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ABSTRACT 

Growing interest in biofuel production from non-fossil fuel sources has resulted in several 

studies exploring different raw material sources as feedstock, including many algae species, 

for large-scale production of biofuel.  Algae are promising feedstock due to advantages such 

as its short growth cycle, high biomass production, and lipid content. However, there are still 

challenges to overcome in order to use algae for commercial biofuel production.  One of these 

challenges is the requirement for a large quantity of water and nutrients needed for growing 

large quantities of the algae.  

 

This work explores a potential solution to this challenge by studying the possibility of using 

industrial wastewater to grow algae for biofuel production. However, many industrial 

wastewaters, including effluents from semiconductor processing plants, are known to 

contain heavy metals that are toxic to humans and the environment. In this work, the effects 

of four of such metals ions, As(V), As(III), Ga(III), and In(III) on Chlorella sorokiniana and 

Scenedesmus obliquus strains were studied. In particular, the heavy metal toxicity on the 

strains, effects on its growth rate, biomass yield, lipid content and fatty acid methyl esters 

(FAME) were studied.  Also, the effect of controlling pH on growth rate, biomass yield, lipid 

content, and FAME was studied for Chlorella sorokiniana in the presence of Ga(III).  

 

The results of the study confirmed the toxicity of these metals on both strains. However, 

Ga(III) and In(III) had the highest effect, while As(V) showed the least toxicity to the strains, 

with Chlorella sorokiniana withstanding concentrations of As(V) as high as 140mg/L. The 

heavy metals were slightly more toxic to Scenedesmus obliquus compared to Chlorella 
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sorokiniana. In addition, the heavy metals reduced the growth rate of both strains. High 

percent changes in growth rate (more than 50%) were seen in cultures containing Ga(III) 

and In(III). Furthermore, concentration measurements with Inductively Coupled Plasma 

Optical Emission Spectrometer (ICP) before, during, and at the end of the growth period, 

showed that Scenedesmus obliquus adsorbed higher amounts of the heavy metals compared 

to Chlorella sorokiniana. Microalgae biosorption of heavy metals limits its end use, hence 

making Scenedesmus obliquus a less favorable option for this study, but may be a better 

choice for wastewater treatment applications.  

 

The effects of the four metals on the lipid content and FAME profile of Chlorella sorokiniana 

were studied.  The result showed an increase in Chlorella sorokiniana lipid content in the 

presence of In(III), but a decrease in the presence of As(V) and As(III). The heavy metals had 

effects on the strain’s FAME compositions. The fatty acid composition included C16:0, C16:1, 

C16:2, C16:3, C18:0, C18:1, ω-6, C18:2, ω-6, and C18:3, ω-3 accounting for more than 97% of 

the total FAME composition. Furthermore, controlling the pH of the culture in the presence 

of Ga(III) at 6.5 led to higher adsorption of the heavy metal, increase in lipid content, but no 

significant change in FAME composition. 
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CHAPTER ONE:  INTRODUCTION 

1.0. Introduction    

In the last several decades, there has been a growing interest in renewable energy and 

biofuel production from nonconventional, non-fossil fuel sources. As more countries become 

industrialized and require more sources of energy and greenhouse gas pollution increases, 

there is an urgent demand for carbon-neutral renewable alternatives. Many researchers 

have studied the potential of different raw material sources such as canola, sunflower, palm, 

and jatropha oils for biofuel and biodiesel production (Balat 2011, Demirbas 2008, Singh and 

Singh 2010).  Although there is not yet a single source that can conveniently replace the 

traditional fossil fuel used for fuel production, some sources are promising as a potential 

feedstock for large-scale productions of biofuel (Ahmad 2011).  

 

Recently, various microalgae species have been studied for biofuel production. Microalgae 

exhibit several advantages over other energy crops, such as higher photosynthetic efficiency, 

higher biomass productivity and lipid content, short growth cycle and faster growth rate 

(Jones 2013). The United States Department of Energy estimates that if algae fuel replaced 

all the petroleum fuel in the United States, it would require about 15,000 square miles (i.e., 

39,000 km2), which is only 0.42% of the U.S. land (Sai Krishna. et al. 2014). Whereas in 2014 

alone, the estimate shows that biodiesel production from soybean oil, canola oil, and corn oil 

required about 24,250 square miles of land to produce just about 6,818 million lbs of 

biodiesel (USEIA 2014, USDA ERS 2014, CRA, 2009). Algae can be cultivated on marginal 

lands that are not currently used for food production. Furthermore, several high-value 
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bioproducts can be extracted from microalgae, including, microbicides, polysaccharides, 

microalgal metabolites, protease inhibitors, alkaloids, proteins/amino acids, vitamins, 

polyunsaturated fatty acids (PUFAs), and phycobiliproteins carotenoids (Singh and Dhar 

2011).  

