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ABSTRACT 

Algae have received increasing attention as a potential renewable source due to ease of 

biomass culture, fast growth rate, high biomass productivity, CO2 fixation and O2 

production. For massive algal production algal kinetic parameters should be carefully 

determined and monitored. This study was aimed to explore the potential of using 

respirometry to rapidly measure algal growth kinetics. Compared to the standard batch 

growth study that lasts for more than 10 days, algal growth kinetics could be determined 

within a few hours. For the mixed algal the specific growth rates were 0.35 ± 0.02 d-1 and 

0.62 ± 0.02 d-1 from the standard batch and respirometry tests, respectively. For Chlorella 

vulgaris, these values were 0.45 ± 0.02 and 0.65 ± 0.02 from the standard batch and 

respirometry tests, respectively. In addition to the specific growth rate calculation, the 

effects of different factors such as pH, bicarbonate, organic carbon sources (e.g. glucose) 

and toxicants (e.g. Cu2+) on algal growth were investigated by respirometry. pH range 

from 7 to 9 appeared to have no impact on algal growth. The half saturation constant (Ks) 

values for Chlorella vulgaris and mixed algal species were 0.3 and 0.7 mg/L with µmax of 

0.9 and 0.68 d 
-1, respectively. Both algal cultures maintained their maximum growth rate 

at the NaHCO3 concentration of 1500 mg/L, indicating that algae can effectively grow 

under a broad range of CO2 concentrations. The presence of glucose resulted in a 

decrease of the specific oxygen production rate for both Chlorella vulgaris and mixed 

algal species but each culture behaved differently in response to increasing glucose 

concentrations from 0.1 to 1.6 g/L. The decrease was not due to the presence of low 

concentrations of bacteria in the algal cultures. Bacterial cell numbers in the Chlorella 
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vulgaris and mixed algal culture were 3.6 × 104 and 1.3 × 103 CFU/mL, respectively. 

Cupric ions have been used as a common algaecide. Short-term algal toxicity tests 

indicate that the growth of Chlorella vulgaris and the mixed algal species was not 

affected at 0.4 mg/L Cu2+. However, as the Cu2+ concentration increased, significant algal 

growth inhibition was observed.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Microalgae 

Algae are a large and diverse group of eukaryotic photosynthetic organisms, ranging 

from unicellular to multicellular forms. It is estimated that more than 50,000 algae 

species exist, but only a limited number, of around 30,000 have been studied and 

analyzed . Unlike plants, algae lack various structures that characterize plants, such as 

phyllids and rhizoids in nonvascular plants, or leaves, roots and other organs that are 

found in vascular plants. (Walker et al. 2005).  

Algae are eukaryotic microorganisms which are able to grow and live in harsh conditions. 

Green algae (Chlorophyta) and diatoms (Bacillariophyta) are eukaryotic microalgae (Li 

et al. 2008; Li et al. 2008; Mata et al. 2010). Cyanobacteria (Cyanophyceae) are an 

example of prokaryotic microorganisms. Algae are believed to have gotten their capacity 

for photosynthesis from cyanobacteria. The prokaryotic cyanobacteria are often referred 

to as blue-green algae in older textbooks and are not considered as algae. 

Algae are mostly found in oceans, lakes, rivers, salt ponds and hot springs. They are also 

common in terrestrial environments and unusual environments. Some algae grow 

together with fungi and produce lichens. In this symbiosis, algae convert the sun energy 

into organic matter to support the growth of fungi while the fungi extract water and 
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minerals from the environment for algae usage. The fungi also provide a structure within 

which algae can be protected from erosion (Rittmann 2001).  

Microalgae play an important role in aquatic systems as free-floating microorganisms and 

major primary producers of organic matter. They convert light energy into organic matter 

which is consumed by protozoa, crustacean and fish (Rittmann 2001). However, high 

density algal blooms may poison other aquatic organisms and threaten human health 

through the food chain bioaccumulation (Qian et al. 2009). 

Microalgae show considerable metabolic flexibility in response to the changes of 

environmental conditions (Sun et al. 2009). Many groups of algae are photoautotrophic, 

using light as a sole energy source that is converted to chemical energy through 

photosynthetic reactions. Some algae are mixotrophic, deriving energy both from 

photosynthesis as the main source of energy and from the uptake of organic compounds 

(Chojnacka et al. 2004). 
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1.2 Morphology and cell structure 

1.2.1 Structure 

Algae have their DNA molecules of a membrane-enclosed nucleus. As eukaryotes, they 

typically contain two copies of each gene and thus are genetically diploid (Rittmann 

2001; Madigan 2000). Algae conduct photosynthesis within membrane-bound organelles 

called chloroplasts (Figure 1). Therefore, all algae have a nucleus enclosed within a thick 

cellular membrane and chloroplasts. Chloroplasts contain circular DNA and the species 

specific type of chlorophylls. Colored pigments called chlorophyll are often found in 

green in algae cells. Chlorophylls are members of the group prophyrin which are 

heterocyclic organic compounds. All algae contain chlorophyll a but some contain other 

types of chlorophyll in addition. This is the basis of distinguishing one group from 

another. Each type of chlorophyll is efficient in absorbing a characteristic range of the 

light spectrum (Rittmann 2001; Madigan 2000). The chlorophyll a structure is shown in 

Figure 2. 
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Figure 1. Eukaryotic cell Structure 

(Webpage 2011) 

 

 

Figure 2. Chlorophyll a structure 

(Madigan 2000) 

 

As shown in Figure 3 chloroplast has a permeable outer membrane and a less permeable 

inner membrane. Thylakoids are flattened membrane discs that contain chlorophyll and 
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other components needed for photosynthesis. In green algae thylakoids are stacked into 

discrete structural units called granum. Stroma is a connective tissue found in the loosely 

connected area (Madigan 2000). 

 

 

Figure 3. Structure of a chloroplast in algae. 

(Madigan 2000) 

 

1.2.1.1 Chlorophyll measurement 
 

Chlorophylls are distinguished by their unique absorption spectrum. As in the case of 

Chlorella sp. The maximum absorption wavelength is about 680 nm (Figure 4). By 

having different pigments, microorganism can coexist in an illuminated habitat, each 

using different wavelengths of light (Madigan 2000). 
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Figure 4. Absorption Spectrum of Chlorophyll and Bacteriochlorophyll. 

(Madigan 2000) 

 

There is a linear relationship between the chlorophyll and biomass concentration. The 

higher the chlorophyll concentration, the higher the biomass concentration. Studies have 

used chlorophyll concentration to determine algal biomass concentration (Desortova 

1981). 

1.2.2 Size and shape 
 

Most algae are in micrometer size but there are some forms such as the marine 

Macrocystis that have lengths of several hundred feet (Rittmann 2001). In terms of cell 

morphology, they may be spherical, rod-shaped, spindle-shaped or club-shaped 

(Rittmann 2001). They may be in groups like filamentous clusters or as individual strands 

that are either branched or unbranched (Rittmann 2001).  
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1.3 Classification 

Algae groups have independently evolved on the earth. Not descending from a common 

ancestor, they are known as a paraphyletic group. Table 1 summarizes the seven different 

taxonomic groups of algae (including cyanobacteria), based upon the different 

chlorophylls and photosynthetic pigments they encompass. The green algae group is 

called Chlorophyta. Members of this group commonly have one chloroplast per cell. 

Important genera of this group are Chlorella, Scenedesmus and Chlamydomonas 

(Rittmann 2001). 

 

Table 1. Characteristics of the different groups of algae. 

Algal group Common name Chlorophylls Storage products Distribution 

Cyanophyta Blue-green a Starch 
Marine, freshwater 

soil 

Chlorophyta Green a, b Starch 
Marine, freshwater 

soil 

Chrysophyta Golden, brown diatoms a, c, e Lipids 
Marine, freshwater 

soil 

Euglenophyta Euglenoids motile green a, b Polysaccharide Mostly freshwater 

Phaeophyta Brown a, c Carbohydrate Marine 

Pyrrophyta Dinoflagellates a, c Starch 
Marine 

freshwater 

Rhodophyta Red a, d Starch, oils Marine 
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1.4 Applications 

With growing demand on renewable energy, biofuel production is one of the potential 

applications of microalgae because some types of algae have high levels of unsaturated 

fatty acids (Arad 1998). In addition, algae bioreactors are proposed for some power 

plants to reduce CO2 as a green house gas emission mitigation strategy (Mata et al. 2010). 

