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The world is confronted with depleting fossil fuel resources at a time as energy 

demand is exploding. The frequent use of fossil fuels is now widely considered as 

unsustainable. Biofuel derived from microalgae is a sustainable way for fuel production. 

Algae is carbon neutral and can be produced intensively on relatively small areas of 

marginal land.  

In the past decades, wide-scale screening of naturally occurring algal strains has 

been characterized all over the world. However, very few investigations related to algae-

based biofuel production have been carried out in Saudi Arabia so far; especially studies 

related to high yielding oleic strains. This thesis is focussed on the isolation of potential 

microalgae strains for biofuel production from Cornish of Al Khobar and Jubail. Three 

strains (S1, S2, and S3) were isolated and characterized as Chlorella kessleri, Chlorella 

vulgaris, and Nanochloropsis oculata, respectively. The isolated strains were analyzed 

for growth kinetics, nitrate and phosphate removal and biofuel productivity at 30°C and 

35°C. S2 showed highest optical density and dry weight while S3 showed the lowest 

value at both temperatures. All the isolated strains showed greater than 90 % nitrate and 
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phosphate removal at both temperatures. Lipid content of 19%, 27%, and 14% was found 

in S1, S2, and S3, respectively. On the other hand, fatty acid profiling through GC-FID 

showed 18%, 22% and 16% concentration of palmitic and 6%, 4% and 5% steric acid in 

S1, S2, and S3, respectively. 

 



xiv 

 

 

 ملخص الرسالة

 
 

 محمد عارف إبراهيم :الاسم الكامل
 

 عزل وتوصيف الطحالب لإنتاج الوقود الحيوي عنوان الرسالة:
 

 علوم البيئية التخصص:
 

 م ٢٠١٦مايو،  :تاريخ الدرجة العلمية
 

لى زيادة في اعداد السكان يواجه العالم تحديا مع استنفاد موارد الوقود الأحفوري في زمن يزيد فيه الطلب للطاقة ، ويرجع ذلك إ

الوقود الأحيائي أن  . غير متجددد الأحفوري على نطاق واسع يعتبر الاستخدام المتكرر لأنواع الوقووزيادة التصنيع،. أن 

 كثافة في مناطق صغيرة نسبيا ب هذه الطحالب  تنتج، حيث لطحالب من ا المستمدة من الطحالب يتم بطريقة مستدامة لإنتاج الوقود

، ولكن هناك دراسات جميع أنحاء العالم متعددة في طحالبسلالات لقد تم خلال العقود الماضية إيجاد . مستخدمةالأراضي ال من

قليله في المملكة العربية السعودية يتم فيها تعيين سلالات من الطحالب التي يمكن استخدامها في انتاج الوقود الحيوي. حيث يتم 

 لها القابلية على انتاج مركب الاوليك والذي يستخدم في انتاج الوقود الحيوي.  فيها تعيين السلالات التي 

، حيث تم عزل سلالات التي تحتوي  ى عزل سلالات الطحالب المجهرية لإنتاج الوقود الأحيائيأن هذه الاطروحة تركز عل

 ، S1 ،S2ية. لقد تم عزل ثلاثة سلالات ) في المنطقة الشرق ( كورنيش الخبر وجبيلمركب الاوليك بنسب عالية من مناطقتين )

S3   حيث تم تصنيفها  ),oculataand Nanochloropsis  ,vulgaris, Chlorella kessleriChlorella . 

 35درجة مئوية و  30وإزالة والنترات الفوسفات وإنتاجية الوقود الأحيائي في ، النمو  بدراسهوجرى تحليل السلالات المعزولة  

أدنى قيمة في كل درجات  S3بينما أظهر ، أعلى كثافة بصرية والوزن الجاف اعطى  S2 النتائج أن  ة. وأظهرتدرجة مئوي

درجات الحرارة جميع النترات والفوسفات في  من% 90 على إزالة  لها القابلية أظهرت جميع السلالات المعزولة لقد  الحرارة. 

من ناحية كما على التوالي. S1 ،S2 ،S3% في 14% و 27% و 19و  الدهون همحتوى لقد وجد أيضا ان على حد سواء. 

% من حمض بالميتيك 16% وتركيز 22، ونسبة % 18 هي  الأحماض الدهنيةان نسبة ،  FID-GCوباستخدام أخرى 

 ، على التوالي.S3أو  S2أو  S1في  %5،%4، %6وحامض الاستيرك  
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CHAPTER 1 

INTRODUCTION 

Microalgae are the microscopic algae that are found in various types of 

environment including; marine, freshwater and harsh environment [73]. They are a 

diverse organism with a number of species ranging from 200,000 to several million 

species. They [74]. 

1.1 Background  

The world is currently depending on the basic sources of energy e.g. petroleum, 

natural gas, coal, hydro-electrical and nuclear. The increased population has boost up 

industrialization which need more energy. The continuous use of fossil fuels is now 

widely considered as unsustainable due to depletion of these sources as well as the 

release of greenhouse gasses that cause the increase of global warming. It has been 

estimated that if the current CO2 emission remains unchanged between 2060-2090, its 

concentration will reach up to 850-1130 ppm [1] which is double than the mandatory CO2 

level set by IPCC, 2007. Concurrently, it is expected that fossil fuel reserves will be 

depleted by the year 2100 at the current rate of global oil consumption [2]. Renewable 

and environmentally-sustainable alternative sources of fuel are thus an immediate 

priority, not only to replace fossil fuels but also to overcome fuel demand and supply. 

Particularly, fuel substitutes for the transportation sector are tremendously required, as it 

is the sector with the highest oil demand [108]. 
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The idea of utilizing algae as a source of fuel is old but currently it got much 

attention due to increasing price of petroleum and more importantly, the emerging issue 

of climate change and global warming associated with burning fossil fuels. Microalgae 

can provide several different types of renewable biofuels which include methane, 

biodiesel (methyl esters) and biohydrogen [11, 12, and 13]. Biofuel is the sustainable 

and renewable energy source which consists of three types; first generation biofuel, 

second generation biofuel and third generation biofuel. Scientists defined the first 

generation biofuel as a by-product of sugar crops. It can also be obtained from vegetable 

oil including oil seed crop and biogas of raw materials [3, 4]. Generally, it is assumed 

that first generation fuel is ethanol based and come out from food crops [3]. Second 

generation biofuel is cellulose based produced by non-food crops material like wood, 

leaves, straw etc. [5]. While third generation biofuel is produced by different 

microorganisms and algae [6]. 

A biofuel can be produced at commercial scale with following characteristics 

e.g. economically cost effective, utilizing the non-agricultural land, minimal discharge 

of greenhouse gasses or less water use [7]. A judicious use of microalgae could meet all 

these conditions. So, it can be used as a renewable biomass source. In the last decades, 

various investigations have been performed for replacing fossil fuels with biofuel to 

minimize the emission of greenhouse gasses [8, 9, and 10]. Microalgae found to be the 

best source of renewable, biodegradable and environment-friendly biodiesel capable of 

fulfilling the global requirement of transport fuels [8].  
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1.2 Microalgae 

Microalgae are considered one of the oldest form of living organisms which are 

photosynthetic and oleaginous i.e. they directly produce and accumulate storage lipid in 

quantities averaging 26-85% of dry weight [14].  Table 1.1 shows the lipid production by 

different microalgae strains to their respective biomass. 

Table 1.1: Lipid to biomass percentage of various microalgae strains 

Strains Lipid to Biomass % References 

Botryococcus braunii 36.9 15 

Chlorella 38 16 

Chlorella vulgaris 56 17 

Chricystis minor 22.9–26 18 

Scenedesmus Dimorphus 30 19 

Microcystis 40.1 20 

Chlorella kessleri 1-10 109 

 

Microalgae grow fast with high lipid content and will produce the same quantity 

of biodiesel using 23% agricultural land as compared to palm plantations that will utilize 

61% of the land [21]. Isolation of indigenous microalgae strains with high oil content will 

be a good alternative. Considering the phenotypic aspects of marine microalgae have 

further advantages, as these do not compete for land or fresh water for the biomass 

production. In the present study, we have focused on the isolation of indigenous 

microalgae strains for biofuel production from Arabian Gulf kingdom of Saudi Arabia. 
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1.3 Objectives 

The major objectives of the project are the following 

1- Isolation of indigenous microalgae strains from the Arabian Gulf. 

2- Morphological identification of the isolated strains.  

3- Check the growth performance of the isolates by 

o Varying the nutrient (NO3 and PO4) 

o Varying the temperature (30°C and 35°C)  

4- Biofuel analysis of the strains by gas chromatography   

 

1.4 Motivation and Justification 

Use of unsustainable petroleum sourced fuels increased the accumulation of 

carbon dioxide in the environment thus add in global warming. International Energy 

Agency [IEA] estimated that if we go with current CO2 emission rate then at the end of 

this century, the CO2 concentration will fall in the range of 850-1130 ppm [1]. While the 

level of CO2 concentration set by IPCC meeting in 2007 [22] will be half at that time. 

Other than climate change, it has also been estimated that this century will deplete the 

fossil fuel as well. Renewable and environmentally-sustainable alternative sources of fuel 

are thus an immediate priority, not only to replace fossil fuels but also to overcome fuel 

demand and supply. 

Microalgae are one of the most promising feedstocks for bioenergy because they 

convert solar energy into chemical energy by carbon dioxide fixation [23]. These 
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photosynthetic microorganisms grow fast and produce carbohydrate and lipids in large 

quantities, which later processed into bioethanol and biodiesel respectively. Moreover, 

microalgae produce a wide range of different valuable compounds like Omega 3, 

pigments (carotenoids, phycobiliproteins) vitamins (e.g. tocopherols), polyunsaturated 

fatty acids (PUFAs) and polysaccharides [110]. Due to the production of vital 

compounds, microalgae are also used as a human nutrition, animal feedstock, fish feeds 

and feed for rotifers. 

Comparing with other terrestrial crops, microalgae is preferable due to 

1- Fastest growth rate 

2- No need of fertile agriculture land 

3- Higher biomass production 

4- Grown in diverse habitat e.g. freshwater and waste water 

5- No need for extra nutrients of growth 

6- No pest or herb threat as for agricultural crops 

7- Biomass production by direct fixation of environmental CO2 

8- Residual algal biomass can be used as feed or fertilizer [25-28]. 

Table 1.2 shows the biodiesel productivity, land use and oil yield of different crops and 

microalgae.  
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Table 1.2: Productivity and oil yield of various crops and microalgae 

Plant Source 

Biodiesel 

Productivity 

(kg/ha/year) 

Land Use 

(m2 Year/ kg) 

Oil Yield 

(L / ha/year) 

Corn/Maize (Zea mays L.) 152 66 172 

Soybean (Glycine max L.) 562 18 636 

Jatropha (Jatropha curcas L.) 656 15 741 

Canola (Brassica napus L.) 862 12 974 

Sunflower (Helianthus annuus L.) 946 11 1070 

Palm (Elaeis guineensis) 4747 2 5366 

Microalgae (low oil content) 51,927 0.2 58700 

Microalgae (medium oil content) 86,515 0.1 97800 

Microalgae (high oil content) 121,104 0.1 136900 

 

It is clear that microalgae biodiesel productivity is thousand times higher than 

other crops. In the past decades, worldwide screening of naturally occurring algal strains 

has been done. However, in Saudi Arabia, very few investigations could be available at 

present relating to the algae-based biofuel production, especially relating to high yielding 

oleic strains. The current study was conducted to isolate and characterize indigenous 

microalgae strains for enhanced biofuel production. 
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CHAPTER 2 

ISOLATION TECHNIQUES 

 

Several species of microalgae have been screened for their suitability as a 

biodiesel feedstock based on their fatty acid profile and so far, Chlorella and 

Scenedesmus obliquus have been identified as the most promising species [29, 30].  

2.1. Isolation 

A different method has been used for the isolation of axenic microalgae strains. 

The first step for isolation of axenic strains is to collect the sample by a standard method 

based on the requirement of the project. For example, MacLulichch performed an 

experiment on epilethic assemblages and used chipping, scrapping, and brushing [31]. 

General Oceanic Niskin bottles can be used for sampling of non-substrate bound 

organisms. Method used for isolation of benthic species are I) rock chipping 2) brushing 

and 3) scrapping. After sampling from selected site, filtration and inoculation are done in 

order to obtain axenic microalgae strain. Currently, there are various methods used from 

basic microbiological isolation techniques to modern tools. 

2.1.1. Streak Plates 

This is an enrichment technique used to isolate strains from a pool of 

microorganisms. During this, a sterile loop is inserted into the liquid sample by picking 

green algae growing on filter paper or in the liquid culture. Afterward, this loop is spread 
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over a new agar plate by a specific pattern that all sides of loop touch the agar medium 

[32]. 

