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ABSTRACf 

The primary objective of this study was: ( 1 ) to develop a more thorough 

understanding of the growth characteristics of Spirulina platensis, a filamentous 

cyanobacterium cultivated commercially as a source of human food, animal feed, and fme 

chemicals, ( 2 ) to predict overall inorganic nutrient uptake, and ( 3 ) to determine the 

optimum concentrations of inorganic nutrients at which biomass production as well as 

growth rate reaches maximum levels. Digested cattle waste was supplied to Spirulina 

platensis as the sole source of macro-and micro-nutrients. An experiment was conducted to 

measure the growth of algae under the influence of nitrate-N, ammonia-N, orthophosphate

P, and inorganic carbon at various concentrations. In each division of the experiment, the 

concentration of one of the four nutrients was expanded and growth response of algae was 

monitored to identify the acceleratory effect of this single nutrient. 

The results of the experimental study showed that the addition of nitrate-N to digested 

cattle waste media produces the highest rate of growth as well as the biomass yield of algae. 

In every experimental period, it is observed that the addition of any one kind of the 

inorganic nutrient above a certain level does not create a corresponding increase in biomass 

yield. This action might be caused by toxicity due to the excess concentration of one type 

of inorganic nutrient but more likely indicates some other nutrient is limiting. While 

measuring the effect of inorganic carbon on growth of Spirulina platen sis, the variation in 

pH due to the addition of sodium bicarbonate ( NaHC03) was investigated and found that 

4 g NaHC03fL was sufficient to balance the media's pH to approximately 9.2. The 

developed model predicted measured data with an R2 value greater than 0.97 in all cases 

with a high significance level ( 99.9% or a=O.OOI ). 
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CHAPTER I 

INTRODUCTION 

It is a well-known fact that with the ever increasing population, the world food problem 

raises a serious challenge to the welfare of mankind. It is no wonder that research on the 

production of high protein micro algae has increasingly attracted attention and interest the 

world over. 

In recent years, micro algae production and utilization for different economic purposes 

have been developing as an interesting industrial alternative, particularly for single cell 

protein production (Ayala, 1988 ). It is a common belief that algae biomass production in 

brackish or sea water can constitute an economically viable industry in many arid zones of 

the world where a scarcity of water suitable for conventional agriculture impairs the 

production of feedstuffs and natural products. The premise is that, through the cultivation 

of species and strains of algae which respond well to intense radiation and high temperature, 

saline water may be used to increase bioproduction in many arid regions of low productivity 

( Vonshak, 1981 ). 

Algae are defined as photosynthetic, non-vascular plants that contain at least one 

pigment chlorophyll-a ( Vonshak, 1982 ). Various species and strains of micro algae have 

been isolated and selected for mass culture. The reasons for the mass production of micro 

algae are: ( a ) high growth rate, ( b ) high protein content, ( c ) high nitrogen fixing capacity, 

( d ) special useful components or metabolic products, and ( e ) available for large scale 

culture with rather low cost (Becker, 1984 ). 

In the early 1950s, microalgal culture was initially considered to be used: ( a ) to 

promote aqua-cultural production, (b) to produce high protein food and feed, and (c) to 

increase crop yield in rice paddies by providing biofertilization ( Richmond, 1986 ). Micro 

algae with its rapid growth rate, are the most efficient producers of aquatic biomass to use as 
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a source of food and feed. Spirulina, by virtue of its high available protein and vitamin 

content, relative ease of exploitation and long history of human consumption, is the favored 

micro algae ( Fox, 1987 ). 

2 

Spirulina is a well-known ftlamentous cyanobacterium cultivated commercially as a 

source of human alimentation, animal feed, and fme chemicals ( Tomaselli, 1988 ). The 

food potential of genus Spirulina seems particularly promising. Spirulina is a member of 

the family Oscillatoriaceae with helical, multicellular ftlaments that may be 50 - 300 J..lllllong 

and 10 J..ll1l in diameter ( Vonshak, 1981 ). There are at least two groups of Spirulina that 

have been identified, the marine strains and those that occur in brackish water or highly 

alkaline lakes. There are few similarities between the two other than they are both 

cyanobacteria that form spiral, nonbranching filaments. Marine strains are typically the 

smaller of the genera having a diameter of no more than 1 Jlm and short filament length of 

less than 100 Jlm. The brackish strains are much larger having a diameter of 3 to 10 Jlm 

and a variable filament length ranging from the 10 Jlm to several millimeters. Three 

commonly found species are: 

Spirulina subsalsa, a marine strain, 

Spirulina platensis, both brackish and marine strains, and 

Spirulina maxima, a brackish strain. 

Several species of the genus Spirulina have been studied worldwide for possible 

utilization as supplemental sources of biomass protein since they attracted the attention of 

nutritionists and researchers in 1964 ( Davis, 1990 ). About thirty species are reported in 

the literature, and they are distributed all over the world ( Nakamura, 1970 ). Spirulina are 

often found as a single, dominating organisms in alkaline soda lakes with pH values up to 

11, and may grow well in water containing up to 14,000 mg per liter chloride in arid or 

semi-arid regions in Africa and Central America ( Vonshak, 1981 ). Spirulina is not only a 

possible source of single cell protein which can be very important in countries where 



malnutrition and starvation is endemic, but it can also be utilized for waste water treatment 

since algae can incorporate nutrients such as phosphorus and nitrogen into their cell tissue 

(Susana, 1991 ). 
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The species that is used for industrial purposes must have the following characteristics: 

( a ) a high nutrient value as feed, ( b ) be prolific, ( c ) a strong resistance to other 

microbes, and (d) easily cultured. According to Nakamura ( 1970 ), Spirulina platensis is 

one of the most ideal species which can satisfy the above requirements. Spirulina is 

preferred over green algae due to the following advantages: ( a ) mechanical separation by 

straining or filtration is possible, ( b ) high protein content ( 55 - 70% ), ( c ) high protein 

digestibility, and (d) availability. The disadvantages include:( a) slow growth rate compare 

to some other algae, ( b ) need of higher temperature, ( c ) need for relatively high 

concentrations of bicarbonate and carbonate, and ( d ) sensitivity to high irradiance levels 

( Shelef, 1980 ). 

Spirulina is the richest protein known ( see Table 1.1 ), which can be eaten like flour 

intact or it can be used to enrich our present foods ( Leupold, 1987 ). Common products 

marketed today from Spirulina include: (a) animal feed, (b) pigment extracts, (c) 

restrictive enzyme extracts, (d) natural pharmaceutical products, and (e) health food 

supplements (Braun, 1988 ). Spirulina production and utilization for different economic 

purposes is developing as an industrial alternative so that it may one day be cost competitive 

as a food source. The overall purpose of this study was to investigate the effect of inorganic 

nutrients in digested cattle waste on growth of Spirulina. The project was limited to a 

laboratory study, and consisted of two parts: ( a ) collection and set up of equipment capable 

of providing desired conditions for optimum growth of Spirulina, and ( b ) development of a 

procedure to measure the uptake and release of nutrients by Spirulina cells. Light, pH, 

temperature, and aeration ( mixing rate ) were regulated to provide optimum conditions for 

growth in all parts of this experimental study. 



Table 1.1 Comparison of Protein Content of Spirulina and Other 
Common Food Products 

Food Protein ( % of dry weight ) 

Soirulina 62-68 

Chlorella 40-50 

Soybean 39 

Beef 18-20 

Egg 18 

Fish 16- 18 

Wheat 6- 10 

Source: Nakamura, H., 1970. 

1.1 Objectives 

The objectives of this work were: 

( 1 ) to identify algal growth limiting nutrients, 

( 2 ) to determine the biological availability of limiting nutrients, and 

( 3) to determine the interactions between nitrogen components. 

During the growth period of Spirulina any one of the required nutrients may limit the 

rate of growth. In this project, emphasis was on the effect of concentration of nitrate 

( N03-N ), ammonia ( NH3-N ), phosphate ( P04-P ), and inorganic carbon. Inorganic 

4 

nutrients were provided at five different levels and the growth rate of algae was monitored to 

detect variations due to the effect of the availability of the most limiting nutrient in the 

culture media. The concentration of the remaining nutrients remained constant as is 

presented in digested cattle waste. The biomass yield and growth rate of Spirulina platensis 

will only be examined as a function of the utilized amount of initially provided concentration 

of a single nutrient. The intention was to determine which one of the four nutrients would 



increase the production of cells, or in other words, determine the growth response of algae 

by using different nutrients in addition to nutrients present in digested cattle waste. 

The purpose of the second objective was to quantify the amount of nutrients which 

were taken up by algae in the cell production process, and to quantify the biological 

response on growth rate of Spirulina to changes in concentrations of growth limiting 

nutrients. The growth rate of Spirulina were monitored on a daily basis and the increase in 

cell concentration was measured in order to understand the growth response of Spirulina 

due to the changes in a given nutrient concentration. 

The purpose of the third objective was to monitor nitrate-Nand ammonia-N 

concentrations resulting from the nitrification of digested cattle wastes. This interaction 

may cause a difference on growth of algae. 
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CHAPTER II 

LITERATURE REVIEW 

2.1. Anaerobic Di~estion of Cattle Waste 

It is estimated that two billion tons of solid waste are produced annually by fann 

animals in the U.S.A. Generally, all biological processes that are concerned with the 

bioconversion concept are well established in the natural cycles of organic matter 

degradation, primary productivity, and food chains (Ayala, 1984 ). However, disposal of 

residual waste material will be required. Disposal of this waste is costly and presents a 

potential hazard as a pollutant to both water and air. With the diminishing supply of natural 

gas and other fossil fuels, bacterial conversion of domestic animal wastes to methane and 

stabilized by-products which can serve as feed or fertilizer, is beneficial (Ayala, 1984 ). 

During anaerobic digestion of cattle waste, it is assumed that all the carbon of organic 

material destroyed is evolved as carbon dioxide ( C02 ) and methane ( CH4 ) ( Figure 2. 1 ) 

( Bruce, 1986 ). Little nitrogen is usually lost from the reactors during methane 

fermentation with most of the nitrogen in the effluent found as microbial cells and ammonia 

( Varel, 1977 ). Because of the high content of ammonia and other minerals (Ayala, 

1984 ), liquid biogas effluents can be used to recover nutrients for intensive micro algal 

culture ( V arel, 1977 ). 

In Shelefs batch experiment, anaerobically digested cow manure from mesophilic 

( 35·c, 95•p) and thermophilic ( 5YC, 131•p ), mixed, semi-continuously fed digesters with 

a retention time of 8 days were used as media. The digested matter with approximately 16% 

total solids of which approximately 30% of the volatile solids had been destroyed during the 

anaerobic digestion, was mixed with a sodium bicarbonate enriched media. Sodium 

bicarbonate was added to the system at different dosages between 10 and 
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Source: Bruce, A.M., 1986. 

7 

R 



8 

25 g/L but no marked effect on Spirulina platensis growth has been observed by increasing 

sodium bicarbonate nor with the temperature of the anaerobic digestion ( Shelef, 1979 ). 

Shelef stated that the algae grown in the digester effluent showed no initial time period of 

growth retardation and no time requirement for organic matter degradation was needed. In 

another experiment, algae had reached a maximum growth rate when digested cattle waste 

was used as a substrate ( Shelef et al., 1980 ). According to Fogg ( 1975 ), the lag phase in 

algal growth cultures seemed to occur mainly from the following causes: 

1. non viability of a large proportion of cells inoculated, 

2. a period necessary for reconstitution or activation of enzymes which may have been 

inactivated or to reestablish metabolites which may have decreased to a level 

insufficient to support algal cell division, 

3. age of inoculum, and 

4. establishment of an equilibrium concentration between intracellular and extracellular 

glycolic acid of cells. 

The advantages of the anaerobic treatment of organic waste include: ( a ) a short 

completion time for the process, ( b ) almost no special apparatus is required, and ( c ) the 

procedure is simple and inexpensive. Therefore, anaerobic fermentation of animal wastes is 

a cheap and logical way for recycling biological energy. A considerable amount of 

information is available in the literature on the chemical composition of cattle waste, 

however, little information is available on the chemical composition of wastes which have 

undergone anaerobic digestion. 

2.2. Determination of Growth Rate in AI g:al Culture 

Measurement of growth rate or determination of biomass concentration in growing 

cultures is one of the most challenging topics in micro algal cultures. According to Gideon 

( 1979 ), variations in biomass is difficult to follow for two reasons: ( a ) total suspended 



9 
solids proved to be an unsuitable criterion as the biomass includes a large proportion of 

non-algal organic matter from manure, and ( b ) because of the variability in the number of 

spirals and the size of the cells, the theoretical algal biomass is unobtainable by counting. 

Gideon considered other parameters as criteria for biomass determination, such as 

phosphate ( total and filtrate ), Kjeldahl nitrogen ( in the suspended solids only ), ammonia, 

and COD of the filtrate ( characterizing the effluent quality and nutrient content ). In the 

end, the chlorophyll-a concentration was adopted as the most convenient way to determine 

biomass concentration and monitor the growth rate of algae. 

The three major chlorophylls, a, b, and c, absorb light maximally at specific 

wavelengths when dissolved in organic solvents. From these adsorption characteristics, an 

estimate can be made of the concentration of the pigments. Chlorophyll-a is by far the most 

dominant chlorophyllous pigment and occurs in greatest abundance (Wetzel, 1990 ). All 

green plants contain chlorophyll-a, which constitutes approximately 1 to 2% of the dry 

weight of algae ( American Public Health Association et al., 1988 ). Thus, often 

chlorophyll-a alone is used to estimate algal biomass. As a common definition, 

chlorophyll-a is a general biomass indicator for oxygenic-photosynthetic microorganisms. 

The amount of chlorophyll-a present in cells dependent on the physiological state. 

Therefore, it is normal to express the results in terms of the pigments, not as biomass, 

hence chlorophylls are used more for comparison rather than to obtain absolute biomass 

estimates (Austin, 1988 ). The chlorophyll-a method is used widely; however, 

chlorophyll-a content varies with light intensity and the optical density readings are 

inaccurate in low density cultures. Therefore, light intensities in certain ranges, such as 

between 525 to 725 nm, must be used for chlorophyll-a measurements ( Baldia, 1991 ). 

In Richmond's ( 1982) experiment, the optical density was measured at a wavelength 

of 525 nm and daily growth rate was estimated according to results of the optical density 

measurements. In Venketeraman's ( 1982) work, the growth of the culture was monitored 
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by taking optical density measurements at 560 nm. Both 525 and 560 run wavelengths are 

the most common light intensities that have been used to detennine chlorophyll-a. However, 

the results of the two experiments just mentioned were in terms of growth rate rather than 

biomass concentration. Austin ( 1988 ) stated that when methanol is used as an organic 

solvent to measure chlorophyll-a at 665 run wavelength, the following equation should be 

used to estimate the amount of chlorophyll-a that as represented by the adsorption 

coefficient ( see Table 2.1 ): 

(Chlorophyll-a), J.Lg/L = ( Ve * E* 103) IV s *A *L ( 2.1 ) 

Where 

Ve = volume of solvent, mL, 

V s = volume of samples, L, 

E = absorbance in solvent, 

A = absorption coefficient, g/L.cm, 

L = light path of curvette, em. 

2.3. Limitin2 Factors 

The degree of Spirulina growth in a waste water media depends on several factors, such 

as the amount of energy gained from illumination, and the physical and chemical 

characteristics of the water. Ruttner ( 1963) defmes a limiting factor as" that basic kind of 

energy or matter cost closely approaching the critical minimum requirement which limits the 

minimum productivity of an organism" ( p.121 ). 

Unprocessed animal wastes constitutes an excellent media for algae when diluted with 

water, providing carbon, nitrogen, phosphorus, and trace elements to sustain algae 

production ( Shelef, 1980 ). Usually, the most important factor limiting growth is the 

availability of essential nutrients. The main elements required by algae are carbon, 

hydrogen, oxygen, nitrogen, phosphorus, sulphur, calcium, magnesium, potassium, 
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Table 2.1 Adsorption Maxima Wavelength ( run ), Adsorption Coefficients ( g/L.cm ) 
and Other Factors Needed to Measure Concentration of Chlorophyll-a in 
Various Solvents. 

