used to dehydrate the pyrolysis liquid product, also purchased from 

Sigma.  

https://serc.carleton.edu/research_education/geochemsheets/techniques/SEM.html
https://serc.carleton.edu/research_education/geochemsheets/techniques/SEM.html
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5.1.2. Microalgae strain and cultivation 

The wild-type strains of Scenedesmus (SCE) and Synechosystis (SYN) microalgae 

and were isolated from porsuk river (Eskisehir, Turkey,  39°46'12.0"N 30°29'54.6"E) as 

was described in our previous work [86].  The medium for cultivation was BG11 

according to [67]. The isolated microalgae were then batch cultured by transferring to 250 

ml flasks. After almost 3 weeks and clear growth, cultures were transferred to 1litere 

volume flasks used as photobioreactors. At this stage, the culture solution was bubbled 

with a continuous 2 vvm gas stream of 5% CO2 mixture with air (MKS instruments, 

USA) and kept under 3500 lux (T-10MA Konica Minolta; Japan) white fluorescent light 

(15 w, ORSAM, Turkey). To produce enough biomass, larger photobioreactors were 

implemented. Based on previous experiences, for SCE sp. a bubble column type (Figure 

5.1) and for SYN a rectangular cross section configuration (Figure 5.1) was used. SCE 

sp. had a large cell size and could settle easily when mixing was stopped, therefore the 

bubble column was a good choice. On the other hand, the SYN sp. which was floating in 

the solution was very stable so that even with no mixing for long time they still could stay 

floated. The mass production rate of SYN was low. Therefore a rectangular type 

photobioreactor with 50 liter volume vas implemented. The growth condition was 

adjusted as described for 1 liter flask step unless that the light was provided by white light 

LED strips twisted around the reactors so that 3500 lux light intensity was maintained. 

The well-grown cultures in 1 liter flasks were transferred to the large photobioreactors 

and the adequate amount of BG11 solution was added. Samples were taken regularly to 

monitor the growth by reading the optical density (OD) at 680 nm (Shimadzu UV-1800 

UV-Vis Spectrophotometer). The OD was converted to gr/l in dried mass basis using 

conversion factors withdrawn for each species after calibration of OD vs biomass 

concentration in dry basis (db). When the growth curve appeared to reach the stationary 

phase, the harvest was started by taking half of the solution. The reactors were then 

replenished with fresh BG11 medium and cultivation continued.  
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Figure 5.1. Photobioreactors setup. 1: Bubble column type. 2: Rectangular type photobioreactors. 3: CO2 

cylinder. 4: Air compressor. 5&6&7&8: Mass flow controllers. 9: Control Unit 

 

5.1.3. Biomass harvest 

Because of different settling characteristics of two species, two approaches were 

implemented for harvesting. Harvesting is actually a bottle neck confronting microalgae 

technology. The SCE species could settle down easily so that the obtained sample was 

left for 24 hours and the top clear layer was siphoned gently. Then 2 liter of deionized 

distilled water (DDW) was added to the residue and left overnight for settling. This was 

done to wash out the minerals in the medium left in biomass. Again the top clear layer 

was siphoned and the residue were dried at 110 °C. 

For the SYN, natural settling was not efficient therefore a chemical coagulation 

approach was implemented. Aluminum sulfate as coagulant was added to the biomass 

solution so that the final concentration of aluminum sulfate was 0.4 gr/l. The solution was 

mixed vigorously for 2 minutes and then with the clear appearance of the flocs mixer 
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speed was lowered and gentle mixing continued for 30 minutes. Then, the mixing was 

stopped and left overnight. The clear top layer was siphoned and the residue was washed 

with DDW as described before. The washing was repeated 2 or 3 times to ensure the 

abatement of residual aluminum sulfate. Finally the biomass residue was dried at 110 °C.  

 

5.1.4. Analyses of biomass 

The elemental analysis was done using a CHN analyzer (FlashSmart, Thermo 

Fisher). A scanning electron microscope (SEM, TM3030, HITACHI) device in 

combination with an Energy Dispersive X-Ray Spectrometer (EDX) equipped with 

Silicon Drift Detector (SDD) was used to quantify O, Al, S, Cl, K and P elements. For 

liquid products O was estimated by difference. 

The lipid content was gravimetrically determined according to Bligh&Dyer [69] 

using methanol/chloroform as solvents. The carbohydrate part was colorimetrically 

estimated at 490 nm (Shimadzu UV-1800 UV-Vis Spectrophotometer) using sulfuric 

acid/phenol approach according to Dubois et al. [70] with dextran as standard 

carbohydrate. The protein content was estimated from elemental nitrogen and a 

conversion factor of 4.78±0.62 as was suggested in a previous study [71] for microalgae. 