Algae are also used in wastewater treatment (Mata et al. 2010). Through phototrophic 

growth, microalgae capture nutrients from wastewater or agricultural runoff (Mata et al. 

2010).  Algae are an excellent animal feed because they contain nutrients such as 

vitamins A, B1 ,B2, B6, niacin and C, and are rich in iodine, potassium, iron, magnesium 

and calcium (Simoons 1991). When subsequently harvested, the enriched algae can be 

used as a fertilizer (Mata et al. 2010). The advantages of using microalgae include: (1) 

low cost, due to abundant solar energy, (2) carbon dioxide fixation, (3) lack of organic 

carbon requirement and (4) oxygenated effluents (Xin et al. 2010) 

1.5 Photosynthesis and anabolic pathways 

1.5.1 Photosynthesis in algae 

 

Photosynthesis is the conversion of light energy to chemical energy. Photoautortophs like 

algae can reduce CO2 to organic compounds with the use of light energy. For autotrophic 

growth, energy is supplied from ATP whereas electrons for the reduction of CO2 come 

from NADH or NADPH. Photosynthesis requires light-sensitive chlorophyll (oxygenic 

photosynthesis) or bacteriochlorophyll (anoxygenic photosynthesis) (Madigan 2000). 
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Since algae have oxygenic photosynthesis in which oxygen is produced (Figure 5), the 

focus is on chlorophyll structure and photosynthesis in this thesis.  

 

 

Figure 5. Oxygenic photosynthetic pattern 

(Madigan 2000) 

 

Reaction centers are a small number of pigment molecules that participate directly in the 

conversion of light energy to ATP (Figure 6). Antenna pigments function to harvest light 

and funnel the energy to the reaction center (Madigan 2000). 

 

 

Figure 6. Arrangement of light-harvesting (LH) chlorophylls. 

(Antenna pigments are shown as LH and reaction center as RC) 

(Madigan 2000)
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Electron flow in oxygenic photosynthesis 

involves two distinct but interconnected 

photochemical reactions, called 

photosystem I and photosystem II.  

As seen in the Figure 7, the first step in 

oxygenic electron flow is the splitting of 

water into oxygen and hydrogen atoms. 

The excited electron then travels through 

several membrane carriers terminating 

with the reduction of NADP+ to 

NADPH. 

In addition to NADPH production, the 

electron transfer generates a proton 

motive force form which ATP can be 

produced and be later used in the Calvin 

cycle for CO2 fixation. This mechanism 

for ATP synthesis is called noncyclic 

photophosphorylation which has a Z 

scheme (Madigan 2000). 

 

 

 

 

 

 

 

 

 

 

 
  

 

Figure 7. Energy transfer from Photosystem II to    
photosystem I in a” Z scheme”. 

(Michael E. Madigan 2000) 
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1.5.2 The Calvin cycle 
 

The ATP produced in the reaction center is then utilized in the Calvin cycle to fix CO2 for 

cell synthesis (Figure 8). The cycle includes a series of biochemical reactions that take 

place in the stroma of chloroplasts in photosynthetic organisms. The key enzyme of the 

cycle is ribulose bisphosphate carboxylase also known as RubisCo. The cycle includes 3 

phases (Madigan 2000): 

(a) Carbon Fixation 

In phase 1, CO2 is incorporated into a five-carbon sugar named ribulose bisphosphate 

(RuBP). The enzyme which catalyzes this first step is RuBP carboxylase or rubisco. It is 

the most abundant protein in chloroplast. The product of the reaction is a six-carbon 

intermediate which immediately splits in half to form two molecules of 3-

phosphoglyceric acid (3PGA). 

(Madigan 2000) 

 

(b) Reduction  

The enzyme phosphoglycerate kinase catalyses the phosphorylation of 3PGA by ATP 

which is produced by the photophosphorylation. Glyceraldehyde 3-phosphate is the 

product which is the three-carbon carbohydrate precursor to glucose and other sugars. 
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(Madigan 2000) 

 

(c ) Regeneration  

More ATP is used to convert some of the pool of glyceraldehyde 3-phosphate back to 

RuBP, the acceptor for CO2, thereby completing the cycle. For every three molecules of 

CO2 that enter the cycle, the net output is one molecule of glyceraldehyde 3-phosphate 

(G3P). For each G3P synthesized, the cycle spends nine molecules of ATP and six 

molecules of NADPH. The light reactions sustain the Calvin cycle by regenerating the 

ATP and NADPH. 

 

 

(Madigan 2000) 
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Figure 8. The Calvin cycle 

(Madigan 2000) 

 

To summarize the connection between all these pathways and photosynthetic systems, the 

following steps take place in an algal cell: 

Light sensitive pigments (e.g. chlorophylls) first absorb the sun light. The light energy is 

then harvested by antenna pigments located in the cell membrane and funneled to the 

reaction centers where the non-cyclic photophosphorylation takes place. The proton 

motive force produces ATP, NAD(P)H and oxygen, using H2O as an electron donor. The 

ATP and NAD(P)H produced is used in the Calvin cycle to fix CO2 for algal cell 

synthesis. 
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1.6 Algal growth 

Algal growth is generally rapid under favorable environmental conditions. To maintain 

optimal growth, intermediate temperatures and neutral pH are preferred (Rittmann 2001).  

Figure 9 represents the algae growth curve in a batch culture. Four growth phases are 

shown: (1) lag phase; (2) exponential growth phase; (3) stationary growth phase; (4) 

decline or death phase. 

 

 
 

Figure 9. A schematic representation of algae growth.  

(Madigan 2000) 

Each algal species has a unique growth curve, through which the specific growth rate can 

be determined. A regression equation of the cell density or dry weight per liter of culture 

can be obtained by a spectrophotometric method (Chiu et al. 2009). The algal specific 

growth rate (µ, d-1) is calculated as follows: 

µ =

ln (
X�

X� 
)

Δt
     (1) 



15 
 

Where Xf  and Xo are the final and initial algal biomass concentration, respectively. t is 

the cultivation time in days (Chiu et al. 2009). 

1.7 Algae cultivation  

Microalgae are cultivated in open culture systems such as ponds and in highly controlled 

closed-culture systems called photobioreactors (PBRs). A photobioreactor is a reactor in 

which phototrophs (algae or plant cells) carry out a photobiological reaction for cell 

growth (Mata et al. 2010). 

1.7.1 Open cultivation systems 

Open cultivation systems can be either natural or artificial ponds that rely on natural light 

for illumination. They are less expensive to build and operate for mass cultivation of 

algae (Mata et al. 2010). Side walls and bottom of a pond can be made of simple sand or 

clay, or even brick and cement. Expensive materials such as plastics like PVC, glass fiber 

or polyurethane can be considered as well (Richmond 2004).                                                                                                                             

Controlling of water temperature, water evaporation and lighting period and intensity are 

a few challenges in ponds (Mata et al. 2010). Although open ponds can produce large 

quantities of microalgae, they occupy large land areas and the algae are easily 

contaminated by other microorganisms including bacteria (Mata et al. 2010). Since 

atmosphere only contains 0.03–0.06% CO2 the mass transfer limitation may decrease the  

productivity (Mata et al. 2010; Ugwu et al. 2008). 
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1.7.2 Closed and semi-closed outdoor photobioreactors            

Closed reactors can be either indoor or outdoor with better control of culture conditions. 

They are in fact tubes, plates or bags made of plastics, glass or other transparent 

materials, in which algae grow under the light, in the presence of nutrients and carbon 

dioxide (Lehr et al. 2009). Closed reactors are usually expensive to install (Xu et al. 

2009). Microalgae growth in the closed photobioreactor depends on mass transfer of CO2, 

the levels of O2 and good mixing that prevents the cells from staying in dark or bright 

zones of the reactor for too long time (Lehr et al. 2009).  

PBRs have several advantages over open ponds in algae cultivation. Culture conditions 

and growth parameters such as pH, temperature, mixing and CO2 can be controlled better 

in PBRs. In addition, there are higher cell concentrations and less water loss due to 

evaporation (Mata et al. 2010). Despite all the advantages, PBRs have several drawbacks 

such as overheating, bio-fouling, oxygen accumulation, scale up difficulties and high 

building and operating costs (Mata et al. 2010). Two types of PBRs are discussed in the 

following section. 