90% Methanol MethanoV % 

Acetone NaCl chlorophyll 

in methanoV 

NaCl after 

hexane 

extraction 

Adsorption 664 665 665 10 

maxuna 

wavelength 

Adsorption 89.7 74.9 89.4 

coefficients 

Source: Austin, 1988. 

sodium, iron, and manganese. These elements are preferentially assimilated as bicarbonate 

( HC03 ), ammonia ( NH3 ), nitrate ( N03 ), phosphate ( P04 ), and various mineral salts. 

The most important limiting element in the growth media for algae are carbon, nitrogen, and 

phosphorus. In addition to limiting nutrients, physical culture characteristics, such as 

illumination, aeration, temperature, pH and alkalinity, and maintenance of a monoalgal 

culture, must be considered for artificial cultivation ( Nakamura, 1970 ). 



2.3.1 Nitro~en 

Nitrogen is essential to all life because of its role in the synthesis of proteins. 

Compounds of nitrogen are major cellular components of organisms ( Wetzel, 1990 ). 

Nitrogen is present in waste water in a variety of forms because of the various oxidation 

states represented, and it can readily change from one state to another depending on the 

physical and biochemical conditions present ( Sherwood, 1988 ). 
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Nitrogen rather than phosphorus tends to be the limiting nutrient in a Spirulina culture 

even if the initial C:N:P ratio in the substrate is 100:10:1. This phenomenon may be 

explained by the high content of nitrogen in the algal biomass where all nitrogen 

compounds in the wastewater are assimilated by the algae to produce energy containing cell 

material. A small part of nitrogen may be lost to the atmosphere in the gaseous form of 

NH3 because of the alkaline condition in the Spirulina culture. The phosphorus 

compounds are taken up in a relatively smaller amount. Since the algae contain about 10 

percent Nand only 0.5 to 1 percent P, the removal rate is consequently much higher for N. 

The phosphorus uptake is also dependent on the metabolic activity of the algae, where 

uptake is negligible when the algae are at the stationary growth phase and higher during the 

exponential growth phase. In general, the removal of nitrogen from wastewater depends 

on many factors, such as the amount of algae in the culture, the initial concentration of 

nitrogen, and the culture conditions. 

Ammonia ( NH3 ), the most highly reduced state for nitrogen, is preferentially 

assimilated by algae. Because of this preference ammonia and ammonium compounds 

occur in relatively small quantities ( less than 1 mg/L ) in wastewaters. When supplied 

with both ammonia and nitrate as potential nitrogen sources in the growth medium, algae 

will first completely deplete the medium of ammonia and only then utilize nitrate. It may be 

inferred that ammonia regulates key enzymes involved in nitrate assimilation ( Boussiba, 

1991 ). Ammonia can be present as molecular ammonia, NH3 or ammonium ion, NlJ4+. 
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The equilibrium between these two nitrogen forms in water is strongly dependent on pH 

(Sherwood, 1988) according to the following equilibrium reaction; 

NH3 + H20 <=> NH+ 4 + OH- ( 2.2 ) 

pH > 7 ammonia ( NH3 ) is a dominant form. 

pH< 7 ammonium ion ( NH+4) is a dominant form ( Tchobanoglous, 1991 ). 

At a pH of 12, only dissolved ammonia gas present ( Sherwood, 1988 ). 

Nitrite ( N02 ), an intermediate oxidation state, is derived from oxidation of ammonia 

by nitrifying bacteria and from reduction of nitrate by denitrifying bacteria ( Qasim, 1985 ). 

Nitrite can serve as a nitrogen source for many species only at low concentrations. At 

higher concentrations such as 0.3 mg!L, nitrite inhibits growth (Richmond, 1986 ). 

Nitrate ( N03 ), the most highly oxidized compound, is one of the main forms of 

nitrogen available to algae. Nitrate concentration in digested livestock waste is expected to 

be very low because during anaerobic digestion, nitrifying bacteria cannot activate 

( Tchobanoglous, 1991 ). Spirulina can utilize a number of nitrogen sources to support 

growth. All species can use nitrate or ammonia when available while some are also able to 

fix atmospheric nitrogen. When nitrogen is the only limiting nutrient, large populations of 

nitrogen fixing blue-green algae may appear ( Boussiba, 1991 ). 

2.3.2 Phosphorus 

Phoshorus is extremely important in energy transfer and storage within a cell. 

Phosphorus is essential to the growth of algae and other biological organisms. Intense 

ecological interest in phosphorus stems from its major role in metabolism in the biosphere. 

In comparison to the relatively rich supply of major nutritional and structural components 

of the biota ( C, N ), phosphorus is least abundant and commonly limits biological 

productivity (Wetzel, 1990 ). Growth rate of cells is dependent more directly on 

intracellular concentration of phosphorus rather than the rate at which the nutrient enters the 



14 
cell. Phosphorus appears to be taken up by algae primarily in the form of orthophosphate 

( P04-P ), but a variety of organic phosphates are utilized as a result of the activity of the 

phosphates that are produced at the cell surface, especially when inorganic phosphates are 

in short supply. Uptake of P04-P is an active process for which energy may be supplied 

by photosynthesis or by respiration. Given a supply of phosphate, algae are able to 

accumulate phosphate, which is stored within the cells in the form of polyphoshate 

granules. The reserves resulting from this luxury consumption may then support growth in 

the absence of any further external supply. 

Because phosphate and other nutrients may accumulate in excess, the relative growth 

rate of algae may not respond at once to a change in the external concentration of these 

nutrients. The usual forms of phosphorus found in aqueous solutions include the 

orthophosphate, polyphosphate, and organic phosphate. The orthophosphate is available 

to biological metabolism without further breakdown ( Tchobanoglous, 1991 ). Although 

the concentrations of organic phosphate in water often exceeds that of inorganic phosphate, 

the major form in which microalgal cells acquire phosphorus is as inorganic phosphate. 

The uptake of phosphorus from the surrounding medium by algae is generally stimulated 

by light ( Richmond, 1986 ). 

2.3.3 Carbon 

Carbon is one of the most important of all elements required by algae. Due to its 

nuclear structure, carbon is found in many forms resulting in an enormous variety of 

compounds. Carbon is the backbone for every organic molecule. 

Three sources of carbon may be available to algae from waste water: carbon from 

organic sources in waste and in bottom deposits released by bacterial action; carbon in 

bicarbonate alkalinity originally present in the water and; carbon from the carbon dioxide 

that can enter from the air when the media has a high pH ( Oswald, 1988 ). The use of 
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microorganisms to produce a variety of chemicals and feed products using inexpensive 

carbon compounds is of economical interest. Photosynthesis is a unique means of 

production of inorganic compounds using air, light, and water. The large scale culture of 

photosynthetic organisms is theoretically cheaper than that of heterotrophic organisms since 

they do not require organic substrates ( Cresswell, 1989 ). 

Carbon availability is a very important factor in intensive microalgal cultures since 

actively photosynthesizing algal cells require a considerable supply of inorganic carbon ( La 

Noue, 1989 ). Intense stirring may increase, to some degree, carbon dioxide transfer from 

the air. However, for intense algal growth the atmospheric carbon dioxide is an insufficient 

source of inorganic carbon. Carbon dioxide transport from the atmosphere is low due to its 

low atmospheric concentration( 330 ppm) and the transport gradient is always small, as 

compared to the oxygen gradient ( Vonshak, 1982 ). Therefore, diffusion of carbon dioxide 

from the atmosphere cannot keep pace with algal carbon dioxide fixation during intense 

algal growth. 

It is generally accepted that a symbiotic relationship exists between algal and bacterial 

populations ( see Figure 2.2 ): the bacteria reduce the BOD in the water and provide the 

algae with the carbon dioxide necessary for photosynthesis, and the algae supply the 

oxygen needed for bacterial respiration ( Abeliovich, 1980 ). As a carbon dioxide source 

for photosynthesis, Spirulina is able to utilize acid carbonate rather than carbon dioxide 

according to the following reaction equation: 

2HC0-3 => C02 + C032- + H20. ( 2.3) 

This utilization of inorganic carbon is balanced by respiratory production of carbon 

dioxide by bacteria and by influxes of carbon dioxide and bicarbonate from wastewater and 

from the atmosphere. In addition to nitrogen, phosphorus, and carbon, both K and Na 

concentrations are very important. Inhibition of growth takes place when the K to Na ratio 



is larger than 5. As long as this ratio is below 5, growth is unhibited even at very high 

concentrations ofNa2+ (Richmond, 1986 ). 

2.3.4 Alkalinity and pH 
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The hydrogen ion concentration ( pH level ) that is too high or too low will also slow 

algal growth by disturbing the cellular process. Complete collapse can result from a failure 

to properly monitor and maintain an acceptable pH level. (Fulks, 1991 ). This parameter is 

important for several reasons, one being the bioavailability of nutrients. The pH influences 

the equilibrium between carbon forms and elimination of contaminants ( LaNoue, 1989 ). 

Spirulina platensis can tolerate progressive changes in the pH. However, the culture can 

quickly deteriorate when the pH is changed abruptly, as may happen in a growth medium 

which is not well buffered. The 0.2 M sodium bicarbonate ( NaHC03 ), which is the major 

salt component in the growth medium for Spirulina platensis, provides a good buffering 

capacity. No limitation to growth takes place even when the concentration ofNaHC03 is 

radically reduced to 0.05 M. In such low alkalinity, however, the culture may become 

readily contaminated by other algae. In Mitchell's ( 1988 ) experiment it was found that the 

optimum pH for Spirulina platensis growth was 9.2. According to Zarrouk, a pH of 10.4 is 

not yet limiting to growth but pH 10.8 is limiting ( Becker,1984 ). Alkalinity is mandatory 

for the growth of Spirulina as reflected in the pH optimum. Spirulina grows preferably in 

highly alkaline, saline, standing waters of tropical and subtropical regions. 

There are several synthetic culture mediums which have been developed to provide 

optimum alkalinity for Spirulina growth. The synthetic growth medium, which was 

developed by Zarrouk, is the most widely accepted media that satisfies the required 

environmental conditions and contains high amounts of mineral salts, mainly NaHC03, to 

maintain optimal salinity and pH levels. This medium is well suited for laboratory cultures 

of Spirulina, but it is too elaborate and expensive for commercial scale production system. 
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Spirulina platensis can tolerate approximately 50 giL NaHCOJ without measurable ill 

effects. The major salt component of the growth medium for Spirulina is NaHCOJ. 

Another salt component of the experimental media is given with crude sea salt, which is an 

excellent nutrient source. Spirulina platensis can tolerate up to 7 giL sodium chloride 

( NaCl) (Becker, 1984 ). In Ayala ( 1984 ), salinity of an experimental media was given 

with crude sea salt at 5 giL. It was stated that NaCl in crude sea salt appear to avoid NH3 

loss from the culture media and Spirulina reached a good growth rate when 2 giL NaHC03 

was supplemented in addition to 5 giL of crude sea salt. 

Michell ( 1987 ), simulated brackish water with NaCl at 5 giL and reported an 

acceptable growth rate for Spirulina. He also found that the addition of 4 giL NaHC03 and 

0.5 giL NaN03 to the medium gave a high yield of Spirulina, similar to that obtained in full 

strength Zarrouk medium. 

2.3.5 Maintenance of Monoal~al Culture Under Laboratmy Conditions 

Microalgae are susceptible to infection by bacteria, fungi, protozoans, and other algae. 

Digested cattle waste media usually contains contaminants or allow contaminants to survive. 

Major contaminants, which are usually seen in algal cultures are other photosynthetic 

organisms, heterotrophic microorganisms, virus like particles, and protozoans. The 

existence of these listed contaminants in laboratory culture usually disturbes the production 

and lowers the quality of product; sometimes destroying.the culture ( Li, 1984 ). 

The most important contaminant, which seriously impedes a Spirulina culture, are other 

microalgal species. In general, at the lower population density ( < 200 mg/L ), there is much 

more contamination than at higher population densities ( Richmond, 1990 ). This 
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is especially true for the two most damaging contaminants Chlorella vul~aris and Spirulina 

minor1 in outdoor cultures of Spirulina platen sis. 

There are three ways to provide monoalgal cultures : 

1. Bicarbonate ( HCOJ ) concentration. There is an increase in HC03 concentration 

and a decrease in C02 concentration where Spirulina platen sis can get its energy for 

photosynthesis using HC03 as a carbon source, where other algae species cannot utilize 

HC03 as an energy source for photosynthesis nor for cell synthesis ( Richmond, 1986 ). 

By metabolizing HC03 ion, Spirulina increases the pH value to 10 or more in the growth 

media. High rates of disinfection may accompany high rates of algal growth ( Oswald, 

1960 ). For instance, when the concentration of HC03 is relatively low, i.e., 0.1 M or less, 

growth of Spirulina platensis is not affected but Chlorella. increased steadily until it became 

the dominant species in the culture. Maintaning a HC03 concentration of 0.2 M and above 

considerably curtailed the development of Cblorella but only as long as the temperature was 

high enough to sustain Spirulina platensis growth. Vonshak ( 1982 ) stated that the high 

concentration of HC03 decreases the inflow of atmospheric C02 into the alkaline Spirulina 

medium. I 

2. pH level. The pH should be increased to 10.8 by the continuous addition of HC03. 

Additional HC03 increases the media's pH above 10.5 and eliminates the existence of 

foreign algal species. During HC03 addition, the media's2 pH must be checked carefully 

because pH levels higher than 10.8 or equal to 11 may have an adverse affect on Spirulina 

growth ( Richmond, 1986 ). 

1 A small species of Spirulina, measuring 40 Jlm in spiral widthand between 180 to 
240 Jlm inhelix length and which was tentatively identified as Spirulina minor ( Richmond, 
1986 ). 



3. Use of Rotifers. The easiest way for the biological control of unicellular algal 

contaminants in Spirulina mass cultures is through the use of rotifers. The number of 

rotifers in the media increases until the contaminants are wiped out After removal of 

foreign species, rotifers disappear from the media when food becomes limiting. 
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In conclusion, high HC03 content and low supply of C02 are the major factors in the 

maintenance of monoalgal cultures of Spirulina platensis ( Richmond, 1982 ). In order to 

produce a healthy microalgal culture, it is essential to grow these organisms under 

standardized conditions and free of external contaminants ( Fulks,1991 ). The air borne, 

recontamination, or contamination from handling of Spirulina, as with other foods, may far 

exceed that found in treated effluent used as nutrient medium for the algae ( Fox, 1987 ). 

Therefore, use of closed cultivation systems is the only way to prevent contamination from 

external sources. Closed cultures must be sterilized: that is, they must be free of foreign 

organisms. 

To provide sterilized conditions, three basic types of culture continuous, semi

continuous, and batch ( Table 2.2 ) can be considered. The two most common types of 

continuous culture are chemostats and turbidostats. Turbidostats simultaneously harvest 

algae and add fresh medium when cell counts in the culture vessels exceed a certain level. 

Chemostats, by contrast, act on the principle of limiting a vital nutrient. When the 

concentration of that nutrient drops below a certain level, a fixed quantity of medium 

containing algae is removed and a fixed quantity of nutrient is added. Hence, it is the 

growth rate ( regulated by the supply of a limiting nutrient ), not the cell density, which 

remains constant in chemostats. 

In semi-continuous cultures, a given population is allowed to grow until it reaches a 

desired cell density. Then it is partially harvested, and fresh medium is added. Competitors, 

predators and other contaminants and metabolites eventually build up, 
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rendering the culture inviable. A further drawback is the variability in the nutritional quality 

of the cells produced. 

In batch culture, complete harvest occurs when the population reaches its maximum or 

near maximum density. This technique is considered to be the most reliable method of algal 

production ( Jackson, 1964 ). In the batch culture, the system can be controlled easily 

because there is no addition or removal of algae growth limiting components to or from the 

media. 

Table 2.2 The Advantages and Disadvantages of Culture Types for Culturing Spirulina 

ADVANTAGES DISADVANTAGES 

CONTINUOUS efficient, provides a difficult, usually only 

consistent supply of high possible to culture small 

quality cells, automation, quantities, complex, 

highest rate of production equipmeny expenses may be 

over extended periods. high. 

SEMI-CONTINUOUS easier, somewhat efficient sporadic quality, less reliable 

BATCH easiest, most reliable least efficient, quality may be 

inconsistent 

Source: Fulks, W., 1991. 