 

While algae fuel releases CO2 when burnt, algae fuel and other biofuels only release CO2 

recently removed from the atmosphere via photosynthesis as they grow, in contrast to fossil 

fuel which has high carbon content and known to release high levels of CO2 to the 

environment when burned. Algae are photosynthetic organisms. Hence, to maintain 

microalgae growth, light, carbon dioxide, water, and nutrients are required. The optimal 

growth temperature varies with species; the pH is typically around neutral (Ren 2012).   

 

Microalgae have the potential to generate substantial biomass and oil fit for conversion to 

biodiesel (Pittman et al. 2011). Microalgae are known to either have high lipid content and 

low cell growth rate or a high cell growth rate but low lipid content. Factors influencing the 

choice of species and selection of strain for production of renewable fuels from microalgae 

include the desired end product, growth rate, optimal temperature range, lipid 

accumulation, and response to nutrient deprivation (Singh and Dhar 2011). These factors 

affect the productivity and performance of the algae in a proposed culture system.  

 

The United States Department of Energy has set two goals for the algae platform. First, to 

identify sufficient national resources to sustainably produce at least 0.5 quads of algae 

energy (equivalent to 5 billion gallons of “non-cellulosic advanced biofuels”) as mandated by 
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the Energy Independence and Security Act (EISA) Renewable Fuel Standards by 2022.  

Second, by 2022, to develop, demonstrate and integrate algal biofuels technologies that are 

projected to be cost-competitive with conventional fuels. 

 

Unfortunately, there are still limitations on the potential of using algae for large-scale biofuel 

production to meet the growing energy demand or the goals set by the U.S Department of 

Energy. A significant drawback is a requirement for a large quantity of water and nutrients 

(nitrate and phosphate) that are needed in growing large quantities of the microalgae. This 

becomes more challenging in areas with limited water sources. Wastewaters derived from 

agricultural, municipal, and industrial activities could provide cost-effective and sustainable 

means of algal growth for biofuels. (Pittman et al. 2011). Although using municipal 

wastewater streams to grow algae has some potential, it is still insufficient to meet the 

demand for commercial production of biofuel.    

1.1  Research Objective 

With the lofty goals set by the U.S Department of Energy, efforts to address the drawbacks in 

fuel production from algae become necessary. This present work is focused on studying the 

potential of using industrial wastewater effluent to grow green algae, which can be used for 

biofuel production.  More specifically, waste streams containing heavy metals from 

industries such as semiconductor industries are potential sources of cultivation water. The 

effects of Arsenic (As(V) and As(III)), Indium (In(III)) and Gallium (Ga(III)) on algal growth 

and productivity were studied.     
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Although the presence of heavy metals in industrial wastewater used to grow algae for 

biofuel production poses a significant challenge, this problem transcends beyond industrial 

wastewater effluents. Studies have also shown that some groundwater sources could contain 

a high amount of certain heavy metals (Nordstrom 2002, Wuana and Okieimen 2011, 

Anawar et al. 2002, Nouri et al. 2008, Mulligan et al. 2001).  A high amount of Arsenic has 

been reported in groundwater in Arizona (Camacho et al. 2011). Hence, the present study 

may also apply to using groundwater sources to grow green algae. 
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CHAPTER TWO: BACKGROUND  

2.0  Background 
 

 

2.1  Heavy Metals 

Heavy metals occur naturally throughout the earth's crust and many of them, including 

Arsenic, Gallium, and Indium, have a broad range of industrial applications, are widespread 

in the environment, and are toxic. They could cause harm to humans and the environment. 

Heavy metals typically refer to a metallic chemical element with relatively high density and 

toxicity at low concentrations. Some metals find application beyond the chemical industries. 

Arsenic has been used for agricultural and medical purposes (Tchounwou et al. 2012, Kumar 

et al. 2015).   

 

Indium (e.g., Indium arsenide, InAs) and Gallium (e.g., Gallium arsenide, GaAs) find 

applications in the semiconductor industries owing to their superior electronic properties 

when compared to silicon-based materials (Chen, 2006). Materials such as Indium 

Phosphide (InP) and GaAs with high electron mobility, low power requirement, and 

desirable optoelectronic properties are highly attractive to the semiconductor industry 

(Jiang et al. 2015). For this study, As(V), As(III), In(III), and Ga(III) are of particular interest. 

2.1.1 Arsenate As(V) 

Arsenic, sometimes recognized as a metalloid, is the 53rd most abundant element and makes 

up about 0.00015% of the Earth's crust (Mandal and Suzuki 2002). Arsenic occurs in the 

environment in different oxidation states (−3, 0, +3 and +5). Two of its oxidation states, 

trivalent arsenite (+3) and pentavalent arsenate (+5), are relevant for this study.  As(V) 
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behaves like a soft acid and form complexes with sulfides. In general, As(V) is more 

predominant and less toxic compared to As(III), and is stable in oxygen-rich aerobic 

environments (Mohan and Pittman 2007). 