Moisture, ash, volatile material and fixed carbon were determined according to ASTM 

D7582. High heating value (HHV) was estimated using following formula proposed by 

Meraz and friends [92]: 

𝐻𝐻𝑉 (
𝑀𝑗

𝑘𝑔⁄ ) = (1 − 𝐻2𝑂 100⁄ ) × −0.3708[C]  −  1.1124[H] +

 0.1391[O] −  0.3178[N]  −  0.1391[S])                  (5.1) 

5.1.5. Pyrolysis 

The pyrolysis unit was a 1 meter height vertical straight pipe with 1 cm2 internal 

cross sectional area. Per each run, 3.0 gram of biomass was taken. Biomass was formerly 

grinded to have < 1 mm particles. A small amount, ~ 0.65 gr of crimped steel fiber was 

used to maintain a fixed bed and inserted into the reactor column by means of a long steel 

rod. Then the biomass was purred from the top and with the same rod pushed toward the 

bed without pressing hard. The set points for pyrolysis temperature, heating rate and time 

of pyrolysis were adjusted. When all the joints and connections were fixed, N2 as carrying 

inert gas was flown for almost 3 minutes to ensure abatement of oxygen in the reactor 

before applying electricity. A control unit automatically operated the process upon start. 
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A heating rate of 500 °C/min with pyrolysis temperatures of 400, 500 and 600 °C and 

reaction time of 3 minutes was followed.  

The pyrolysis unit upon completion of run was left to cool down to 50 °C and then 

after stopping N2 current, the joints opened and the liquid product which was a highly 

viscose sticky paste, was washed with DCM and collected. The obtained product in this 

way was dehydrated by dripping the solution over a funnel filled with anhydrous sodium 

sulfate. The dehydrated solution was collected in a pre-weighed evaporating flask. Excess 

fresh DCM was dripped over the funnel to ensure complete gain of product. The collected 

solution at the bottom was again concentrated by evaporation of DCM using rotary 

evaporator at 45 °C and 750 mm Hg vaccume. (Heidolph, Germany). Evaporation 

continued until no dripping was observed in condenser side. Then the evaporating flask 

was detached and left under hood and regularly weighted till constant weight. The final 

weight was recorded for liquid product yield calculation. The obtained liquid product was 

then transferred with the help of some droplets of DCM to glass containers and the 

containers cap were left half closed to let the excess DCM evaporate. After some days the 

cap was tightened and the product stored in 4 °C. The solid part of the product along with 

the steel fiber bed was taken out of the column with the help of a long steel rood and 

weighted. This value was used for produced char yield calculation. The char was stored 

in a tight cap falcon for later analysis.   

 

5.1.6. Analyses of product 

The liquid and solid products were analyzed for elemental CHN and Oxygen 

content was calculated by difference. Then FT-IR analysis (Nicolet iS10, Thermo 

Scientific) was performed to determine the functional groups. Liquid products were 

subjected to GS-MS analyze to find out the constituents. 

Surface area of the biochar was estimated using Brunauer–Emmet–Teller analyze 

(BET, NOVAtouch, Quantachrome, UK). Degasification was performed before analysis 

at 450 °C under 38 tor vacuum for 16 h. Topography of the biochar surface were evaluated 

using scanning electron microscopy (SEM, TM3030, HITACHI) 
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5.2. Results and Discussion 

5.2.1. Microalgae cultivation 

 The oil-immersion microscopic view of the Scenedesmus and Synechocystis 

species provided in figure 5.2. SCE sp. had a green color while SYN sp. looks blue-green 

which is the characteristics of their belonging microalgae family chlorophyte and 

cyanophyte respectively. The obvious larger size of the SCE sp. is an advantage during 

harvest because they settle easily when mixing is stopped but is also a disadvantage 

during cultivation because continuous mixing is required to maintain homogeneous 

growth condition. The reverse applies for SYN. The growth curves are presented in figure 

5.3. The SCE growth in bubble column reactor had better performance than the SYN in 

rectangular cross section reactor perhaps because of more efficient mixing. At the linear 

region SCE growth rate was 80 mg/l/d whereas this value for SYN was 17 mg/l/d.  