The most usual kind of culture in experimental work is one in which a limited volume 

of medium containing the necessary inorganic and organic nutrients is inoculated with a 

relatively small number of cells and then exposed to suitable conditions of light, 

temperature, and aeration. Increase in cell numbers in such a batch culture follows a 

characteristic pattern in which the following phases may usually be recognized: ( 1 ) a lag or 



induction phase, in which no increase in cell number is apparent, ( 2 ) an exponential 

phase, in which cell multiplication is rapid, ( 3 ) a phase of declining relative growth, 
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( 4 ) a phase in which cell numbers remain more or less stationary, and ( 5 ) a death phase. 

A lag phase in cell multiplication may be apparent rather than real if a large proportion 

of the cells inoculated are not viable. Cell numbers will remain nearly stationary until the 

cells are capable of dividing and reaching numbers comparable to the total inoculated. On 

the other hand, a majority of the cells inoculated may be viable, but if the parent culture was 

an old one, the enzymes may have been inactivated and concentrations of metabolites may 

have decreased to a level insufficient for cell division so that a period of reconstitution is 

necessary before active growth can begin. 

During the exponential phase, growth results in the production of more cells, which is 

itself capable of growth, so that the actual rate of growth accelerates continuously. In this 

phase, there is always an excess amount of food surrounding the microorganisms, and the 

rate of metabolism and growth is only a function of the ability of microorganisms to 

process the substrate ( Tchobanoglous, 1991 ). Sooner or later, the exponential growth 

must cease in a culture of limited volume. The factors involved are: 

( 1 ) Exhaustion of nutrients. In cultures of the older types of media, it is commonly 

the nitrate or ammonia that limits exponential growth. If this is so, then additions of further 

amounts of the limiting nutrient will prolong the exponential phase until some other factor 

becomes limiting. 

( 2 ) Rate of supply of C02. Stagnant cultures in a mineral medium may be limited by 

the rate of diffusion of C02 into the culture from the air becomes limiting at a 

comperatively low population density. Improvement in the rate of aeration by shaking or 

stirring the culture or bubbling air through it will also prolong exponential growth. A 

supply of C02 enriched air may be necessary to maintain exponential growth in dense 



23 

cultures. One or 5 percent C02 is commonly supplied to algal cultures, but concentrations 

as high as this may have inhibitory effects. 

( 3 ) Alteration of the pH of the medium as a result of preferential absorption of 

particular constituents from the medium. Absorption of nitrate ions ( N03- ) results in an 

increase in pH but this increase is buffered by the influx of C02 so that changes in pH 

rarely affect growth to an appreciable extent. If C02 is limiting, the utilization of HC03 in 

photosynthesis may result in the pH of the media rising as high as 11 or more, which may 

cause growth to cease. 

( 4 ) Reduction of the light intensity by self shading. As a culture becomes dense, only 

the cells at the surface will receive a light intensity saturating for photosynthesis with the 

bulk of the culture being light limited, and, if the culture is very dense, most of it is in virtual 

darkness. In this situation, growth is no longer determined by the size of the population but 

by the rate of light absorption. The growth curve therefore changes its character from 

exponential to linear, i.e., growth becomes directly proportional to time. 

( 5 ) Autoinhibition. Certain algae produce substances toxic to themselves in the 

course of their metabolisms. The accumulation of toxic metabolites may eventually limit 

exponential growth (Fogg, 1975 ). 

2.3.6 lllumination 

One of the limitations of microalgae, which is also considered an advantage, is their 

photoautotrophic growth using light energy ( de Ia Noue, 1989 ). Light is the source 

of energy which derives photosynthesis ( Guilliard, 1975 ). The maximum concentration of 

growing algae that can be attained at any instant in a continuously mixed culture is 

determined by the degree of penetration of light into the culture. Cells near the surface 

receive a surplus of light; those near the bottom receive less light than is necessary to 

compensate for their respiration. At intermediate levels, cells receive varying amounts of 



light depending on their instantaneous location with respect to the surface. In the 

continuously mixed systems, algae absorb light and convert it either to heat or to chemical 

energy ( Oswald, 1988 ). 
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At optimal population density, mostly 200 mg/L cell concentration, the net areal output 

of biomass is greatest representing, in effect, the highest net photosynthetic efficiency. At 

optimal population density, however the specific growth rate ( J.1) is approximately one-half 

the maximal rate due to light limitation of growth. As the population density increases, the 

specific growth rate declines steadily, the culture becomes increasingly light limited 

although the light energy reaching on surface is far above saturation. In order to maximize 

growth rate, one must maximize the efficiency with which available light is converted to algal 

biomass (Jackson, 1964 ). 

When light is limiting growth, mixing represents the most practical means by which to 

induce a favorable distribution of light energy to the cells in the culture, i.e., induce a 

favorable light regime which is the dominant requirement for efficient utilization of light 

energy. Production of biomass with respect to light is not only the total incident light 

energy at the culture surface but also a parameter which may be termed light per cells. Light 

per cell can be described in terms which relate to the duration of exposure of the average cell 

in the media as well as the relative length of the exposure below the compensation point or 

in darkness. The parameter, light per cell, is meaningful only in terms of the entire light 

regime to which the average cell in the culture is exposed. An essential point to consider in 

this respect is that at the optimal population density in Spirulina, only 20% to 25% of the 

cells receive light energy above the compensation point at any given instant. It is evident 

that when light does not penetrate to the full depth of the culture, the light regime of the cells 

becomes farther from optimal ( Borowitzka, 1988 ). Another important factor affecting the 

optimal areal population density is the depth of the water column in the reactor. Baldia 

( 1991 ) showed that decreasing the depth of the water column in a Spirulina culture from 
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15 em to 7.5 em approximately doubled the optical density. Becker ( 1984) observed that 

Spirulina, especially at low concentrations, is very susceptible to light intensities higher than 

50 kilolux. Light intensities of 30-40 kilolux were found to be optimal for Spirulina 

Clearly, the lower the population density, the higher the specific growth rate, as is to be 

expected in a system that is primarily light limited. Cultures may be kept in continuous 

light, or timers may be used to maintain a fixed schedule of light and dark hours. 

2.3.7 Temperature 

With regard to the effect of the temperature on growth, temperature tolerance may vary 

with the nutritional composition of the medium, the species and the strain cultured. The 

optimum temperature for growth will vary with species and to some extent is a complex 

factor that depends on the surrounding environmental conditions. To avoid encouraging 

bacterial growth, cultures should be maintained at the lowest temperature consistent with 

good yield ( Tomaselli, 1987 ). 

Spirulina is a mesophilic alga where the optimal temperature for growth is relatively 

high. Wohlt ( 1990) found that the optimum temperature for Spirulina platensis growth 

was found to be 35•c ( 95•p ). An increase from 35• to 42•c ( 107•p) resulted in more 

than a three-fold decrease in the specific growth rate ( Jl ). At 44•c ( 111 •p ), growth ceased 

completely ( Richmond, 1986 ). Becker ( 1984 ) showed that at temperatures below 2o·c 

( 68.F) growth was retarded. Although, Spirulina seems to be a more thermophilic algae, it 

could not withstand long periods at temperatures above 40•c ( 104 ·p ). Similar 

observations were reported by Kosaric ( 1974) who found complete growth inhibition and 

death of Spirulina at 4YC ( 113°F ), which is a truely thermophilic temperature. According 

to Tomaselli ( 1987 ), the maximum biomass yield was obtained when Spirulina were grown 

at the optimal temperature of 35·c. Zarrouk found that the optimal temperature 



range was between 3Y to 37•c ( 98.6•F ) and a temperature above 40· C was defmitely 

injurious ( Richmond, 1986 ). 

2.3.8 Aeration/Mixin~ 
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Aeration is beneficial for three reasons. First, air is a source of carbon in the form of 

carbon dioxide, which is fixed during photosynthesis. Second, adding C02 provides 

essential pH stabilization. C02 addition must keep pace with assimilation, or else the pH 

of the medium will rise. This is because the balance maintained between HC0-3, C02, and 

OH ( hydroxide ions ) [ HC0-3 <=> C02 + OH- ] serves to buffer the water against pH 

changes. The need for extra C02 will depend on the density of the culture, pH, light 

intensity, and growth rate, but because of the expense, C02 is usually supplemented only in 

extremely dense cultures. The third benefit derives from the fact that for many cultures, 

aeration is the sole means of mixing. 

Agitation is essential to keep both nutrients and cells evenly distributed and to promote 

uniform nutrient and light adsorption. Bubbling air as a means of mixing may be more 

appropriate for small-scale cultures than for larger ones. However, there can be a trade-off 

between the efficiency of mixing and the efficiency of aeration. Large bubbles achieve the 

highest degree of mixing, whereas small bubbles are best for diffusing gases into a liquid 

medium (Fulks, 1991 ). 

Since the cattle waste medium contained primarily organic matter unavailable to an 

autotroph, such as Spirulina, the effect of aeration on the potential to support growth was 

tested by Mitchell et al. ( 1988 ) using various proportions of the digested waste to Zarrouk 

medium and distilled water. When aeration was not provided, output was two-thirds that 

obtained when aeration was supplied, i.e., an output of less than 250 mg as compared to 

over 300 mg dry mass per liter per day. Dissolved oxygen concentration in the aerated 

treatment averaged 8 mg!L. The effect of aeration on the increased productivity may result 

from enhanced microbial activity which increased the demand for dissolved oxygen, as well 



as from the enhancement from stirring and hence, improved distribution of light and 

nutrients. 
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CHAPTER Ill 

EXPERIMENTAL PROCEDURES 

This frrst of the two phase study included the collection and set up of equipment to 

provide optimal growth conditions for Spirulina platensis. The first objective consisted of 

development of a technique to measure the uptake and release of nutrients by Spirulina 

cells. Several analytical equipments such as ion chromotograph, autoanalyzer, and 

spectrophotometer were used to measure nutrients as well as to monitor the growth rate of 

Spirulina in the parts per million range. The second objective was to model the growth of 

Spirulina as a function of nutrient concentration. 

In the experimental design, physical conditions, such as light, temperature, and mixing 

rate, should be maintained at proper levels. The goal of this project was to determine the 

effects of inorganic nutrients on growth rate of Spirulina platensis on digested cattle waste, 

therefore, the physical growth limiting factors were provided at an optimum level to avoid 

any kind of unexpected growth retardation. If any one of the three physical conditions, 

light, temperature, and aeration rate, deviates from the optimal level for algae growth, the lack 

of growth rate of algae may result. Therefore, the equipment used in this study, were 

chosen to achieve the most desired physical conditions for growth. Equipment included the 

following: 

( 1 ) culture vessels- 500 and 1000 ml Erlenmeyer flasks, 

( 2) culture closures- cotton plugs, 

( 3 ) magnetic stirrer, 

( 4) timer, 

( 5 ) gang valves, 

( 6) 0.76 em ( 0.3 in.) in diameter, 137 em (54 in.) in length plastic tubing, 
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( 7) 3.785 1 ( 1 gal) plastic sampling bottles, 

( 8 ) freezer- capable of freezing to -10"C ( 14"F ), 

( 9 ) white color fabric to cover the media, 

( 10 ) water bath - 117 4.11 cm2 ( 462.25 in2 ) in area and 22.86 em ( 9 in. ) in depth, 

( 11 ) stock culture container - cylindric plexiglas container, 50.8 em ( 20 in. ) in length 

and 25.4 em ( 10 in.) in diameter, 

( 12 ) heating - two 250-W completely submersible aquarium heaters capable of 

heating 200 gallons of water up to 36"C ( 96.7 • F), 

( 13 ) illumination - four, 40-W fluorescent lamps to provide 34,202 lux light intensity, 

( 14 ) microscope, 

( 15) autoclave- capable of producing 1.1 kg/cm2 ( 15 PSI) at 121.11"C ( 250"F ), 

( 16) centrifuge- capable of centrifuging at rate of at least 15,000 rpm, 

( 17) 30 ml centrifuge tubes, 

( 18 ) spectrophotometer - for use at 665 nm, 

( 19) Oven, dry heat capable of temperature of lOO"C ( 212"F), 

( 20 ) fllter apparatus and 0.45 f..Lm porosity filter, and 

( 21 ) balance. 

Temperature and light are the most important physical parameters for algae growth and both 

were kept constant. The temperature of the system was kept constant in all experiments by 

using an aquarium heater. Tap water in a water bath was heated to 36±1 ·c ( 96.8"F ). 

When the desired temperature conditions were reached, the heater stops automatically. To 

have similar temperature conditions in both the water bath and main stock culture container, 

heaters were employed in both media. To overcome the evaporation losses from the water 

bath, water at the same temperature was added as needed. Temperature was measured with a 

standard mercury bulb thermometer. For aeration and mixing purposes, air injection 



through immersed plastic tubes were used. Air was distributed at a rate of 8 ft3/hr to all 

culture containers from gang valves. 
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A light fixture was put on a frame 34 in. above the table and covered with white cloth to 

reflect light back into the media. Fluorescent lamps were cleaned once every two days to 

remove material that could reduce the level of light. To provide adequate light to the system, 

40-W cool white fluorescent lamps were used. The light intensity for optimal growth is 

given in the range of 30-40 kilolux, more specifically 35 kilolux. The light intensity used in 

this experimental study was 34,202lux. In order to simulate natural conditions, a 16 to 8 

hours light to dark cycle was used. An automatic timer was used to control dark and light 

periods turning lights off at 11 p.m. and on at 7 a.m. 

In this experimental study, a total of 22 gallons of digested cattle waste collected from 

one of four anaerobic digesters at a pilot plant used as a substrate for algae growth. One 

gallon sample containers were filled with digested cattle waste with a minimum of air space, 

and they were brought to the environmental laboratory for storage at -10°C. Changes occur 

in waste samples during storage regardless of storage conditions; therefore, attempts were 

made to minimize the changes in digested waste by keeping the samples in cool and dark 

conditions ( Table 3.3 ). 

Waste samples were analyzed for dissolved oxygen (DO), nitrate ( N03-N ), nitrite 

( N02-N ), ammonia ( NH3-N), phosphate ( P04-P ), total organic carbon ( TOC ), 

chloride ( Cl ), sulfate ( S04 ), calcium ( Ca ), potassium ( K ), magnesium ( Mg ), sodium 

( Na ), zinc ( Zn ), manganese ( Mn ), iron (Fe), copper ( Cu ), conductivity, pH, total solids 

( TS ), biochemical oxygen demand ( BOD ), chemical oxygen demand ( COD ). In 

accordance with the methods of the American Public Health Association ( 1988 ) chemical 

composition of the digested cattle waste was analyzed ( Tables 3.1 and 3.2 ) For this 

experimental work, 200 ml of a mixed culture of Spirulina and Oscillatoria was used as an 

inoculum. This culture yielded up to 378 mg/L when grown on digested cattle wastes 



Table 3.1 Analytical equipment used to measure waste constituents and 
algae concentrations. 

EQuipment 

pH Model 60 1Ndigital Ion analyzer 

Alkalinity Titrimetric 

Conductivity YSI model 32 conductance meter 

DO YSI model 54A DO meter 

TIC Carbon analyzer 

N03 Ion chromatograph 

NH3 Automatic analyzer 

P04 Ion chromatograph 

S04 Ion chromatograph 

Cations Atomic adsorption spectrometer 

Heavy metals Atomic adsorption spectrometer 

Chlorophyll- a Spectrophotometer 

Source: American Public Health Association et al., 1988. 
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Table 3.2 Chemical composition of digested cattle waste used as the base 
media for Spirulina growth. 