2.1.2 Arsenite As(III) 

Arsenite is a compound containing an arsenic oxoanion in which Arsenic occurs in the 

trivalent oxidative state. An example of arsenite is sodium arsenite, an inorganic compound 

with the formula NaAsO2, which contains a polymeric linear anion. Some of the uses of 

sodium arsenite include as pesticide, antiseptic, preservative, and soaps. It has also been 

utilized in the water gas shift reaction to remove carbon dioxide. As(III) is a hard acid and 

preferentially complexes with oxides and nitrogen. They are common in moderately 

reducing anaerobic environments such as groundwater. (Mohan and Pittman 2007). 

2.1.3 Indium 

Indium is estimated to make up about 0.05 ppm of the continental and 0.072 ppm of the 

oceanic crust of the earth's crust. A significant application of indium is in Flat Panel Displays 

which makes up over 70% of the world's output (Phipps et al. 2008). Indium exhibits similar 

properties to gallium and thallium, all members of the Group 13 (IIIA) of the periodic table, 

and its properties are intermediate between the two (Haynes 2014). Indium is notable for 

its semiconductor industrial applications; as emitters and collectors of PNP alloy-junction 

transistors, indium tin oxide thin films for liquid-crystal displays (LCD), and indium 

phosphide semiconductors. It also is used for stabilizing non-ferrous metals, coating 

bearings in high-performance aircraft engines and light filters in low-pressure sodium-vapor 

lamps.  
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2.1.4 Gallium 

Gallium is a result of extraction processes produced as a by-product of the processing of the 

ores of other metals.  Gallium has been used to make alloys, as a dopant in semiconductor 

substrates and the production of artificial gadolinium gallium garnet for jewelry. 

Semiconductor manufacturers have used Gallium Arsenide, GaAs (and compounds such as 

Indium Phosphide, Indium Gallium Arsenide (InGaAs)) in microelectronic components, 

light-emitting diodes, lasers, mobile telephones, bioimaging agents, high-frequency radar, 

optical detectors, and biosensors. (Jiang et al. 2015, Olivares et al. 2016) 

2.2  Heavy Metals Occurrence in Industrial Wastewater   

Heavy metals are known for their toxicity, which makes their presence in the environment a 

threat. They are also persistent in the environment. Increasing amounts of industrial 

effluents, which are a result of rapid industrialization, constitute a primary source of heavy 

metals in the environment. Because of their role in many industrial processes such as 

electroplating, electrolysis, surface finishing, metal surface treating, semiconductors 

fabrication and microelectronics, heavy metal waste and wastewater are discharged to the 

environment if proper controls are not in place (Tchounwou et al. 2012, Abbas et al. 2014). 

These industrial discharges result in surrounding groundwater containing high levels of 

certain heavy metals. Furthermore, corrosion of pipes and improper waste dumping has led 

to increased contamination in soil and water. However, some processes have been developed 

for the recovery of both arsenic and gallium from gallium arsenide polishing wastes (Sturgill 

et al. 2000). 
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Of particular interest is the types of wastewater produced in semiconductor manufacturing. 

The high production volume and expansion of many semiconductor facilities require a 

significant amount of water and produces significant quantities of wastewater effluent. The 

semiconductor industry growth at the end of the 20th century led to the installation of new 

wafer fabrication facilities (FABS). The estimated amount of ultrapure water (UPW) that 

each semiconductor FAB uses are on the order of one to three million gallons of UPW per 

day. Some company sites have 3-4 FABs by location (Degenova & Shadman, 1997). 

 

The semiconductor industry uses thousands of tons of nanoparticles (NP) such as SiO2, Al2O3, 

or CeO2 in the chemical mechanical polishing (CMP) processes. The CMP technique, which 

requires a combination of chemical and mechanical abrasions, is used in the surface 

topography and planarization for layering of wafers to achieve smooth and planar material 

surfaces. The CMP process utilizes significant amounts of water (e.g.,  in cleaning the surface 

of a polishing substrate), generates high volumes of hazardous waste and requires expensive 

waste treatment. When materials such as GaP, GaAs, InP, and InAs are processed with CMP, 

the NPs and III/V ions (Ga(III), In(III), and As(V)) are mixed and end up in wastewater from 

electronics fabrication lines. (Bi and Westerhoff 2016, Jiang et al. 2015, Bi et al. 2015). As the 

semiconductor industry demand for these III/V materials increases, the generation of waste 

streams containing dissolved species such as As(III), As(V), Ga(III), and In(III)) will increase 

as well. 

 

Researchers have reported the presence of III and V ion metals in industrial wastewater and 

aqueous environmental close to semiconductor and electronics manufacturers. One study 
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reported Arsenic and Gallium concentrations in a typical industrial filtrate discharge as 1.8-

2.5 ppm (mg/L) and 8.5-10.5 ppm(mg/L) respectively (Sturgill et al. 2000). Torrance et al. 

estimated that the Ga concentration in polishing wastewater could vary from 27 mg/L to 

2000 mg/L, while Arsenic concentration range from 1800–2400 mg/L in polishing waste 

streams generated by GaAs CMP facilities (Torrance et al. 2009, Torrance et al. 2010). 