The area in the start of streaking line contains more number of cells. But as the 

streaking line goes further, the number of cells become lesser. This makes the dispersion 

of cell far enough from each other that single colony can easily be seen. As this 

developed from a single cell, this can be a pure colony. But if it still contains some 

organisms, several streaking makes it pure and isolated strain. But before considering it 

pure, investigate the individual cell under a microscope. This then can be identified on 

the base of size/shape and color. After phenotypic identification, shift the pure colony in 

new clean agar plate to make a stock [32, 34]. On the base of sources, we used this 

method for isolation. 

2.1.2. Serial dilution 

During this technique, the concentration of microalgae in liquid media is bringing 

down to the level where it is assumed that higher dilution tubes will contain the pure 

Figure 2.1: General streaking procedure. Image source [33]  
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strain [39]. However, if the higher dilution tubes still contain an impurity, the streaking or 

another method can be used in parallel to get a pure culture. 

 

Figure 2.2: Serial Dilution procedure. Image source [35] 

During this method, a series of test tubes (up to 10) are prepared to contain a 

certain amount of liquid media. From the inoculum, 1 ml is taken and pour into the first 

series tube (Tube 1). After mixing the first tube, take one ml from Tube 1 and pour it into 

Tube 2 and mix it. This process is repeated to the last series tube where the dilution 

reaches to 10-10. From the last tube, agar plate media is inoculated through streaking for a 

better result. As shown in figure 2.2. Higher the dilution more is the purification. After 2-

4 weeks, agar plate needs to check under the microscope.  

 

2.1.3. Micromanipulation 

 

During this method, capillary tubes are first manipulated by heating and pulling 

on both ends. The narrow ends should be of twice the diameter of the cell to be micro-
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manipulate.  Silicone tube is attached to the thick side of the micropipette to suck from 

the culture media. This process is operated under the microscope [34]. 

The cells obtained by sucking are shifted to new sterile medium to wash.  They 

again transfer to another medium by mouth pipetting. At the end, the pipetting cells are 

transferred to tissue culture well, petri dish or media tube as shown in figure 2.4. 

However, as the number to suck the cell increases, the risk to damage the cell also 

increases. 

 

Figure 2.3: Micromanipulation of a sample with 

capillary micropipette to obtain uni algal culture] 
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2.2. Growth Kinetics 

Many biomass measurement methods are developed and used currently. 

Microalgal cell concentration in a medium is quantified as cell number or cell mass. Flow 

cytometry, hemocytometry, optical density measurement, dielectric permittivity and dry 

weight are techniques being used for quantification of cell number or cell mass. 

2.2.1. Optical Density and Dry Weight 

Among the most frequently used techniques, optical density is widely used for 

estimation of biomass [123]. OD is measured through spectrophotometer at a specific 

wavelength. During the measurement, light pass through the sample and fraction of it is 

transmitted which is determined by Beer-Lambert Law of Absorbance [124]. This law, 

actually, correlates cell concentration with the attenuation of light. A linear relationship is 

necessary between cell number and optical density. Various wavelength is used for 

measurement, however, the suitable is the one which is absorbed by chlorophyll of the 

cell. Chlorophyll a content absorbs the light of 680 nm wavelength and assessment the 

cell number [125]. However, this light not only relates to cell number but also to cell 

morphology. Cell size and shape are also related to specific growth rate so for 

phototropic study, an independent calibration curve is plotted [126].  

However, this method fails if there is any insoluble particulate matter as this also 

hinder the light and transmit it [127]. Although this is non-destructive and rapid but 

sensitivity is limited as in some cases up to 107 cells per ml [128]. So the measurement of 

dry weight is preferable and accurate for quantification of biomass. 
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2.2.2. Factors Affecting Biomass 

The growth of microalgae is influenced by various physical (light and 

temperature) and chemical factors (nutrients, salinity, and pH) [40]. 

If the light intensity is sharp the growth rate of microalgae enhanced. Over the 

saturation point, growth and biofuel productivity is reduced through reactive oxygen 

species [41]. Similarly, temperature variation has a significant role for biofuel 

productivity. Microalgae optimum biofuel yield is achieved at optimum temperature. 

Above optimum temperature, microalgae growth is reduced due to cell death as well as a 

reduction in biofuel production. However, low temperature compensates the biomass loss 

caused by respiration during night period [42]. Maximum biofuel production is obtained 

at a high temperature conceding the optimum range during the day and low temperature 

at night. Each factors affecting the growth kinetics are discussed separately here. 

 

Figure 2.4: Flow chart of various factors affecting microalgae growth. 

Image source [43]  
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2.2.2.1. Temperature 

Temperature indirectly changes the growth of microalgae if a change in intensity 

of light occurs [47]. Temperature below 4°C completely inhibits the photosynthesis of 

microalgae. As temperature increases from 4 to 11°C, growth substantially shows a 

positive response. But after 10°C, growth shows a linear relation with temperature [48]. 

Actually, temperature affects the reaction rate of intercellular enzyme which influences 

algal photosynthesis, respiration intensity and growth rate as well [49]. 

Butterwick and his colleague studied growth behavior of 21 freshwater 

microalgae with a large range of temperature from 2-35°C. Only four showed a decent 

growth rate of 0.4/day at the 5°C, while the remaining 17 showed very less growth rate 

with no significant effect. However, at 25°C all strains grew well [50]. But this range of 

temperature doesn’t mean the optimum range to work best. The optimum range shows a 

narrow line of temperature from 20-30°C [51]. Generally, in the optimal range, increase 

in temperature cause the increase in biomass. But above the optimum level cause the 

reduction in biomass and in the severe case leads to death as well. Therefore, high 

biomass accumulation can be achieved by increasing the temperature to optimal in the 

morning (to enhance productivity during the day) and decreasing the temperature at night 

(to avoid biomass loss) [52]. 

2.2.2.2. Nutrients 

Nutrients supply to microalgae cultures include macronutrients i.e. nitrogen, 

phosphorus, carbon, and sulfur and micronutrients i.e. iron, zinc, copper, and cobalt 

respectively. The nutrient limitation may cause morphological and physiological 

changes of microalgae cells, and therefore decrease the growth rates and biomass 
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production. The most important nutrient for microalgae growth and development are 

nitrogen and phosphorus. Their ratio especially limits the yield of microalgae [53].  

Nitrogen involves the formation of many important compounds like nucleic 

acid, protein, and photosynthetic pigments.  Microalgae uptake nitrogen in the form of 

ammonia, nitrate, and nitrite. However, these sources can affect the growth of 

microalgae: like various ammoniacal form NH4–N, NH3–N and NH can be a useful 

nutrient element for microalgae, according to research, the NH4–N is easier for 

microalgae to absorb than NH3– N [54].  

Nitrogen limitation cause the reduction in protein synthesis [64, 65], 

enhancement of lipid accumulation [55, 56] and triglycerides as well [57, 58]. This 

nitrogen reduction phase triggers the carbon fixation to carbohydrate compounds [61]. 

The other negative impacts are decrease in oxygen evolution, carbon dioxide fixation, 

and chlorophyll content and tissue production [62]. Phycobilisomes and light harvesting 

antennae of photosystem II can destroy during nitrogen limitation as well [63]. So, for 

higher lipid productivity, an appropriate amount of nitrogen is needed to be applied 

without limiting the other factors.  

Phosphorus: Although, N: P ratio is very important for the growth of 

microalgae but it has been found that phosphorus is the primary limiting factors for 

microalgae growth and development [64]. Comparative to nitrogen, it is needed in very 

less amount due to less bioavailability [21], so applied in higher quantity than required. 

It constitutes about 1% of the microalgae dry weight [65]. Phosphorus limitation causes 

the reduction of light utilization due to a lower generation of the substrate in C3 cycle, 
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hence limit the carbon fixation. It also causes accumulation of lipid as well. As more 

than double content of lipid has been found (23-53%) by limiting the phosphorus from 2 

mg/L to 0.1 mg/L [66] in Scenedesmus sp.  

Similar to nitrogen, reduced phosphorus causes the accumulation of carbohydrate 

content and reduce the chlorophyll a and protein amount [67]. Similarly, it also causes the 

destruction of Phycobilisomes as well as respiration rate [63]. The atomic ratio of N: P in 

microalgae cell is 16: 1, lower ratio make nitrogen limiting nutrient while higher ratio 

makes phosphorus limiting factor [68]. As every strain has a specific atomic ratio of the 

cell, so the requirement for nitrogen and phosphorus vary from strain to strain [69]. 

 

2.3. Lipid Measurement 

Lipid measurement consists of two steps, lipid extraction, and its measurement or 

quantification.  Various chemical and mechanical methods are used to extract lipids like 

folch, Bligh, and dyer, bead beating, sonication, microwave, and electroporation. 

However, in this study chemomechanical method (direct esterification) was used for lipid 

extraction on the basis of resource availability. 

 

2.4. Nitrate and Phosphate Removal 

Nutrient and toxic metals found higher than the prescribed level in wastewater, 

which need to be removed from the water before discharge and reuse. As the 

conventional method of treatment (chemical and physical) are not eco-friendly. 

Microalgae proves to be an alternative for efficient removal of nitrogen, phosphorus, and 
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toxic metals from a wide variety of wastewaters [93, 94] including agricultural [95, 96], 

industrial [97, 98] and municipality wastewater [99, 100]. These investigations portray 

that microalgae can remove a substantial amount of pollutants. Hence controlled 

microalgae cultivation has a great potential for biological treatment of wastewater. 

2.4.1. Potential of Species for NP Removal 

Currently, microalgae have gained much attention to producing at commercial 

level due to its environmentally friendly approach. A large number of investigations 

carried out for strain selection and optimum cultivation system [101]. After cultivation, 

it's harvesting at commercial scale is also another challenging issue. Macroalgae being 

multicellular can easily harvest and consider more suitable for nutrient removal than 

microalgae. However, due to high production of lipids and other important biomolecules, 

makes microalgae more attractive for multi-purpose tasks.  

Nutrient removal by microalgae relies on factors including the potential of 

different species in diverse environmental conditions i.e. temperature, pH, light intensity, 

inoculation density, nutrient concentration, N/P ratio and other factors including the type 

of species, the source of wastewater and its type. Among all these, nutrient concentration 

including NP ratio, the source of wastewater and type of species are the key contributors 

for removal. 

Three types of nitrogen found in wastewater e.g. nitrate, nitrite and ammonium 

while phosphorus existed in phosphate form. Li Xin et al., 2010 [84] conducted a 

comprehensive study to elaborate the removal of nitrate and phosphorus of various forms 

and their interaction. They showed that phosphorus removal was quicker than nitrogen 



17 

 

forms of nutrient by Scenedesmus LX1 sp. Among the nitrogen forms, nitrate and urea 

removal were more as compared to ammonia as shown in the below figure. Similarly, 

with phosphorus as a nutrient, ammonia removal was also low than others forms. 

However, this study contradicts too many investigations. However, the initial 

concentration does matter as mentioned in Table 3 if the concentration is low it is 

completely utilized. However, as the concentration is higher, the removal percentage goes 

up and down respectively in both genus Scenedesmus and Chlorella sp. [84]. 

 

Table 2.1: Nitrate and phosphate removal by various microalgae strains 

Species Time days 

Nitrogen 

In. cons. Mg/l 

Removal rate 

mg/l/day 

Phosphorus 

In. cons. Mg/l 

Removal rate 

mg/l/day 
References 

Scenedesmus 

quadricauda 
3 

70                            

18 

10-12.6       

4.9-5.7 
16 3.7 84 

Scenedesmus 

dimorphus 
3 

70                            

18 

10-12.6      

4.9-5.7 
16 3.7 84 

Scenedesmus 

obliquus 
7 8.7 1.24 1.7 0.24 102 

Scenedesmus 

sp 
12 15 1.03-1.2 1.3 0.1 66 

Scenedesmus 

rubescene 
6 25.2 4.15 1.74 0.6 103 

Chlorella 

vulgaris 
10 

13.2-21.2             

41.8-92.8                  

> 129 

1.3-2.1    2-3.1     

~3 
7.7 0.7 75 

Chlorella 

vulgaris 
4 8.7 2.17 1.7 0.42 102 

Chlorella sp 14 
82                          

116 

5.5              

7.37 
212 13.7 99 

Chlorella 

vulgaris 
3 25.2 8.3 1.74 0.56 103 

Chlorella 

reinhardtii 
4 25.2 6.2 1.74 0.42 103 
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The integrative study showed that N/P ratio of 5:1-8:1 caused the efficient 

removal of both nitrogen and phosphorus by Scenedesmus sp. However, N/P ratio of 5:1-

20:1 is also convenient for nitrogen removal, but higher than this can cause a reduction in 

nitrogen removal due to phosphorus deficiency [66]. It is evident from table 3, where N/P 

ratio is higher than 20:1 even than the nitrogen removal rate (1.5 mg/l/day) is higher 

because of lower initial concentrations [102,104]. After the induction growth phase, most 

of the pollutants are taken up at the start of log or exponential phase. So removal rate 

always observes higher at the initial log phase, but at the end of this phase, the rate 

declines significantly. 