 

 

Figure 5.2. Oil immersion microscopy of microalgae living cells 

 

 

Figure 5.3. Growth curve for microalgae living cells in phtobioreactors 
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5.2.2. Biomass characteristics 

SYN sp. compared to SCE sp. had much smaller cell size being approximately 3-4 

µm against 20-30 µm for SCE (Figure 5.2). The smaller cell size in practice could result 

in a denser dried biomass, something that was revealed in SEM image of dried biomass 

(Figure 5.4). There are other factors which also affect the mechanical property of biomass 

like method of harvest. In the SEM images of dried biomass, the cells are not 

distinguishable because of the deformations and mild sintering of the cells and liquid 

extracts during drying step. It seems that very small pores are also formed during drying, 

perhaps because of moist evaporation. The structure of SCE biomass seems to be more 

porous than SYN biomass which was related to the application of coagulant during 

harvest of SYN and also cell morphology as well. Porous structure helps more uniform 

an efficient heat transfer by convectional circulation of hot gases. The organic nature of 

biomass hinders efficient heat transfer. The proximate analysis, ultimate analysis of 

CHN/O in dried basis wt % (db) and dried ash free basis wt % (daf), and elemental and 

biochemical composition of the biomasses are summarized in Table 5.1. For comparision, 

the data for wood is also included in Table 5.1 which is taken from the published work of 

Trinh and friends [1]. The volatiles for SCE and SYN was 91.6 and 81.4 wt % db. This 

value for wood was 84.3 wt % db [1]. Analyze of biochemical composition showed that 

biomass was mainly composed of Lipid, Protein and Carbohydrate which for SCE were 

43.2, 47.6 and 41.0 wt % whereas for SYN were 4.2, 52.8 and 26.6 wt % respectivelly. 

Lipid and carbohydrate content of SCE was higher than for SYN where on contrary, the 

protein content of SYN was higher. The Ash residue of SYN (15.1 wt %) was much 

higher than SCN (2.7 wt %) due to the different way of harvest since SCN was left to 

settle without addition of coagulant but for SYN was used. The elemental aluminium in 

the biomass for SYN represented 4.41 wt % db of the biomass. Aluminum sulfate used 

during coagulation, precipitated as Al(OH)3 and caused floc formation. Low ash is 

advantageous from an application point of view especially when the energy of the 

biomass are going to be directly extracted through combustion. Accumulation of high ash 

in burners especially with obstacles confronting conveying solid material shall be 

avoided. 

This was observed that the oxygen content of SYN biomass was 38.8 wt % daf 

while for SCN composed only 24.1 wt % daf but still lower than lignocellulosic resources 

[1]. The presented value for elemental CHN/O shows significant higher carbon content 
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of SCN which was 62.1 wt % daf compared to 39.7 wt % daf for SYN. Higher carbon 

content results in higher HHV of SCN (34.29 MJ/kg) compared to SYN (19.49 Mj/kg). 

The high N content equal to 9.97 wt % daf for SCN and 10.34 wt % daf for SYN was a 

disadvantage of both microalgae biomass. In contrast, S content was insignificant. The N 

and S oxidizes to NOx and SOx gases upon combustion.  

 

 

Figure 5.4. SEM image of SCE and SYN dried biomasses 
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Table 5.1. Proximate, ultimate, elemental and biochemical analysis of microalgae biomass 

 

 SCE SYN Woodb 

Proximate analysis (% wt) 

Moisture 7.0 9.7 9.1 

Ash (% wt db) 2.7 15.2 2.7 

Volatile Material (% wt db) 85.3 73.7 84.3 

Fixed carbon (% wt db) 5.0 1.5 13 

Ultimate analysis (% wt db) 

C 61.9 39.7 51.3 

H 7.4 7.3 5.7 

N 9.0 10.3 0.21 

Oa 24.1 36.3 40.5 

Ultimate analysis (% wt daf) 

C 62.1 42.4 52.7 

H 7.4 7.8 5.9 

N 9.0 11.0 0.22 

Oa 24.1 38.8 41.0 

Elemental analysisa (% wt db) 

Al 0.34 4.41 0.05 

S 0.65 0.35 0.03 

Cl na 0.1 <0.01 

K 1.14 0.84 0.14 

P 0.42 1.66 0.01 

Biochemical composition 

(not normalized) 

Lipid 47.32 4.23  

Protein 43.2 52.8  

Carbohydrate 41.0 26.62  

HHV (Mj/kg) 30.90 22.6  

 

a estimated by EDX 

b Data for wood are taken from reference [1] 
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5.2.3. Pyrolysis product yield 

The pyrolysis converted the biomass into solid, liquid and gas products with 

different yields based on type of the microalgae and the temperature as is presented in 

figure 5.5. The highest liquid product for SCN was 21.1% obtained when the SCN 

biomass pyrolyzed at 500 °C whereas for SYN the largest yield (71.0 %) obtained at 600 

°C. For both biomasses the lowest amount was produced at 400 °C with yields of 27.1 

and 14.6 %  respectively for SCN and SYN. Greenhalf and friends [58] reported a biooil 

yield of 34.97 % and 63.17% respectively from wheat straw and beech wood when subjected 

to fast pyrolysis at 520 °C . In another research [62], a Bio-Oil yield of 57.9% was 

reported for Chlorella microalgae biomass at an operating temperature equal to 500 °C. 