 

A study measured the heavy metal concentration in well water samples near a 

semiconductor industrial area in Taiwan, where the semiconductor manufacturing industry 

has played a critical role in the development of the nation's economy. The study reported the 

following results for Ga, In, and As; 7.91-41.39μg/L, 0.95 - 20.05μg/L, and 9.45 -105.45 μg/L 

respectively, with Arsenic having the highest concentration and Indium the least. Average 

values were 19.34, 9.25 and 34.19μg/L respectively (Chen, 2006). The results demonstrate 

that Arsenic is a major pollutant produced from semiconductor manufacturing industries. In 

the same study, Chen reported that Gallium concentrations exceeded 10 μg/L in 83.3% of 

groundwater samples collected from different areas in Taiwan, and were 1-10μg/L in about 

17% samples. Whereas, Indium concentrations were 0.05 - 10.0μg/L in about 64% samples.   

2.3  Heavy Metal Regulations and Maximum Allowable Concentration Levels 

The requirement for on-site industrial treatment in semiconductor fabrication facilities 

depends on local regulations and flow contribution to the local sewer system. However, 

waste streams are treated to comply with federal regulations before discharge to municipal 

sewers or surface water (Bi et al. 2015, USEPA 2015). Arsenic limitations for the waste-

stream from facilities manufacturing electrical and electronic components are 2.09 mg/L (1-
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day maximum) and 0.83 mg/L (30-day average) (USEPA, 2015). The Occupational Safety and 

Health Administration set the permissible exposure limit (PEL) to a time-weighted average 

(TWA) of 0.01 mg/m3. The National Institute for Occupational Safety and Health set a 

recommended exposure limit of 15-minute constant exposure of 0.002 mg/m3 (ATSDR, 

2007). Indium and Gallium are not regulated at this time. In(III) and Ga(III) both have very 

low solubility and tend to precipitate in the form of In(OH)3 and GaO(OH) in natural water.   

 

Furthermore, the International Agency for Research in Cancer (IARC) has classified Arsenic 

as a Group I carcinogen. The Environmental Protection Agency (EPA) instituted a lower 

guideline for arsenic in drinking water in 2006. The new arsenic standard of 10 ppb (10µg/L) 

replaced the old standard of 50 µg/L. The World Health Organization (WHO) also adopts this 

lower level of 10 µg/L, but some countries have maintained earlier guidelines of 50 µg/L 

(Smith et al. 2002, Mohan and Pittman 2007). 

2.4  Treatment Methods for Heavy Metals in Wastewater 

Several methods that have been developed to remove toxic metal ions from wastewater 

which include; precipitation, electroplating, ion exchange, membrane processes, and reverse 

osmosis, just to mention a few. Some of the methods become ineffective when the heavy 

metal concentration is high, between 10 to 100 mg/L. Many of these processes are expensive 

and typically require additional facilities on/off-site to treat the waste. A treatment method 

that has gained increasing attention is biosorption of heavy metals using biomass as a 

biosorbent (Mohan and Pittman 2007, Abbas et al. 2014, Kumar et al. 2015).    
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2.5  Biosorption of Heavy Metals 

Biosorption, a process where biopolymer or biomaterials are engaged as a sorbent, is an 

economical and efficient way to treat heavy metals (Wilde 1993, He and Chen, 2014, Abbas 

et al. 2014,). The treatment method allows biomass from microorganisms such as algae to 

bind and concentrate contaminants like heavy metals from aqueous solutions. The process 

was observed in the early 1970s when the radioactive elements in the wastewater released 

from a nuclear power station were found to be concentrated by several algae. Other 

advantages of biosorption include high efficiency in treating metals at a lower concentration, 

minimization of chemical and biological sludge, biosorbent regeneration, minimal or no 

nutrient requirements, and the possibility of metal recovery. 

 

Studies have shown that some algae species have high metal binding capacities due to the 

presence of polysaccharides, proteins or lipids from the cell walls surface. The relevant 

functional groups include carboxyl, hydroxyl, phosphate, sulfate, and amine groups (He and 

Chen, 2014, Abbas et al. 2014)). Table 2. 1 shows bio-sorbent functional groups that are 

responsible for sorbent binding and their acidity constants.  

 

Algae strains demonstrate different affinity and behavior towards different heavy metals. 

Marine algae have attracted attention as organisms to be tested and used as an analytical 

reagent to concentrate and adsorb metal ions such as Copper, Chromium, Cadmium, Lead, 

and Gold.  Hamdy (2000) reported a decrease in different metal uptake after biomass 

treatment for four different marine algae.  Other studies have reported on green and red 

algae capacity to concentrate and remove metals such as lead, zinc, copper, cadmium, and 
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chromium. Some factors that affect the biosorption process of heavy metals are initial metal 

concentration, temperature, and pH (Khummongkol et al. 1982, Hamdy 2000, Pavasant et 

al., 2006, Karthikeyan et al., 2007, Das et al. 2008, He and Chen, 2014).  