K 203.75 mg/1 

Na 308 mg/1 

Mg 68.2 mg/l 

Ca 70mWI 

C1 371.23 mg/1 

Zn 0.19mWI 

Mn 34 Jlg/l 

Fe 91 Jlg/1 

Cu 16.7 Jlg/1 

NH3 17.07 mW} 

N03 0.82 mw'l 

P04 34.5 mw'l 

S04 7.26mg/l 

Conductivity 2.74 m!l 

Total Solids ( TS ) 1925 mg/1 

Dissolved Oxygen (DO) 4.8 mg/1 

COD 495.66 mg/1 

BOD 527.13 mg/1 

Inorg-C 37.4 mg/1 
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Table 3.3 Sample Preservation Techniques Used Prior to Chemical Analysis 

Determination Preservation method Max. storage 

period 

Carbon Dioxide ( C02 ) Analyze immediately ---I---

Total Organic carbon Analyze immediately or 7 d/28 d 

(TOC) refrigerate and add H2S04 to 

pH<2 

Ammonia ( NH3 ) Analyze as soon as possible or 7 d/28 d 

add H2S04 to pH < 2, 

refrigerate 

Nitrate ( N03 ) Add H2S04 to pH< 2, 48 h 

refrigerate 

Nitrite ( N02 ) Analyze as soon as possible None; or 48 h 

or refrigerate; or freeze at -

2o·c 

Nitrate and Nitrite Analyze as soon as possible; None; or 28 d 

or freeze at - 20• C 

Phosphate ( P04 ) For dissolved phosphate filter 48 h 

immediately; refrigerate; freeze 

at- to·c 

Source: American Public Health Association et al., 1988. 
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( Bates, 1992 ). Contamination in the culture media was found because of the existence of 

Oscillatoria. To provide an approximately stabilized pH in the media during the 

experimental study, sodium bicarbonate ( NaHC03) was used as a buffer at 0.07 M 

( 4 g/L) concentration. Actually, 0.2 M NaHC03 was necessary to stabilize pH around 

9.2, which is the optimum pH level for growing Spirulina platensis. NaHC03 was added to 

the system at the beginning of each experiment only. The pH was measured on a daily 

basis. Actually, by metabolizing HC03, algae kept the pH above 9.0 but to be sure that pH 

was constant, NaHC03 was added at 0.07 M dosage not only to provide buffer capacity but 

also to provide optimum alkalinity in the system. 

Identification of growth limiting nutrients was determined by spiking a number of 

replicate flasks with a combination of nutrients at different concentrations, and determining 

the maximum growth rate of algae in each flask. If a quantity of the limiting substance is 

added to the medium, cell production will increase until this additional supply is depleted or 

some other substance becomes limiting to the Spirulina. Addition of nutrients other than 

that which is limiting does not yield an increase in cell production. In addition to treatment 

levels for the purpose of determining stimulatory effects of nutrients on algal growth, it is 

also necessary to have a control media. The culture grown in digested cattle waste medium 

without any additional nutrient source served as the control to make a comparison among 

the growth rates in different flasks. In this experimental work, maximum growth rate of 

Spirulina was a dependent variable and N03-N, NH3-N, inorg-C, P04-P addition were 

independent variables. 

Maximum growth rate of Spirulina = f ( N03, P04, Inorg-C, NH3 ). ( 3.1 ) 

The purpose of this study was to understand the effects of different nutrients at different 

concentrations on the growth rate of Spirulina platen sis. In order to achieve the stated 

objective the following experimental design was used. 



1. NH3 spikes: NH4Cl was added to increase NH3 concentration in medium ( see Table 

3.4 ). 

Dissolve 2.819 g anhydrous NH4Cl, dried at 10(YC in 1000 ml. 

1ml = 1.0 mg N = 1.22 mg NH3 

The concentration of NH3 in the digested cattle waste was 17.07 mg/L ( American Public 

Health Association et al., 1988 ). 

Digested cattle waste+ 8.53 mg NH3 

Digested cattle waste+12.8 mg NH3 

Digested cattle waste+ 17.07 mg NH 

Digested cattle waste+21.33 mg NH3 

Digested cattle waste+25.6 mg NH3 

No. Flasks 

2 

2 

2 

2 

2 

2. N03 spikes: KN03 was used to increase nitrate concentration in medium ( see 

Table 3.4 ). 

Concentration of N03 was 0.82 mg/L in digested cattle waste. 

Digested cattle waste+0.41 mg N03 

Digested cattle waste+0.61 mg N03 

Digested cattle waste+0.82 mg N03 

Digested cattle waste+ 1.02 mg N03 

Digested cattle waste+ 1.23 mg N03 

No. Flasks 

2 

2 

2 

2 

2 

3. P04 spikes: KH2P04 was used to make increments in P04 concentration ( see 

Table 3.4 ). 

Concentration of P04 was 34.5 mg/L in digested cattle waste. 
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Digested cattle waste+ 17.25 mg P04 

Digested cattle waste+25.87 mg P04 

Digested cattle waste+34.5 mg P04 

Digested cattle waste+43.12 mg P04 

Digested cattle waste+51.75 mg P04 

No. Flasks 

2 

2 

2 

2 

2 

4. Inorganic carbon spikes: HC03 was used to increase inorganic carbon 

concentration (see Table 3.4 ). 

Concentration of inorganic carbon was 37.4 mg/L in digested cattle waste 

No. Flasks 

Digested cattle waste+500 mg HC03 

Digested cattle waste+ 1000 mg HC03 

Digested cattle waste+ 1500 mg HC03 

Digested cattle waste+2000 mg HC03 

Digested cattle waste+ 3000 mg HC03 

2 

2 

2 

2 

2 
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In each experimental period, any one of the three nutrients ( C, N, and P ) will be given 

more than the concentration of that nutrient in digested cattle waste. For instance, one part 

of the experimental study is going to be made to determine if the culture is sensitive to 

addition of nitrate ( N03 ). Five separate concentrations were selected to increase the 

possibility of obtaining a measurable response if, in fact, nitrate is the limiting nutrient, and 

also to characterize the response of the algae to additions of nitrate. 

Following procedure was followed for every experiment: 

Step 1. Culture flasks are going to be stoppered with aluminum foil and autoclaved at 

1.1 kg/cm2 ( 15 PSI ) at 121 oc ( 250oF ) for 25 minutes. 

Step 2. Before starting to a new experimental period, 3.785 L ( 1 gal) of frozen 

digested cattle waste was slowly thawed at room temperature for about 14 hours. However, 
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the temperature of the cattle waste may still be colder than the temperature required by algae 

for maximum growth rate. In order to eliminate any adverse affect on growth which can be 

caused by the temperature difference in cattle waste and in culture media, thawed cattle waste 

was quickly heated to 36·c. 

Table 3.4 Preparation of Nutrients at Different Concentrations 

I Addition rate of chemicals I 
Chemicals 50% 75% 100% 125% 150% 

NH4Cl 8.53 12.8 17.07 21.33 25.6 

(mg) 

KH2P04 24.7 37.07 49.26 61.78 74.12 

(mg) 

KN03 0.66 0.99 0.133 1.167 2.006 

(mg) 

*NaHC03 688 1378 2067 2755 4133 

(mg) 

"' Dunng the morgantc carbon expenment, the mcrease m growth rate was 
accomplished by adding HC03 and the additional inorganic carbon was not supplied 
to Spirulina platensis according to the percent increase levels as seen in Table 3.4. 

Step 3. After heat stabilization between the two media, digested cattle waste was filtered 

through 0.45J..lm filters under vacuum. Totally, 3,200 ml of digested cattle waste was filtered 

for each experiment. The purpose of the filtration was to remove suspended solids and 

other foreign material which would reduce the penetration of light through the culture. 

Step 4. Four g NaHC03 and 2 g NaCl (instant sea salt) was added to the filtered 

digested cattle waste and the waste-chemical mixture was shared at equal amounts to each 

test flask. The suitable concentration of N aCl was determined during preliminary 
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experimental studies. NaCl was supplied to cultures in the range of 2 to 5 giL. It was 

found that NaCl concentration as low as 2 giL does not create any adverse effect on pH nor 

on growth of Spirulina platen sis. In every 500 ml flask, the ratio of digested cattle waste to 

algae culture was 3 to 1, i.e., 300 ml digested cattle waste was mixed with 100 ml algae 

culture. In addition to NaHC03 and NaCl, the necessary amount of inorganic nutrient, 

which may either be NOJ, NH3, P04 or inorg-C, was added to bring the concentration of 

that nutrient up to a desired level. The mix was stirred on a magnetic stirrer to dissolve 

chemicals. 

Step 5. A stock culture of Spirulina platensis cells were always fed in 4 * 3.785 L 

( 4 gal ) plexiglas container. But cultures for the experiments were not taken out of this 

container, because 1 L culture was used at each experimental period, and this volume was 

much less than the required volume to renew the culture content of the plexiglas container. 

Young and starving cells should be used to observe a significant response in growth rate 

rather than old cells. Also, the control of small containers is always easier than the control 

of a large container. The plexiglas container was always kept in progress just to be sure that 

if the cultures in the test flasks are lost due to any type of equipmental failure, which may 

cause sharp changes in media characteristics, large amounts of the culture was available. 

Two 1,000 ml Erlenmeyer flasks were used to grow a young culture and digested cattle 

waste was the sole nutrient source for this young growing culture. Cultures in these flasks 

were subjected to the same environmental conditions as the experimental flasks. Digested 

cattle waste to culture ratio was 7 to 3, i.e., 700 ml to 300 ml. 

Step 6. After mixing 300 ml digested cattle waste with 100 ml algae culture, a new 

experiment started. The growth rate was monitored by using the spectrophotometric 

method and dry weight. The importance of spectrophotometric method was to monitor 

variations in chlorophyll-a containers is always easier than the control of large container. 

The plexiglas container was always kept in progress just to be sure that if cultures in the test 
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flasks are lost due to any type of equipmental failure, which may cause sharp changes in 

media characteristics, large amounts of the culture was available. Therefore, two 1,000 ml 

Erlenmeyer flasks were used to grow young culture and digested cattle waste was the sole 

nutrient source for this young growing culture. Cultures in these flasks were subjected to 

the same conditions as the experimental flasks. Digested cattle waste to culture ratio was 7 

to 3, i.e., 700 ml to 300 ml. 

Step 6. After mixing 300 m1 digested cattle waste with 100 ml algae culture, a new 

experiment started. The growth rate was monitored by using the spectrophotometric 

method and dry weight The importance of spectrophotometric method was to monitor 

variations in chlorophyll-a concentrations in algae cells. Starting from the first day of 

inoculation chlorophyll-a was measured daily. Percent light transmittance and absorbance 

was the key parameters to determine whether cell density was increasing or not. 

Chlorophyll-a measurements were done according to the procedure described below; 

-centrifuge 5 ml of culture at 15,000 rpm for 10 minutes, 

-resuspend pellets in 10 ml, 90% methanol solution for 20 minutes, 

-centrifuge the culture and methanol mixture at 5,000 rpm for 10 minutes, 

-determine the light transmittance through culture with spectrophotometer. 

By following the spectrophotometric procedure, chlorophyll-a content of each flask was 

determined on a daily basis. Cultures for chlorophyll-a measurements were taken out of 

flasks by 9 a.m. daily. The aim of this step was to analyze cultures before they started to 

grow in a new light period because cells stops photosynthesizing during the dark period. 

The maximum growth rate occurs during the logarithmic phase of the growth, therefore, it 

was necessary that measurements of chlorophyll-a be made at least daily during the period 

of incubation to determine the maximum growth rate accurately. Maximum growth rate was 

determined by plotting chlorophyll-a concentration in Jlg/L versus time in terms of day for 

each replicate flask. For dry weight measurements 10 ml cultures were extracted and 
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divided into two parts. First 5 ml of culture was used for spectrophotometric measurement 

and the second 5 ml was used for dry weight measurement. The dry weight value 

corresponding to chlorophyll-a was measured. Based on the measured dry weight data 

from the inorganic carbon experiment, dry weight values for N03-N, NH3-N, and P04-P 

experiments were found For instance, if dry weight and chlorophyll-a were measured as 

100 mg!L and 1000 J..Lg/L at any time of the inorganic carbon experiment, the unknown dry 

weight value for other experiments could be detected according to sample calculation given 

below; 

Measured dry weight value from inorganic carbon experiment=100 mg/1, D1; 

Measured chlorophyll-a value from inorganic carbon experiment=1000J..Lg/L, C1; 

Measured chlorophyll-a value from N03-N experiment=1500 J..Lg/L, C2; 

Predicted dry weight value for N03-N experiment= D2; 

D2=( C2*D1 )/Ct. D2=( 100*1500 )/1000, D2=150 mg!L. 

The above procedure was applied to all experiments to find dry weight values where the 

concentration of chlorophyll-a was known. The remaining 5 ml sample of Spirulina was 

dried at lOYC for 3 hours. One of the most important problems with dry weight 

measurements is the inaccuracy of results due to the existence of solids which may cause 

false negative results. In this study, the interference of solids on the precise measurement of 

dry weight of cells was eliminated by filtering digested cattle waste through 0.45 J..Lm size 

fllters before inoculation with culture. Therefore, it was assumed that all solids are removed 

prior to oven drying and the measured dry weight value represents the weight of Spirulina 

cells. 

Step 7. When the growth rate of algae reached the stationary phase, in other words, 

when it becomes undetectable with the available equipment, 40 ml cultures were extracted to 

analyze for N03-N, P04-P, NH3-N and inorganic carbon in algae cells and culture liquid. 

Inorganic nutrients in culture liquid was measured directly with an ion chromotograph, 
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automatic analyzer, and carbon analyzer. Nutrients in cells measured after filtering 5 ml of 

culture solution. Before filtration of the culture, pretreatment of the filter paper was 

achieved by passing at least 70-80 ml deionized water ( DI water ) through the filter. The 

culture was filtered through 0.45-J.l.lll pore filters to remove algae cells from the solution. 

The filter paper, together with cells, was put into 100 ml DI water and starting from the 

following day, inorganic nutrient concentrations were measured on a daily basis. Algae 

cells were taken out from the experimental media when it reached the stationary growth 

phase, that means that nutrient limited conditions existed and in DI water no nutrient is 

available to cells for the production of new cells. When the percent increase in cell 

concentration became less than 2% it was assumed that stationary growth phase was 

reached. For this part of the experiment, algae cells were kept in a dark place to speed up 

their death rate. Eventually, this step ended with lysis1 and nutrients were detectable in the 

DI water. Results of this work showed the nutrient uptake of Spirulina platen sis cells by 

doing a correlation between the initial and final inorganic nutrient concentrations in the 

experimental media. Inorganic carbon was measured with a total organic carbon analyzer 

( TOC ). The most important problem with this specific equipment is that it gives 

inorganic carbon concentration as a sum of all inorganic nutrients that are present in the 

growth media. Determination of growth rate due to the effect of specific inorganic carbon, 

such as HC03, C02, was not possible. The results of the TOC analysis were given as total 

carbon, inorganic carbon, and total organic carbon. 

Step 8. At the end of the each experimental period calcium carbonate ( CaC03 ) 

deposits was seen on the surface of the flasks. CaC03 deposits reduced light intensity and 

were removed with nitric acid ( HN03 ). 

1 Diffusion of nutrients from algae cells into the solution. 



CHAPTER IV 

RESULTS AND DISCUSSIONS 

Growth characteristics of Spirulina platen sis were examined under the influence of 

added nutrients to a base media of digested cattle feedlot waste. This study has been 

conducted in four different parts. In each part of the experiment only one nutrient, which 

may either be N03-N, NH3-N, P04-P, or inorganic carbon, was considered as a growth 

limiting nutrient and the growth of algae was examined for the effect of the different 

concentrations of that specific nutrient under constant temperature ( 36°C, 96.8oF ), 

illumination ( 34,202 lux ), aeration rate ( 8 ft3 /hr ), and approximate pH conditions of 9.2. 

Nutrient concentrations in a culture, which was extracted for inoculation with 300 ml 

digested cattle waste, was accepted to be not available to algae for new cell production. The 

reason for this assumption is that when 100 ml culture was inoculated with digested cattle 

waste, the increase in growth was established by the availability of nutrients in digested 

cattle waste and the amount of increase in concentration of any inorganic nutrient added. 

Cultures for every experiment were taken from the same stock culture, while algal cells were 

in a stationary growth phase due to the limitation of the nutrients in the media Therefore, 

the concentration of other nutrients does not have an influence on growth because of the 

depleted concentration of any one of the nutrients. This statement is supported by Liebeig's 

"The growth of any organism is limited by the least available nutrient" law. 

Even though, the micro nutrients were not utilized in excess amounts for growth, their 

existence at a certain quantity is necessary for cell production. Also if the concentrations of 

C, P, or N existed in excess amounts, growth might have been prohibited by the deficiency 

of micro-nutrients. 
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For all experiments, chlorophyll-a concentration was calculated according to 

Equation 2.1 (Austin, 1988 ). In Equation 2.1, only one term shows a variation from one 

experimental work to another, which is light path of curvette, L. This term represents the 

diameter of the test tube in which light passes through during spectrophotometric 

measurement. Chlorophyll-a concentration and dry weight measurements are the sole 

indicators to determine the daily growth rate of Spirulina platen sis. The percent light 

transmittance through the cells or inversely, the amount of light absorbance of cells was the 

key parameter to determine the development of chlorophyll-a concentration. Dry weight 

values for the first three experiments were predicted based on the measured values of the 

inorganic carbon experiment. 