1.7.2.1 Tubular photobioreactors 

Tubular photobioreactors (Figure 10) are usually an array of straight, coiled, or looped 

transparent tubes arranged in horizontal (Xu et al. 2009).  The culture suspension is 

recirculated either by a pump or preferably by air-lifting (Xu et al. 2009). Tube diameter 

is generally 0.1 m. Higher diameters are rarely used since the surface/volume ratio, which 

is an important design parameter, will decrease. Length is another critical factor in 

circulation of the culture and consequently determines the culture residence time (Xu et 
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al. 2009). When using extended tubes, good mixing and mass transfer becomes a 

challenge (Xu et al. 2009). Internal static mixers could be a solution (Ugwu et al. 2002; 

Ugwu et al. 2005). In general, tubular photobioreactors are not easily scaled up due to the 

above reasons (Xu et al. 2009). 

 

Figure 10. A schematic of tubular reactor 

(Posten 2009) 

1.7.2.2 Flat plate photobioreactors 

Plate type geometry can be a solution when the light energy should be continuously 

available to the cells. The panels are illuminated mainly on one side by direct sunlight. 

To get an optimum angle facing the sun, the panels can be positioned vertically or 

inclined. As seen in Figure 11, the air is introduced through a perforated tube at the 

bottom of the reactor. This air flow can help with mixing inside the reactor (Xu et al. 

2009). 

Flat plate photpbioreactors have high surface/volume ratio, low accumulation of 

dissolved oxygen and less wall thickness compared to tubular bioreactors. They are more 

convenient for scale-up as well (Xu et al. 2009).  
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Figure 11. A schematic of flat plate reactor 

(Posten 2009), (Xu et al. 2009) 

1.8 Factors affecting algal growth 

Algal growth is subjected to environmental conditions. Any of the abiotic and biotic 

factors below may affect algal growth in a photobioreactor. Abiotic factors include light 

(quality, quantity), temperature, nutrient concentration, O2, CO2, pH, salinity, and toxic 

chemicals. Biotic factors including microbial interactions among bacteria, fungi and 

viruses and competition between different algae species may significantly affect algal 

growth. Operational factors such as shear produced by mixing, dilution rate, water depth, 

harvest frequency, and bicarbonate availability affect the growth as well (Mata et al. 

2010). Several important factors are discussed below. 
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1.8.1 SRT 

Solids retention time (SRT) is an important and critical operating factor in designing 

wastewater treatment plants. The minimum solids retention time should always be 

considered for algae so that enough time is given to algae to grow in the photobioreactor. 

To prevent wash out of algae in continuous flow PBRs, minimal SRTs should be 

considered. The SRT can be calculated as follows (Adrien 1998): 

��� = ��  =
�. �

 �� .�� +  ( � − �� ).�� 
    (2) 

 

Where V = reactor volume (i.e., aeration tank), m3  

 X= biomass concentration in the reactor, g/ m3 

 Qw = waste algal biomass flow rate, m3/d  

 XR = biomass concentration in return line from clarifier, g VSS/ m3 

 Q = influent flow rate, m3/d 

 Xe = biomass concentration in effluent, g VSS/ m3 

The equation is in fact the total mass of solids in the aeration tank divided by the amount 

of solids lost per day in the effluent and by intentional wasting (Fw).  

1.8.2 Light 

As algae are photosynthetic organisms, light intensity is a controlling parameter in algal 

growth. Algae absorb photosynthetically active part of solar radiation (PAR), which 

ranges from 400 to 700 nm (Červený et al. 2009). Only 45% of the total sunlight 

spectrum consists of photosynthetically active radiation (Verma et al. 2010). Therefore, 

more than 50% of the radiation energy cannot be directly utilized photosynthetically. 
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Alternatively, photobioreactors are illuminated under the defined light wavelength for 

microalgae production at a laboratory scale (Verma et al. 2010).  

Too much light inhibits algal growth. The outer layer of algae in the reactor can 

sometimes have too much light that inhibits algal growth. Under such conditions, toxic 

photocatalytic products like H2O2, O2
-, .OH and triplet chlorophyll can be formed and the 

photosystem II reaction centers are damaged (Xu et al. 2009). The inner layers of algae 

may not get enough light because of self-shading, so the volumetric biomass productivity 

per unit of incident light will reduce. Therefore, efficient light intensity in the culture 

should always be maintained.  

Various options have been proposed to improve light penetration in photobioreactors. For 

instance, optical fibers with added internal-illumination are used to enhance lighting in a 

photobireactor. The main advantage of using this technology is an efficient light supply 

and constant productivity maintained in the system. However, capital costs are 

considerably high (Xu et al. 2009). The Green Solar Collector (GSC) is a new type of 

photobioreactor with plates that redistribute light. It has an external light collection which 

makes it a light and area efficient system for microalgae production (Zijffers et al. 2008). 

Light capture efficiency is increased to 57% but the production costs are still higher than 

conventional outdoor photobioreactors (Xu et al. 2009).  

Different light zones are formed due to the reduction of the light intensity while passing 

through the water column in a photobioreactor (Richmond 2004). Areas below algae 

bloom in water columns are shaded. As a result, two light zones are formed in the 

bioreactor: The illuminated photic and the dark zones. In the illuminated photic zone 
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photosynthesis is supported by the amount of light provided while in the dark volume net 

photosynthesis cannot occur due to low light intensity (Richmond 2004). Higher density 

or longer light path makes it more difficult to utilize the light efficiently and distribute 

light to all cells in the reactor evenly (Richmond 2004). Therefore, optimization of shape 

and size of bioreactor is critical in providing microalgae with sufficient light (Verma et 

al. 2010). Mixing is an effective way of even light distribution to all cells. It also helps 

with reducing the diffusion barriers that surround the cells to promote algal growth 

(Richmond 2004). 

1.8.3 Temperature 

Temperature is the second most important limiting factor, after light, in algal cultivation. 

The optimum temperature range depends on microalgae species. Many microalgae can 

tolerate lower temperatures than their optimal (up to 15 ˚C)(Mata et al. 2010). 

1.8.4 Nutrients 

The essential elements of autotrophic growth, such as carbon, hydrogen, oxygen, 

nitrogen, phosphorous, sulfur and iron, generally come from the minerals dissolved in 

water. Nitrogen and phosphorous are abundant in wastewater. Hence, microalgae have 

the potential to clean wastewater by removing nitrogen, phosphorus and organic carbon 

from water, which helps reducing the eutrophication in the environment.  

The cellular composition of algae is quite similar to that of bacteria. It contains about 50 

percent carbon, 10 percent nitrogen and 2 percent phosphorus (Rittmann 2001). Under 

nitrogen or phosphorus limiting conditions, the rate of growth is reduced and the relative 
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contents of these two essential nutrients may drop to as low as 2 and 0.2 percent, 

respectively. The empirical formula of algae is C106H181O45N16P which contains 9.22 and 

1.27 percent of nitrogen and phosphorous, respectively (Rittmann 2001).  

Phosphorus, nitrogen and iron are proved to have the maximal impact on phytoplankton 

growth (Sharma et al. 2009). Inorganic nitrogen such as NH4
+ or NO3

- is an essential 

nutrient for amino acid synthesis in algae. Availability of the nitrogen source affects cell 

content or composition of proteins, carbohydrates, pigments lipids and fatty acids 

(Harrison et al. 1990; Sun et al. 2009). Studies have shown that algae grow the fastest 

with ammonium as nitrogen source since it is easier to be absorbed by algae than nitrate 

(Cromar et al. 1996; Hyenstrand et al. 2000). However, high concentrations of sodium 

nitrate proved to impact the cell growth negatively (Li et al. 2008). 

Apart from nitrogen, phosphorus and sometimes silica, some other macronutrients are 

needed for algal growth. These include calcium, magnesium, potassium, sulfur and iron 

(Harper 1992). Essential micronutrients include manganese, zinc, copper, boron, cobalt, 

molybdenum, vanadium and vitamins (Harper 1992).  

Both iron and manganese are required for electron transport, energy transfer, nitrogen 

(e.g., nitrite and nitrate forms) assimilation, oxygen metabolism and enzymatic processes, 

as well as for DNA, RNA, or chlorophyll synthesis (Kuma et al. 1995; Sharma et al. 