Table 2. 1: The functional groups present in biosorbent (Abbas et al. 2014). 

PS: polysaccharides, UA: uronic acids, SPS: sulfated polysaccharides, AA: amino acids, Cto: 

chitosan, Cti: chitin, PG: peptidoglycan, PL: phospholipids, TA: teichoic acid, LPS: lipo, PS.  
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2.6  Heavy Metal Uptake in Living and Non-Living Cells 

Heavy metal biosorption with non-living cells occurs mainly in passive mode which is 

independent of metabolism and involves metal binding mechanisms such as complexation, 

ion exchange, physical adsorption (Kumar et al. 2015). It is a dynamic equilibrium of 

reversible adsorption-desorption, independent of energy.  On the other hand, heavy metal 

biosorption processes using living cells involve two steps. First, adsorption of the metal ions 

to the surface of the cells by interaction between the metal and functional groups found on 

the surface of the wall. This stage is thought to be passive, is very rapid and occurs a short 

time after the microorganisms are exposed to the metal. Whereas the subsequent stage, 

likely active and related to metabolic activity is slow. Metal ions penetrate the cell membrane 

and enter the cells due to ongoing biosorption process. Khummongkol et al. reported an 

initial rapid uptake and a subsequent slow uptake of Cadmium by Chlorella Vulgaris. In the 

same study, Khummongkol et al. confirmed a linear equilibrium relationship between metal 

in solution and that adsorbed on the cell surface at low cadmium concentrations by short-

term uptake experiments. (Khummongkol et al. 1982, Wilde 1993, Goyal et al. 2003, Ilhan et 

al. 2004, Casiraghi et al. 2005, Kumar et al. 2015, Zeraatkar et al. 2016) 

 

Using dead cells for biosorption processes is preferable over living cells because there is no 

growth media required and the materials are available as wastes or by-products. 

Furthermore, feasibility studies for large-scale applications using non-living biomass are 

more applicable than bioaccumulative processes that use living microorganisms that will 

typically require nutrient supply and complicated bioreactor system (Abbas et al. 2014, 

Kumar et al. 2015, Zeraatkar et al. 2016). 
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2.7  Toxicity of Heavy Metals to Microalgae  

The reactive nature of many heavy metals and the ability of its ions to cross membranes 

makes them toxic to most organisms. Their presence can lead to cellular oxidative stress due 

to the production of by-products of aerobic metabolism such as reactive oxygen species, 

resulting in unbalanced cellular redox status. Another reason for heavy metal toxicity to the 

organism is due to the blocking of functional groups of biologically essential molecules (such 

as enzymes) and transport systems for essential nutrients. (Pinto et al. 2003, Kaplan 2013, 

Napan et al. 2015).  

 

Organisms exhibit a broad spectrum of absorption (extracellular) and adsorption 

(intracellular) mechanisms to withstand heavy metal toxicity. Many organisms reduce heavy 

metal toxicity through different mechanisms such as the exclusion of toxic heavy metals from 

cells by ion-selective metal transporters, production of heavy metal binding factors, 

excretion, and compartmentalization amongst others. (Siripornadulsil et al. 2002, Kaplan 

2013, Kumar, et al. 2015, Zeraatkar et al. 2016). 

 

Algae, in particular, respond to heavy metals by inducing antioxidants such as superoxide 

dismutase, catalase, glutathione and ascorbate peroxidase, amongst others. However, high 

levels of heavy metal concentration can result in algal cells destruction. The toxicity of heavy 

metals depends on algal population density. A denser population has more cellular sites 

available resulting in decreased toxicity. Furthermore, algae strains exhibit different affinity 

towards heavy metals and respond differently depending on the concentration and type of 

heavy metal involved. Some algae species, including Chlorella and Scenedesmus, have been 
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used in bioremediation owing to their tolerance to toxic treatments and ability to accumulate 

certain heavy metals. However, heavy metal sorption onto microalgae biomass could 

potentially limit its end use (Rai 1981, Pinto et al. 2003, Kumar et al. 2015). 

 

Heavy metal concentration can affect lipid content and culture density.  In a study, Napan et 

al.  (2015) showed that the presence of heavy metals from flue gas resulted in increased lipid 

content and biomass. They studied the impact of 10 heavy metals, including As, from coal 

flue gas integration on Scenedesmus obliquus productivity and reported that the baseline 

metal concentration resulted in improved growth and lipid. This increase in lipid production 

may be a protective mechanism against reactive oxygen species. Excessive cytoplasmic lipid 

droplets may have been produced to serve as a sink to sequester reactive oxygen species 

molecules, hence accelerating the biosynthesis of such molecules. Another possibility is that 

the increase in microalgae growth in the presence of low heavy metals concentrations may 

be because the heavy metals provide an additional nutrient source; or due to the microalgae 

adaptation to stress levels. This adaptation produces an overcompensation effect generated 

by the homeostatic regulatory system in the microalgae that lead to the activation of 

metabolic and antioxidant production mechanisms to overcome toxicity.   