4.1 NOJ-N experiment 

The N03-N experiment was performed to determine if increasing amounts of nitrate 

would increase the growth rate as well as the total yield of algae. The concentration of 

N03-N was increased at different amounts and the variation in growth rate was monitored 

in each replicate flask until the stationary growth phase of the cells occurred. The daily 

growth rate was measured by the chlorophyll-a method using the spectrophotometric 

method and the variations in chlorophyll-a content in each flask are tabulated in Appendix 

A. Also, chlorophyll-a versus time graphs were prepared and given in Appendix A. Results 

of the statistical analysis were tabulated in Table 4.1. 

During the logarithmic growth phase, which was found around the sixth day of growth 

, a sharp increase in chlorophyll-a concentration was measured. At the third day of the 

growth, the color of the culture turned to a deep dark green. Growth rates in all flasks 

reached peak levels on the third and fourth days of the experiment. After 5 days of growth, 

all five treatments were growing well and after 6 days of growth the increase in chlorophyll

a content became undetectable in the two treatments where the addition of nitrate was 50 and 

75% of the base level. On the seventh day, the change in chlorophyll-a concentration 
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became completely undetectable in all treatments. The highest growth rate was observed in 

flasks 3 and 4 where the increase in nitrate concentration provided was 125%, i.e., 1.84 

mg/L NOJ-N ( Table 4.2 ). This was the highest amount of increase in chlorophyll-a 

concentration among all treatments. Results of spectrophotometric measurements were 

supported by the nitrate utilization rates. According to the results of the chemical analysis 

( see Tables 4.3 and 4.4.), the N03-N content of algal cells was found to be 1.65 mg/L 

N03-N in flask 3 and 0.19 mg/L N03-N in the final culture solution. Therefore, 90% of 

the initial nitrate added was utilized by cells and this amount of nitrate consumption was 

equivalent to 1090.6 Jlg/L increase in chlorophyll-a concentration and 193 mg!L increase in 

dry weight for the inoculation period ( Figure 4.1 ). The concentration of nutrients was 

needed to be known before inoculation of the stock culture with digested cattle waste; 

therefore, cells were analyzed to determine their nutrient content In order to quantify the 

total nutrient consumption during the growth period, initial nutrient concentration in the cells 

were subtracted from the fmal nutrient concentration in cell. The difference represents the 

nutrient uptake by cells to produce the final yield. 

In order to determine the statistical relationship in Figure 4.1, the statistical t-test was 

used to evaluate data. Growth of Spirulina was accepted as the dependent variable and 

nutrient utilization was accepted as the independent variable. 

( 1 ) One-tail test: 

t * = calculated t value, 

t = t value from percentiles t distribution table, ( Neter, 1989 ), 

n= number of samples. 

The hypotheses are: 

H0 :J3:5:0. 

Ha:J3>0. 

The decision rule: 

if t*~t ( 1-a; n-2 ), conclude Ho. 



if t*>t ( 1-a; n-2 ), conclude Ha. 

n=5. 

For a=0.1, t ( 0.9;3 )=1.638. Since t*=2.276>1.638, it was concluded that Ha, that~ is 

positive and probability is less than 0.1. 

( 2) Two-tail test: 

The two alternatives are: 

The decision rules are 

if t*st ( 1-<X/2; n-2 ), conclude Ho. 

if t*>t ( 1-a/2;n-2 ), conclude Ha. 

Since t* =2.276>1.638, it was concluded that Ha. that J3;tO or that there is a linear 
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relationship between Spirulina growth and nutrient utilization and probability value is less 

than 0.1. Positive~ value represents a statistical difference in Figure 4.1. By using the 

t-test, it was found that there was a significant difference among treatment levels. In order to 

detennine which one of the five treatment levels was significantly different than the others, 

statistical Paired test was used. There was a significant difference between treatment level 4, 

which was supplemented with 125% additional nitrate-Nat the beginning of the 

experiments, and other treatment levels. 

4.2 P04-P experiment 

In this particular experiment, effort was made to identify the effect of P04-P on the growth 

rate of Spirulina platensis. Artificial enrichment in P04-P was provided with KP04 in 

accordance with the experimental design shown in Table 3.4. The daily increase in 

chlorophyll-a concentration and the chlorophyll-a versus time graph for each treatment 



46 

Table 4.1 Statistical comparison of treatment levels for NOJ-N experiment. 

Comparison of tcalculated 

treatments 

1 * -2 -3.957 

1-3 2.307 

1-4 2.807 

1-5 5.802 

2-3 2.307 

2-4 3.384 

2-5 5.285 

3-4 5.983 

3-5 3.235 

4-5 1.338 

*Treatment 1= 150% treatment level. 

Treatment 2= 125% treatment level. 

Treatment 3= 100% treatment level. 

Treatment 4= 75% treatment level. 

Treatment 5= 50% treatment level. 

tcritical conclusion 

( significance level 95% ) 

6.314 ~1<~2 

6.314 ~1>~3 

6.314 ~1>~4 

6.314 ~1<~5 

6.314 ~2>~3 

6.314 ~2>~4 

6.314 ~2>~5 

6.314 ~3<~4 

6.314 ~3>~5 

6.314 ~4>~5 



Table 4.2 Total increase in chlorophyll-a concentration in N03-N experiment 

Flask# Percent1 InitiaJ2 Final Increase in Increase in 

. . 
chlorophyll-a chlorophyll-a chlorophyll-a dry weight mcrease m 

N03-N concentration concentration concentration (mg/L) 

concentration (Jlg/L) (Jlg/L) (Jlg/L) 

1 150 986.45 1638.21 651.76 115.58 

2 150 1021.68 1514.91 493.23 87.46 

3 125 1092.14 2161.74 1090.6 193.4 

4 125 1144.99 1902.44 757.45 134.32 

5 100 792.68 1215.45 422.27 74.93 

6 100 880.76 1373.98 493.22 87.46 

7 75 986.45 1268.29 281.84 49.98 

8 75 933.06 1250.68 317.62 56.32 

9 50 1127.37 1391.6 264.23 46.85 

10 50 1215.45 1409.21 193.76 34.36 

1 Addition of N03-N into digested cattle waste according to experimental design. 

2concentration of Spirulina culture at the first day of the experiment. 
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• Initial chlorophyll-a 

concentration 

IZI Final chlorophyll-a 

concentration 

1 2 3 4 5 6 7 8 9 10 
Flask number 

Figure 4.1 The initial and final chlorophyll-a concentrations of Spirulina culture in 
N03-N experiment. 



Table 4.3 Results of the various analyse for N03-N experiment, mg/L 

Flask# N03l as N03 as P04as P04as NH3 as NH3as 

nitrogen nitrogen in phosphate phosphate nitrogen nitrogen 

in cells liquid cells in liquid in cells in liquid 

1 1.77 0.28 32.8 1.7 16.91 0.16 

2 1.7 0.35 32.6 1.9 16.86 0.21 

3 1.65 0.19 33.5 1.0 16.62 0.45 

4 1.48 0.36 33.3 1.2 16.87 0.2 

5 1.33 0.26 32.6 1.9 16.89 0.18 

6 1.38 0.26 32.9 1.6 16.93 0.14 

7 0.93 0.5 32.3 2.2 16.91 0.16 

8 1.0 0.43 32.3 2.2 16.88 0.19 

9 0.79 0.44 32.2 2.3 16.9 0.17 

10 0.75 0.48 31.8 2.7 16.93 0.14 

* 0.59 0.23 28.7 5.73 16.62 0.45 

* Stock culture 

1 Initial concentration of N03-N was provided by adding KN03 to digested cattle 

waste. 

Treatment Ievell= 2.05 mg/L N03-N 

Treatment level 2= 1.84 mg/L N03-N 

Treatment level 3= 1.64 mg/L N03-N 

Treatment level4= 1.43 mg!L N03-N 

Treatment level 5= 1.23 mg/L N03-N 
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Table 4.4 Results of carbon analysis for N03-N, mg/L 

Flask# Total Carbon 

1 1155 

2 1174 

3 1461 

4 1591 

5 1602 

6 1612 

7 1634 

8 1417 

9 1388 

10 1514 

Stock culture * 1197 

TOC=O.O and TC=IC. 
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level is presented in Appendix B. Statistical comparison among treatment levels was done 

by using Paired test and results were tabulated in Table 4.5. 

When the concentration of P04-P was increased in the media, the growth period was 

found to be 9 days. In all treatment levels, the peak increase in chlorophyll-a concentration 

occurred between the fourth and seventh day of the P04-P experiment. In the fourth day of 

the growth period the greatest performance was determined in flasks 5 and 6. The increase 

was supplemented with 100% increase in P04-P concentration, i.e., 17.25 mg/L. The 

initial, final, and difference between initial and final concentrations for all treatment levels are 

tabulated in Table 4.6 . At the seventh day of inoculation, culture color was green in all 

treatments. After 8 days of growth, change in chlorophyll-a concentration became 

undetectable at the treatment level of 100%, however, growth was still detectable in other 

treatment levels even after 9 days of incubation. 

The initial concentration of chlorophyll-a in flask 5 was 898.37 Jlg/L and at the end of 

the experiment it was found to be 1708.67 Jlg/L. The amount of increase in cell 

concentration corresponds to a 63% utilization of the initial P04-P content. In flask 5, 

according to the fmal analysis (Tables 4.6, 4.7, and 4.8 ), the concentration of P04-P in 

solution was 25.53 mg/L and in cells was 43.47 mg/L. A corresponding increase in dry 

weight and chlorophyll-a concentration was detected as 143.69 mg/L and 810.31 Jlg/L. 

Statistical relationship between growth of algae and nutrient utilization was determined 

according to procedure given in the nitrate-N ( N03-N) experiment. 

( 1 ) One-tail test: 

t* =9.688026. 

n=5. 

For a=0.01, t ( 0.99;3 )=4.54. Since t* =9.688026>4.54, it was concluded Ha, that J3 is 

positive and statistically significant (confidence level=0.99 ). 

( 2) Two-tail test: 
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Since t* =9.688026>4.54, it was concluded that Ha is true and that ~ or that there is 

a linear relationship between Spirulina growth and nutrient utilization and probability value 

is less than 0.01. Positive~ value presents that there is a statistical difference in Figure 4.2. 

4.3 NHJ-N experiment 

In order to increase the ammonia concentration of the experimental media, ammonium 

chloride ( NH40 ) was used according to Table 3.4. The variations in chlorophyll-a 

concentration for each flask and daily chlorophyll-a increase versus time graphs are given in 

Appendix C. Statistical comparison among treatment levels was done by using Paired test 

and results were tabulated in Table 4.9. 

An increase in chlorophyll-a content had been detected until the eleventh day of the 

experiment. The improvement in chlorophyll-a concentration was detected in flasks 6 and 8 

until the eleventh day. The growth rate of algae was found to be similar at both levels of 75 

and 100% ammonia supplied to the media In flask 6, which had 100% ammonia addition, 

the total increase in chlorophyll-a was 827.91 Jlg/L ( 146.81 mg/L as dry weight) and the 

highest daily percent increase in chlorophyll-a concentration was found to be 11.09% of the 

beginning chlorophyll-a concentration. In flask 8, which had 125% additional ammonia, 

total increase in chlorophyll-a was 915.98 Jlg/L ( 162.43 mg/L as dry weight) and the peak 

increase was 10.49% of the initial chlorophyll-a concentration (Table 4.10 ). The 

percent increase in chlorophyll-a content in flask 6 was higher than the peak height in flask 

8; however, the final concentration of chlorophyll-a in flask 6 was lower than that in flask 8. 

The peak growth rate in flask 8 was found after 4 days of inoculation and at the sixth day of 

the experiment; the color of the experimental media was dark green. The greatest amount of 

ammonia was found in the culture solution when the increase in ammonia concentration was 

made at the 150% level ( Tables 4.11 and 4.12 ). After 12 days of incubation, growth 

ceased in all treatments. 
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Table 4.5 Statistical comparison of treatment levels for P04-N experiment 

Comparison of tcalculated 

treatments 

1 * -2 -2.992 

1-3 -2.307 

1-4 -2.001 

1-5 -4.479 

2-3 -2.004 

2-4 -1.009 

2-5 -2.986 

3-4 2.722 

3-5 5.514 

4-5 3.799 

*Treatment 1= 150% treatment level. 

Treatment 2= 125% treatment level. 

Treatment 3= 100% treatment level. 

Treatment 4= 75% treatment level. 

Treatment 5= 50% treatment level. 

tcritical conclusion 

( significance level 95% ) 

6.314 ~1<~2 

6.314 ~~<~3 

6.314 ~1<~4 

6.314 ~1<~5 

6.314 ~2<~3 

6.314 ~2<~4 

6.314 ~2<~5 

6.314 ~3>~4 

6.314 ~3>~5 

6.314 ~4>~5 



Table 4.6 Total increase in chlorophyll-a concentration in Spirulina culture in 
P04-P experiment 

Flask# Percent I Initial2 Final Increase in Increase in 

increase in chlorophyll-a chlorophyll-a chlorophyll-a dry weight 

P04-P concentration concentration concentration (mg!L) 

concentration (IJ.g/L) (IJ.g/L) (IJ.g/L) 

1 150 863.14 1338.75 475.61 84.34 

2 150 1074.53 1656.45 581.43 103.1 

3 125 1180.22 1673.44 493.22 87.46 

4 125 951.23 1567.95 616.72 109.36 

5 100 898.37 1708.67 810.3 143.69 

6 100 1092.14 1814.87 722.73 128.16 

7 75 1127.87 1708.67 580.8 102.99 

8 75 1021.68 1638.21 616.53 109.33 

9 50 1056.71 1726.29 669.58 118.74 

10 50 951.23 1655.83 704.6 124.95 

I Addition ofP04-P into digested cattle waste according to experimental design. 

2concentration of Spirulina culture at the first day of the experiment. 
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Figure 4.2 The initial and final chlorophyll-a concentrations in Spirulina culture in 
P04-P experiment 
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Table 4.7 Results of analysis for P04-P experiment, mg/L 

Flask# N03as N03as P041 as P04as NH3 as NH3 as 

nitrogen nitrogen phosphate phosphate nitrogen nitrogen 

in cells in liquid in cells in liquid in cells in liquid 

1 0.61 0.21 34.65 51.60 14.44 2.63 

2 0.62 0.2 35.8 50.45 15.56 1.51 

3 0.62 0.2 35.16 42.46 14.69 2.38 

4 0.65 0.17 37.84 39.78 14.87 2.2 

5 0.61 0.13 43.47 25.53 16.8 0.27 

6 0.64 0.18 42.96 26.04 16.93 0.14 

7 0.62 0.2 36.08 24.29 15.96 1.11 

8 .0.63 0.19 36.21 16.05 16.32 0.75 

9 0.66 0.16 35.70 16.05 15.34 1.73 

10 0.67 0.15 36.92 14.83 16.41 0.66 

* 0.52 0.3 27.6 6.9 16.47 0.60 

* Stock culture 

1 Initial concentration of P04 was provided by adding KP04 to digested cattle waste 

Treatment level 1= 86.25 mg/L P04-P 

Treatment level2= 77.62 mg/L P04-P 

Treatment level 3= 69.0 mg/L P04-P 

Treatment level4= 60.37 mg/L P04-P 

Treatment level5= 51.75 mg/L P04-P 
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Table 4.8 Results of carbon analysis for P04-P experiment, mg/L 

Flask# Total Carbon 

1 1771 

2 1972 

3 1885 

4 1794 

5 1868 

6 1935 

7 2115 

8 2211 

9 2119 

10 2129 

Stock culture 1359 

TOC=O.O and TC=IC 
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Statistical relationship between growth of algae and nutrient utilization was determined 

according to procedure given for the nitrate-N ( N03-N) experiment 

( 1 ) One-tail test: 

* . t =8.70148. 

n=5. 

For a=0.01, t ( 0.99;3 )=4.54. Since t* =8.70148>4.54, it was concluded Ha. that f3 is 

positive and statistically significant (confidence level=0.99 ). 