Generally, a higher yield was achieved from lipid rich microalgae biomass than 

lignocellulosic biomass like [62]. Microalgae being a prokaryote microorganism owes a 

much simpler structure than eukaryotic plants with rigid cell walls that are interconnected 

firmly with long chains of polymerized lignin and cellulose. The main components of 

microalgae are lipid, carbohydrate and proteins whereas for higher plants, cellulose (~ 

39%), lignin (~24%) and hemicellulose (~22%) compose almost more than 80% of the 

mass. Microalgae biochemical constituent is an important factor affecting biooil yield 

where higher lipid content is believed to enhance the biooil yield. Vardon et al. [93] 

showed that pyrolysis of a defatted Scenedesmus biomass resulted in 7 wt % percent 

decrease in yield compared to normal Scenedesmus biomass. This was also observed in 

this study where SYN biomass with 4.3 wt % lipid at the best case converted to 21.1 wt 

% biooil, and SCE biomass with 47.3 wt % lipid gave 35.3 wt % biooil yield.  

At the pyrolysis temperature where maximum liquid was produced, the biochar was 

minimized comparing to the other temperatures. For SCN at 500 °C biochar yield was 

18.8 wt % where for SYN at 600 °C biochar yield was 39.4 wt %. In general, biochar 

composed higher proportion of products for SYN comparing to SCE. Low pyrolysis 

temperature favors biochar production because of uncompleted decomposition of 

biomass. Therefore, lower pyrolytic conversion at reduced temperatures resulted in high 

char yield and low oil product yield. 

Bio-gas was calculated by difference. The highest bio-gas proportion was observed 

at 600 °C for SYN and SCE respectively being 39.5 and 52.45 % respectively. The 

difference in the yield between SYN and SCE was related to higher ash content of SYN 

biomass and also higher lipid content of SCE biomass which increases the share of char 
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in the product. The other reason could be the higher lipid content of SCE where small 

chain fatty acid may evaporate or decompose to gas products more readily.  

In general, the results in figure 5.5 showed that the pyrolysis yield was strongly 

dependent on the temperature which indicates, for a large scale application, careful 

control of the temperature and maintaining homogeneous temperature profile in the 

reactor has crucial importance.  

 

 

Figure 5.5. The production yield of biooil, biochar and biogas for SCE and SYN biomasses at 400, 500 

and 600 oC 

 

5.2.4. Bio-oil characteristics 

Bio-oil produced from microalgae in appearance was a dark brownish sticky paste 

with low mobility in room temperature (~ 20 °C). It was important to be addressed 

because the liquid nature of the bio-oil is always magnified for transportation capability 

through pipelines. For such a goal, bio-oil in this form may need heating or addition of 

solvents at dispatch and re-evaporating at receiving point or application of cracking 

techniques for conversion of bio-oil to even lighter compounds to make the pumping task 

economically feasible.  

The CHN/O analyses of the products are presented in Table 5.2. These data reveals 

that compering to original biomass, the liquid product had less nitrogen content. For SCE 
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it was 8.0, 6.9 and 7.62 wt % respectively for pyrolysis temperatures of 400, 500 and 600 

°C . This value for SYN biooil was 9.95, 9.46 and 9.50 wt % accordingly with no 

considerable variation at different temperatures. For both species, the lowest nitrogen 

belonged to the temperature where highest biooil efficiency was achieved. For biooil 

quality, low nitrogen and sulfur are welcomed for reduced pollution upon combustion. 

Trinh et al. has reported 0.5 % and 1.62% nitrogen in bio-oil of wood and straw 

respectively. Clearly, nitrogen content of microalgae biooil as in the present study was 

much higher which was related to the fact that microalgae has high protein content in 

compare to wood. 