 

However, higher levels of metals negatively affected both growth and lipid production 

(Napan et al. 2015). Decreases in microalgae growth at higher concentrations may be related 

to cell division disruption, protein structure denaturation/inactivation, chloroplast rupture, 

disorganization of chloroplast and mitochondrial structures, or deterioration of membrane 
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integrity amongst others (Napan et al. 2015, Zeraatkar et al. 2016). Very few data are 

available on the toxic effect of Gallium and Indium on microalgae.   

 

2.8  Algae Biofuel 

As briefly discussed in Chapter 1, algae-based biofuel is a promising area of study and has 

certain advantages over terrestrial crops. Some of these benefits include high oil 

productivity, a relatively short growth cycle and the ability to survive in a wide variety of 

water sources including wastewaters (Ren 2012). In fact, this present study focused on the 

potential of using industrial wastewater containing toxic heavy metals that render such 

water sources unusable for many other purposes. However, algal biofuel produced using 

wastewater must meet minimum standards and possess essential fuel characteristics. The 

American Society for Testing and Materials list the most essential fuel characteristics 

(D6751-09 biodiesel standard), as ignition quality, cold-flow properties, and oxidative 

stability (Greenwell et al. 2009). Furthermore, a study of algal biofuel from wastewater 

sources requires an understanding of the effect of these toxic metals on some of the essential 

properties of algae such as the growth rate, lipid content, and the type of fatty acid methyl 

esters produced. 

2.8.1 Lipid Content: 

In general, the composition and the total content of microalgal lipids depend primarily on 

the type of microalgae species, its nutrient, culture environment, and conditions in which the 

cells are cultured. Algae produce various kinds of lipid such as triglycerides, diglycerides, 

glycolipids, phospholipids, sterols, sulpholipids, hydrocarbons, depending on the type of 

algae. Also, algal cells are known to synthesize triglycerides at periods when the energy input 
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through carbon assimilation surpasses the immediate metabolic needs of the cell (Greenwell 

et al. 2009, Singh and Dhar 2011, Ren 2012, Luque and Melero 2012).  

 

Lipids are categorized into polar and neutral (or nonpolar) lipids, depending on their 

chemical characteristics.  Some examples of polar lipids include phospholipids and 

glycolipids while examples of nonpolar lipids are the monoglycerides, diglycerides, and 

triglycerides. The composition of the microalgal lipid affects the efficiency and fuel yield.  

There are some notable differences between the lipid composition of microalgae and plants.  

Two significant differences are the higher relative proportion of polar lipids to nonpolar 

lipids in microalgae, and long-chain polyunsaturated fatty acids, usually higher than C18, 

which are more common in microalgae compared to plants (Greenwell, H. C., et al. 2009, 

Singh and Dhar 2011). 

 

A previous study showed that the composition of microalgae lipids varies considerably with 

the growth cycle, under nutrient limitation and during a diurnal light-dark cycle (Ekman et 

al. 2007).  Another study reported that limitation of nitrogen could increase the oil content 

in all Chlorella strains (Illman et al. 2000). In a study of Nannochloropsis gaditana, Ren 

reported that the optimum culture conditions for this strain are using CO2 enriched air 

bubbling, f/2-Si medium, controlled pH, and nitrate as the nitrogen source. The study also 

listed lipid content of Chlorella sp to be within a range of 28 - 32 % dry biomass weight (Ren 

2012). 
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2.8.2 FAME Profile:  

Fatty acid methyl esters (FAME) are types of a fatty acid ester derived from 

transesterification of fats with methanol. The fatty acid profile of an algae species affects the 

fuel physical properties such as cetane number, oxidative stability, viscosity, and lubricity. 

For biodiesel C16:1, C18:1, C20:1, and C22:1 FAMEs are highly desirable. When a saturated 

fatty acid such as C16:0 is produced, it can be converted to C16:1 through dehydrogenation. 

(Singh and Dhar 2011, Ren et al. 2013). 

 

Ren et al. reported that the primary fatty acids produced from microalgae Nannochloropsis 

gaditana were C16:0 and C16:1 which are easily converted to fuels. The carbon and nitrogen 

sources did not affect the fatty acid produced. They concluded that while the amount of 

nitrogen affects lipid productivity, it does not affect the types of fatty acids produced, hence 

making cultivation on impaired waters feasible (Ren et al., 2013).  