When the only simple culturing method is used, the removal rate is less as 

compared with the use of higher CO2 concentration. Like [105] Scenedesmus obliquus 

showed higher nitrogen and phosphorus removal rate as compared to Scenedesmus sp 

[102, 104] under 15% CO2 concentrations. Without foreign interference, or the use of any 

other organisms and biotechnology, the removal rate more than 10 mg/l/day can be 

achieved by Scenedesmus dimorphus [84] by using microalgae membrane photoreactor 

(mMR). The initial concentration was much higher (TN >80 mg/l and TP 16 mg/l) than 

all other cited investigations. However, the NP ratio was much lower. The expected 

higher level of total nitrogen in municipal wastewater is 15-90 mg/l [106], so the use of 

microalgae membrane photoreactor would be beneficial than another traditional method 

as it could remove up to 40 mg/l [84]. 

Similar to Scenedesmus, Chlorella sp is also dependent and sensitive to the initial 

concentration of NP, their ratio, and type to remove nitrogen and phosphorus from the 

municipal wastewater. From the table 3, in batch culture, Chlorella vulgaris removal 
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capacity for NP goes down as the initial concentration rise by keeping the NP ratio 

constant. The removal rate of nitrogen about 2 mg/l/day was observed when the initial 

concentration was 21 mg/l. however, further increase causes the reduction in removal 

percentage though the removal rate is high [75]. The highest removal rate of nitrogen 12 

mg/l/day and that of phosphorus 4 mg/l/day could be achieved by using mMR by keeping 

in mind the normal nitrogen and phosphorus quantity in municipal wastewater. 

2.4.2. Mechanism of Removal 

Microalgae needs nitrogen and phosphorus as nutrients and possess more N and P 

in their body than plants [38]. 

2.4.2.1. Nitrate Removal 

Nitrates, nitrite, nitric acid, ammonium, and ammonia and nitrogen gas are the 

chemical forms of nitrogen commonly used by microalgae to produce organic nitrogen. 

To know the capacity of nutrient removal, it is necessary to understand uptake 

mechanism of nutrients by microalgae. Simple diffusion and transport mechanism are 

used by eukaryotic algae for nitrogen uptake [111]. It starts as the translocation of 

inorganic nitrogen does across the plasma membrane and follows by the oxidized 

nitrogen reduction and the addition of ammonium into an amino acid. Reduction occurs 

by reductase enzyme which converts nitrate into nitrite and ultimately to ammonium 

[112]. Therefore, before the organic conversion of nitrogen forms all are converted into 

ammonium.  

Ammonium is the preferred form of inorganic nitrogen uptake by microalgae. 

Studies revealed algae could not consume the nitrate until the complete uptake of 
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ammonium [101]. However, uptake is limited by the type of species and amount of 

nutrient in the wastewater. But its uptake can be enhanced by optimizing the Glutamate 

Synthetase enzyme. Similarly, NR and NiR can also increase the uptake and utilization of 

NO3 and NO2
-1 respectively [107]. The tolerance level of ammonium nitrogen of 

microalgae varies from species to species and range from 25-1000 μ mol NH4
+-N L-1 

[107]. As the excess amount leads to a reduction in activity of microalgae [104], 

approaches can be used that enhance the uptake and removal of waste nutrient. Glutamine 

synthetase enzyme increases the removal as it enhances the uptake of ammonium up to 

70% at cell level [104]. Nitrogen removal from wastewater is not only done by cell 

metabolism but also by ammonium stripping as the increased pH and temperature cause 

volatilization [66]. 

2.4.2.2. Phosphate Removal 

Similar to nitrogen, phosphorus removal done by two ways. First, cell metabolism 

in which P is uptake preferably by H2PO4 and HPO4
-2 and used in phosphorylation to 

produce ADP (adenosine diphosphate) by the use of ATP (adenosine triphosphate) [105]. 

This energy comes from electron transport chain or from light. Therefore, phosphates 

transferred across the membrane actively. Inorganic phosphorus is utilized by microalgae 

but some varieties can also consume organic ester as their food [102]. 
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CHAPTER 3 

METHODOLOGY 

Table 3.1: Approaches utilized for achieving objectives 

Objective 

No 

Approach to achieving the objective 

1 

Sampling for the isolation of indigenous microalgae strains from 

diverse sites: 

Samples were taken from Corniche of Al-Khobar and Jubail sites in 

Arabian Gulf in order to isolate different microalgae strains. 

Isolation of pure microalgae strains culture: 

Microalgae strains were isolated by streaking and single-cell isolation 

methods to obtain a pure culture. 

2 
Identification of microalgae strains 

Isolates were identified morphologically through a light microscope. 

4 

Analysis of growth kinetics 

The selected isolates were tested at two temperatures (30°C and 35°C) and 

three Nitrate and Phosphate levels 

N1= 61.5 mg/L N; 1.45 mg/L P  

N2= 123 mg/L N; 2.9 mg/L P 

N3= 246 mg/L N; 5.8 mg/L P  

Lipids Analysis through GC 

Lipid from selected strains was extracted by direct esterification method 

and was analyzed GC. 
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3.1. Microalgae Sampling 

 

Before sampling site selection, sampling method and type of sample container were 

already defined. 

3.1.1. Site Selection 

Coast of Al-Khobar and Jubail industrial city were selected for sampling. 

 

 

 

Sampling site 1 

Figure 3.1: Google image for the Sampling site. 

Image source Google  
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3.1.2. Sampling tool and Container  

One sampling net, twenty-one 50 ml test tubes, and marker for labeling was kept during 

the visit. 

3.1.3. Sampling Method 

Two visits were conducted at the coast of Jubail and Al-Khobar, however, the same 

method was adopted for sample collection.  

1- Samples were collected randomly from Jubail Industrial City Coast. Total 14 

samples were collected in 50 ml test tubes, through sampling net against the 

flow of water and remaining from the shore of the coast by scraping the soil 

surface. The collected samples were soon shifted to the lab for further study. 

Sampling site 2 
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2- Coast of Al-Khobar was visited to bring samples through sampling net. Seven 

samples were collected nearly 200 meters away from the outlet of wastewater 

treatment plant. 

3.1.4. Sample Labelling 

Samples were labeled immediately after the sampling. A1-A7 labeled for water 

samples, while B1-B7 were the soil samples of Jubail coast. C1-C7 were the water 

samples collected from Al-Khobar coastal area near the wastewater treatment plant.  

Cleaning and sterile techniques: Prior to the culturing of microalgae, all new 

glass wares were soaked overnight in 10% of 1 M hydrochloric acid to remove any 

residual chemicals. The glassware and other culturing equipment were washed with 

Decon-90, a phosphate-free detergent, and then rinsed 6 times with tap water and 6 times 

with de-ionized or distilled water [113]. Sterile conditions were employed by steam 

autoclaving to all culturing and sub-culturing equipment’s, while inoculation, sampling, 

and the medium transfer were carried out in front of a Bunsen burner flame in a laminar 

flow hood with the bench top surface cleaned with 70% ethanol to prevent any bacterial 

contamination. 

 

3.2. Media Preparation 

 

SN medium was used for the experiment. For one liter of medium, 750 ml 

seawater was taken from the sampling sites and kept in storage vessel until further use. 

Seawater was filtered through double Whatman No. 1 filter paper to remove any sand and 

suspended particles [114] and mix with 250 ml distilled water. This mixed water and 
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prepared stock solution was then autoclaved at 121°C (4 hours for every 1L of seawater) 

and left to cool at room temperature before the addition of nutrients and culture 

inoculation. This sterilization is done to destroy all organisms in the medium even the 

heat bearing bacteria [115]. The table below shows stock solution with their 

concentration for preparing one liter of the SN media. 

Table 3.2: SN media recipe 

 

 

 

 

 

 

 

 

 

 

 

For preparing stock solution, 150 g of NaNO3 was dissolved in 500 ml of distilled 

water. Similarly, all other stocks were prepared in 500 ml of distilled water in 1 L 

Erlenmeyer flasks. Three liters liquid inoculation media was prepared by adding 7.5 ml 

of NaNO3, 7.8 ml of K2HPO4, 7.8 ml of Na2CO3, 16.8 ml of Na2EDTA·2H2O, 3 ml of 

Vitamin B12 and 3ml of Cyano Trace Metal Solution in 3L of already autoclaved 

seawater [121]. 

Nutrients Amount of 1L 

NaNO3 (300.0g/L.dH2O) 2.5ml 

K2HPO4 (anhydrous) (6.1 g/L dH2O) 2.6ml 

Na2EDTA.2H2O (1.0 g/L dH2O) 5.6 ml 

Na2CO3 (4.0 g/L dH2O) 2.6 ml 

Vitamin B12 (1.0 mg/L dH2O) 1.0 ml 

Cyano Trace Metal Solution 1.0 ml 

Cyano trace metal solution/ L 

Citric Acid.H2O 6.25 g 

Ferric Ammonium Citrate 6.0 g 

MnCl2.4H2O 1.4 g 

Na2MoO4.2H2O 0.39 g 

Co (NO3)2·6H2O 0.025 g 

ZnSO4.7H2O 0.222 g 
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3.3. Media Inoculation 

 

Before inoculation, 30 Whatman No. 1 filter papers and all flask were autoclaved 

at 121°C for 4 hours [115]. The liquid samples were filtered through these autoclaved 

paper and transfer into a flask containing 100 ml liquid media (Samples A1-A7 and C1-

C7). Soil samples were directly transferred into the liquid media flasks (samples B1-B7). 

All the marked Sample flasks were incubated in a growth chamber at 32°C for 12:12 

light: the dark period for three weeks. 

3.4. Microalgae Isolation 

 

After 4-week incubation, agar media was prepared by the same method as liquid 

media by adding 1% agar in the sea water before autoclaving. Streak plate method was 

used for isolation and purification of strains. A sterile loop was introduced into liquid 

Figure 3.2: Microalgae growing 

sample during the experiment  
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sample showing clear growth of green algae on filter paper and in the liquid culture. 

Afterward, this loop was spread over a new agar plate by a specific pattern that all sides 

of loop touch the agar culture [34] 

After two weeks of culturing, the single isolated slant was picked and streak again 

on a new agar plate. Before culturing, the colony was observed under the compound light 

microscope by preparing the glass slide to check the axenic nature of the colony. 

Streaking was performed seven times in order to get axenic strains [34]. The individual 

colony was differentiated on the basis of size, shape, and color. All agar plates were 

incubated in the growth chamber. After obtaining an axenic culture, these slants were 

characterized on the basis of their morphological characteristics by taking images under a 

compound light microscope. 

 

Figure 3.3: Third Streak Agar plate during the incubation 
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3.5. Identification 

 

3.5.1. Morphological Identification 

The isolated slants were identified by taking images at 40x, 60x and 100x under a 

microscope. Glass slides were prepared by transferring the isolated strains, fixed by 

glycerin and analyzed under a microscope. To identify the isolated and axenic strain, 

following manuals were used.  

1) Algal Identification Lab guide by Agriculture and Agri-food Canada [117] 

2) Microalgae Identification for Aquaculture by Barry H Rosen Florida 

Aquaculture [118] 

3) Easy Identification of most common freshwater algae by Sanet et al 2006 [119] 

4) Freshwater algae of North America Ecology and classification John D. Wehr 

and Robert G Sheath [120] 

 

3.5.2. Genetic Identification 

The isolates (S1-S3) were characterized by 18S rRNA analysis. 

 

3.6. Growth Analysis 

 

In order to study the effect of nutrients and temperature on the growth of isolated 

strains, the experiment was performed in three replicates. For growth, optical density and 

dry weight were measured. 
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3.6.1. Optical Density 

OD was measured by spectrophotometer after every two days’ interval. The 

samples were centrifuged, the supernatant discarded and the biomass pellets were mixed 

with autoclaved seawater. Then 2 ml of sample was taken and measured the OD. In order 

to get same initial OD, same dry weight (0.018g/1000 ml) was used in all treatments. 

3.6.2. Dry Weight 

Dry weight was measured by the following procedure.  First, combust the GF/C 

filter paper for 24 hours at 50°C in the oven then weighed it and added 10.0 ml sample 

culture through the separating funnel. A filter containing wet biomass washed with 10.0 

ml distilled water to remove the salts. The filter was removed then and put in the oven at 

50°C for 24 hours to desiccate and evaporate moisture content. Dry filter then weighed 

again, the difference between weight of filter paper and biomass+ filter was the dry 

weight of the sample [129] 

DW= (weight of biomass+ filter paper) - weight of dry filter 

Treatments: 

The samples were incubated at two temperatures [T1= 30°C and T2 35°C]. The 

treatment layout was as below, where: 

 T1=30°C, T2=35°C 

 S1= Strain 1, S2= Strain 2, S3=Strain 3, 
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 N1= 61.5 mg/L NO3 Nitrogen, 1.45 mg/L PO4
3-Phosphorus 

 N2= 123 mg/L NO3 Nitrogen, 2.90 mg/L PO4
3-Phosphorus 

 N3= 246 mg/L NO3 Nitrogen, 5.8 mg/L PO4
3-Phosphorus 

T1 T2 

N1 N2 N3 N1 N2 N3 

S1 S1 S1 S1 S1 S1 

S2 S2 S2 S2 S2 S2 

S3 S3 S3 S3 S3 S3 

 

All treatments were incubated for 24 days. Optical density and dry weight were measured 

after every two days’ interval. 