2009). Iron and manganese can limit algae growth due to their low concentrations in most 

waters. However, further increases in iron and/or manganese concentrations can lead to 

algae blooms and decreased productivity (Coale et al. 1996; Martin et al. 1994). 
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Fe3+ is found as Fe(OH)2+ and Fe(OH)2
+ , rather than Fe(OH)3. These compounds are 

equilibrated to ferric iron (Fe3+) which can be used by algae (Hudson et al. 1992; Kuma 

et al. 1996). In general, the availability of iron in water is affected by the form and 

concentration of iron, oxygen level, organic matter content and the presence of metals 

that can compete with iron for organic ligands and anions (Sharma et al. 2009). However, 

Fe3+ is not generally available in water because of its rapid tendency to form precipitates. 

Near pH 8, organic ligands, such as EDTA, humic substances, and dissolved organic 

matter (DOM), can increase the solubility of iron by forming complexes between iron 

and carboxylic or hydroxyl functional groups (Kuma et al. 1996; Liu et al. 1999). The 

complexation of Fe3+ ions with EDTA facilitates Fe3+ ions solubility and availability for 

algae growth. In a case study on P. subcapitata, growth was gradually increased up to 

EDTA concentration of 10-7 M in the culture medium and exponentially decreased at high 

concentrations beyond the optimum EDTA concentration (Lee et al. 2009). This could be 

related to the fact that EDTA concentration higher than 10-7 M could form complexes 

with other nutrients in culture medium as much as possible (Lee et al. 2009).  

Zinc is another important trace metal involved in algal growth. At the concentrations of 

10-100 µmol/L Zn2+ is essential for optimal growth of Isochrysis galbana but higher 

concentrations of Zn2+ (≥ 1000 µmol/L) reduce the growth (Sun et al. 2009). Chlorophyll 

concentration is more affected by Zn2+ than proteins and polysaccharides (Sun et al. 

2009). 
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1.8.5 Carbon dioxide and pH 

During photosynthesis, algae utilize carbon dioxide as the carbon source for cell growth. 

Algae extract carbon dioxide from the water and convert it into organic compounds 

(Widjaja et al. 2009). The mechanism of converting CO2 to biomass as follows (Widjaja 

et al. 2009) : 

 

 
 
Higher concentration of CO2 decreases the pH because unutilized CO2 will be converted 

to H2CO3. Using aqueous CO2 from bicarbonate instead of the gas form, which is 

lacking, will result in pH increase (Widjaja et al. 2009). 

Algae generally prefer a near neutral to alkaline pH (7.5). pH values greater than 8.5 to 9 

start to affect algal growth (Rittmann 2001) but in general, different pH values seem not 

to have a significant effect on the cell growth (Lee et al. 2009). However, a few species 

can continue to extract inorganic carbon from water until the pH reaches 10 to 11 

(Rittmann 2001). 

1.8.6 Mixing 

Mixing also significantly affects algal growth. It homogenizes cell and nutrients 

distribution, heat circulation and facilitates gas transfer. However, high turbulence (due to 
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mechanical mixing or air bubbling) can damage algal growth due to shear stress. So 

appropriate mixing is desirable to promote algal growth (Mata et al. 2010). 
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CHAPTER 2 

MATERIALS AND METHODS 

 

2.1 Cultures and media 

The mixed culture was obtained from a lab scale bioreactor seeded with activated sludge 

from the Columbia Wastewater Treatment Plant (Columbia, MO). Molecular analysis 

indicate the culture contains green algae Chlorella, cyanobacteria and nitrifying bacteria 

(Choi et al. 2010). The bioreactor was previously used for nitrification studies. After 

removing the nitrogen sources from the feeding solution, the nitrifiers were gradually 

washed out from the system.  

For pure culture studies, Chlorella vulgaris ATCC® 13482 was purchased from the 

American Type Culture Collection (ATCC) and cultivated aseptically in ATCC medium 

5 with adjusted pH of 7.2. The ATCC Medium 5 consisted of yeast extract, beef extract, 

tryptose, FeSO4, glucose and agar (Table 2). Cells were cultured under continuous light 

(85 µmol.s-1.m-2) at 25± 1 ºC. Agar plates (Figure 12) and screw capped tubes (Figure 13) 

containing agar free broth medium were used for the cultivation.  
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Table 2. ATCC Medium 5 

Compound Concentration (g/L) 
Yeast extract 1.00 

Beef extract 1.00 

Tryptose 2.00  

FeSO4 Trace 

Glucose 10.00  

Agar 15.00 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Cultivation of Chlorella vulgaris on an agar plate from a frozen ampule  

provided by ATCC. 

 

Chlorella vulgaris can grow in either heterotrophic (e.g. glucose or acetate as carbon 

source) or autotrophic conditions (Patiño et al. 2007). Both types of algal cultivation were 

used in this study. 

The pure Chlorella vulgaris cells were transferred from the plate with a sterile 

inoculating loop and suspended in 5.0 mL of heterotrophic medium (fresh liquid medium 
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5) or autotrophic medium containing the following components per litre of distilled 

water: 2.94 mM NaNO3, 0.43 mM NaCl, 1 mM NaHCO3, 0.3 mM MgSO4, 0.17 mM 

CaCl2.2H2O, 0.43 mM K2HPO4, 0.01 mM EDTA disodium salt dehydrate and trace 

metals including Fe, Mn, Mo, Cu, Zn and Ni. It should be noted that the phosphate, 

EDTA and trace metal solutions were autoclaved separately from the rest of the 

components to avoid chemical precipitation. The culture was illuminated under the same 

light intensity for subculture preparation. 

 

 

 

 

 
 
 
 
 
 
 

 

 

Figure 13. Cultivation of Chlorella vulgaris in tubes from a frozen ampule provided by ATCC. 

 

An aliquot of 5 mL of Chlorella vulgaris or mixed algal species was resuspended in 150 

mL autotrophic medium. The algal cultures were kept under sterile conditions in 

Erlenmeyer flasks covered with a foam top for gas exchange (Figure 14). 
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Figure 14. Batch cultivation of pure Chlorella vulgaris or mixed algal species. 

2.2 Algal cultivation under continuous flow conditions 

 

Since the heterotrophic medium increases the chance of bacterial contamination in the 

pure culture due to its high organic content, both Chlorella vulgaris and mixed cultures 

were cultivated autotrophically. Microalgal cells were seeded in the bioreactors being fed 

with the following components in water: 2.94 mM NaNO3, 0.43 mM NaCl, 1 mM 

NaHCO3, 0.3 mM MgSO4, 0.17 mM CaCl2.2H2O, 0.43 mM K2HPO4, 0.01 mM EDTA 

disodium salt dehydrate and trace metals including Fe, Mn, Mo, Cu, Zn and Ni. In this 

study, sodium bicarbonate was used as a source of organic carbon for photosynthesis of 

microalgae. The EDTA salt was used to avoid precipitation of iron in the medium, which 

is essential to algal growth (Lee et al. 2009). The pH value of the final medium was 6.8 

as determined by Accumet Excel pH meter (XL-15).  



 

2.2.1 Mixed culture bioreactor

Figure 15 shows the schema

mixed algal culture.  A 14 L bioreactor 

of 1 d and a target solids retention time 

was applied to separate the mixing

and settling, respectively 

magnetic stirrer with additional mixing through coarse bubble aeration

 

 

Figure 15. A schematic diagram of the 

 

The pH of algal suspension in the bioreactor was

of 7.5 ± 0.1 through the addition of 0.2 M HCl

under the fluorescent light

to the bioreactor. The light intensity was measured
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2.2.1 Mixed culture bioreactor 

shows the schematic set up of a continuous flow system for the growth of 

14 L bioreactor was operated at a hydraulic retention time 

1 d and a target solids retention time (SRT) of 10 d. A novel combination of baffles 

to separate the mixing and settling zones to improve algal biomass mixing 

 (Wang 2004). The mixing zone was continuously

with additional mixing through coarse bubble aeration. 

chematic diagram of the continuous flow system for the mixed 

The pH of algal suspension in the bioreactor was maintained at a relative constant 

through the addition of 0.2 M HCl by a peristaltic pump. Algae 

fluorescent light with the light intensity maintained at 40 µmol.s

. The light intensity was measured with a LI-250A light meter

for the growth of 

retention time (HRT) 

A novel combination of baffles 

gal biomass mixing 

zone was continuously stirred with a 

 

the mixed algal growth 

a relative constant value 

Algae were grown 

40 µmol.s-1.m-2 adjacent 

light meter equipped 



 

with a model LI-190SA quantum sensor

by creating 12 hr light and 12 hr 

 

2.2.2 Pure Chlorella vulgaris

Figure 16 shows the schematic of the continuous 

culture. pH controller and aeration were not present in this photobi

were vigorously mixed in the system.