 

Petkov and Garcia reported a variation in the fatty acid percent composition in marine 

Chlorella versus in freshwater algae. In marine Chlorella, the percentage of 14:0 reached 

about 10% of the total fatty acids, whereas in freshwater algae it was usually not more than 

1%. Odd number fatty acids (C15:0, C17:0, C17:1) are not typical of Chlorella microalgae 

species, and when they occur, they suggest that the culture is contaminated with bacterial or 

a mixed culture (Petkov and Garcia 2007). Figure 2.1 shows the FAME profile of Chlorella 

Sorokiniana during growth period while Table 2. 2 shows the FAME composition of various 

Chlorella species. 
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Figure 2. 1: Fatty acid profile of Chlorella Sorokiniana and the changes in its profile over time 
under batch culture growth (Neofotis et al. 2016) 
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Table 2. 2: Fatty Acid Composition in Various Chlorella Species (Petkov and Garcia 2007) 

 

 

2.9  Effect of pH and Control Methods 

The growth rate of microalgae can be affected by pH, which affects the solubility of the metal 

ions and plays a significant role in their biosorption from aqueous solution. pH affects the 

solubility and toxicity of heavy metals in the water. It influences cell surface binding sites 

and heavy metal chemistry in solution. It influences the activity of the functional groups in 

the biosorbent and the competition of sorbate ions.  It also affects the degree of ionization of 

the adsorbate during a reaction, and the concentration of the counterions on the functional 

groups of the biosorption. Usually, at low pH, the surface of biosorbent is surrounded by 

hydronium ions which improves the anions interaction with binding sites and restrain the 

approach of Cations. As the pH increases, the overall surface charge on the biomass surface 
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becomes negative and decreases the biosorption capacity of anions but increases the 

interaction with positively charged cations (See Figure 2.2).  As pH decreases, the cell surface 

becomes more positively charged, hence reducing the attraction between biomass and metal 

ions. At higher pH, more ligands such as carboxyl, imidazole, phosphate, and amino groups 

are exposed resulting in the attraction of positive charged metallic ions onto the cell surface 

(Rai 1981, Krishna and Swamy 2011, Abbas et al. 2014 Kumar et al. 2015, Zeraatkar et al. 

2016). 

 

 

 

 

 

 

 

 

 

 

 

 

Methods for controlling pH include growing the algae in a pH buffered solution, CO2 addition, 

and inorganic acid or base addition.  Studies have shown that pH of microalgae increased 

with an uptake of CO2 for photosynthesis (Hsueh, H. T., et al. 2009, Ren 2012, Ren et al., 

Figure 2. 2: Solubility and speciation of Ga(III) as a function of pH (Bi and Westerhoff 2016) 
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2013). Controlling pH by CO2 addition maximizes growth while limiting the amount added 

chemicals resulting in decreased overall cultivation costs. (Ren et al., 2013, Ren 2012).   

 

Experimental data reported by Ren showed that microalgae maintained a higher growth rate 

with a Tris-HCl buffer when compared to a growth rate without the buffer confirming the 

effect of pH buffered solution on microalgae. Biomass yield and lipid content increase for 

some microalgae species under CO2 enriched aeration. Microalgae, grown with 5% CO2 

enriched air bubbling had an increased growth rate, and increased lipid accumulation (Ren 

2012, Ren et al., 2013, Hu and Gao, 2003).   
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Chapter Three: Materials and Methods 

3.1  Algal strains and chemicals 

Two different microalgae strains were selected for this study. Chlorella sorokiniana and 

Scenedesmus obliquus, which was isolated by the National Alliance for Advanced Biofuels and 

Bioproducts (NAABB) consortium show potential as commercial strains. Both algae strains 

are estimated to have lipid content between 25-28% and biomass productivity of 0.65 and 

0.89g/L/d respectively. (Unkefer et al., 2016).   

 

All chemicals were of analytical reagent grade. Stock solutions of Gallium Ga(III) [2500mg/l], 

Indium In(III)[2500mg/l], Arsenite As(III)[2500mg/l] and Arsenate As(V)[25g/l] were 

prepared by dissolving respective salts, Gallium trichloride (GaCl3) Indium(III) chloride 

(InCl3) Sodium Arsenite (NaAsO2) and Sodium Arsenate (NaH₂AsO₄) in deionized water and 

diluted to appropriate concentrations.  

 

The Pecos medium (PE-001A) was used for all experiments. The Pecos media recipe is listed 

in Table 3.1. Respective volumes of each chemical were added to a 1-liter bottle.  Depending 

on the needed concentration of each heavy metal, the required volume of the heavy metal 

solution was added to the 1-liter bottle, and then, Ultrapure Water (UPW) was added to the 

mixture to bring the total volume to 1 liter.  Each sample was capped and autoclaved after 

that to sterilize the medium before being used to grow the algae.   
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Table 3. 1:PE-001A Medium Recipe 

Chemical Final Concentration (g/L) Stock Solution Concentration  Volume (mL) 

(NH2)2CO 0.1 4 g/200 ml UPW 5 

MgSO4*7H2O 0.012 2.4 g/200 ml UPW 1 

NH4H2PO4 0.025 5 g/200 ml UPW 1 

Potash 0.075 7.5 g/200 ml UPW 2 

FeCl3 0.00315 0.63 g/200 ml UPW 1 

Na2CO3 0.02 4 g/200 ml UPW 1 

EDTA 0.00436 0.218g /200 ml UPW 4 

Allen’s Solution  1ml (See Table 3.2  below) 1 

 

Table 3. 2: Trace metal solution (Allen Solution) recipe. 