 

3.7. Phosphorus and Nitrogen Measurement 

 

Nitrate and Phosphate were measured by using total nitrate and total phosphate kit 

of Hach Company. 

3.7.1. Phosphorus Measurement 

For phosphorus removal measurement, PO4
3- measured in the culture media after 

every two days’ interval. DR 6000 Spectrophotometer and DRB200 Reactor and Test ‘N 

Tube TM Vials of Hach was used for the measurement of PO4
3-. The method used was 

molybdovanadate with acid persulfate digestion. The procedure was followed by 

adopting the Molybdovanadate Method with Acid Persulfate Digestion prescribed by 

Hach Method 10127 [121]. The following procedure was performed.  
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First, the DRB200 turned on and heated up to 150°C then DR 6000 was turned on 

and 542 P Total HR TNT method was selected. Then 5.0 ml of deionized water was 

added to a Total Phosphorus Test ‘N Tube Vial and to prepare a blank labeled as B. Then 

5.0 ml of sample added into another Total Phosphorus Test ‘N Tube Vial to prepare the 

sample and labeled with sample code. One potassium persulfate powder pillow added 

into each sample and blank vials and put in the DRB200 reactor for 30 minutes. After 30-

minute heating at 150°C, the vials removed from the reactor and allowed to cool. Then 

2.0 ml of 1.54 N Sodium Hydroxide added to each vial, capped and mixed.  An addition 

of 0.5 ml molybdovanadate reagent was also done to each vial before mixing again. Then 

vials were kept at the normal temperature for seven-minute. The blank was put in the 16-

mm cell holder of DR6000. The display of the instrument was 0.0 mg/L PO4
3- when 

reading was made ZERO. After the blank, labeled sample placed in the 16-mm cell 

holder and reading of the instrument was noted [121]. 

3.7.2. Nitrogen Measurement 

Nitrogen measured in the form of NO3
-. Hach Nitrate measuring kit was used to 

measure the nitrate. Similar to phosphate DR6000 spectrophotometer, DR200 reactor and 

Test N’ TubeTM Vials (Hach) was used during measurement. The procedure was followed 

by adopting the standard Chromotropic Acid method prescribed by Hach Method 10020 

[122]. Among the stored program on DR6000 instrument, “344 N, Nitrate HR, TNT” 

selected and1.0 ml of sample added in the bottle of NitraVer X Reagent A. After adding 

reagent, sample mixed ten times and inserted into the 16mm cell holder for Reading. An 

instrument made ZERO by pressing zero buttons. Zero vial was removed and one powder 

pillow of NitraVer X Reagent B added. After capping, this vial was mixed ten times and 
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kept for 5 minutes for a reaction. After reaction time, vial inserted in cell holder for 

nitrate reading. The display was noted for each sample in mg/L NO3
- [122]. 

 

3.8. Lipid Measurement 

 

For lipid measurement first its extraction is needed from biomass. Then its 

quantification was performed on GC-FID 

3.8.1. Extraction 

Direct esterification method was used for extraction of methyl ester from 

microalgae biomass. The algal biomass harvested at 3000 rpm for 5 minutes. From the 

collected wet biomass dry weight was measured by the same method as mentioned above. 

First acid hydrolysis was done with 1 ml of 1 M H2SO4 then heated at 90°C on a heating 

block for 30 minutes. Then base hydrolysis by 1 ml of 5M NaOH and heated at 90°C for 

30 minutes and cooled it at room temperature. The hydrolyzed sample centrifuged at 

3000 rpm for 10 minutes. The supernatant was collected and 1 ml deionized water was 

mixed with a pellet.  

The pellet was centrifuged at 3000 rpm for 10 minutes again and the supernatant 

collected.  All collected supernatant was mixed with 3 ml of 0.5 M H2SO4. Centrifugation 

at 3000 rpm. The addition of 5 ml Hexane to the precipitate and heating at 900C for 15 

minutes. Again centrifugation and collection of hexane phase and evaporation of the 

solvent under a fume hood. The extracted lipid residue was esterified into FAMEs by 5% 

H2SO4 with Methanol and heating [130]. 
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Figure 3.4: Flow chart for the Adopted Extraction procedure during the experiment 

 

3.8.2. Quantification  

For quantification of lipid content, GC-FID was used. SuplecoTM 37-Component 

FAME Mix (Catalog No. 18919-1AMP) standard was used. Standard was prepared by 

dilution in 10mg/ml of methylene chloride as prescribed by the method [131]. After 

running the standard, Blank sample was run and checked the obtained peaks. After that, 

all 18 samples were run in triplicate and peaks were integrated with the standard run. 
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CHAPTER 4 

RESULTS 

4.1. Sampling 

After two weeks’ incubation at temperature 30°C and 35°C in SN medium, 11 

microalgae slants were grown among 21 samples (table 4.1). Growth was observed on the 

filter paper as well as the medium. This may be due to instant change of media from sea 

water to SN Media. Although SN media is sea based but the composition of nutrient in 

the sea and SN never be the same. Among the samples of Khobar Cornish (C1-C7), only 

one sample (C5) showed pure growth while the remaining have fungal contamination 

therefore discarded. However, all samples collected from Jubail (A1-A7), exhibited 

growth except (A1) (table 4.1). 

Table 4.1: Samples result after incubation of three weeks 

Sample number Sample ID 
Sample 

location 
Microalgae growth 

1 A1 Jubail NO 

2 A2 Jubail YES 

3 A3 Jubail YES 

4 A4 Jubail YES 

5 A5 Jubail YES 

6 A6 Jubail YES 

7 A7 Jubail YES 

8 B1 Jubail NO 

9 B2 Jubail YES 

10 B3 Jubail YES 

11 B4 Jubail YES 
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12 B5 Jubail YES 

13 B6 Jubail NO 

14 B7 Jubail NO 

15 C1 Al-Khobar NO 

16 C2 Al-Khobar NO 

17 C3 Al-Khobar NO 

18 C4 Al-Khobar NO 

19 C5 Al-Khobar YES 

20 C6 Al-Khobar NO 

21 C7 Al-Khobar NO 

 

4.2. Isolation 

 

At the end of five subsequent streaking, six slants (A3, A5, B2, B3, B5, and C5) 

were isolated and found axenic as shown in table 4.2. Unlike initial culturing, agar plates 

showed quick growth even after seven days, this is due to acclimatization of the 

organisms with the media. After third streaking, most of the slants showed uniformity, 

but A1 and A8 could not found uniform under microscope investigation because of 

symbiotic relation with some other organisms. So, at the end of consecutive four months 

streaking, six slants were found uniform and axenic. 

Out of 21 samples, 6 slants were isolated. But three were considered for 

identification and characterization A3, B5 and C5, one from each sampling site. 
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Table 4.2: Result of Subsequent 7 Streaking 

Sample 

number 

Sample 

ID 

Result 

Streak 1 

Result 

Streak 2 

Result 

Streak3 

Result 

Streak4 

Result 

Streak 5 

Jubail A2 Yes Yes Yes Yes Yes 

Jubail A3 Yes Yes Yes Yes Yes 

Jubail A4 Yes No 
   

Jubail A5 Yes Yes Yes Yes Yes 

Jubail A6 Yes Yes No 
  

Jubail A7 Yes No 
   

Jubail B1 Yes Yes Yes No 
 

Jubail B2 Yes No 
   

Jubail B3 Yes Yes Yes Yes Yes 

Jubail B5 Yes Yes Yes Yes Yes 

Al-Khobar C5 Yes Yes Yes Yes Yes 

 

Possibility of various strains occurred at different sampling site: 

 

 

 

Figure 4.1: Percentage of isolated strains at various sampling sites 
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4.3. Identification 

4.3.1. Morphological Identification 

Isolated strains were characterized by morphological identification through 

Optical Microscope images taken at 40x, 60x and 100x.The microscopic description of 

all three isolates strains is mentioned in table 4.3. 

Table 4.3: Representative sample for identifying the pure strains 

ID Colonial Cellular 

A3=S1 

  

B5=S2 
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C5=S3 

  

 

Strain 2 is a small spherical green cell, remain solitary and is non-flagellated. Its 

chloroplasts are thin and cup-shaped just like Chlorella vulgaris. The cell wall is 

generally thin and smooth.  The only method of reproduction is asexual by means of 4 or 

8 (rarely 16 or more) auto spores which are formed internally through cell division. 

 

4.3.2. Genetic Identification 

The strain S1 were identified as Chlorella kessleri, S2 as Chlorella vulgaris and 

S3 as Nannochloropsis oculata. 

4.4. Growth Analysis 

 

Growth kinetics were measured by taking optical density and dry weight and 

drawing their relationship as well. 

4.4.1. Optical Density 

4.4.1.1. OD at T1 

Trends of optical density were observed in the three strains at three nutrient levels 

at 300C as shown in figure 4.2 
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Figure 4.2: Effect of N1 level on optical density of three isolated strains at T1 

 

 

Figure 4.3: Effect of N2 level on optical density of three isolated strains at T1 
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Figure 4.4: Effect of N3 level on optical density of three isolated strains at T1 

 

 

Among all the three strains, Strains 2 showed the highest value of optical density 

(1.81) followed by S1 (0.981) while S3 showed lowest one (0.63). While among the 

nitrate and phosphate levels, N3 showed the highest optical density of 1.81 while N1 

showed the lowest value of 0.35. 

 

 

 

 

S1=Strain A3: S2=Strain B5: S3=Strain C5:     N1= 61.5 mg/L NO3-N, 1.45 mg/L PO4-P: 

N2=123 mg/L NO3-N, 2.9 mg/L PO4-P: N3= 246mg/L NO3, 5.8 mg/L PO4-P 
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4.4.1.2. OD at T2 

Effect of Nitrate and phosphate levels on optical density of three strains at 

temperature T2 

 

Figure 4.5: Effect of N1 level on optical density of three isolated strains at T2 

 

 

Figure 4.6: Effect N2 level on optical density of three isolated strains at T2 
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Figure 4.7: Effect of N3 level on optical density of three isolated strains at T2 

 

 

At 35°C, the same trend was observed for the optical density. S1 showed the least 

value (0.273) while S2 showed the highest value (1.45). The Nitrate and Phosphate level 

again showed the same trend of higher growth at higher nitrate and phosphate level, the 

strains growth increased. The overall, optical density of three strains became low by 

increasing the temperature from 30°C to 35°C.  

 

 

 

 

S1=Strain A3: S2=Strain B5: S3=Strain C5: N1= 61.5 mg/L NO3-N, 1.45 mg/L PO4-P: 

N2=123 mg/L NO3-N, 2.9 mg/L PO4-P: N3= 246mg/L NO3, 5.8 mg/L PO4-P 
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4.4.2. Dry Weight 

Effect of two temperatures and three nutrient levels on strains S1, S2 and S3 are 

given below by the graphs. Among three nutrient treatments and two temperature levels, 

N3 and T1 showed the highest gain in biomass as compared to other treatments. 

4.4.2.1. DW at T1 

 

 

Figure 4.8: Effect of N1 level on dry weight of three isolated strains at T1 

 

 

Figure 4.9: Effect of N2 level on dry weight of three isolated strains at T1 
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Figure 4.10: Effect of N3 level on dry weight of three isolated strains at T1 

 

The graphs figure 4.8, 4.9 and 4.10 depict that as the cultivation days increase the 

dry weight increase. In the start of the cultivation, the gain in dry weight is less because 

of initiation phase of all strains. But as the initiation phase end and exponential phase 

starts the increase bump up quickly and stick to the highest level. All studied strains 

showed the start of exponential phase after 16 days of cultivation as shown in the figures 

4.8, 4.9 and 4.10 at N1, N2, and N3 nutrient levels. However, after 22nd days of 

cultivation, the exponential phase transfers into declining phase which is evident from the 

figures 4.8, 4.9 and 4.10.  

This decline in growth after 22nd days of cultivation may be due to the limitation 

of nutrient in the medium. However, all three strains (S1, S2, and S3) showed highest dry 

weight at 24th day of incubation.  