Figure 16. A schematic diagram of 

 

The HRT was equal to 

determined based on the amount of daily wasted biomass from the reactor and biomass 

loss in effluent (Grady et al. 1999)
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quantum sensor. A time was used to simulate natural conditions 

and 12 hr dark cycles for algal growth. 

Chlorella vulgaris bioreactor 

shows the schematic of the continuous flow system (7.2 L

pH controller and aeration were not present in this photobioreactor.

were vigorously mixed in the system. 

chematic diagram of the continuous flow system for Chlorella vulgaris

was equal to target SRT at about 1 d. The true average SRT values were 

determined based on the amount of daily wasted biomass from the reactor and biomass 

(Grady et al. 1999). Light intensity was maintained at 80 

natural conditions 

7.2 L) for pure algal 

actor. Algal cells 

 

Chlorella vulgaris growth 

. The true average SRT values were 

determined based on the amount of daily wasted biomass from the reactor and biomass 

 µmol.s-1.m-2. 
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2.3 Algal growth rate measurement 

Standard batch cultivation and respirometry were used to determine algal growth rate in 

this study and is discussed in details below. 

2.3.1 Algal growth rate inferred from standard batch cultivation 

Mixed and pure cultures were used to prepare the species unique growth curves. The 

growth curves and calculations are all based on the O.D. values in this study. The 

maximum absorption and emission wavelength for the algae was determined at around 

690 using a Varian UV-visible spectrophotometer (Cary 50). Aliquots (5mL) of algal 

culture from the continuous flow reactors were placed into 250 mL Erlenmeyer flasks. 20 

mM MOPS [3-(N-morpholino) propanesulfonic acid] or phosphate buffers were used in 

different tests. The algal cultures were continuously stirred on a shaker at 150 rpm. Batch 

studies were conducted in triplicate. At a determined time, the absorbance (OD690) was 

measured using a spectronic 20D+ Thermo Scientific spectrophotometer. Each sample 

was diluted by the appropriate ratios to give an absorbance in the range of 0.1-1.0 when 

the optical density was greater than 1.0.  

The following equation was used to determine the specific algal growth rate (µ, d-1): 

µ =

ln (
X�

X� 
)

Δt
     (1) 

Where Xf and Xo are the final and initial biomass concentrations, being substituted with 

the final and initial O.D. values. t is the cultivation time in days (Chiu et al. 2009). 
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2.3.2 Respirometry 

Cell’s physiological stage is affected by the manner in which it is grown and the 

measured kinetic parameters in the experiment depend upon the physiological state of the 

biomass. Under extant condition the cell’s physiological state does not change and 

consequently the measured kinetic parameters reflect the conditions that currently exist in 

the parent bioreactor. To meet the requirements for determining extant kinetics, the 

differences between the parent culture and test conditions should be minimized (Grady et 

al. 1999). The extant respirometric technique was used in this study to determine the algal 

growth kinetics such as the algal specific growth rate. 

The extant respirometry was previously applied to describe the biodegradation of 

pollutants by different bacterial strains and the effect of simultaneous biodegradation of 

multiple substrates on bacterial kinetics (Ellis et al. 1998; Seoane et al. 2010). Since algal 

growth is coupled with oxygen production, the purpose of using respirometry in this 

study was to evaluate its potential to serve as a quick tool in measuring algal growth 

kinetic parameters. Furthermore, the technique could be used to investigate the effect of 

various factors such as cyclic light exposure, organic carbon source and chemical 

toxicants on algal growth.  
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2.3.2.1 Respirometer set up and respirogram acquisition 
 

An aliquot (50 mL) of algal suspension was placed into respirometric vessel. The change 

of DO in the bottle was measured by a DO probe (YSI model 5300A, Yellow Springs, 

OH) (Choi et al. 2010). A magnetic stir bar was used to mix the biomass suspension in 

each vessel thoroughly. The DO changes in each closed bottle were continuously 

recorded at 4 Hz by an interfaced computer (Choi et al. 2010). 

In addition to the specific growth rate calculation, the effects of different factors such as 

pH, bicarbonate, organic carbon sources (glucose) and toxicants on algal growth rate 

were investigated by respirometry.  

0.2 M HCl solution was used to obtain different pH values (7 to 9) and study the effect of 

pH on algal growth. All the samples were covered with aluminium foil for 10 minutes 

and then uncovered to be exposed to light. In the bicarbonate experiment, different 

NaHCO3 concentrations (0- 2000 mg/L), which are equivalent to 0-23.81 mM 

bicarbonate were used for the respirometry test on Chlorlella vulgaris and the mixed 

algal species. Each sample of algal suspension was centrifuged for 15 minutes at 4400 

rpm. The supernatant was decanted and the pellet was resuspended in an autotrophic 

culture devoid of NaHCO3. After adding the desired amount of NaHCO3 to the samples, 

the respirometry test was performed. 

Under constant light exposures, the effect of organic carbon source or toxicants were 

studied on algal growth by injecting the chemical through a sidestream injection port of 

the bottle using a microsyringe after a stable background the oxygen uptake rate was 

observed.  
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Glucose is a commonly used carbon source for heterotrophic growth (Perez-Garcia et al. 

2011). All the samples were exposed to the light for 10 minutes followed by another 45 

minutes of light exposure after injecting different aliquots of glucose stock solution into 

closed respirometric bottles containing 50 mL of algal samples to obtain the desired 

concentrations of glucose (0.1-1.6 g/L).  In the effect of toxicants experiment the samples 

were exposed to the light for 10 minutes followed by another hour of light exposure after 

injecting aliquots of CuSO4 stock solution into closed respirometric bottles containing 50 

mL of algal samples to obtain the desired final Cu2+
 concentrations (0.4-12 mg/L). Since 

phosphate forms complexes with Cu2+, MOPS was used to maintain the pH. 

All respirometric tests were conducted in duplicate. Since the residual bicarbonate 

concentration was expected to be low, in all the tests except the bicarbonate and organic 

carbon source effect, NaHCO3 was added to the respirometric bottles at a final 

concentration of 1 mM. MOPS or phosphate at 20 mM were used as buffers. Figures 17 

and 18 show the picture and a schematic of the respirometeric system. 

 

 

Figure 17. A respirometric assay to measure algal specific oxygen production rate 
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Figure 18. A schematic diagram of the respirometer set up for algal growth study 

 

The specific oxygen production rate (SOPR) was determined by dividing the maximum 

oxygen uptake rate (calculated based on a linear regression analysis) by algal biomass 

concentration. The biomass concentration was measured in chemical oxygen demand 

(COD) units using HACH COD vials. Assuming that algae have the empirical formula of 

C6H10O2N (Choi et al. 2010), the COD equivalent of algae biomass is approximately 1.68 

g COD/g C6H10O2N. Therefore, the relationship between µmax and SOPR was developed 

based on the calculation below: 

 106 ��2 +  16 �+
+ 81 �2� + 16 ��3

−
+  �3��4 →  �106�181�45�16� + 150 �2           
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2.4 Bacterial enumeration in algal cultures 

To investigate the presence of bacteria in the Chlorella vulgaris and mixed algal species, 

a standard plate count method was applied. LB (Luria-Bertani) media was used to 

cultivate algal cells. Using PBS (Phosphate Buffered Saline) solution, serial dilution was 

performed and bacterial colonies were counted after incubation for 24 h at 37 ºC.  
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CHAPTER 3 

RESULTS AND DISCUSSION 

 

3.1 Algal specific growth rate measurement by standard batch 

cultivation and respirometry 

Algal cells taken from different growth periods were used to establish algal growth 

curves. Since photosynthesis is an indispensable metabolic process in microalgae (Qian et 

al. 2010) and light energy is captured by the cells to produce sugar and oxygen, 

respirometry was used as a rapid method to analyze photosynthetic activity. Both 

techniques were used to determine the specific growth rate of mixed and pure algal 

cultures. The comparison of the two techniques comes at the end of each section. 