( 2) Two-tail test: 

Since t* =8.760148>4.54, it was concluded that Ha. that f3;=0 or that there is a linear 

relationship between Spirulina growth and nutrient utilization and probability value is less 

than 0.01. Positive f3 value presents that there is a statistical difference in Figure 4.3. 

4.4 Inor~anic carbon experiment 

The purpose of this part of the experimental study was to determine the stimulatory 

effect of inorganic carbon on growth of Spirulina platensis. when the digested cattle waste 

was supplied as a sole source of nutrients. The pH in growth media was also monitored to 

identify the influence of different concentrations of inorganic carbon. Sodium bicarbonate 

( N aHC03 ) was provided in the culture as the source of inorganic carbon. 

The daily increase in cell concentration was measured with chlorophyll-a content like 

the other experiments. The variation in pH was measured twice daily. Average daily pH 

values together with chlorophyll-a and dry weight measurements were given in Appendix D. 

Paired test was used to determine the statistical difference among treatment levels and 

results were tabulated in Table 4.13. 

During the incubation period, the highest rate of growth was observed between the 

fourth and seventh days for all treatment levels. The greatest increase in cell concentration 

was detected in flasks 1 and 2, which had been supplemented with 3000 mg HC031L 

initially. The increase in chlorophyll-a concentration was almost 40% of the initial 
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Table 4.9 Statistical comparison of treatment levels for NH3-N experiment. 

Comparison of tcalculated 

treatments 

1 *-2 -6.003 

1-3 -1.363 

1-4 -4.207 

1-5 -1.492 

2-3 0.237 

2-4 -4.226 

2-5 0.00189 

3-4 -2.224 

3-5 0.152 

4-5 1.009 

*Treatment 1= 150% treatment level. 

Treatment 2= 125% treatment level. 

Treatment 3= 100% treatment level. 

Treatment 4= 75% treatment level. 

Treatment 5= 50% treatment level. 

tcritical conclusion 

( significance level 95% ) 

6.314 J31<J32 

6.314 J31<J33 

6.314 J3t<J34 

6.314 J3t <J35 

6.314 J32<J33 

6.314 J32<J34 

6.314 J32<J35 

6.314 J33<J34 

6.314 J33>J35 

6.314 J34>J35 



Table 4.10 Total increase in chlorophyll-a concentration in NH3-N experiment 

Rask# Percent1 Initial2 Final Increase in Increase in 

increase in chlorophyll-a chlorophyll-a chlorophyll-a dry weight 

NH3-N concentration concentration concentration (mg/L) 

concentration (Jlg/L) (_gg&_) (~) 

1 150 1092.14 1585.37 493.23 87.45 

2 150 1197.83 1796.75 598.92 106.21 

3 125 1127.37 1743.9 616.53 109.23 

4 125 1039.29 1726.29 687 121.82 

5 100 1109.76 1638.21 528.45 93.71 

6 100 986.45 1814.36 827.91 146.81 

7 75 1144.98 1902.43 757.45 134.32 

8 75 1092.14 2008.12 915.98 162.43 

9 50 1056.91 1726.28 669.37 118.7 

10 50 1162.6 1726.74 634.14 112.45 

!Addition of NH3-N into digested cattle waste according to experimental design. 

2concentration of Spirulina culture at the first day of the experiment. 
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Table 4.11 Results of analysis for NH3-N experiment, mg/L 

Flask# N03 as N03 as P04as P04as NH31 as NH3 as 

nitrogen nitrogen phosphate phosphate nitrogen nitrogen 

in cells in liquid in cells in liquid in cells in liquid 

1 0.65 0.17 32.6 1.9 22.4 20.27 

2 0.68 0.14 33.7 0.08 23.71 18.96 

3 0.72 0.1 33.8 0.07 22.83 15.57 

4 0.73 0.09 33.7 0.08 23.01 15.39 

5 0.65 0.17 32.9 0.06 22.59 11.55 

6 0.77 0.05 34.0 0.05 27.18 6.66 

7 0.74 0.08 33.8 0.07 24.9 4.97 

8 0.78 0.04 34.1 0.04 27.48 2.39 

9 0.79 0.11 33.6 0.09 23.87 1.735 

10 0.74 0.08 33.4 1.1 23.01 2.595 

* 0.57 0.25 28.2 6.3 16.55 0.52 

*Stock culture 

1Initial concentration of NH3-N was provided by adding NH4Cl2 to digested cattle 
waste. 

Treatment level 1= 42.67 mg/L NH3-N 

Treatment level 2= 38.4 mg/L NH3-N 

Treatment level3= 34.14 mg/L NH3-N 

Treatment level4= 29.87 mg/L NH3-N 

Treatment level 5= 25.6 mg/L NH3-N 
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Table 4.12 Results of carbon analysis for NH3-N experiment, mg/L 

Flask# Total Carbon 

1 1258 

2 1262 

3 1159 

4 1262 

5 1309 

6 1331 

7 1348 

8 1395 

9 1296 

10 1241 

Stock culture 1816 

TOC=O.O and TC=IC. 
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concentration of chlorophyll-a at the end of the experimental period Of the initially 

supplied HC03, 96% was utilized to produce new cells, which is 776.02 Jlg/L in tenns of 

chlorophyll-a and 137.66 mg!L as dry weight (Tables 4.14 and 4.15 ). Similar 

growth rates were monitored in flasks 3 and 4, where the addition of HC03 was 2000 

mg/L. At this treatment level the total increase in cell concentration was 639.32 Jlg/L as 

chlorophyll-a and 113.38 mg/L as dry weight and 92% of the HC03 was consumed. 

When HCOJ was provided at 3000 mg!L, the deviation from the optimum pH of 9 .2, was 

lower than that in flasks which had 2000 mg HC03fL at the beginning. The final pH value 

in flasks 1 and 2 was 9.28; in flask 3, final pH was 9.26 and in flask 4, pH was 9.26. 

However, the difference in pH between the two treatment levels was not very large, it can be 

said that the addition of 3000 and 2000 mg HC03fL was sufficient to provide an adequate 

buffer capacity. 

Statistical relationship between growth of algae and nutrient utilization was determined 

according to procedures given in the nitrate-N ( N03-N) experiment 

( 1 ) One-tail test: 

t* =5.789503 

n=5 

For a=0.05, t ( 0.95;3 )=4.54. Since t*=8.70148>2.353, it was concluded Ha, that~ is 

positive and statistically significant (confidence level=0.95 ). 

( 2 ) Two-tail test: 

Since t*=8.760148>2.353, it was concluded that Ha. that J3;tO or that there is a linear 

relationship between Spirulina growth and nutrient utilization and probability value is less 

than 0.05. Positive ~ value presents that there is a statistical difference in Figure 4.4. 

4.5 Model Development 

The collected data were used to develop a model to predict algal growth as a function of 

nutrient concentration. While algae have an optimum nutritional media for growth, the 
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Table 4.13 Statistical comparison of treatment levels for Inorg-C experiment. 

Comparison of tcalculated 

treatments 

1 * -2 5.826 

1-3 5.661 

1-4 4.995 

1-5 6.148 

2-3 2.369 

2-4 4.072 

2-5 3.216 

3-4 4.274 

3-5 3.620 

4-5 0.000284 

* Treatment 1 = 3000 mg treatment level. 

Treatment 2= 2000 mg treatment level. 

Treatment 3= 1500 mg treatment level. 

Treatment 4= 1000 mg treatment level. 

Treatment 5= 500 mg treatment level. 

tcritical conclusion 

( significance level 95% ) 

6.314 ~1>~2 

6.314 ~1>~3 

6.314 ~1>~4 

6.314 ~1>~5 

6.314 ~2>~3 

6.314 ~2>~4 

6.314 ~2<~5 

6.314 ~3>~4 

6.314 ~3>~5 

6.314 ~4>~5 



Table 4.14 Total increase in chlorophyll-a concentration in inorganic carbon 
experiment 

Flask# Percent I lnitial2 Final Increase in Increase in 

increase in chlorophyll-a chlorophyll-a chlorophyll-a dry weight 

HC03 concentration concentration concentration (mg/L) 

concentration (JJ.g/L) ( J.!g/L ) (~) 

1 150 1128.74 1904.76 776.02 137.61 

2 150 1075.83 1834.21 758.38 134.48 

3 125 1164.02 1834.21 670.02 118.81 

4 125 1040.56 1649.02 608.46 107.9 

5 100 1163.34 1657.84 493.82 87.57 

6 100 1111.12 1640.21 529.09 98.32 

7 75 952.38 1287.47 335.09 59.42 

8 75 1093.47 1499.11 405.64 71.93 

9 50 1181.65 1499.11 317.46 56.29 

10 50 1146.38 1569.66 423.28 75.06 

1 Addition of inorganic carbon into digested cattle waste according to experimental 
design. 

2concentration of Spirulina culture at the first day of the experiment. 
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Table 4.15 Results of analysis for inorganic carbon experiment, mg/L 

Flask# N03 as N03 as P04as 

nitrogen nitrogen phosphate 

in cells in liquid in cells 

1 0.63 0.19 

2 0.65 0.17 

3 0.54 0.28 

4 0.53 0.29 

5 0.44 0.38 

6 0.49 0.33 

7 0.38 0.44 

8 0.42 0.40 

9 0.38 0.44 

10 0.43 0.39 

* 0.67 0.15 

*Stock culture 

Treatment level 1 = 3000 mg/L inorg-C 

Treatment level2= 2000 mg/L inorg-C 

Treatment level3= 1500 mg!L inorg-C 

Treatment level4= 1000 mg/L inorg-C 

Treatment level 5= 500 mg/L inorg-C 

28.04 

28.37 

27.66 

27.4 

26.83 

27.09 

26.77 

26.91 

26.48 

26.78 

29.39 

P04as NH3 as 

phosphate nitrogen 

in liquid in cells 

6.46 16.86 

6.13 16.87 

6.84 16.83 

7.1 16.82 

7.67 16.8 

7.41 16.83 

7.73 16.76 

7.59 16.75 

8.02 16.61 

7.72 16.66 

5.11 16.43 

68 

NH3 as 

nitrogen 

in liquid 

0.21 

0.2 

0.24 

0.25 

0.27 

0.24 

0.31 

0.37 

0.46 

0.41 

0.64 
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Table 4.16 Results of carbon analysis for inorganic carbon experiment, mg!L 

Flask# Total 

Carbon 

1 143 

2 168 

3 83 

4 57 

5 36 

6 28 

7 11 

8 8 

9 14 

10 11 

TOC=O.O and TC=IC. 
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general effect is that as macro-nutrient concentrations increase, growth rate also increases, 

unless some other parameter becomes limiting to growth. Under favorable temperature, 

light, pH, and mixing conditions, the most important growth limiting factors are the 

concentrations of carbon, nitrogen, and phosphorus. Therefore, in this study, all physical 

growth parameters had been provided at ideal levels to algae and for each part of this study 

only the effect of a single nutrient, which was either C, Nor P, was varied to determine the 

influence on growth of Spirulina. 

All environmental conditions were held constant as well as at optimum levels, therefore 

growth of Spirulina was only a function of nutrient availability. To predict the growth of 

algae, the relationship between the growth rate and nutrient utilization was determined. It 

was important to consider only the amount of utilization of the type of nutrient of interest 

rather than the initial concentration. When the growth media is supplemented with 

additional nutrients, such as N03-N, NH3-N, P04-P or inorganic carbon, growth 

proceeded rapidly resulting in some nutrients not being utilized. Growth proceeded slower, 

however, when either the concentration of N, P or C in digested cattle waste was not 

artificially enriched because the macro-nutrient limited growth of Spirulina. 

To develop an equation that can model the growth of Spirulina as a function of nutrient 

utilization, growth versus time graphs were prepared for each data set ( see Appendices A, B, 

C, and D). The experimental procedure was approximately the same for all data sets 

collected. The S shape curve, which represents the growth pattern in most biological 

systems, was found to be the same for all experimental data sets ( Figures 4.5 through 

4.8 ). 

Based on the experimental data, the following equation was adopted (Gregory, 1992); 

y = y0 +( ymax-y0 )*( 1-exp (-At*( 1-exp ( -A2*Xl ))*Xl )) ( 4.1) 

A 1 = the growth rate due to the amount of nutrient utilized, J!g/L/day 

A2 = the nutrient utilization rate, mg/Uday 

Ymax = total increase in chlorophyll-a concentration ( total yield ), J!g/L 



Yo= initial culture chlorophyll-a concentration, J.lg/L 

Xl= time, days. 
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The above equation is known as "double one minus exponential equation" and its 

applicability to the data was determined by using the computer program "MERV" ( Gregory 

and Fedler, 1988 ). The equation has been evaluated for the data sets from N03-N, NH3-

N, P04-P, and inorganic carbon experiments. The lowest R2 value obtained was 0.977 and 

the model was highly significant (a= 0.001 ) for all data sets tested. The value of 

coefficient A2 did not show a significant variation in all five treatment levels, however the A 1 

value was found to differ for every treatment level. This means that the rate of nutrient 

utilization was approximately the same for all treatment levels but the growth rate of cells 

was different from one increment level to another. In order to make a more understandable 

explanation to the experimental system, a second model was developed to show the growth 

rate, which is represented as A 1 in Equation.4.1, as a function of utilized nutrient, X2 

( Figures 4.8 through 4.11 ). 

At= A3* ( 1- exp ( -A4 *X2)) ( 4.2) 

A3 =growth rate, J.lg/L/day 

A4 = utilized inorganic nutrient, mg/L 

The lowest R2 value obtained from statistical analysis was 0.682 and the significance 

level for all data sets was 90%. The final equation was developed by combining Equations 

4.1 and 4.2, which simulates the growth of algae under the influence of a single nutrient 

with digested cattle waste as the base nutrient source. Coefficients At, A2, A3, and A4 and 

R 2 values are tabulated in Tables 4.17 through 4.20 for each experimental study. The 

following equation represents the growth of Spirulina for all experiments. 

y =Yo+ ( Ymax-Yo )* ( 1-exp ( -( A3*( 1-exp ( -A4 *X2 ))))*( 1-exp ( -A2* 

Xl ))*X1). ( 4.3) 

This model is useful in evaluating the growth of Spirulina platensis when the 

concentration of a single nutrient is increased and the others remain constant. To determine 
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the accuracy of the Equation 4.3, the predicted growth obtained from Equation 4.2, predicted 

was plotted against measured growth. 

4.6 Conclusion 

The chemical composition of digested cattle waste was analyzed to understand its 

nutritional quality for growing Spirulina. Results of analysis showed that the ratio between 

C:N:P was much lower than the desired ratio usually given in the literature. According to 

Richmond ( 1982 ), the growth of Spirulina platensis achieves ideal growth levels when the 

C:N :P ratio is 100: 10: 1, respectively. The high degree of correlation among C, N, and P 

content of the digested cattle waste and algae growth response should lead to the defmition 

of C, N, P and yield relationship for Spirulina platensis grown on a digested cattle waste 

medium. 

In the experimental study, which had been done by using digested cattle waste, the ratio 

between C, N, and P was 6:1:2. In accordance with the purpose of this study, the 

concentrations of other inorganic nutrients were not brought up to a level where only the 

concentration of N, C, or P can become limiting to growth of algae. An experimental model 

was developed based on the relationship between growth and the amount of utilized nutrient. 