S1=Strain A3: S2=Strain B5: S3=Strain C5: N1= 61.5 mg/L NO3-N, 1.45 mg/L PO4-P: N2=123 

mg/L NO3-N, 2.9 mg/L PO4-P: N3= 246 mg/L NO3, 5.8 mg/L PO4-P 
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As the nutrient increases from Nitrate=61.5-246 mg/L & Phosphate 1.45-5.8 mg 

/L, the dry weight increases as well.  This increase is due to more availability of nitrogen 

and phosphorus which are an integral part of the protein and ATP. But at N3, the strains 

S1, S2 and S3 showed highest dry weight (0.6, 1.71 and 0.92 mg/L) than N2 and N1 as 

shown in figure 20. Dry weights of S1, S2 and S3 at N1 are 0.64, 1.27 and 0.33 mg/L 

while at N2 are 0.76, 1.59 and 0.55 mg/L respectively. 

 

4.4.2.2. DW at T2 

As the temperature increased from 30 to 35°C, the dry weight of all treatments 

decreased. The similar result was also observed by [72] which can be seen by the graph 

(figure 21-23). 

 

Figure 4.11: Effect of N1 level on dry weight of three isolated strains at T2 
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Figure 4.12: Effect of N2 level on dry weight of three isolated strains at T2 

 

 

Figure 4.13: Effect of N3 on dry weight of three isolated strains at T2 

 

 

S1=Strain A3: S2=Strain B5: S3=Strain C5: N1= 61.5 mg/L NO3-N, 1.45 mg/L PO4-P: 

N2=123 mg/L NO3-N, 2.9 mg/L PO4-P: N3= 246mg/L NO3, 5.8 mg/L PO4-P 
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Regarding exponential phase, when the temperature increases from 30 to 35°C, 

the initiation phase shifted after 12 days of incubation.  Similar to the results at 30°C, the 

highest gain in dry weight was observed at N3 when 35°C temperature applied. Strain S2 

showed the higher dry weight of 1.38 mg/L at 20th day of cultivation, while the lowest 

dry weight 0.32 mg/L was seen by S3 at 18th day of cultivation.  

The growth declined after 22nd days of incubation may be due to nutrient 

limitation or completion of the growth cycle. This trend was also followed by the 

treatments T2N1 and T2N2. However, dry weight at T2N1 and T2N2 were lower than of 

at T2N3. The lowest dry weight of all three strains was observed at N1 when 270 mg/L 

nitrate and 4 mg/L phosphate was applied. This because as the nitrate increases, 

microalgae growth increase. 

 

4.5. Phosphorus and Nitrogen Removal 

 

Total nitrogen and phosphorus were measured after every two days’ interval. 

However, the data is shown for after four days’ interval. 

 

4.5.1. Phosphorus Removal 

Three phosphorus levels (1.45, 2.9 and 5.8 mg Phosphorus/L) were analyzed to 

check the removal capacity of three strains S1, S2, and S3. Phosphate was applied in the 

form of K2HPO4. 

At 30°C 
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Figure 4.14: Phosphorus removal by S1, S2, and S3 at T1 

Over 90 % of the applied phosphate removed by the three strains. Strains (S1, S2 

& S3) at three nutrient levels showed about >95 % removal of phosphate.  

 

At 35°C 

 

Figure 4.15: Phosphorus removal by S1, S2, and S3 at T2 
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At T2, the same results were obtained as for T1. More than 90% total phosphate 

was removed by three strains (S1, S2 & S3). About 80% of the nitrate was removed in 

the first 12 days of incubation. This small variation is may be due to fewer microalgae 

cells at 350C. S2 strains showed >94 % phosphate removal at the end of the experiment. 

Highest removal by S2 was found at the N1 level of 96%. Similarly, S1showed removal 

of 95% at 2.9 mg/L nutrient level. Interestingly, S3 showed a different behavior, after 12 

days it showed very less removal (87.5%) of phosphate at 5.8 mg/L nutrient level than 

another nutrient level. At 1.45 and 2.9 mg/L it showed 92 and 96% removal. 

4.5.2. Nitrogen Removal 

At 30°C 

The same outcome was observed with nitrate removal as for phosphate removal. 

 

Figure 4.16: Nitrogen removal by S1, S2, and S3 at T1 

Total nitrate was removed from the medium by strains (S1, S2 & S3) as shown in figure 

4.17. 
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At 35°C 

Very interestingly, the result of total nitrate at T2 was just similar to T1. At the 

end of the experiment, all nitrate and phosphate were removed efficiently from the media. 

The removal was more than 99%. 

 

Figure 4.17: Nitrogen removal by S1, S2, and S3 at T2 

The relationship between cultivation temperature and nutrient removal was rarely 

studied. Similarly, in our study, no significant difference of nutrient removal was 

observed at 30 and 350C.  
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4.6. Oil Content 

 

Lipid productivity was measured and quantify by using GC. All the treatments 

were run and checked the peak time to qualitatively identify the FAMEs isolated and 

extracted. The hp-88 column was used during the analysis on Agilent 7890a GC-FID. 

Helium was used as a carrier gas including with Air. The oven temperature was held at 

1000C for 5 minutes then ramped to 2400C with 100C per minute increasing the rate and 

held for 10 minutes. Injection volume was 1 μl. Supleco analytical FAME standard was 

run for the correlation with samples. 

4.6.1. Extraction of Lipid 

Percentage lipid content was measured by dividing the weight of recovered lipid 

by the dry weight. For this same volume of culture was taken for dry weight and lipid 

content. The formula for the lipid content measurement is  

  Lipid content % =  

From the table, it is obvious the highest lipid content was observed from 

Chlorella vulgaris (~28%) while the least from Chlorella kessleri (~15). However, 

Nannochloropsis oculata gave sufficient amount of lipid. The average lipid yields of 

chlorella vulgaris, Chlorella kessleri and Nannochloropsis oculata were 27.7%, 19.9% 

and 14.6% respectively. The lipid productivity was measured by the equation 

ν= CL/t 

Where CL is a concentration of lipid at the end of incubation while t is the duration of the 

run. 
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Table 4.4: Lipid content of S1, S2 and S3 strains at T1 

Treatment Dry weight g/L Lipid content % Lipid productivity g/l-1day-1 

S1N1 0.641 19.7 0.82 

S1N2 0.764 19.8 0.82 

S1N3 0.924 19.7 0.82 

S2N1 1.27 27.3 1.13 

S2N2 1.59 27.3 1.13 

S2N3 1.71 27.2 1.13 

S3N1 0.331 14.1 0.58 

S3N2 0.55 14.1 0.58 

S3N3 0.6 14.1 0.58 

At T2: 

At 350C, again the Chlorella vulgaris gave highest lipid content (20%) while 

Nannochloropsis oculata gave lowest (14%). By comparing the results at 30 and 350C, 

no marked variation was found.  

Table 4.5: Lipid content of S1, S2 and S3 strains at T2 

Treatment Dry weight g/L Lipid content % Lipid productivity g/l-1day-1 

S1N1 0.641 19.6 0.82 

S1N2 0.764 19.7 0.82 

S1N3 0.924 19.7 0.82 

S2N1 1.27 27.2 1.13 

S2N2 1.59 27.3 1.13 

S2N3 1.71 27.2 1.13 

S3N1 0.331 14.1 0.58 

S3N2 0.55 14.1 0.58 

S3N3 0.6 14 0.58 
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4.6.2. Quantification of Lipid 

All the samples were run on GC-FID for quantification as per prescribed and 

mentioned method. Strains S1, S2, and S3 showed similar result at all nutrient levels. 

4.6.2.1. Fatty Acid Profile of S1 

Table 4.6: Fatty acid profile of S1 strain 

Fatty Acid Name FAME % FAME % DW 

C-16 Palmitic acid 12.5 2.5 

C-18 Steric acid 6.1 1.2 

C-20 Arachidic acid 4.4 0.9 

C-21 Behenic acid 4.6 0.9 

C-23 Lignoceric acid 3.1 0.6 

Total Saturated  30.7 6.1 

C16-1 Palmitoleic Acid 16.2 3.2 

C18:1 Oleic acid 11.7 2.3 

C18-2 Lenolelaidic Acid 7.1 1.4 

C18-3 Linolenic Acid 14.1 2.7 

C20-4 Arachidonic Acid 6.5 1.3 

C22-1 Erucic Acid 7.2 1.4 

C24-1 Nervonic Acid 6.1 1.2 

Total Unsaturated  69 13.6 

Total FAME  100% 19.7% 

 

The S1 strains constitute of 31% saturated and 69% unsaturated fatty acid by dry 

weight. Palmitoleic Acid was the compound in the largest amount of 16% of the fatty 

acids. However, Palmitic acid (12% of the FAs) and Linolenic Acid (14% of FAs) were 
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also in a higher amount. As the palmitic and steric acid are favored for biofuel, both these 

constitute about 60 % of the saturated FAs. 

 

4.6.2.2. Fatty Acid Profile of S2 

Table 4.7: Fatty acid profile of S2 strain 

Fatty Acid Name FAME % FAME % DW 

C6 Caproic Acid 2.9 0.8 

C11 Undecanoic Acid 2.1 0.57 

C14 Myristic Acid 2.3 0.63 

C16 Palmitic acid 17.5 4.8 

C18 Steric acid 4.4 1.2 

C20 Arachidic acid 2.6 0.7 

C23 Lignoceric acid 2.6 0.7 

Total Saturated  34.4 9.4 

C16-1 Palmitoleic Acid 10.2 2.7 

C17-1 Heptadecanoic Acid 4.1 1.1 

C18-1 Elaidic Acid 3.9 1 
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C18:1 Oleic acid 8.4 2.3 

C18-2 Lenolelaidic Acid 8.2 2.2 

C18-2 Linoleic Acid 8.2 2.2 

C18-3 Linolenic Acid 6.1 1.6 

C22-1 Erucic Acid 8.2 2.2 

C24-1 Nervonic Acid 8.3 2.3 

Total Unsaturated  65.6 17.6 

Total FAME  100 27.3 

 

S2 strain, showing 34% saturated FAs, have about 22% palmitic acid and steric 

acid. As its biomass productivity was also high, so it is the most promising line for 

biofuel production. 
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4.6.2.3. Fatty Acid Profile of S3 

Table 4.8: Fatty acid profile of S3 strain 

Fatty Acid Name FAME % FAME % DW 

C-16 Palmitic acid 10.5 1.47 

C-18 Steric acid 5.1 0.71 

C-20 Arachidic acid 4.6 0.64 

C-21 Behenic acid 5.2 0.73 

C-23 Lignoceric acid 2.6 0.36 

Total Saturated  28 3.92 

C16-1 Palmitoleic Acid 16.2 2.26 

C18:1 Oleic acid 9.8 1.37 

C18-2 Lenolelaidic Acid 7.1 0.99 

C18-3 Linolenic Acid 15.1 2.11 

C20-4 Arachidonic Acid 7.3 1.02 

C22-1 Erucic Acid 8.2 1.14 

C24-1 Nervonic Acid 8.3 1.16 

Total 

Unsaturated 
 72 10.08 

Total FAME  100% 14% 

 

In S3 strain, Palmitic acid and steric acid together constitute about 16% of the FAs. 
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The FA concentration among all the strains varied from 14 to 27% of the dry 

weight.  
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Chapter 5 

DISCUSSIONS 

 

The size of Chlorella vulgaris range from 2-15 µm in diameter (cells are often 

overlooked because of their small size) [71]. So it was supposed that our slant 2 (B5) 

resemble the Chlorella vulgaris. Similarly, Nanochloropsis oculata is found larger in size 

than C. vulgaris but the shape remains same as our strain 3 (C5). Slant 1 (A5) were found 

to be floating in the medium all the time and under the microscope showed “u” shape 

chloroplast and more spherical than Chlorella vulgaris as shown in table 8 having similar 

characteristics of Chlorella kessleri [70]. On the basis of these morphological characters 

our isolated strains were identified.  

Optical density at T1: All the treatments give maximum optical density at the 

30°C. Our study was supported by Fakhry who found maximum optical density at this 

temperature at day 24 [72]. 

Optical Density at T2: OD was lower in this study at 35°C then 30°C. This study 

was supported by Cho et al., which found the maximum cell density of Nannochloropsis 

oculata at 30°C temperature. They varied the salinity of the solution but the optical 

density was maximum at 30°C than 35°C. However, when the temperature was below 

25°C the density reduced [132]. 

DW at T1: This result is further supported by Bartley et al., 2015 which found the 

highest cell density at 25th day of cultivation Nannochloropsis sp [78]. Similarly, Nigam 
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et al., 2011 found that chlorella sp gave 0.315 g/L of biomass production at 24th day of 

culturing [79]. 

DW at T2: As the temperature increased from 30 to 35°C, the dry weight of all 

treatments decreased. The similar result was also observed by some scientists [72]. 