3.1.1 Algal specific growth rate of the mixed culture 

3.1.1.1 Standard batch cultivation 

In the standard batch cultivation, MOPS stock solution was used to maintain the pH at 

approximately 6.8. Continuous illumination was provided using fluorescent lights at a 

light intensity of 38-42 µmol.s-1.m-2. Growth inferred from the optical density 

measurement was monitored daily during a 10 day incubation period. Figure 19 shows 

cell growth followed an exponential model with a lag phase of approximately 2 days. 

Based on the exponential growth model, the algal specific growth rate, µ was determined 

to be 0.42 ± 0.01 d-1.  
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Figure 19. Algal growth curve for the mixed algal culture at the initial pH of 6.8 in the presence of 20 
mM MOPS buffer and under the light intensity of 38-42 µmol.s-1.m-2. 

Error bars represent the standard deviation of the mean (n=5). 

Since MOPS has COD contribution which could affect the measurement of algal biomass 

in COD units, the same batch cultivation was performed with a phosphate buffer solution. 

The initial pH was maintained at approximately 8.6. The optical density measurement 

was monitored daily during a 13 day incubation period (Figure 20) and based on the 

exponential growth model, the algal specific growth rate from the batch experiment was 

0.35 ± 0.02 d-1. 
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Figure 20. Algal growth curve for the mixed algal culture at the initial pH of 8.6 in the presence of 20 
mM phosphate buffer and under the light intensity of 38-42 µmol.s-1.m-2. 

Error bars represent the standard deviation of the mean (n=5). 

 

3.1.1.2 Respirometry 

Algal cells in the exponential growth phase from the Erlenmeyer flasks were used in this 

experiment. NaHCO3 was added to the respirometric bottles. Light intensity was kept the 

same in the batch and respirometry experiments. pH was kept constant at 8.6 with the 

phosphate buffer already present in the culture media form the batch study. A series of 

light/dark cycles each lasting for 30 minutes were applied (Figure 21). The algal cell 

cultures were exposed to light at a constant intensity of 42-43 µmol.s-1.m-2 at times of 900 

s, 4500 s and 8100 s, respectively. The cultures were grown under the dark conditions at 

the times of 2700 s, 6300 s and 9900 s when the respirometric bottles were covered with 

aluminum foil. The average specific growth rate from this experiment was 0.62 ± 0.02    

d-1.  
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The endogenous respiration was observed during the dark cycle with a decreasing slope. 

After covering the bottles with aluminum foil the initial respiration rate was 0.19 ± 0.01 

d-1. During the second dark period, the respiration rate was 0.28 ± 0.01 d-1 and the value 

increased to 0.33 ± 0.01 d-1 in the third period and remained constant at 0.33 ± 0.01 d-1 in 

the last period. The average value of the last three respiration rates was 0.31 d-1, which 

was significantly higher than the initial respiration rate (µ=0.19).  

 
 

Figure 21. Respirograms test for the mixed algal culture in exponential phase at the initial pH of 8.6 
in the presence of 20 mM phosphate buffer and under cyclic light exposure of 42-43 µmol.s-1.m-2. 

The biomass concentration was determined to be 182 ± 4 mg COD/L. 

 

The same respirometry test was done with cells in the stationary growth phase. The algal 

cell cultures were exposed to light at a constant intensity of 42-43 µmol.s-1.m-2 at times of 

900 s, 4500 s and 8100 s, respectively. The cultures were grown under the dark 

conditions at the times of 2700 s, 6300 s and 9900 s when the respirometric bottles were 
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covered with aluminum foil (Figure 22). The average specific growth rate of the algae at 

the stationary phase was 0.49 ± 0.03 d-1.  

The endogenous respiration was not significant during the first dark period. During the 

second dark period, the respiration rate was 0.22 ± 0.01 d-1and the value remained 

constant at 0.22 ± 0.01 d-1. In the third period the respiration rate was increased to 0.27 ± 

0.01 d-1 in the last period. The average value for the respiration rate was 0.25 d-1. 

 

Figure 22. Respirograms test for the mixed algal culture in stationary phase at the initial pH of 8.6 in 
the presence of 20 mM phosphate buffer and under cyclic light exposure of 42-43 µmol.s-1.m-2. 

The biomass concentration was determined to be 346 ± 2 mg COD/L. 

 

These results along with the average µ values determined at the same time indicate the 

accuracy and reproducibility of respirometry in monitoring algal physiological 

characteristics.  
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3.1.2 Algal specific growth rate of Chlorella vulgaris 

3.1.2.1 Standard batch cultivation 

The batch tests were conducted in triplicate with autotrophic and heterotrophic mediums 

with initial algal inoculum of 5 mL. The pH in the algal suspension was maintained at 7.5 

by adding phosphate buffer. Continuous illumination was provided using fluorescent 

lights at a light intensity of 80 µmol.s-1.m-2. Growth inferred from the optical density 

measurement was monitored daily during a 10 day incubation period. Since the organic 

matter from the heterotrophic medium resulted in easy contamination by bacteria, the 

data from the autotrophic cultivation is illustrated in Figure 23. A flask of autotrophic 

medium without algae was used as a control. Based on the exponential growth model, the 

algal specific growth rate was determined to be 0.45 ± 0.02 d-1.  

 

Figure 23. Algal growth curve for Chlorella vulgaris at the initial pH of 7.5 in the presence of 20 mM 
phosphate buffer and under the light intensity of 80 µmol.s-1.m-2. 

Error bars represent the standard deviation of the mean (n=3). 
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3.1.2.2 Respirometry 

Algal cells in the exponential growth phase from the Erlenmeyer flasks were used in this 

experiment. NaHCO3 was added to the respirometric bottles. Light intensity was kept the 

same in the batch and respirometry experiments. pH was kept constant at 7.5 with the 

phosphate buffer already present in the culture media form the batch study. A series of 

light/dark cycles each lasting for 30 minutes were applied (Figure 24). The algal cell 

cultures were exposed to light at a constant intensity of 70 µmol.s-1.m-2 at times of 900 s, 

4500 s and 8100 s, respectively. The cultures were grown under the dark conditions at the 

times of 2700 s, 6300 s and 9900 s when the respirometric bottles were covered with 

aluminum foil. The average specific growth rate from this experiment was 0.65 ± 0.02    

d-1.  

The endogenous respiration was not significant during the first dark period. During the 

second dark period, the respiration rate was 0.58 ± 0.01 d-1and the value remained 

constant at 0.47 ± 0.01 d-1. In the third period the respiration rate was increased to 0.55 ± 

0.01 d-1 in the last period. The average value for the respiration rate was 0.53 d-1. 
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Figure 24. Respirograms test for Chlorella vulgaris culture in exponential phase at the initial pH of 
7.5 in the presence of 20 mM phosphate buffer and under cyclic light exposure of 70 µmol.s-1.m-2. 

The biomass concentration was determined to be 165 ± 3 mg COD/L. 

 

Table 3. A comparison of specific growth rates determined by standard batch cultivation and 
respirometry for the mixed algal species.  

 

Culture Mixed algal species 

 

Batch 
Cultivation 
(MOPS) 

Batch 
Cultivation 
(phosphate) 

Respirometry 
(exponential) 

Respirometry 
(stationary) 

µ
  
(d

-1 

) 0.42±0.01 0.35±0.02 0.62±0.02 0.49±0.03 

Duration 10 day 13 day 3.5 hr 3.5 hr 

Light intensity  
(µmol.s-1.m-2) 

38-42 38-42 42-43 42-43 

Algal growth 
phase 

Exponential Exponential Exponential Stationary 

pH 6.8 8.6 8.6 8.6 
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Table 4. A comparison of specific growth rates determined by standard batch cultivation and 
respirometry for Chlorella vulgaris.  

 

Culture Chlorella vulgaris 

 
Batch Cultivation 

(phosphate) 
Respirometry 
(exponential) 

µ
  
(d

-1 

) 0.45±0.02 0.65±0.02 

Duration 10 day 3.5 hr 

Light intensity  
(µmol.s-1.m-2) 

80 70 

Algal growth 
phase 

Exponential Exponential 

pH 7.5 7.5 

 

The algal specific growth rate reported in the literature range from 0.1 to 0.9 (Ong et al. 