 

Table 5.2. Elemental analysis and HHV values for biooils 

 

The oxygen content for SCE biooil was 10.87, 16.45 and 12.86 wt % whereas for 

SYN biooil was 9.23, 9.11 and 15.97 wt % respectively at 400, 500 and 600 °C. In 

previous studies, oxygen content of biooil was reported 19.43 wt % for chlorella 

microalgae [61], 35.3 wt % for wood oil and 31.3 wt % for straw oil [1]. It was observed  

that the oxygen was less in microalgae biooil comparing to lignocellulosic biooil, 

something that was also emphasized by Wang and friends [63]. Lower oxygen is 

beneficial for stability of the product and also higher calorific value. 

The calculated HHV value (Table 5.2) for produced biooil samples was in the range 

35-40 Mj/kg which was higher than HHV of SCE biomass (34.29 Mj/kg) and significantly 

higher than SYN biomass (19.49 Mj/kg). For lignocellulosic origin biooil, HHV in the 

range 23-35 Mj/kg was previously reported [1, 94]. 

 

 

 N C H O O/C HHV 

SYN400 9.95 72.06 8.76 9.23 0.13 38.45 

SYN500 9.46 71.33 10.1 9.11 0.13 39.54 

SYN600 9.5 65.59 8.94 15.97 0.24 35.17 

SCE400 8 71.1 10.12 10.78 0.15 38.78 

SCE500 6.9 67.17 9.48 16.45 0.24 35.47 

SCE600 7.62 70.08 9.44 12.86 0.18 37.23 
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5.2.5. FTIR spectroscopy 

The FTIR chromatogram of the biooil are presented in supplementary figure (Figure 

S.1-6) in the appendix. The wide peaks on the spectrum along with the high absorbance 

for most of wavenumbers revealed that a very complex mixture with variety of functional 

groups were present in samples. The similar spectrum of all six biooil samples revealed 

their similar chemical composition with some concentration variations. The peaks on the 

spectrum mainly correspond to aromatics, carboxylic acids, hydrocarbons and amine 

compounds. Unless for the range of 1900-2500 cm-1 and > 3500 cm-1 there was strong 

absorbance on the rest of spectrum. Very low absorbance at 2000-2500 cm-1 range reveals 

the absence of nitrile compounds. The spectra was interpreted with refer to previous 

similar studies [93, 95, 96]. The spectra high absorption in the range 3200 and 3550 cm-

1  are assigned to either O-H (H-bonded) as in phenolic compounds or N-H stretching 

bonds representing hydroxyl or amine group compounds in the bio crude. Very strong 

absorption corresponding to CH3, CH2 & CH  stretch (2840-3000 cm-1) and their medium 

intensity bending vibrations (Respectivelly ,1350-1470 cm-1, 1370-1390 cm-1 and 720-

725 cm-1) were observed. Additionally, peaks corresponding to heteroatom-containing 

functional groups appeared in all samples (1800–600 cm-1). Peaks at ~1709 cm-1 were 

possibly due to H-bonded C=O group in carboxylic acids.  Peak at around   ~737 cm−1 

and ~702 cm−1 could be due to =C-H or C-H out of plane bending. Peak at ~1266 cm−1 

was related to The C-N absorptions are as in aromatic amines which appears in 1200 to 

1350 cm−1 range.  

    

5.2.6. GC-MS analysis 

The GC/MS techniques was used to identify the components of the biooil samples 

and also quantify it by calculating chromatogram peaks area as are presented in Table 5.3. 

The chromatograms are presented in figure S.7-12 in the appendix. As can be seen, the 

number of peaks are low which shows that the biooil from microalgae are less complex 

than the other lignocellulosic biooil. For example, in the work of Ateş and Işıkdağ [94], 

chromatogram of biooil from wheat straw showed almost 56 significant peaks. The less 

complex nature of microalgae biooil was related to the lack of lignocellulosic material in 

microalgae biomass [63].  The share of aromatics was low because they are mainly lignin 

originated compounds [97]. Variety of organic groups including phenols, furfurals, 

terpene, carboxylic acids, nitriles and aromatics were detected. Heptadecane, 
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Neophytadiene, 2-Hexadecene, 3,7,11,15-tetramethy, (E)-6,6-Dimethylcyclooct-4-en-1-

on, Pentadecanenitrile, 2-Hydroxy-3,5,5-trimethyl-2-cyclohexenone, n-Hexadecanoic 

acid, Phytol, 9-Octadecenoic acid and Hexadecanamide were the most common 

compounds ranging from 1.5-35.06 wt % of the biooil composition. Interestingly, 

nitrogen containing compound were found more frequently in SYN biomass which was 

related to higher protein content of SYN species. Nitrogen mass percent calculated from 

GC/MS data (Table 5.3) also revealed the higher nitrogen content of SYN biomass. 