Observing the result obtained at 30°C and 35°C, dry weight of S1, S2 and S3 was 

observed higher at 30°C (0.92, 1.71 and 0.6 mg/L respectively). Generally, the 

temperature effect on microalgae biomass concentration may be species dependent. As no 

significant difference was observed by varying the temperature from 10-30°C on 

Scenedesmum sp. LX1 under 15 days cultivation [81]. While Isochrysis galbana 

increased linearly with temperature but with a small difference [82]. Similarly, Chlorella 

sp HQ showed significant responses to 12-25°C temperature and a high temperature of 38 

°C could not be endured [83]. The similar findings show that chlorella vulgaris don’t 

grow well over 30°C as it is considered as heat stress [80]. 

Removal of P at T1: The removal of 8 mg /L by chlorella vulgaris is further 

supported by another study [75] using batch culture media. Similarly, chlorella kessleri 

was also found to remove the phosphate up to 15 mg/L in batch culture [76]. However, 

one study showed the very high removal of 42 mg/L phosphate by chlorella vulgaris 

[77]. This removal actually depicts the potential of species for nutrient absorption. If the 

concentration increases from the optimum level it hinders the growth and hence removal 

is restricted.  
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Generally, from various investigations, it is evident that municipal wastewater 

having total nitrogen up to 90 mg/l and phosphate up to 16 mg/l can be removed by 

Chlorella sp more than 80% [84]. 

N and P Removal: Result from the current study showed that nitrate and 

phosphate were almost completely removed within 20-day incubation period for both 

temperatures, regardless how high the initial concentration (61.5-246 mg/L TN, 1.45-5.8 

mg/L TP). It means the initial 246 mg/L nitrate and 5.8 mg/L phosphate did not cause the 

nutrient uptake inhibition to the studied strains. The initial higher concentration of 178 

mg/L was also tolerated by Chlorella sp. in one study which supports this study [133]. 

Fatty Acid Profile: Various compounds are found in microalgae lipids like 

phospholipid, glycolipid, and glycerides [86, 87]. However, their ratios are species and 

growing condition dependent. Free fatty acid range about 1-2% of the microalgae lipids 

[88]. Most of these are linked with glycerol forming acyl glycerol. Generally, mono, di, 

and tri glycerol are found among which try glycerol are easily converted into biofuel by 

transesterification method [89]. So for estimation of biofuel production, one has to 

consider the fatty acid composition rather than only the lipid content [90, 91]. 

Palmitic acid and Palmitoleic acid are found prominently among all the strains. 

The highest value of palmitic acid (17.5% of the dry weight) was found in S2 strain, 

while the lowest were found in S3 (10.5% of the dry weight). However, the S2 strains 

showed highest amount of saturated fats (38%) while S3 showed 28% saturated fats. As 

the saturated FAs and MUFAs higher in proportion, the lesser will be the problem in fuel 

combustion [85]. Moreover, the quantity of palmitic and steric acid is the further 
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indicator of biofuel efficiency, because, after ignition in the engine, these are the first 

compounds that precipitate [92].   From the table 4.4, 4.5 and 4.6, it is obvious that S2 

stain has a higher value of palmitic and steric acid than the S1 and S3. So, the biofuel 

obtained from S2 is better than S1 and S3. 
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Conclusion 

 

The following conclusion was drawn from this study. 

After sampling from the coast of Jubail and Al-Khobar, six strains were isolated 

through continuous streaking method. Among these six two were the samples taken from 

flowing water of Jubail coast while one each from sediment sample of Jubail shore and 

flowing water from Al-Khobar. Three strains (S1, S2, and S3) identified through their 

morphological behavior and 18S rRNA analysis.  

Two growth parameters OD and DW were measured by varying three nitrates and 

phosphate and two temperature levels (30 and 35°C). At T1, among the tested nutrient 

levels, N3 gave higher optical density (1.81) value then followed by N2 and N1 

respectively. While S2 gave highest OD of 1.81, followed by S1 0.98 and S3 0.68. A 

similar trend was observed at T2, where higher OD was observed at N3, followed by N2 

and N1. S2 again showed higher OD than the S1 and S3 as like T1. So highest OD was 

seen from S2 at all nutrient levels. 

At 30°C, the trend of dry weight was seen alike optical density. The highest dry 

weight of 1.71 g/L was observed at N3 and lowest biomass of 0.33 g/L was at N1. N3 

nutrient level showed higher biomass accumulation than N2 and N1. The s2 strain 

showed the high dry weight of 1.27, 1.59 and 1.71 g/L at N1, N2 and N3 respectively. At 

T2, again the same trend is seen where the high dry weight of 1.37 g/L obtained at N3 

then followed by N2 1.21 g/L and N1 1.05 g/L. The highest dry weight of g/L was seen 

by S2 at N3 nutrient level then g/L at N2 and the lowest at N1 of g/L. S3 produced DW 
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was 0.29 g/L when N3 was applied in the medium and followed by 0.26, 0.25 g/L at N2 

and N1 respectively. So, among all the treatments, S2 showed more DW at all nutrient 

levels. 

Nitrate and phosphate uptake was also observed at two mentioned temperatures 

keeping NP ratio (42:1) constant and changing the initial concentration of nitrate and 

phosphate (in the form of NaNO3 and K2HPO4). Nitrogen varied from 61-246 mg/L 

while Phosphorus from 1.45-5.8 mg/L. All the strains showed slow removal from day 1-

8, then increase proportionally till the maximum removal. No marked difference found 

for the removal of nitrate and phosphate at two studied temperatures. A similar trend was 

also found for S1, S2 and S3 strains individually at both temperatures. The strain S1 

showed >94, 98 and 95% nitrate and 94, 96, 94% phosphate removal at N1, N2 and N3 

respectively when incubated at 30°C. The s2 strain showed the removal of >94, 98 and 

95% nitrate and 92, 95 and 93% phosphate at N1, N2, and N3 respectively. While S3 

showed >95, 98 and 97% nitrate and 95, 98, 94% phosphate removal at N1, N2 and N3 

respectively at T1.  

When S2 was cultivated at 35°C, nitrate removal was 95, 98 and 97% while 

phosphorus removal was 94, 96 and 92% at N1, N2, and N3 respectively. The strain S1 

showed 91, 94 and 90% phosphate and 96, 98 and 97% nitrate removal at N1 N2 and N3 

respectively when incubated at 35°C. More than 90% phosphate was removed from the 

culture media after 16 days while more than 90% nitrate was removed after 20 days.  

Lipid content by percent of dry weight showed no variation on two studied 

temperatures and three nutrient levels (N1, N2, and N3). The strain S2 showed highest 

lipid content of 27% followed by S1 19% and S3 14% of the dry weight. Highest lipid 
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productivity of 1.13 g/L/day obtained from S2 while the lowest of 0.58 g/L/day from S3 

strain. Strain S1 showed 0.82 g/L/day.  Quantification of lipid content through GC-FID 

showed 30.7, 34.4 and 28% saturated fatty acid in S1, S2, and S3 respectively. 



65 

 

References 

1- Worst case carbon dioxide emission. (2014/09/22) Retrieved from /worst-case-

carbon-dioxide-emissions-increases-continue-hitting-40-billion-tons-per-year-in-

2013/. 

2- Al-Saif, S. S. A. L., Abdel-Raouf, N., El-Wazanani, H. A., & Aref, I. A. (2014). 

Antibacterial substances from marine algae isolated from Jeddah coast of Red sea, 

Saudi Arabia. Saudi journal of biological sciences, 21(1), 57-64. 

3- Antizar‐Ladislao, B., & Turrion‐Gomez, J. L. (2008). Second‐generation biofuels and 

local bioenergy systems. Biofuels, Bioproducts and Biorefining, 2(5), 455-469. 

4- Knothe, G. (2010). Biodiesel and renewable diesel: a comparison. Progress in Energy 

and Combustion Science, 36(3), 364-373. 

5- Demirbas, M. F. (2009). Biorefineries for biofuel upgrading: a critical review. 

Applied Energy, 86, S151-S161. 

6- Nigam, P. S., & Singh, A. (2011). Production of liquid biofuels from renewable 

resources. Progress in Energy and Combustion Science, 37(1), 52-68. 

7- Khosla, V., (2009). Where will biofuels and biomass feedstock come from? [White 

Paper], Available from 

http://www.khoslaventures.com/presentations/WhereWillBiomassComeFrom.doc. [d

oi11.04.2015]. 

8- Beer, L. L., Boyd, E. S., Peters, J. W., & Posewitz, M. C. (2009). Engineering algae 

for biohydrogen and biofuel production. Current opinion in biotechnology, 20 (3), 

264-271. 

https://robertscribbler.wordpress.com/2014/09/22/worst-case-carbon-dioxide-emissions-increases-continue-hitting-40-billion-tons-per-year-in-2013/
https://robertscribbler.wordpress.com/2014/09/22/worst-case-carbon-dioxide-emissions-increases-continue-hitting-40-billion-tons-per-year-in-2013/
https://robertscribbler.wordpress.com/2014/09/22/worst-case-carbon-dioxide-emissions-increases-continue-hitting-40-billion-tons-per-year-in-2013/


66 

 

9- Brennan, L., & Owende, P. (2010). Biofuels from microalgae-a review of 

technologies for production, processing, and extractions of biofuels and co-

products. Renewable and sustainable energy reviews, 14(2), 557-577. 

10- Brune, D. E., Lundquist, T. J., & Benemann, J. R. (2009). Microalgal biomass for 

greenhouse gas reductions: potential for replacement of fossil fuels and animal 

feeds. Journal of Environmental Engineering, 135(11), 1136-1144. 

11- Sialve, B., Bernet, N., & Bernard, O. (2009). Anaerobic digestion of microalgae as a 

necessary step to make microalgal biodiesel sustainable. Biotechnology 

advances, 27(4), 409-416. 

12- Kapdan, I. K., & Kargi, F. (2006). Bio-hydrogen production from waste 

materials. Enzyme and microbial technology, 38(5), 569-582. 

13- Johnson, M. B., & Wen, Z. (2009). Production of biodiesel fuel from the microalga 

Schizochytrium limacinum by direct transesterification of algal biomass. Energy & 

Fuels, 23(10), 5179-5183. 

14- Deng, X., Li, Y., & Fei, X. (2009). Microalgae: a promising feedstock for 

biodiesel. African Journal of Microbiology Research, 3(13), 1008-1014. 

15- Yeesang, C., & Cheirsilp, B. (2014). Low-Cost Production of Green Microalga 

Botryococcus braunii Biomass with High Lipid Content through Mixotrophic and 

Photoautotrophic Cultivation. Applied biochemistry and biotechnology, 174(1), 116-

129. 

16- Young, G., Nippgen, F., Titter Brandt, S., & Cooney, M. J. (2010). Lipid extraction 

from biomass using co-solvent mixtures of ionic liquids and polar covalent 

molecules. Separation and Purification Technology, 72(1), 118-121. 



67 

 

17- Vaičiulytė, S., Padovani, G., Kostkevičienė, J., & Carlozzi, P. (2014). Batch Growth 

of Chlorella vulgaris CCALA 896 versus Semi-Continuous Regimen for Enhancing 

Oil-Rich Biomass Productivity. Energies, 7(6), 3840-3857. 

18- Mazzuca Sobczuk, T., & Chisti, Y. (2010). Potential fuel oils from the microalga 

Choricystis minor. Journal of Chemical Technology and Biotechnology, 85(1), 100-

108. 

19- Shen, Y., Pei, Z., Yuan, W., & Mao, E. (2009). Effect of nitrogen and extraction 

method on algae lipid yield. International Journal of Agricultural and Biological 

Engineering, 2(1), 51-57. 

20- Kanda, H., & Li, P. (2011). The simple extraction method of green crude from natural 

blue-green microalgae by dimethyl ether. Fuel, 90(3), 1264-1266. 

21- Chisti, Y. (2007). Biodiesel from microalgae. Biotechnology advances, 25(3), 294-

306. 

22- Solomon, S. (Ed.). (2007). Climate change 2007-the physical science basis: Working 

group I contribution to the fourth assessment report of the IPCC (Vol. 4). Cambridge 

University Press. 

23- Ahmad, A. L., Yasin, N. M., Derek, C. J. C., & Lim, J. K. (2011). Microalgae as a 

sustainable energy source for biodiesel production: a review. Renewable and 

Sustainable Energy Reviews, 15(1), 584-593. 

24- Mata, T. M., Martins, A. A., & Caetano, N. S. (2010). Microalgae for biodiesel 

production and other applications: a review. Renewable and sustainable energy 

reviews, 14(1), 217-232. 



68 

 

25- Liu, Z. Y., Wang, G. C., & Zhou, B. C. (2008). Effect of iron on growth and lipid 

accumulation in Chlorella vulgaris. Bioresource Technology, 99(11), 4717-4722. 