2010) and 0.3 to 0.6 (Chen et al. 2010; Illman et al. 2000). In this study, the µ values 

determined from the two methods were consistent with the data range. The difference 

between the µ calculated in the exponential and stationary phases of the mixed algal 

culture is reasonable as algae in the exponential phase is expected to have a higher 

growth rate than in the stationary phase when cell’s growth and decay rates are the same 

with minimal growth.  

The difference between the µ values of the respirometry and batch cultivation method for 

both cultures can be attributed by many factors. The algal growth rate is dependent on 

culture conditions such as temperature, light intensity and medium composition which 

can slightly differ from one experiment to another. Biomass concentration is another 

probable factor involved, where higher biomass concentration may limit light penetration 

in photosynthesis. Since debris formation can affect the optical density measurement 

while does not affect oxygen production rate measured by respirometry, the results from 



 

the two tests are expected to be affected by debris formati

measurement needs the cells to be transferred from 

into vials while respirometry is an in

performed in the respirometry bottle itself.

and cells’ physiological state

new environmental conditions after 

measurement. This factor is another reason of difference 

from the two techniques. 

3.2 Effect of pH on algal growth 

Samples were taken from the mixed culture batch cultivation 

43 µmol.s-1.m-2 was used for illumination

studies was 1.1 ± 0.06 d-

have no impact on algal growth.

Figure 25. Effect of pH on the 

Error bars show the range of replicate data
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the two tests are expected to be affected by debris formation. The optical density 

measurement needs the cells to be transferred from flask containing the parent culture 

als while respirometry is an in-situ technique because the measurement is 

performed in the respirometry bottle itself. Depending on the algal community structure 

physiological state, algal communities have different ability

new environmental conditions after being transferred from the parent culture

This factor is another reason of difference between the values obtained 

from the two techniques.  

algal growth  

Samples were taken from the mixed culture batch cultivation flasks. The light 

was used for illumination. The average µ value from the 

-1. As indicated in Figure 25, pH range from 7 to 9 appeared to 

have no impact on algal growth. 

the mixed algal culture growth under the light intensity 

rror bars show the range of replicate data. The biomass concentration was determined to be 
COD/L. 
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pH

on. The optical density 

the parent culture 

because the measurement is 

community structure 

ies have different ability to adjust to the 

from the parent culture for O.D 

between the values obtained 

The light intensity of 

value from the respirometric 

pH range from 7 to 9 appeared to 

 

the light intensity of 43 µmol.s-1.m-2. 

determined to be 270 ± 6 mg 

9
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3.3 Effect of bicarbonate on algal growth 

Type and concentration of carbon source are one of the most important factors affecting 

the heterotrophic growth (Xu et al. 2006). The pH in the algal suspension was maintained 

at 7.5 by adding phosphate buffer. Continuous illumination was provided using 

fluorescent lights at a light intensity of 60 µmol.s-1.m-2. 

As indicated in the Figures 26 and 27, algal growth followed a Monod type growth 

model. Non-linear fitting approach was used to fit the data points to Monod equation 

(equation 2) for the µmax and Ks values. 

μ = μ��	

��

��� ��
    (2) 

 Both mixed algal species and Chlorella vulgaris reached their maximum growth rates at 

low carbonate concentrations with calculated half-saturation constants (Ks) of 0.7 and 0.3 

mg/L, with µmax of 0.68 and 0.9 d 
-1, respectively. The low Ks values and broad range of 

bicarbonate concentration to support maximum algal growth (Figure 26 and 27) indicate 

that algae are less sensitive to changes in NaHCO3 concentrations in the environment. 

At NaHCO3 concentrations lower than 800 mg/L (9.5 mM HCO3
-), higher NaHCO3 

concentration leads to higher algal growth.  The raise observed in specific growth rate 

with increasing NaHCO3 concentration from 0 to 800 mg/L is consistent with the results 

of previous studies (Chen et al. 2010).  

 



49 
 

 

Figure 26. Effect of NaHCO3 on the mixed algal culture at a pH of 7.5 in the presence of 20 mM 
phosphate buffer and under the light intensity of 60 µmol.s-1.m-2. 

Error bars show the range of replicate data. 

 

 

Figure 27. Effect of NaHCO3 on Chlorella vulgaris at a pH of 7.5 in the presence of 20 mM phosphate 
buffer  and under the light intensity of 60 µmol.s-1.m-2. 

Error bars show the range of replicate data. 
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3.4 The effect of organic carbon source on algal photosynthetic activity 

Among various algal species, Chlorella vulgaris has the ability to grow autotrophically 

using inorganic sources i.e. CO2 and heterotrophically using organic compounds such as 

acetate and glucose as carbon sources  (Bouarab et al. 2004). In mixotrophic algal growth 

both CO2 and organic carbon are used resulting photosynthetic metabolism and 

respiration to occur simultaneously (Kaplan 1986; Lee 2004).  Despite being mixotrophs, 

most of microalgae species are obligate autotrophs than facultative heterotrophs (Perez-

Garcia et al. 2011). During respiration CO2 is produced with accompanied O2 

consumption. The two crucial roles that dark respiration plays are: (a) producing ATP 

and NADH as respiration products and subsequently using that energy for maintenance 

and cell synthesis and (b) using the organic substrates to provide carbon skeletons for 

biosynthesis (Geider et al. 1989; Perez-Garcia et al. 2011).   

Phosphate buffer was used to maintain the pH approximately at 7.5. All the samples were 

exposed to the light intensity of 60 µmol.s-1.m-2. The percentage of inhibition was 

determined by comparing the specific growth rates obtained from the two light periods.  
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Figure 28. Effect of Glucose on the growth of Chlorella vulgaris at a pH of 7.5 in the presence of 20 
mM phosphate buffer and under the light intensity of 60 µmol.s-1.m-2. 

Error bars show the range of replicate data. The biomass concentration was determined to be 256 ± 4 mg 

COD/L.  

 

Figure 29. Effect of Glucose on the growth of mixed algal species at a pH of 7.5 in the presence of 20 
mM phosphate buffer and under the light intensity of 60 µmol.s-1.m-2. 

Error bars show the range of replicate data. The biomass concentration was determined to be 367 ± 31 mg 

COD/L.  
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The results form Figure 28 show that higher concentrations of glucose have less 

inhibitory effect on the oxygen production rate of Chlorella vulgaris. Heterotrophic 

growth mainly occurs under dark conditions and cells switch to alternative carbon source 

(Perez-Garcia et al. 2011), which is glucose in this study. In this case, respiration takes 

place rather than photosynthesis and CO2 fixation which results in uptake of oxygen that 

inhibits oxygen production rate.  

In this experiment cells were exposed to light which might have affected the trend of 

glucose uptake i.e. it was more difficult for algal cells to uptake glucose as glucose 

concentration got higher. Failure to uptake glucose led to less inhibitory effect on the 

oxygen production rate of Chlorella vulgaris.  

In contrast, the algal mixed species followed the reverse trend compared to that of 

Chlorella vulgaris (Figure 29). Since mixed culture included different types of 

organisms, it could adapt better to heterotrophic condition. Each target compound 

requires specific pathways and can be degraded differently with the capable organisms. 

As a result, raising glucose concentration increased the glucose uptake and enhanced the 

oxygen production rate inhibition. 

3.5 Standard agar plate method 

 

After 24 h incubation at 37 ºC, different types of bacterial colonies were observed on the 

agar plates showing the diversity of bacteria in the cultures (Figure 30). The results show 

1.3 × 103 and 3.6 × 104 CFU/mL of bacteria in the mixed algal species and Chlorella 

vulgaris, respectively. Although bacteria were detected, the population number was low. 
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Assuming the average cell dry weight of 10-12 g  (Hu et al. 2005) and maximum bacterial 

specific growth rate is 10 d-1, the oxygen uptake rate by bacteria was calculated as 

follows: 

 
���

��
=

��

��
= μ�  (3) 

1.3  ×  10
  
�	


�� 
 ×  10��  



�	

× 10 ��� = 1.3 ×  10�  

�

� .� 
 

1.3 ×  10�  
�

� .� 
 × 0.05 � = 6.5 × 10��   

�

�
 

This value is much smaller than that obtained from the respirogram which is 58 mg/day. 