Comparing to the CHN/O elemental analysis as in Table 5.2, GC based nitrogen mass 

percent was much lower (0.2-1.7 wt % comparing to 6.9-9.9 wt %%). This was attributed 

to undetectable high molecular weight compounds by GC [60]. It was concluded that the 

SCE biomass which had higher lipid content provided higher quality products as biofuel. 

This was also suggested elsewhere [62]. Phytol, an acyclic diterpene alcohol which 

originates from lipid were more abundant in SCE biooil. Phytol is also a valuable 

chemical used as precursor for commercial synthesize of vitamins [98]. Neophytadiene 

which is a terpenoid, along with n-Hexadecanoic acid and 9-Octadecenoic acid were other 

abundant lipid derived compounds. Significant amount of Heptadecane, an alkane 

hydrocarbon was detected in SYNE biooil which was advantageous for biofuel quality. 

In general, more volatile and light organics were contained in SYN biooil compared to 

SCEN biooil. It could be related to the catalytic role of Al present in the biomass. The 

catalytic role of Al was investigated elsewhere [99].   
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Table 5.3. GC-MS analyze of biooil samples 

 

Retention 

Time 

Components Formula SYN 

400 

Biooil 

SYN 

500 

Biooil 

SYN 

600 

Biooil 

SCN 

400 

biooil 

SCN 

500 

Biooil 

SCN 

600 

Biooil 

   Peak Area (%) 

12.082 Phenol, 4-methyl-  C7H8O   0.51    

13.65 Benzeneacetonitrile C8H7N   1.6    

16.562 Benzenepropanenitrile C9H9N  2.28 1.69    

17.151 4-
(trimethylsilyl)dibenzofuran  

C12H8O 
4.73 3.83 3.74    

18.153 1H-Indole  C8H7N 3.82 3.59 4.82    

19.572 alpha-Ionene C13H18   1.19    

20.55 7-Methylindole  C9H9N   1.19    

27.714 Heptadecane C17H36 8.38 8.29 6.52 2.25 2.69  

30.667 NEOPHYTADIENE C20H38 12.48 12.01 11.27 10.35 13.76 12.71 

30.793 2-Hexadecene, 3,7,11,15-
tetramethy  

C20H40 
 2.21 2.31 4.65 4.8 4.1 

31.525 (E)-6,6-Dimethylcyclooct-

4-en-1-on 

C10H16O 
6.55 6.61 7.33 8.06 8.12 8.37 

31.92 Pentadecanenitrile C15H29N 2.99 2.79 3.16 5.11   

33.059 2-Hydroxy-3,5,5-trimethyl-
2-cyclohexenone 

C9H14O2 
 6.08 4.86 9.38 10.91 10.52 

33.551 n-Hexadecanoic acid C16H32O2 35.06 29.97 28.11 17.09 20.94 17.54 

35.942 Phytol   C20H40O 2.16 2.01 1.7 21.51 20.93 24.15 

36.652 9-Octadecenoic acid  C18H34O2 12.24 10.35 9.98 9.16 13.92 18.39 

37.333 Hexadecanamide C16H33NO 8.79 8.99 7.38 7.16 3.93 4.23 

40.239 7-Pentadecyne                       C15H30   1.05    

40.274 Oleamide C18H35NO    2.94   

43.124 Phthalic Acid C8H6O4 2.81  1.58    

Elemental concentration wt % based on peak area  

 C  78.34 77.96 78.78 76.94 78.64 78.48 

 H  11.88 11.80 11.50 12.24 12.45 12.38 

 N  1.13 1.34 1.68 0.71 0.22 0.23 

 O  8.66 7.92 8.02 7.76 8.70 8.92 

 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C15H29N&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C15H30&sort=mw&sort_dir=asc
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5.2.7. Biochar characteristics 

The SEM images of the biochar products as well as feed biomass at different 

temperatures are presenred in figure 5.6. The SEM images of products reveals that higher 

temperatures produces a more porous structure  but still very less porous when compared 

to lignocellulosic feed stocks [100].  

The results for surface area determination using BET analysis (Table 5.4) reveals 

very low porosity of the microalgae biochar. While for some of the samples the value was 

not in detectable range of the device, the obtained highest value was 4.85 m2/gr for SYN 

biomass at 500 °C and 6.1 m2/gr for SCE at 600 °C. In a previous study, 175.4 m2/gr was 

reported for biochar obtained from pitch pine [59].  