26- Rodolfi, L., Chini Zittelli, G., Bassi, N., Padovani, G., Biondi, N., Bonini, G., & 

Tredici, M. R. (2009). Microalgae for oil: Strain selection, induction of lipid synthesis 

and outdoor mass cultivation in a low‐cost photobioreactor. Biotechnology and 

bioengineering, 102(1), 100-112. 

27- Fernandes, B. D., Dragone, G. M., Teixeira, J. A., & Vicente, A. A. (2010). Light 

regime characterization in an airlift photobioreactor for production of microalgae with 

high starch content. Applied biochemistry and biotechnology, 161 (1-8), 218-226. 

28- Dragone, G., Fernandes, B. D., Abreu, A. P., Vicente, A. A., & Teixeira, J. A. (2011). 

Nutrient limitation as a strategy for increasing starch accumulation in 

microalgae. Applied Energy, 88(10), 3331-3335. 

29- Francisco, E. C., Neves, D. B., Jacob‐Lopes, E., & Franco, T. T. (2010). Microalgae 

as feedstock for biodiesel production: carbon dioxide sequestration, lipid production, 

and biofuel quality. Journal of Chemical Technology and Biotechnology, 85(3), 395-

403. 

30- Gouveia, L., & Oliveira, A. C. (2009). Microalgae as a raw material for biofuels 

production. Journal of industrial microbiology & biotechnology, 36(2), 269-274. 

31- Niskin, S. J. (1968). Apparatus for procuring oceanographic samples. US Patent 

3,412,498. 

32- Black, J. G. (2008). Microbiology: principles and explorations. John Wiley & Sons. 

25-27. 



69 

 

33- Lecture 3: Microbial Nutrition and Cultivation. (2014-05-12). Retrieved from 

http://www.slideshare.net/osamarifat/lect-3-microbial-nutrition-and-cultivation 

34- Microalgal Isolation Techniques. Retrieved from 

http://www.marine.csiro.au/microalgae/methods/microalgal%20isolation%20techniqu

es.htm 

35- How to grow bacteria from soil. (2011-03-02). Retrieved from 

http://neokhoonsing.blog.com/ 

36- Biosciences, B. D. (2000). Introduction to flow cytometry: A learning guide. Manual 

Part, (11-11032), 01. 

37- Willis, R.C. (2004, 11). Sorting out the mess. Retrieved from  

http://pubs.acs.org/subscribe/archive/mdd/v07/i11/html/1104feature_willis.html 

38- Whitelam, G. C., Lanaras, T., & Codd, G. A. (1983). Rapid separation of microalgae 

by density gradient centrifugation in Percoll. British Phycological Journal, 18(1), 23-

28. 

39- Richmond, A. (Ed.). (2008). Handbook of microalgal culture: biotechnology and 

applied phycology. John Wiley & Sons.68-69. 

40- Nigam, P. S., & Singh, A. (2011). Production of liquid biofuels from renewable 

resources. Progress in Energy and Combustion Science, 37(1), 52-68. 

41- Miao, X., & Wu, Q. (2006). Biodiesel production from heterotrophic microalgal 

oil. Bioresource technology, 97(6), 841-846. 

42- Schenk, P. M., Thomas-Hall, S. R., Stephens, E., Marx, U. C., Mussgnug, J. H., 

Posten, C., & Hankamer, B. (2008). Second generation biofuels: high-efficiency 

microalgae for biodiesel production. Bioenergy research, 1(1), 20-43. 

http://www.slideshare.net/osamarifat/lect-3-microbial-nutrition-and-cultivation
http://www.marine.csiro.au/microalgae/methods/microalgal%20isolation%20techniques.htm
http://www.marine.csiro.au/microalgae/methods/microalgal%20isolation%20techniques.htm
http://neokhoonsing.blog.com/
http://pubs.acs.org/subscribe/archive/mdd/v07/i11/html/1104feature_willis.html


70 

 

43- Singh, N. K., & Dhar, D. W. (2011). Microalgae as second generation biofuel. A 

review. Agronomy for sustainable development, 31(4), 605-629. 

44- Lavens, P., & Sorgeloos, P. (1996). Manual on the production and use of live food for 

aquaculture (No. 361). Food and Agriculture Organization (FAO). 

45- Ogbonna, J. C., Masui, H., & Tanaka, H. (1997). Sequential heterotrophic/autotrophic 

cultivation–An efficient method of producing Chlorella biomass for health food and 

animal feed. Journal of applied phycology, 9(4), 359-366. 

46- Adir, N., Zer, H., Shochat, S., & Ohad, I. (2003). Photoinhibition–a historical 

perspective. Photosynthesis Research, 76(1-3), 343-370. 

47- Huang, Y. L., Chen, M. X., Liu, D. F., & Li, J. (2008). Effect of nitrogen, phosphor, 

light and water temperature on the formation and disappearance of blue-green algae 

bloom. Journal of Northwest A & F University (Natural Science Edition), 9, 018. 

48- Iwkume, T. N., & Rasuno, M. (1985). Photosynthesis and primary production of 

Microcystis aeruginosin in Lake Kasumigaura. J Plankton Res, 7, 303-312. 

49- Xiao, T., FanXiang, K., Yang, Y., XiaoLi, S., & Min, Z. (2009). Effects of enhanced 

temperature on algae recruitment and phytoplankton community succession. China 

Environmental Science, 29(6), 578-582. 

50- Butterwick, C., Heaney, S. I., & Talling, J. F. (2005). Diversity in the influence of 

temperature on the growth rates of freshwater algae, and it's ecological 

relevance. Freshwater Biology, 50(2), 291-300. 

51- Singh, A., Pant, D., Olsen, S. I., & Nigam, P. S. (2012). Key issues to consider in 

microalgae-based biodiesel production. Energy Educ Sci Technol Part A: Energy Sci 

Res, 29(1), 563-576. 



71 

 

52- Hu, Q. (2004). “Environmental effects on cell composition,” in Handbook of 

Microalgal Culture, ed. A. Richmond (Oxford: Blackwell), 83–93. 

53- Wijffels, R. H., & Barbosa, M. J. (2010). An outlook on microalgal biofuels. Science 

(Washington), 329(5993), 796-799. 

54- Dortch, Q. (1990). The interaction between ammonium and nitrate uptake in 

phytoplankton. Marine ecology progress series. Oldendorf, 61(1), 183-201. 

55- Wang, Z. T., Ullrich, N., Joo, S., Waffenschmidt, S., & Goodenough, U. (2009). 

Algal lipid bodies: stress induction, purification, and biochemical characterization in 

wild-type and starchless Chlamydomonas reinhardtii. Eukaryotic cell, 8(12), 1856-

1868. 

56- Demirbas, A. (2010). Use of algae as biofuel sources. Energy conversion and 

management, 51(12), 2738-2749. 

57- Takagi, M., Watanabe, K., Yamaberi, K., & Yoshida, T. (2000). Limited feeding of 

potassium nitrate for intracellular lipid and triglyceride accumulation of 

Nannochlorosis sp. UTEX LB1999. Applied microbiology and biotechnology, 54(1), 

112-117. 

58- Stephenson, A. L., Dennis, J. S., Howe, C. J., Scott, S. A., & Smith, A. G. (2010). 

Influence of nitrogen-limitation regime on the production by Chlorella vulgaris of 

lipids for biodiesel feedstocks. Biofuels, 1(1), 47-58. 

59- Fogg, G. E. (1956). Photosynthesis and formation of fats in a diatom. Annals of 

Botany, 20(2), 265-285. 

60- Heraud, P., Wood, B. R., Tobin, M. J., Beardall, J., & McNaughton, D. (2005). 

Mapping of nutrient-induced biochemical changes in living algal cells using 



72 

 

synchrotron infrared microspectroscopy. FEMS Microbiology Letters, 249(2), 219-

225. 

61- Hu, Q. (2004). 5 Environmental Effects on Cell Composition. Handbook of 

microalgal culture: biotechnology and applied phycology, 83. 

62- Kolber, Z., Zehr, J., & Falkowski, P. (1988). Effects of growth irradiance and 

nitrogen limitation on photosynthetic energy conversion in photosystem II. Plant 

Physiology, 88(3), 923-929. 

63- Collier, J. L., & Grossman, A. R. (1992). Chlorosis induced by nutrient deprivation in 

Synechococcus sp. strain PCC 7942: not all bleaching is the same. Journal of 

bacteriology, 174(14), 4718-4726. 

64- Larned, S. T. (1998). Nitrogen-versus phosphorus-limited growth and sources of 

nutrients for coral reef macroalgae. Marine Biology, 132(3), 409-421. 

65- Borchardt, J. A., & Azad, H. S. (1968). Biological extraction of nutrients. Journal 

(Water Pollution Control Federation), 1739-1754. 

66- Xin, L., Hong-ying, H., Ke, G., & Ying-xue, S. (2010). Effects of different nitrogen 

and phosphorus concentrations on the growth, nutrient uptake, and lipid accumulation 

of a freshwater microalga Scenedesmus sp. Bioresource Technology, 101(14), 5494-

5500. 

67- Kilham, S., Kreeger, D., Goulden, C., & Lynn, S. (1997). Effects of nutrient 

limitation on biochemical constituents of Ankistrodesmus falcatus. Freshwater 

Biology, 38(3), 591-596. 

68- Redfield, A. C. (1963). The influence of organisms on the composition of sea-

water. The sea, 26-77. 



73 

 

69- Sun, L., Jin, X. C., Zhong, Y., Zhang, D. M., Zhu, L., Dai, S. G., & Zhuang, Y. Y. 

(2006). [Changes of algal communities in a water body with different proportions of 

nitrogen and phosphorus]. Yingyong shengtai xue bao: The journal of applied 

ecology/ Zhongguo sheng tai xue xue hui, Zhongguo ke xue yuan Shenyang ying yong 

sheng tai yan jiu suo zhu ban, 17(7), 1218-1223. 

70- Rosen, B. H. (1990). Microalgae identification for aquaculture. Florida aqua farms. 

133-134. 

71- Van Vuuren, S., Taylor, J. C., Gerber, A., & Van Ginkel, C. (2006). Easy 

identification of the most common freshwater algae. North-West University and 

Department of Water Affairs and Forestry, Pretoria, South Africa, 1-200. 

72- Fakhry, E. M., & El Maghraby, D. M. (2015). Lipid accumulation in response to 

nitrogen limitation and variation of temperature in Nannochloropsis salina. Botanical 

Studies, 56(1), 6. 

73- Richmond, A. (Ed.). (2008). Handbook of microalgal culture: biotechnology and 

applied phycology. John Wiley & Sons. 135 

74- Norton, T. A., Melkonian, M., & Andersen, R. A. (1996). Algal biodiversity 

Phycologia, 35(4), 308-326. 

75- Aslan, S., & Kapdan, I. K. (2006). Batch kinetics of nitrogen and phosphorus removal 

from synthetic wastewater by algae. Ecological Engineering, 28(1), 64-70. 

76- Wang, L., Li, Y., Chen, P., Min, M., Chen, Y., Zhu, J., & Ruan, R. R. (2010). 

Anaerobic digested dairy manure as a nutrient supplement for the cultivation of oil-

rich green microalgae Chlorella sp. Bioresource technology, 101(8), 2623-2628. 



74 

 

77- Khan, M., & Yoshida, N. (2008). Effect of L-glutamic acid on the growth and 

ammonium removal from ammonium solution and natural wastewater by Chlorella 

vulgaris NTM06. Bioresource technology, 99(3), 575-582. 

78- Bartley, M. L., Boeing, W. J., Daniel, D., Dungan, B. N., & Schaub, T. (2015). 

Optimization of environmental parameters for Nannochloropsis salina growth and 

lipid content using the response surface method and invading organisms. Journal of 

Applied Phycology, 1-10. 

79- Nigam, S., Rai, M. P., & Sharma, R. (2011). Effect of nitrogen on growth and lipid 

content of Chlorella pyrenoidosa. American Journal of Biochemistry and 

Biotechnology, 7(3), 124-129. 

80- Converti, A., Casazza, A. A., Ortiz, E. Y., Perego, P., & Del-Borghi, M. (2009). 

Effect of temperature and nitrogen concentration on the growth and lipid content of 

Nannochloropsis oculata and Chlorella vulgaris for biodiesel production. Chemical 

Engineering and Processing: Process Intensification, 48(6), 1146-1151. 

81- Xin, L., Hong-Ying, H., & Yu-Ping, Z. (2011). Growth and lipid accumulation 

properties of a freshwater microalga Scenedesmus sp. under different cultivation 

temperature. Bioresource Technology, 102(3), 3098-3102. 

82- Sayegh, F. A., & Montagnes, D. J. (2011). Temperature shifts induce intraspecific 

variation in microalgal production and biochemical composition. Bioresource 

technology, 102(3), 3007-3013. 

83- Zhang, Q., Zhan, J. J., & Hong, Y. (2015). The effects of temperature on the growth, 

lipid accumulation and nutrient removal characteristics of Chlorella sp. 