For instance, in the N03-N experiment the highest performance was monitored when the 

percent added was 125% of that found in the digested cattle waste. During the incubation, 

83% of the initially supplied N03-N was utilized by algae. For this experimental study, the 

growth of Spirulina was predicted in relation to the utilized nutrient rather than the initial 

concentration of nutrient or N/C ratio. In order to identify all experimental results based on 

the N/C ratio, the growth medium should have been enriched with phosphate-P, organic 

nutrients and micro-nutrients, such as Ca, Mg, Na, and K. This step should be taken to 

insure that nutrients other than N and C are not limiting to growth. By doing so, the growth 

of Spirulina could only be limited by the present 
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Table 4.17 Coefficients and R2 values in Equations 4.1 and 4.2 for N03-N 
experiment 

Flask# At A2 R2 

1-2 10.21565 0.004999 0.978 

3-4 9.777973 0.005278 0.967 

5-6 12.1733 0.00433 0.989 

7-8 5.192026 0.004203 0.970 

9-10 12.52634 0.004348 0.970 

A3 A4 R2 

9.483051 0.023328 0.672 

Table 4.18 Coefficients and R2 values in Equations 1 and 2 for NH3-N 
experiment 

Flask# AI A2 R2 

1-2 7.691421 0.004197 0.998 

3-4 4.728507 0.005109 0.993 

5-6 5.756358 0.004961 0.997 

7-8 7.558462 0.003945 0.999 

9-10 5.657851 0.004376 0.998 

A3 A4 R2 

32.05518 0.00921 0.778 
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Table 4.19 Coefficients and R2 values in Equations 4.1 and 4.2 for P04-P 
experiment 

Flask# AI A2 R2 

1-2 7.277141 0.004461 0.991 

3-4 6.199495 0.004009 0.992 

5-6 I0.97687 0.004254 0.993 

7-8 7.02095 0.003887 0.986 

9-10 5.586745 0.004381 0.987 

A3 A4 R2 

31.76425 0.006856 0.701 

Table 4.20 Coefficients and R2 values in Equations 4.1 and 4.2 for inorganic 
carbon experiment 

Flask# AI A2 R2 

1-2 5.066025 0.004551 0.998 

3-4 4.602957 0.0045I4 0.998 

5-6 4.944705 0.004773 0.997 

7-8 8.353815 0.003943 0.996 

9-IO 7.492511 0.005265 0.987 

A3 A4 R2 

9.5I4473 0.006856 0.825 
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concentration of either N, C, or P and the transition point between the logarithmic 

growth and stationary growth phase would be defmed according to the N/C ratio. 
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In none of the experiments was there a lag phase or growth retardation detected. It is 

possible that a lag phase was not detected due to the presence of ammonia-Nand the 

addition of inorganic carbon. Ammonia is the most available form of nitrogen to algae and 

inorganic carbon provides favorable alkaline conditions, and these two nutrients are 

extremely important to growth of Spirulina platensis. The results of chemical analysis 

showed that the nitrate-N concentration was much lower than ammonia-N concentration in 

anaerobically digested cattle waste. In contrast to media conditions, bacteria responsible for 

nitrification can sutvive where the media is aerobic. In addition, the effect of pH is another 

important factor which may have an inhibitory effect on nitrifying bacteria The optimal pH 

range for growth of nitrifying bacteria is between 7.5 to 8.6, but in systems acclimated to a 

pH higher than 8.6, as is in this experiment, nitrification does not occur ( Tchonbanoglous, 

1991 ). 

During the inorganic carbon experiment, Richmond's ( 1982 ) statement about pH 

stabilization was tested. Richmond says that when the culture media is supported with 0.2 

M ( 10.8 giL) NaHC03, pH reaches an equilibrium level of approximately 9.2. However, 

when the concentration ofNaHC03 was provided to algae at 2000-3000 mg/L, it was found 

in this research that pH stabilize around 9.2. Actually, the range of pH variation was 

between 9.14 and 9.29 at both levels ofNaHC03. The pH values significantly deviated 

from 9.2 where the addition ofNaHC03 was 500, 1000, and 1500 mg/L. Especially in 

cultures that had 500 and 1000 mg/1 NaHC03, pH increased to 9.68, thus NaHC03 was not 

sufficient to satisfy the required buffer conditions. 

In all parts of the experiment, the growth media was monitored under a microscope to 

determine the increase in the number of contaminant microorganisms, which already exist in 

media, or occurred as possible contamination during experimental studies. Oscillatoria was 
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identified as the alien algae at the beginning of the experiments. Two important media 

properties, temperature and pH, were thought to be sufficient to kill Oscillatoria. The 

supporting theory for this expectation was that most of the aquatic organisms cannot swvive 

pH beyond the range of 6.5 to 8.5 nor temperatures above 21·c. The pH of media was in 

the range of9.1 to 9.3. However, Oscillatoria were not adversely affected. The same 

situation was faced when the temperature was considered as an effective parameter to 

remove Oscillatoria from the media For all experiments, the temperature of the media was 

always 36·c, and found to be insufficient to kill Oscillatoria 

There should be no effort to increase pH or temperature in order to kill Oscillatoria. 

Because extreme pH and temperature not only cause damage to Oscillatoria but also to 

Spirulina platen sis. Spirulina platen sis and Oscillatoria are members of the same family, 

Oscilatoriceae, and both of them survive under the similar environmental conditions. For 

this reason, the existence of Oscillatoria in growth media should not be considered as 

contamination. 

The results demonstrate that the maximum growth of Spirulina platen sis can be 

expected when the media was initially supplemented with 125% NO]-N, 100% P04-P, 75-

100% NH3-N, and 2000-3000 mg/L HC03. This conclusion strictly depends on the 

chemical composition of digested cattle waste. By keeping the same ratio among macro

and micro-nutrients and having the same ambient conditions, different digested cattle waste 

with different nutrient concentrations can be adjusted to preface similar results. 

Decrease in light penetration into the culture and depleted concentrations of macro- or 

micro-nutrients are the major reasons for the retardation of growth. The limitation of 

growth due to the reduction in light availability to cells were eliminated at the beginning of 

the experiments by starting with a culture and flltered digested cattle waste, and keeping 

culture to digested cattle waste ratio 1:3. In addition to these steps, to maintain the equal 

distribution of light, agitation was provided. However, eventually culture color turned to 

dark green and reduction in light penetration was still a problem. Figure 4.13 shows a plot 



of the measured versus predicted data for all experiments and the model was found to be 

very good with the R2::o.99, and was highly significant 
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Figure 4.13 Comparison between the predicted and measured growth data of Spirulina for 
all four experiments. 



CHAPTERV 

RECOMMENDATIONS 

To have a better understanding of the growth characteristics of Spirulina platensis. 

further research is recommended as follows. 

( 1 ) Instead of using an increase in concentration of one type of inorganic nutrient, 

concentrations of all four nutrient components are supposed to be increased in accordance 

with the results of the presented study. A greater amount of increase in cell concentration is 

expected than what was detected in this experiment. In the meantime, the utilization of 

micro nutrients, such as potassium ( K ), sodium ( Na ), magnesium ( Mg ), calcium 

( Ca ), should be monitored. Determination of the mass balance in micro nutrient 

concentrations makes further research easier to identify the influence of micro nutrients on 

growth of Spirulina platensis. In the next step, nitrate-N, ammonia-n, orthophosphate-P, 

and inorganic carbon as HC03 should be supplied at levels which were identified as the 

most available quantities. Following the same concept as in the presented study, the 

concentration of only one micro nutrient should be increased. The results of this type of 

research not only provide a better understanding to overall growth system, but they also 

supply an information that tells us the necessary amounts of macro and micro nutrients for 

ideal growth based on fermented cattle waste. This information makes the estimation of 

cost of large-scale Spirulina platensis production much easier from the standpoint of 

nutrient utilization. 

( 2 ) The second proposed option is the addition of all nutrients at excess quantities to 

digested cattle waste but carbon and nitrogen. The conceptual approach of the idea is that 

the growth of algae can only be ceased due to the deficiency in carbon and nitrogen 

concentrations in growth media when the other nutrients are given at large amounts. But the 
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safety of this process is uncertain because possible toxicity due to the existence of excess 

nutrients may cause the loss of culture. Therefore, the frrst step is supposed to be 

performed primarily to more precisely predict the upper limit of utilization of individual 

macro and micro nutrients. Then the growth of Spirulina Platensis can be identified as a 

function of N/C ratio. 

( 3 ) The previous research had been done to determine the growth characteristics of 

Spirulina platen sis in different growth medias by Mark Bates. During his study, organic 

nutrient as urea was provided to algae in addition to nutrients in media. Under 8000 lux 

light intensity and at room temperature, the growth was measured as dry weight. 

During the comparison of my study to previous researcher's study, it was found that 

the yield of algae was higher when algae were supplemented with organic nutrient. 

However, there is no evidence to be able to say that organic nutrients are more important 

than inorganic nutrients on growth of Spirulina platensis: therefore, one of the future 

objectives of algae project should be the evaluation of growth under the effect of both 

organic and inorganic nutrients while subjecting both growth medias to the same 

environmental conditions. 

( 4 ) To overcome the problems with respect to reduction in light, culture volume 

should be diluted with deionized water ( DI ) when culture color becomes very dark. DI 

water does not contain any nutrient; therefore, its effect will only be in the direction of 

increase in light penetration. 
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Table A.1 Chlorophyll-a concentrations in flask# 1 

Days Dry weight Absorbance Chlorophyll-a Percent 

(mg/L) (IJ.g/L) increase in 

chlorophyll-a 

concentration 

1 174.93 0.056 986.45 

2 190.55 0.061 1074.53 8.19 

3 218.66 0.07 1233.06 12.86 

4 253.02 0.081 1426.83 13.58 

5 278.01 0.089 1567.75 8.98 

6 290.51 0.093 1638.21 4.3 
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Table A.2 Chlorophyll-a concentrations in flask# 2 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

( mg/L) ( Jlg/L) in chlorophyll-a 

concentration 

1 181.18 0.058 1021.68 

2 184.3 0.059 1039.29 1.69 

3 209.29 0.067 1180.22 11.74 

4 240.52 0.077 1356.31 12.98 

5 259.57 0.083 1462.06 7.23 

6 268.64 0.086 1514.91 3.48 
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Table A.3 Chlorophyll-a concentration in flask# 3 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg/L) (~giL) in chlorophyll-a 

concentration 

1 193.67 0.062 1092.14 

2 203.04 0.065 1144.99 4.62 

3 246.78 0.079 1391.6 17.72 

4 299.88 0.096 1691.06 17.74 

5 321.75 0.103 1814.37 9.7 

6 365.48 0.117 2060.98 6.83 

7 383.45 0.118 2161.74 4.46 
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Table A.4. Chlorophyll-a concentration in flask# 4 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg/L) (Jlg/L) in chlorophyll-a 

concentration 

1 203.44 0.065 1144.99 

2 209.26 0.067 1180.22 2.98 

3 243.65 0.078 1373.78 14.1 

4 290.51 0.093 1638.21 16.21 

5 321.73 0.103 1814.37 9.7 

6 337.37 0.108 1902.44 4.62 



2200 

2100 

-2000 

~ 1900 
Q 

:::i. 1800 

- 1700 

' 1600 
~ 1500 
~ e 1400 
..2 .c 1300 
(.) 1200 

1100 
1000 

2 3 

Flask#3 

4 5 6 7 8 

Time (days) 
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Table A.5. Chlorophyll-a concentration in flask# 5 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

{mg/L) {Jlg/L) in chlorophyll-a 

concentration 

1 140.57 0.045 762.98 

2 153.06 0.049 863.14 8.16 

3 168.68 0.054 951.22 9.26 

4 190.55 0.061 1074.53 11.47 

5 106.17 0.066 1162.6 7.57 

6 215.54 0.069 1215.45 3.84 
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Table A.6. Chlorophyll-a concentration in flask# 6 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg/L) (Jlg/L) in chlorophyll-a 

concentration 

1 156.19 0.05 880.76 

2 165.56 0.053 933.6 5.65 

3 187.42 0.06 1056.91 11.68 

4 215.54 0.069 1215.45 13.04 

5 234.28 0.075 1321.14 8.0 

6 243.64 0.079 1373.98 4.58 
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Table A.7 Chlorophyll-a concentration in flask# 7 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg!L) (J.Lg/L) in chlorophyll-a 

concentration 

1 174.93 0.056 986.45 

2 187.42 0.06 1056.91 6.06 

3 196.8 0.063 1109.76 4.49 

4 212.4 0.068 1197.73 7.35 

5 224.91 0.072 1268.29 5.55 
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Table A.8 Chlorophyll-a concentration in flask# 8 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg/L) (~giL) in chlorophyll-a 

concentration 

1 165.46 0.053 933.06 

2 175.28 0.056 988.45 5.35 

3 190.55 0.061 1074.56 8.12 

4 209.29 0.067 1180.22 8.95 

5 221.79 0.067 1250.68 5.63 
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Table A.9 Chlorophyll-a concentration in flask# 9 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg/L) (JJ.g/L) in chlorophyll-a 

concentration 

1 199.92 0.064 1127.37 

2 206.17 0.066 1162.6 3.03 

3 221.79 0.071 1250.68 7.04 

4 237.4 0.076 1338.75 6.57 

5 246.78 0.079 1391.6 3.79 
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Table A.10 Chlorophyll-a concentration in flask# 10 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg!L) (~giL) in chlorophyll-a 

concentration 

1 215.54 0.069 1215.45 

2 218.66 0.07 1233.06 1.67 

3 231.13 0.074 1303.29 5.40 

4 240.53 0.077 1356.37 3.91 

5 249.9 0.08 1409.21 3.75 
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Table B.1 Chlorophyll-a concentrations in flask# 1 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg/L) (Jlg/L) in chlorophyll-a 

concentration 

1 153.08 0.049 863.14 

2 158.41 0.051 898.37 4.08 

3 171.8 0.055 968.83 7.84 

4 190.55 0.061 1074.53 10.91 

5 206.17 0.066 1162.6 8.19 

6 218.66 0.07 1233.06 6.06 

7 228.03 0.073 1285.91 4.28 

8 234.28 0.075 1321.14 2.73 

9 237.4 0.076 1338.75 1.33 
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Table B.2 Chlorophyll-a concentrations in flask# 2 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg!L) (J.ig/L) in chlorophyll-a 

concentration 

1 190.56 0.061 1074.53 

2 196.88 0.063 1109.76 3.27 

3 212.41 0.068 1197.83 7.93 

4 231.16 0.074 1303.52 8.82 

5 256.15 0.082 1444.45 10.81 

6 284.24 0.091 1602.83 11.09 

7 293.63 0.094 1655.83 3.24 

8 299.88 0.96 1691.06 2.12 
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Table B.3 Chlorophyll-a concentrations in flask# 3 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg/L) (Jlg/L) in chlorophyll-a 

concentration 

1 209.29 0.067 1180.22 

2 215.54 0.069 1215.45 2.98 

3 224.91 0.071 1268.29 4.34 

4 240.53 0.077 1356.37 6.94 

5 262.4 0.084 1479.68 9.09 

6 278.01 0.089 1567.75 5.95 

7 290.51 0.093 1638.21 4.49 

8 296.76 0.095 1673.44 2.15 
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Table B.4 Chlorophyll-a concentrations in flask# 4 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg!L) (Jlg/L} in chlorophyll-a 

concentration 

1 168.68 0.054 951.23 

2 178.05 0.057 1004.06 5.55 

3 190.55 0.061 1074.53 6.96 

4 203.04 0.065 1144.99 6.55 

5 221.77 0.071 1250.58 9.23 

6 246.78 0.079 1391.6 11.26 

7 262.14 0.084 1479.68 12.13 

8 271.73 0.087 1532.32 3.57 

9 278.05 0.088 1567.95 2.29 
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Table B.5 Chlorophyll-a concentrations in flask# 5 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg/L) (Jlg/L) in chlorophyll-a 

concentration 

1 159.31 0.051 898.37 

2 171.17 0.055 968.82 7.84 

3 196.8 0.063 1109.76 14.54 

4 243.65 0.078 1373.98 23.8 

5 259.27 0.083 1462.06 6.41 

6 277.84 0.089 1566.75 7.22 

7 293.63 0.094 1655.83 5.68 

8 303.00 0.097 1708.67 3.19 
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Table B.6 Chlorophyll-a concentrations in flask# 6 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

{mg/L) (J..Lg/L) in chlorophyll-a 

concentration 

1 193.67 0.062 1092.14 

2 206.17 0.066 1162.6 6.45 

3 228.03 0.073 1285.91 10.6 

4 262.4 0.084 1479.68 15.6 

5 284.26 0.091 1602.98 8.33 

6 290.51 0.093 1638.21 2.58 

7 296.76 0.095 1673.44 2.15 
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Table B.7 Chlorophyll-a concentrations in flask# 7 