CHN/O Elemental analysis of biochar and also inorganic mineral contents are 

summarized in Table 5.4. Carbon element proportion decreases with the increase of 

temperature for both species. Carbon composed about 70.2 wt % of the SCE biochar and 

53.8 wt % of the SYN biochar produced at 400 °C. Lower carbon of the SYN biochar 

was because of high amount of inorganic element and especially Al which was added 

during harvest as coagulant something that was not detected in SCE biochar.  

Nitrogen has decreased in biochars for both biomasses compared to initial feed 

stocks but still nitrogen composed a considerable proportion in the range of 3.06-8.42 wt 

% for SYN and 3.4-7.5 wt % for SCE. Nitrogen along with other soil nutrients like P, K 

and Mg suggests potential use of biochar as fertilizer.   
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Figure 5.6. SEM image of SCE and SYN biochar at 400, 500 and 600 oC 
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Table 5.4. Elemental analyze of SYN and SCE biochars at 400, 500 and 600 oC 

 

5.2.8. Large Scale Biooil production 

The results as was discussed above, showed that pyrolysis of microalgae biomass 

provides a bio crude oil with high energy density. The HHV of the produced bio crude 

was almost 35 Mj/kg of biomass. It was comparable to that of fossil crude oil with HHV 

of 42-44 MJ/kg [101]. The applicability of such technology for large scale bio crude oil 

production can be evaluated with some assumptions when compared to a fossil crude oil 

refinery facility. In this study, for SCE sp. the highest growth rate was 80 mg/d in db per 

liter of cultivation. It corresponded to 64 mg of bio crude oil per day per liter of cultivation 

when an 35.3 wt % yield for pyrolysis was assumed.  A large capacity fossil crude oil 

refinery facility like Ras Tanura Refinery (Aramco, Saudi Arabiya) can receive 550,000 

bpd which roughly equals to 77000 tons per day [102]. A photobioreactor facility which 

supposedly can produce enough biomass for bio crude oil feed of such refinery should 

have a volume of 1.2 billion m3. Assuming that with the help of vertical photobioreactors, 

1 m3 volume would occupy just 1 m2 of area, then the assumed photobioreactor facility 

would be mounted in 1200 km2. This equals to the area of a 35 km length square. As for 

now, this may seems far beyond practice but remembering that this estimation was based 

on non-optimized growth condition. With efficient designs of vertical photobioreactors 

so that less area would be occupied (assuming 2 m3/m2) and also with optimization of 

microalgae growth rate for 10 folds increase, the estimated required land area would 

reduce by 20 times. 

 
N C H  O Al P K Na Mg BET 

 CHN analyze (wt %)  EDX analyze (wt %) 

SYN400 8.42 53.82 3.21  34.55 7.19 2.8 1.75 2.36 0.77 1.84 

SYN500 7.17 46.45 3.97  27.59 8.24 3.31 2.12 1.55 0.46 6.1 

SYN600 6.21 48.58 2.93  21.36 10.2 3.61 1.28 2.77 0.81 n.da 

SCE400 7.495 70.29 6.315  10.82 0.59 2.39 1.56 0.55 0.69 n.d 

SCE500 4.725 45.385 2.44  8.92 0 1.55 2.24 0.38 0.39 0.01 

SCE600 3.0645 43.195 1.7665  9.5 0 1.27 2.67 0 0.55 4.85 

n.d Not detected 
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Altogether, fast growing nature of microalgae, high yield of biooil production and 

the quality of such fuels makes microalgae technology a promising solution for future 

energy demands.  
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6. CONCLUSION 

The findings of the present research on the isolated microalgae species from central 

Anatolia region showed that there are promising species with potential use as biofuel feed 

stock. Some of them, especially from green microalgae, had considerable lipid content 

which makes them a potential biomass producer for oil based biofuel applications. 

Interestingly, their quiet high growth rate, which was actually achieved without 

optimization of the growth conditions, creates even more hope for commercial scale 

biofuel projects. But this technology, does not seems to be a reliable approach for instance 

to capture/fixate CO2 emissions of a fossil fuel burning power plant. Green microalgae 

species were also observed to have high carbohydrate content being suitable for 

bioalchohol biofuels. On the other hand, blue-green species had higher protein content 

which makes them suitable for animal or even human feed source.  

Amongst the isolated species, there were species which naturally settle down in the 

solution almost completely when mixing were stopped. This is important because the 

harvesting costs is a bottle neck in microalgae biotechnology.  