HQ. Desalination and Water Treatment, 1-6. 



75 

 

84- Singh, G., & Thomas, P. B. (2012). Nutrient removal from membrane bioreactor 

permeates using microalgae and in a microalgae membrane photoreactor. Bioresource 

technology, 117, 80-85. 

85- Zhila, N. O., Kalacheva, G. S., Volova, T. G., & Degermendzhi, A. G. (2001, May). 

The structure of Hydrocarbons Synthesized by the Alga Botryococcus isolated from 

Lake Shira. In Doklady Biological Sciences, 378 (1), 265-269. 

86- Greenwell, H. C., Laurens, L. M. L., Shields, R. J., Lovitt, R. W., & Flynn, K. J. 

(2009). Placing microalgae on the biofuels priority list: a review of the technological 

challenges. Journal of the Royal Society Interface 36(7) 67-74. rsif20090322. 

87- Vanitha, A., Narayan, M. S., Murthy, K. N. C., & Ravishankar, G. A. (2007). 

Comparative study of lipid composition of two halotolerant algae, Dunaliella 

bardawil and Dunaliella salina. International journal of food sciences and 

nutrition, 58(5), 373-382. 

88- Liu, J., Huang, J., Sun, Z., Zhong, Y., Jiang, Y., & Chen, F. (2011). Differential lipid 

and fatty acid profiles of photoautotrophic and heterotrophic Chlorella zofingiensis: 

assessment of algal oils for biodiesel production. Bioresource technology, 102 (1), 

106-110. 

89- Knothe, G. (2005). Dependence of biodiesel fuel properties on the structure of fatty 

acid alkyl esters. Fuel processing technology, 86(10), 1059-1070. 

90- Canakci, M., & Sanli, H. (2008). Biodiesel production from various feedstocks and 

their effects on the fuel properties. Journal of industrial microbiology & 

biotechnology, 35(5), 431-441. 



76 

 

91- Srivastava, A., & Prasad, R. (2000). Triglycerides-based diesel fuels. Renewable and 

sustainable energy reviews, 4(2), 111-133. 

92- Schwab, A. W., Bagby, M. O., & Freedman, B. (1987). Preparation and properties of 

diesel fuels from vegetable oils. Fuel, 66(10), 1372-1378.  

93- Zhou, W., Min, M., Li, Y., Hu, B., Ma, X., Cheng, Y., & Ruan, R. (2012). A hetero-

photoautotrophic two-stage cultivation process to improve wastewater nutrient 

removal and enhance algal lipid accumulation. Bioresource Technology, 110, 448-

455. 

94- Boelee, N. C., Temmink, H., Janssen, M., Buisman, C. J., & Wijffels, R. H. (2012). 

Scenario analysis of nutrient removal from municipal wastewater by microalgal 

biofilms. Water, 4(2), 460-473. 

95- Mulbry, W., Kondrad, S., Pizarro, C., & Kebede-Westhead, E. (2008). Treatment of 

dairy manure effluent using freshwater algae: algae productivity and recovery of 

manure nutrients using pilot-scale algal turf scrubbers. Bioresource 

technology, 99(17), 8137-8142. 

96- Mulbry, W., Kondrad, S., Buyer, J., & Luthria, D. L. (2009). Optimization of an oil 

extraction process for algae from the treatment of manure effluent. Journal of the 

American Oil Chemists' Society, 86(9), 909-915. 

97- Chinnasamy, S., Bhatnagar, A., Hunt, R. W., & Das, K. C. (2010). Microalgae 

cultivation in a wastewater dominated by carpet mill effluents for biofuel 

applications. Bioresource technology, 101(9), 3097-3105. 



77 

 

98- Markou, G., & Georgakakis, D. (2011). Cultivation of filamentous cyanobacteria 

(blue-green algae) in agro-industrial wastes and wastewaters: a review. Applied 

Energy, 88(10), 3389-3401.  

99- Li, Y., Chen, Y. F., Chen, P., Min, M., Zhou, W., Martinez, B., & Ruan, R. (2011). 

Characterization of a microalga Chlorella sp. well adapted to highly concentrate 

municipal wastewater for nutrient removal and biodiesel production. Bioresource 

technology, 102(8), 5138-5144. 

100- Chi, Z., Zheng, Y., Jiang, A., & Chen, S. (2011). Lipid production by culturing 

oleaginous yeast and algae with food waste and municipal wastewater in an integrated 

process. Applied biochemistry and biotechnology, 165(2), 442-453.  

101- Scott, S. A., Davey, M. P., Dennis, J. S., Horst, I., Howe, C. J., Lea-Smith, D. J., & 

Smith, A. G. (2010). Biodiesel from algae: challenges and prospects. Current opinion 

in biotechnology, 21(3), 277-286.  

102- Ji, M. K., Abou-Shanab, R. A., Kim, S. H., Salama, E. S., Lee, S. H., Kabra, A. N., ... 

& Jeon, B. H. (2013). Cultivation of microalgae species in tertiary municipal 

wastewater supplemented with CO2 for nutrient removal and biomass 

production. Ecological Engineering, 58, 142-148.  

103- Su, Y., Mennerich, A., & Urban, B. (2012). Comparison of nutrient removal capacity 

and biomass settle ability of four high-potential microalgal species. Bioresource 

technology, 124, 157-162. 

104- Xin, L., Hong-ying, H., & Jia, Y. (2010). Lipid accumulation and nutrient removal 

properties of a newly isolated freshwater microalga, Scenedesmus sp. LX1, growing 

in secondary effluent. New biotechnology, 27(1), 59-63. 



78 

 

105- Xin, L., Hong-ying, H., Ke, G., & Jia, Y. (2010). Growth and nutrient removal 

properties of a freshwater microalga Scenedesmus sp. LX1 under different kinds of 

nitrogen sources. Ecological Engineering, 36(4), 379-381. 

106- Burks, B. D & Minnis, M. M. (1994). Onsite wastewater treatment systems.  

Madison: Hogarth House, 

107- Maestrini, S. Y., Robert, J. M., Leftley, J. W., & Collos, Y. (1986). Ammonium 

thresholds for simultaneous uptake of ammonium and nitrate by oyster-pond 

algae. Journal of experimental marine Biology and Ecology, 102(1), 75-98. 

108- Agrawal, Rakesh, et al. "Sustainable fuel for the transportation sector.” Proceedings 

of the National Academy of Sciences 104.12 (2007): 4828-4833. 

109- Li, X., Přibyl, P., Bišová, K., Kawano, S., Cepák, V., Zachleder, V. & Vítová, M. 

(2013). The microalga Parachlorella kessleri: A novel highly efficient lipid 

producer. Biotechnology and bioengineering, 110(1), 97-107. 

110- Jin, E. S., & Melis, A. (2003). Microalgal biotechnology: Carotenoid production by 

the green algae Dunaliella salina. Biotechnology and Bioprocess Engineering, 8(6), 

331-337. 

111- Runcie, J. W., Ritchie, R. J., & Larkum, A. W. (2003). Uptake kinetics and 

assimilation of inorganic nitrogen by Catenella nipae and Ulva lactuca. Aquatic 

Botany, 76(2), 155-174. 

112- Bloom, A. J., Sukrapanna, S. S., & Warner, R. L. (1992). Root respiration associated 

with ammonium and nitrate absorption and assimilation by barley. Plant 

Physiology, 99(4), 1294-1301. 



79 

 

113- US fish and wildlife services. Algae culture for freshwater mussel propagation. A 

companion manual to the online video tutorial. National conservation training center. 

114- Starr, R. C., & Zeikus, J. A. (1993). The Culture Collection of Algae at the University 

of Texas at Austin 1993 List of Cultures1. Journal of phycology, 29(s2), 1-106. 

115- Lab3: Preparation and sterilization of culture media (2013/4/26). Retrieved from 

https://ibg102.wordpress.com/2013/04/26/lab-3-preparation-and-sterilization-of-

culture-media/ 

116- SN media recipe. Retrieved from  

http://www-cyanosite.bio.purdue.edu/media/table/SN.html 

117-  Algal Identification Lab guide by Agriculture and Agri-food Canada (2011/8/02). 

Retrieved from  http://publications.gc.ca/site/archivee-

archived.html?url=http://publications.gc.ca/collections/collection_2011/agr/A125-8-

2-2011-eng.pdf 

118- Rosen, B. H. (1990). Microalgae identification for aquaculture. Florida aqua farms. 

119- Van Vuuren, S., Taylor, J. C., Gerber, A., & Van Ginkel, C. (2006). Easy 

identification of the most common freshwater algae. North-West University and 

Department of Water Affairs and Forestry, Pretoria, South Africa, 1-200. 

120- Wehr, J. D., Sheath, R. G., & Kociolek, J. P. (Eds.). (2015). Freshwater algae of 

North America: ecology and classification. Elsevier. 

121- Molybdovanadate method with acid persulfate digestion Hatch method 101127 for 

total phosphorus. Retrieved from http://www.hach.com/asset-

get.download.jsa?id=7639983840.  

https://ibg102.wordpress.com/2013/04/26/lab-3-preparation-and-sterilization-of-culture-media/
https://ibg102.wordpress.com/2013/04/26/lab-3-preparation-and-sterilization-of-culture-media/
http://www-cyanosite.bio.purdue.edu/media/table/SN.html
http://publications.gc.ca/site/archivee-archived.html?url=http://publications.gc.ca/collections/collection_2011/agr/A125-8-2-2011-eng.pdf
http://publications.gc.ca/site/archivee-archived.html?url=http://publications.gc.ca/collections/collection_2011/agr/A125-8-2-2011-eng.pdf
http://publications.gc.ca/site/archivee-archived.html?url=http://publications.gc.ca/collections/collection_2011/agr/A125-8-2-2011-eng.pdf
http://www.hach.com/asset-get.download.jsa?id=7639983840
http://www.hach.com/asset-get.download.jsa?id=7639983840


80 

 

122- Nitrate HR Chromotropic Acid Method 10020. Retrieved from 

http://www.hach.com/asset-get.download.jsa?id=7639983738.  

123- Thatipamala, R., & Hill, G. A. (1991). Spectrophotometric method for high biomass 

concentration measurements. Biotechnology and bioengineering, 38(9), 1007-1011. 

124- Adrien, N. G. (1998). Derivation of mean cell residence time formula. Journal of 

Environmental Engineering, 124(5), 473-474. 

125- Griffiths, M. J., Garcin, C., van Hille, R. P., & Harrison, S. T. (2011). Interference by 

the pigment in the estimation of microalgal biomass concentration by optical density. 

Journal of microbiological methods, 85(2), 119-123. 

126- Biesta-Peters, E. G., Reij, M. W., Joosten, H., Gorris, L. G., & Zwietering, M. H. 

(2010). Comparison of two optical-density-based methods and a plate count method 

for estimation of growth parameters of Bacillus cereus. Applied and environmental 

microbiology, 76(5), 1399-1405. 

127- Kell, D. B., Markx, G. H., Davey, C. L., & Todd, R. W. (1990). Real-time monitoring 

of cellular biomass: methods and applications. TrAC Trends in Analytical Chemistry, 

9(6), 190-194. 

128- Nair, A. J. (2010). Comprehensive Biotechnology XI. Firewall Media. 

129- Moheimani, N. R., Borowitzka, M. A., Isdepsky, A., & Sing, S. F. (2013). Standard 

methods for measuring the growth of algae and their composition. Algae for Biofuels 

and Energy (pp. 265-284). Springer Netherlands. 

130- Sathish, A., & Sims, R. C. (2012). Biodiesel from mixed culture algae via a wet lipid 

extraction procedure. Bioresource technology, 118, 643-647. 

http://www.hach.com/asset-get.download.jsa?id=7639983738


81 

 

131-  Fatty acid/ FAME Application guide, Supleco Analytical. Retrieved from 

https://www.sigmaaldrich.com/content/dam/sigma-

aldrich/docs/Supelco/General_Information/t408126.pdf 

132- Cho, S. H., JI, S. C., Hur, S. B., Bae, J., Park, I. S., & Song, Y. C. (2007). Optimum 

temperature and salinity conditions for growth of green algae Chlorella ellipsoidea 

and Nannochlorosis oculata. Fisheries Science, 73(5), 1050-1056. 

133- De la Node, J., & Basseres, A. (1989). Biotreatment of anaerobically digested swine 

manure with microalgae. Biological wastes, 29(1), 17-31. 

https://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Supelco/General_Information/t408126.pdf
https://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Supelco/General_Information/t408126.pdf


82 

 

Vitae 

 

 

Name    : Muhammad Arif Ibrahim 

Nationality   : Pakistani 

Date of Birth   : 31-12-1988. 

 Email    : arif1758@gmail.com. 

Address   Qadir Town KLP road Ahmed Pur East, Bahawalpur, PK. 

Academic Background  MS Agricultural Agronomy, UAF, PK. 

 

 