Dry weight Absorbance Chlorophyll-a Percent increase 

Days (mg!L) (Jlg/L) in chlorophyll-a 

concentration 

1 200.01 0.064 1127.87 

2 206.17 0.066 1162.6 3.12 

3 215.54 0.069 1215.45 4.54 

4 231.16 0.074 1303.52 7.24 

5 249.9 0.08 1409.21 8.1 

6 278.01 0.089 1567.75 11.25 

7 293.63 0.094 1655.83 5.61 

8 303.00 0.097 1708.67 3.19 
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Table B.8 Chlorophyll-a concentrations in flask# 8 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg/L) ( Jlg/L) in chlorophyll-a 

concentration 

1 181.18 0.058 1021.68 

2 190.55 0.061 1074.53 5.17 

3 203.04 0.065 1144.99 6.55 

4 221.79 0.071 1250.68 10.92 

5 253.02 0.081 1426.83 14.08 

6 271.73 0.087 1532.52 7.41 

7 281.14 0.091 1585.37 4.59 

8 290.51 0.093 1638.21 2.19 
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Table B.9 Chlorophyll-a concentrations in flask# 9 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg/L) (J.Lg/L) in chlorophyll-a 

concentration 

1 187.39 0.06 1056.71 

2 193.67 0.062 1092.14 3.33 

3 203.04 0.065 1144.99 4.83 

4 215.43 0.069 1215.45 6.15 

5 238.76 0.077 1346.37 11.59 

6 265.62 0.085 1497.29 10.38 

7 284.26 0.091 1602.98 7.05 

8 296.76 0.095 1673.44 4.39 

9 306.13 0.098 1726.29 3.15 
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Table B.10 Chlorophyll-a concentrations in flask# 10 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg!L) (J.lg/L) in chlorophyll-a 

concentration 

1 168.68 0.054 951.23 

2 178.05 0.057 1004.07 5.57 

3 190.55 0.061 1074.53 7.01 

4 212.41 0.068 1197.83 11.47 

5 246.78 0.079 1391.6 16.17 

6 268.64 0.086 1514.91 8.86 

7 284.26 0.091 1602.98 5.81 

8 293.38 0.094 1655.83 3.29 
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Table C.1 Chlorophyll-a concentrations in flask# 1 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg!L) (J.Lg/L) in chlorophyll-a 

concentration 

1 193.67 0.062 1092.14 

2 206.17 0.066 1162.6 6.45 

3 215.54 0.069 1215.45 4.55 

4 231.16 0.074 1303.52 7.24 

5 246.78 0.079 1391.6 6.75 

6 259.27 0.083 1462.06 5.06 

7 268.53 0.086 1514.29 3.61 

8 274.89 0.088 1550.14 2.36 

9 281.14 0.09 1585.37 2.27 
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Table C.2 Chlorophyll-a concentrations in flask# 2 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg!L) (J.Lg/L) in chlorophyll-a 

concentration 

1 212.41 0.068 1197.83 

2 221.79 0.071 1250.68 4.41 

3 234.28 0.075 1321.14 5.63 

4 249.9 0.08 1409.21 6.66 

5 274.89 0.088 1550.14 10.00 

6 290.51 0.093 1638.21 5.68 

7 303.51 0.097 1708.68 4.3 

8 312.38 0.1 1761.52 3.09 

9 318.62 0.102 1796.75 2.0 
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Table C.3 Chlorophyll-a concentrations in flask# 3 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mgiL) (J.LgiL) in chlorophyll-a 

concentration 

1 199.2 0.064 1127.38 

2 209.29 0.067 1180.22 4.68 

3 221.79 0.071 1250.68 5.97 

4 234.28 0.075 1321.14 5.63 

5 256.15 0.082 1444.45 9.33 

6 278.01 0.089 1567.75 8.53 

7 293.63 0.094 1655.83 5.61 

8 302.95 0.097 1708.37 3.19 

9 309.25 0.099 1743.9 2.06 
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Table C.4 Chlorophyll-a concentrations in flask# 4 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg/L) (Jlg/L) in chlorophyll-a 

concentration 

1 184.3 0.059 1039.29 

2 193.67 0.062 1092.14 1.05 

3 203.04 0.065 1144.99 4.82 

4 215.54 0.069 1215.45 6.15 

5 237.4 0.076 1338.75 10.14 

6 259.27 0.083 1462.06 9.21 

7 278.01 0.089 1567.75 7.22 

8 290.51 0.093 1638.21 4.49 

9 299.88 0.096 1691.06 3.22 

10 306.13 0.098 1726.29 2.08 
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Table C.5 Chlorophyll-a concentrations in flask# 5 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg/L) (J,Lg/L) in chlorophyll-a 

concentration 

1 196.8 0.063 1109.76 

2 202.68 0.065 1143.96 3.17 

3 212.41 0.068 1197.83 4.61 

4 234.28 0.075 1321.14 10.29 

5 253.02 0.081 1426.83 8.0 

6 268.42 0.086 1514.91 6.17 

7 278.01 0.089 1567.75 3.48 

8 287.39 0.092 1620.6 3.37 

9 290.51 0.093 1638.21 1.08 
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Table C.6 Chlorophyll-a concentrations in flask# 6 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg!L) (Jlg/L) in chlorophyll-a 

concentration 

1 174.93 0.056 986.45 

2 184.3 0.059 1039.29 5.35 

3 199.92 0.064 1127.37 8.47 

4 215.54 0.069 1215.45 7.81 

5 240.53 0.077 1356.37 11.59 

6 262.42 0.084 1479.38 9.09 

7 278.01 0.089 1567.75 5.95 

8 293.63 0.094 1655.82 5.61 

9 306.13 0.098 1726.28 4.25 

10 315.5 0.101 1779.13 3.06 

11 321.75 0.103 1814.36 1.98 
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Table C.7 Chlorophyll-a concentrations in flask# 7 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg/L) (Jlg/L) in chlorophyll-a 

concentration 

1 203.04 0.065 1144.98 

2 212.43 0.068 1197.73 4.61 

3 231.16 0.074 1303.52 8.82 

4 256.14 0.082 1444.42 10.81 

5 278.02 0.089 1567.75 8.53 

6 299.88 0.096 1691.05 7.86 

7 315.5 0.101 1779.13 5.2 

8 331.12 0.106 1867.2 4.95 

9 337.36 0.108 1902.43 1.88 
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Table C.8 Chlorophyll-a concentrations in flask# 8 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg/L) (Jlg/L) in chlorophyll-a 

concentration 

1 193.67 0.062 1092.14 

2 206.17 0.066 1162.6 6.45 

3 228.03 0.073 1285.9 10.6 

4 253.02 0.081 1426.82 10.95 

5 271.76 0.087 1532.51 7.4 

6 293.93 0.094 1655.82 8.04 

7 312.37 0.1 1761.51 6.38 

8 327.99 0.105 1849.59 5.0 

9 340.49 0.109 1920.05 3.8 

10 349.86 0.112 1972.89 2.75 

11 356.11 0.114 2008.12 1.89 
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Table C.9 Chlorophyll-a concentrations in flask# 9 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg/L) (J.!g/L) in chlorophyll-a 

concentration 

1 187.42 0.06 1056.91 

2 193.67 0.062 1092.14 3.33 

3 206.17 0.069 1162.6 6.06 

4 221.78 0.071 1250.67 7.57 

5 243.66 0.078 1373.98 9.85 

6 262.39 0.084 1479.67 7.69 

7 274.89 0.088 1550.13 4.79 

8 290.51 0.093 1638.21 5.68 

9 299.88 0.096 1691.05 3.22 

10 306.02 0.098 1726.28 2.08 
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Table C.10 Chlorophyll-a concentrations in flask# 10 

Days Dry weight Absorbance Chlorophyll-a Percent increase 

(mg/L} (Jlg/L) in chlorophyll-a 

concentration 

1 206.17 0.066 1162.6 

2 215.71 0.069 1216.43 4.54 

3 228.03 0.073 1285.9 5.79 

4 240.53 0.077 1356.36 5.47 

5 256.24 0.082 1444.47 6.49 

6 278.01 0.089 1567.75 8.53 

7 293.63 0.094 1655.82 5.61 

8 303.00 0.097 1708.67 3.19 

9 312.37 0.1 1761.51 3.09 

10 318.62 0.102 1796.74 2.0 
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Table D.1 Chlorophyll-a concentrations in flask# 1 

Days Dry weight Absorbance Chlorophyll-a Percent increase pH 

(mg/L) (Jlg/L) in chlorophyll-a 

concentration 

1 200.11 0.064 1128.74 8.62 

2 209.54 0.067 1181.65 4.68 8.83 

3 225.18 0.072 1269.84 7.46 9.06 

4 247.08 0.079 1393.29 9.72 9.14 

5 268.94 0.086 1516.75 8.86 9.23 

6 287.77 0.092 1622.57 6.97 9.27 

7 303.37 0.097 1710.75 5.43 9.27 

8 315.88 0.101 1781.3 4.12 9.28 

9 328.38 0.105 1851.75 3.96 9.27 

10 337.77 0.109 1904.76 2.85 9.28 
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Table D.2 Chlorophyll-a concentrations in flask# 2 

Days Dry weight Absorbance Chlorophyll-a Percent increase pH 

(mg!L) (J.lg/L) in chlorophyll-a 

concentration 

1 190.78 0.061 1075.83 8.70 

2 200.16 0.064 1128.75 4.91 8.94 

3 212.67 0.068 1199.29 6.25 9.07 

4 231.44 0.074 1305.11 8.82 9.19 

5 253.35 0.081 1428.57 9.45 9.21 

6 275.22 0.086 1552.02 8.64 9.27 

7 287.74 0.092 1622.57 4.54 9.27 

8 300.38 0.096 1693.83 4.34 9.31 

9 309.63 0.099 1746.03 3.12 9.30 

10 319.01 0.102 1798.94 3.03 9.30 

11 325.27 0.104 1834.21 1.96 9.28 
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Table 0.3 Chlorophyll-a concentrations in flask# 3 

Days Dry weight Absorbance Chlorophyll-a Percent increase pH 

(mg/L) ( Jlg/L) in chlorophyll-a 

concentration 

1 206.42 0.066 1164.02 8.83 

2 212.69 0.068 1199.29 3.0 8.94 

3 225.18 0.072 1269.84 5.88 9.03 

4 240.82 0.077 1358.02 6.94 9.15 

5 259.58 0.083 1463.84 7.79 9.22 

6 275.3 0.088 1552.02 6.02 9.26 

7 290.86 0.093 1640.21 5.68 9.27 

8 303.37 0.097 1710.75 4.3 9.27 

9 312.76 0.1 1763.66 3.09 9.28 

10 318.98 0.102 1798.94 2.0 9.28 

11 325.27 0.104 1834.21 1.96 9.28 
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Table D.4 Chlorophyll-a concentrations in flask# 4 

Days Dry weight Absorbance Chlorophyll-a Percent increase pH 

( mg/L) ( Jlg/L) in chlorophyll-a 

concentration 

1 184.52 0.059 1040.56 8.63 

2 190.78 0.061 1075.83 3.38 8.64 

3 200.15 0.064 1128.74 4.91 8.99 

4 212.76 0.068 1199.29 6.25 9.10 

5 231.44 0.075 1305.11 8.82 9.18 

6 247.08 0.079 1393.29 6.75 9.26 

7 259.59 0.083 1463.84 5.06 9.26 

8 272.1 0.087 1534.39 4.81 9.28 

9 281.5 0.09 1587.39 3.44 9.28 

10 287.74 0.092 1622.57 2.22 9.26 

11 292.43 0.094 1649.02 1.63 9.26 
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Table D.5 Chlorophyll-a concentrations in flask# 5 

Days Dry weight Absorbance Chlorophyll-a Percent increase pH 

(mg!L) ( J.Lg/L ) in chlorophyll-a 

concentration 

1 206.42 0.066 1164.02 8.47 

2 212.71 0.068 1199.29 3.03 8.62 

3 225.18 0.072 1269.84 5.88 8.98 

4 240.82 - 0.078 1358.02 6.94 9.14 

5 253.33 0.081 1428.57 5.19 9.23 

6 262.72 0.084 1481.48 3.72 9.30 

7 272.1 0.087 1534.39 3.57 9.34 

8 281.48 0.09 1587.3 3.44 9.34 

9 287.74 0.092 1622.57 2.22 9.35 

10 293.99 0.094 1657.84 2.17 9.34 
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Table 0.6 Chlorophyll-a concentrations in flask# 6 

Days Dry weight Absorbance Chlorophyll-a Percent increase pH 

( mg/L) (J.lg/L) in chlorophyll-a 

concentration 

1 197.04 0.063 1111.12 8.59 

2 206.46 0.066 1164.02 4.76 8.86 

3 215.8 0.069 1216.93 4.54 8.96 

4 228.31 0.073 1287.47 5.79 9.13 

5 243.95 0.077 1375.66 6.84 9.26 

6 256.46 0.082 1446.2 5.12 9.32 

7 268.89 0.086 1516.75 4.87 9.34 

8 278.35 0.089 1569.66 3.448 9.34 

9 284.61 0.091 1604.93 2.24 9.35 

10 290.93 0.093 1640.21 2.19 9.34 
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Figure D.5 Growth of Spirulina due to 100% HC03 addition in flask# 5 
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Figure D.6 Growth of Spirulina due to 100% HC03 addition in flask# 6 
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Table 0.7 Chlorophyll-a concentrations in flask# 7 

Days Dry weight Absorbance Chlorophyll-a Percent increase pH 

(mg!L) (~giL) in chlorophyll-a 

concentration 

1 168.89 0.054 952.38 8.60 

2 175.14 0.056 987.65 3.7 8.82 

3 181.4 0.058 1022.92 3.57 8.97 

4 190.78 0.061 1075.83 5.17 9.13 

5 200.16 0.064 1128.74 4.91 9.29 

6 209.51 0.067 1181.65 4.68 9.38 

7 215.7 0.069 1216.93 2.98 9.45 

8 222.11 0.071 1252.52 2.89 9.49 

9 228.31 0.073 1287.47 2.81 9.52 
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Table 0.8 Chlorophyll-a concentrations in flask# 8 

Days Dry weight Absorbance Chlorophyll-a Percent increase pH 

(mg/L) ( Jlg/L) in chlorophyll-a 

concentration 

1 193.91 0.062 1093.47 8.62 

2 200.13 0.064 1128.84 3.22 8.84 

3 209.54 0.067 1181.65 4.68 8.93 

4 222.06 0.071 1252.2 5.97 9.14 

5 231.44 0.074 1305.11 4.22 9.28 

6 240.82 0.077 1358.02 4.05 9.38 

7 247.08 0.079 1393.29 2.59 9.44 

8 253.33 0.081 1428.58 2.53 9.48 

9 259.59 0.083 1463.84 2.46 9.53 

10 265.84 0.091 1499.11 2.4 9.55 
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Figure D.8 Growth of Spirulina due to 75% HC03 addition in flask# 8 
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Table 0.9 Chlorophyll-a concentrations in flask# 9 

Days Dry weight Absorbance Chlorophyll-a Percent increase pH 

(mg/L) ( J!g/L) in chlorophyll-a 

concentration 

1 209.48 0.067 1181.65 8.71 

2 215.8 0.069 1216.93 2.98 8.98 

3 222.06 0.071 1252.2 2.89 9.11 

4 231.46 0.074 1305.11 4.22 9.26 

5 240.82 0.077 1358.02 4.05 9.34 

6 247.08 0.079 1393.29 2.59 9.41 

7 253.33 0.081 1428.57 2.53 9.49 

8 259.59 0.083 1463.84 2.46 9.55 

9 265.98 0.085 1499.11 2.40 9.58 
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Table 0.10 Chlorophyll-a concentrations in flask# 10 

Days Dry weight Absorbance Chlorophyll-a Percent increase pH 

(m!VL) (Jl!VL) in chlorophyll-a 

concentration 

1 203.29 0.065 1146.38 8.83 

2 212.67 0.068 1119.29 4.61 8.95 

3 222.06 0.071 1252.2 4.41 9.07 

4 234.57 0.075 1322.75 5.63 9.18 

5 243.95 0.078 1375.66 4.0 9.27 

6 253.33 0.081 1428.57 3.84 9.39 

7 259.6 0.083 1463.84 2.46 9.47 

8 264.84 0.085 1499.11 2.4 9.54 

9 272.1 0.087 1534.39 2.35 9.58 

10 278.35 0.089 1569.66 2.29 9.62 
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Figure 0.9 Growth of Spirulina due to 50% HC03 addition in flask# 9 
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Figure 0.10 Growth of Spirulina due to 50% HC03 addition in flask# 10 
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