The application of microalgae biotechnology confronts bottle necks which till now 

hindered their propagation. One of this bottle necks is to find a method for cell disruption 

to increase the yield of valuable materials extraction from the cell. The available methods 

consumes lots of energy for example in mechanical bead beating or thermal extraction 

approaches. In the present work, the idea was, instead of applying lots of energy in various 

form of compression or shear to collapse the cell, glass microparticle with sharp edges 

would scrape and cut the cell wall with much less energy. This idea was examined with 

a general factorial design statistical approach in this study. The application of glass 

microparticles in solvent based methods for lipid extraction was an effective method to 

enhance the efficiency. In this study, the efficiency increased by almost 45% for Chlorella 

when 40 µm glass particles were added without applying high mixing rates. Because of 

the different characteristics of microalgae cell wall and their resistance to solvents, there 

may be a significant underestimation of their lipid content using common methods. This 

is important to be considered especially in screening studies.  

The results of this study clearly showed the significant effect of operational factors 

like carbon dioxide concentration, aeration rate, initial inoculum size of microalgae 

Scenedesmus sp. and the diffuser size on the growth rate and the maximum concentration 

of microalgae in the solution. There are many other factors like light intensity, light-dark 
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period, light color, temperature and pH, which based on similar previous researches can 

be modified. The maximum estimated growth rate was 0.513 g/l.d while just four factors 

was modified. Taking these findings into account, our estimations for large scales 

application of microalgae technology as carbon dioxide sink as well as a renewable source 

for biodiesel production in compare to the capacity of existing fossil fuel production 

facility revealed that such microalgal facility could be constructed in a reasonable sized 

land. The remaining issues could be mainly the operational cost of such facilities which 

can be the subject of future research.  

Microalgae, a promising biomass feed stock, are known for their high biomass 

production rate and photosynthetic efficiency which are composed of mainly lipid, 

protein and carbohydrate that can easily be converted thermochemically to liquid and 

solid biofuels are believed to be advantageous over other lignocellulosic plant biomasses.  

As was observed in the present study, biomass could be efficiently converted to biooil 

with significant yield as high as 35.3 wt %. The high lipid content Scenedesmus species 

resulted in higher efficiency compared to Synechosystis species. The higher nitrogen 

content of the final products compared to that of wood sourced biomasses was a 

disadvantage but in contrary, their lower O/C ratio provides a more stable fuel with higher 

calorific value. Future attempts for increasing the rate of mass production and design of 

more efficient photobioreactors will make the microalgae technology feasible for large 

scale application and especially biofuel plans.  
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APPENDIX 

 

 

Figure A.1. FTIR Spectrum for SYN at 400 oC 

 

 

Figure A.2. FTIR Spectrum for SYN at 500 oC 
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Figure A.3. FTIR Spectrum for SYN at 600 oC 

 

 

Figure A.4. FTIR Spectrum for SCE at 400 oC 
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Figure A.5. FTIR Spectrum for SCE at 500 oC 

 

 

Figure A.6. FTIR Spectrum for SCE at 600 oC 
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Figure A.7. GC chromatograms for Biooil sample for SYN at 400 oC 

 

 

 

Figure A.8. GC chromatograms for Biooil sample for SYN at 500 oC 
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Figure A.9. GC chromatograms for Biooil sample for SYN at 600 oC 

 

 

 

Figure A.10. GC chromatograms for Biooil sample for SCE at 400 oC 
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Figure A.11. GC chromatograms for Biooil sample for SCE at 500 oC 

 

 

Figure A.12. GC chromatograms for Biooil sample for SCE at 600 oC 
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Figure A.13. Sampling Points in Eskişehir, 1: Botanic park, 2: Razif Özgür park 

 

 

 
 

Figure A.14. Batch cultivation of mixed samples and pure stocks 
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Figure A.15. Three different cell isolation techniques, Top left: striking on agar 

media, Top right: single cell catch method, Down: serial dilution 

 

 

 

 Figure A.16. Left: fluorometric method for lipid determination, Right: Separated 

two phase during lipid extraction  
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Figure A.17. Top: Standard reference for colorimetric carbohydrate determination, 

Down: Samples prepared for carbohydrate determination 

 

 

Figure A.18. Photobioreactor set up for growth rate determination, Top: First day of 

inoculation, Down: Well grown microalgae samples  
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Figure A.19. Photobioreactor set up for growth rate optimization study 

 

 

Figure A.20. Large volume photobioreactor for biomass production to be used in 

pyrolysis study 
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Figure A.21. Dried biomass (left top), produced bio-oil (left down) and fast 

pyrolysis set up (right) 
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