This difference show that the decrease in oxygen production rate during the dark periods 

of the respirometry test is not due to bacteria. 

 

Figure 30. Bacteria detected from the Chlorella vulgaris culture 

  



54 
 

3.6 The effect of copper toxicity on algal photosynthetic activity 

Trace metals such as copper, nickel and cobalt are essential micronutrients for microalgal 

growth at low concentrations (Gaetke et al. 2003; Sarma et al. 2010). Therefore, 

microalgae can be used to remove the heavy metals from water (Muñoz et al. 2006). 

However, high copper concentrations can be toxic to algae and inhibit algal growth 

(Gaetke et al. 2003). Any environmental stress such as toxicity should be expected to 

cause a disturbance in the light harvesting process and energy flow to the Calvin cycle 

consequently affecting the photosynthetic apparatus (Ensminger et al. 2006; Huner et al. 

1998; Wilson et al. 2006). It is well known that algal blooms can be controlled by using 

algaecides like copper sulfate (CuSO4) which ruptures the thylakoids and causes death in 

algae (Qian et al. 2010).  Copper plays a vital role as an electron carrier in the 

photosynthetic process (Andrade et al. 2004). Copper can decrease the activity of 

photosystem II (PSII) by inhibiting the photosynthetic electron transport (Qian et al. 

2009).  

The effects of the algaecides on algal growth have been previously determined by the 

growth inhibition (Qian et al. 2009), pigment content (Qian et al. 2009) or photosynthetic 

rate (Gouvêa et al. 2008). Recent studies investigated the combined effect of copper by 

applying real-time PCR to measure gene transcription during algal growth (Qian et al. 

2009). The effect of long-term exposure (at least 48 h) of low doses of copper on the 

population growth using cell count have been studied (Sarma et al. 2010). 

In this experiment, MOPS buffer was used to maintain the pH approximately at 7.5. The 

samples were exposed to the light intensity of 60 µmol.s-1.m-2 and the percentage of 
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inhibition was determined by comparing the specific growth rates obtained from the two 

light periods.  

The specific growth rates of Chlorella vulgaris and mixed algal species were not affected 

by low Cu2+ concentration (0.4 mg/L) but decreased with the increase of CuSO4 

concentration in a dose-dependent manner. The results suggest that Cu2+ did not have any 

significant toxicity on the growth of Chlorella vulgaris and mixed algal species after 30 

min exposure to 0.4 mg/L Cu2+. As shown in Figures 31 and 32, by increasing the CuSO4 

concentration from 4 to 12 mg/L, the respirometry detected a decrease in the production 

rate of oxygen. The current study revealed that short-term exposure of high Cu2+
 

concentrations has inhibitory effects on algal growth. The higher the Cu2+
 concentration, 

the more dramatic the inhibitory effect was. Overall, Figures 31 and 32 show that an 

increase in Cu2+ concentration affects photosynthetic activity and algal growth in both 

Chlorella vulgaris and mixed algal species. However, Cu2+
 concentrations had more 

inhibitory effect on the mixed culture compared to Chlorella vulgaris meaning that the 

mixed species was more sensitive to Cu2+ toxicity. This observation can be related to the 

diverse community of microorganisms that can interfere with decreasing the specific 

growth rate after toxicant injection.  
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Figure 31. Effect of CuSO4 toxicity on pure Chlorella vulgaris culture at a pH of 7.5 in the presence of 
20 mM MOPS buffer and under the light intensity of 60 µmol.s-1.m-2. 

Error bars show the range of replicate data. The biomass concentration was determined to be 188 ± 3 mg COD/L. 

 

Figure 32. Effect of CuSO4 toxicity on mixed algal culture at a pH of 7.5 in the presence of 20 mM 
MOPS buffer and under the light intensity of 60 µmol.s-1.m-2. 

Error bars show the range of replicate data. The biomass concentration was determined to be 568 ± 20 mg COD/L. 

The results from Figures 31 and 32 are consistent with a previous study, with the toxicity 

threshold of 1.1 mg/L to Scendesmus quadricauda a green algae (Bringmann et al. 1980). 
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CHAPTER 4 

CONCLUSIONS 

 
 

The main objective of this study was to investigate the feasibility of applying extant 

respirometry to rapidly determine algal kinetic parameters. All the tests were done on 

Chlorella vulgaris and mixed algal species to investigate whether similar behavior is 

observed in both cultures. As the first step, respirometry was compared with standard 

batch cultivation.  Compared to the standard batch growth study that lasts for more than 

10 days, algal growth kinetics could be determined within a few hours. The preceding 

part was followed by a series of tests using respirometry to study the effect of different 

factors such as pH, bicarbonate, carbon sources (glucose) and toxicants (Cu2+) on algal 

growth. The results for the algal specific growth rate obtained from standard batch 

technique and the respirometry for both cultures indicate the capability of respirometry in 

rapidly measuring algal kinetic parameters. Respirometry showed that the algal specific 

growth rates may change at different physiological states of the same culture. pH range 

from 7 to 9 appeared to have no impact on algal growth. A respirometry test using 

different concentrations of bicarbonate resulted in Ks values of 0.3 and 0.7 mg/L for 

Chlorella vulgaris and mixed species with µmax of 0.9 and 0.68 d 
-1, respectively. These 

values along with the Monod type algal growth at a broad range of bicarbonate 

concentrations demonstrate low sensitivity and high flexibility of algal species to changes 

in NaHCO3 concentrations. Glucose decreased the oxygen production rate for both 

Chlorella vulgaris and mixed algal species. The presence of bacterial colonies was 
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investigated by standard agar plate. The small bacteria population detected in algal 

cultures had minimal oxygen uptake. The mixed algal species and Chlorella vulgaris 

growth was not inhibited at Cu2+ concentration of 0.4 mg/L. But the oxygen production 

rate was decreased by increasing CuSO4 concentration from 4 to 12 mg/L.  

To summarize, respirometry showed a great potential for rapid determination of algal 

growth kinetics. Further work could be extended for fed-batch or long-term toxicant 

exposure studies. By using the same glassware in a fed-batch study, cells’ transition state 

to a new condition will be minimized.  Although this technique did not provide chances 

of fed-batch studies for long–term exposure of samples to toxic compounds but still 

proved to be accurate and time saving for introducing some other factors such as pH, 

bicarbonate, organic carbon source and toxicant effects. In addition, endogenous decay 

and intracellular macromolecules degradation characteristics and their link to oxygen 

uptake can be studied in more details using respiromtery. 
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APPENDIX 

 

Biomass COD measurement 

Chemical Oxygen Demand (COD) is defined as the quantity of a specified oxidant that 

reacts with a sample under controlled conditions. The quantity of oxidant consumed is 

expressed in terms of its oxygen equivalence. COD is expressed in mg/L 02.   

Since there is no organic matter in the system, the COD is a representative of biomass 

concentration in the present case. The COD is measured both in the aeration zone and 

effluent to compare the biomass growth in the bioreactor and the outlet from the system. 

Standard calibrations are prepared for high and low range COD as the aeration zone is 

expected to have a higher COD value while the effluent should have a low value. 

The standard solutions are made from an available 1000 ppm COD stock solution for 

both ranges which lead to the standard calibration charts as shown below: 

Concentration(mg/L) Stock 
solution(µL) 

D.W(µL) 

0 0 2000 

25 50 1950 

50 100 1900 

75 150 1850 

100 200 1800 
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Figure 18. Standard Calibration for low range COD (100mg/L)  

 

 

 

 

 

 

 

Figure 19. Standard Calibration for high range COD (1000mg/L) 
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2.0 ml of each sample was added to the HACH COD vials which are specifically made 

for low and high range COD measurement. COD vials are supplied with the precise 

volume of COD reagent pre-measured, making it both quick and easy to add the water 

sample. In accordance with international standards the vials are then heated to 150ºC and 

held at that temperature for 2 hours. A spectrophotometer was used to measure the O.D at 

wavelengths of 475 nm for low and 600 nm for high range COD. Using the calibrations 

above and the O.D number obtained from the spectrophotometer, the COD content can be 

calculated. Since the culture medium does not contain any organic carbon, the total COD, 

represents biomass concentration in mg/L. All the experiments were conducted in 

triplicate. 

 