# Component Amount Final Concentration 

1 H3BO3 2.86 g/L 46 μM 

2 MnCl2*4H2O 1.81 g/L 9 μM 

3 ZnSO4*7H2O 0.22 g/L 0.77 μM 

4 Na2MnO4*2H2O 0.39 g/L 1.6 μM 

5 CuSO4*5H2O 0.079 g/L 0.3 μM 

6 Co(NO3)2*6H2O 49.4 mg/L 0.17 μM 
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The trace metal solution was prepared by adding the listed components in order from Table 

3. 2 to 900 mL of UPW while stirring continuously. The total volume was then brought to 1L 

with UPW and stored in the refrigerator.   

3.2  Experiment in 96-wells Plate: 

To estimate the range of concentration at which Chlorella sorokiniana and Scenedesmus 

obliquus can survive in the presence of the any of the four metals, the algae strains were 

grown in a 96-Well plate with metal concentrations ranging from 0-220mg/L, 0-55mg/L, 0-

22mg/L and 0-22mg/L for As(V), As(III), Ga(III), and In(III) respectively. The 96-well plate 

is shown in Figure 3.1, while Figure 3.2 shows the heavy metal concentration layout for the 

rows and columns of the 96-well plate.  

 

Figure 3. 1:  The 96-well plate  
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  C1 C 2 C3 C C5 C6 C7 C8 C9 C10 C11 C12 

A 0 20 40 60 80 100 120 140 160 180 200 220 

B 0 20 40 60 80 100 120 140 160 180 200 220 

C 0 5 10 15 20 25 30 35 40 45 50 55 

D 0 5 10 15 20 25 30 35 40 45 50 55 

E 0 2 4 6 8 10 12 14 16 18 20 22 

F 0 2 4 6 8 10 12 14 16 18 20 22 

G 0 2 4 6 8 10 12 14 16 18 20 22 

H 0 2 4 6 8 10 12 14 16 18 20 22 

Figure 3. 2: Layout of the 96-well plate to approximately determine the toxicity level of As, Ga, 

and In 

In Figure 3. 2, the values in each cell represent the concentrations of heavy metals in each of 

the 96-wells on the plate. Each of the metals was evaluated in duplicate to ensure accuracy. 

It is imperative to take note of the following; 

● Row A and B represent concentrations of Arsenate, As(V) 

● Row C and D represent concentrations of Arsenite, As(III) 

● Row E and F represent concentrations of Indium, In(III) 

● Row G and H represent concentrations of Gallium, Ga(III) 

● The first column and first row represent the 96 wells plate numbering 

● Size of each well is 300 L 

● Column 1 (C1) was the control for all the metals. 

● The units of the metal concentration in each plate are mg/L 
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The Pecos medium PE-001A, (See Tables 3.1 and 3.2) was used for this experiment. The 96-

wells plate was kept on a shaker in the laboratory under fluorescent light tubes as an 

artificial light source.  An intensity of 220 μmol/m2/s was provided for 12 hours daily 

followed by 12 hours of darkness to imitate the natural environmental conditions.   

 

In order to reduce evaporation and condensation of the liquid on the lid of the 96-well plate, 

the sides of the plate were sealed with a paraffin seal (Parafilm “M” Roll). A carbon source 

for the algae was provided by adding 0.5 μL of 8% Bicarbonate to each of the cultures in the 

plate every four days. A second plate was run without bicarbonate to observe differences in 

growth behavior. The experiments were done at room temperature and no pH control. 

3.3  Benchtop Experiment in 1L Flask:  

For the bench top cultivation, the algae strains were cultivated in 1-liter Erlenmeyer flasks 

using an optimized Pecos medium (PE-001A) containing 500 mL of the medium.  The heavy 

metals; Gallium [Ga(III)], Indium [In(III)], Arsenite[As(III)] or Arsenate[As(V)] were added 

to the medium. Fifteen mL of the inoculum (Chlorella sorokiniana or Scenedesmus obliquus) 

was added to each flask. A sterile CO2/air mixture (5/95, v/v) at a flow rate of 1 LPM was 

connected to each flask to provide mixing and carbon. To reduce water evaporation, the gas 

was saturated with water before entering the flask. The experiments were done at room 

temperature (25oC). The artificial light source was fluorescent light tubes (Figure 3.3).  An 

intensity of 220 μmol/m2/s at the media/air interface was provided for 12 hours daily 

followed by 12 hours of darkness to imitate the natural environmental conditions.  All flask, 

stoppers, and bottles were cleaned properly, and acid washed before use in a new 
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experiment.  Each experiment was done in duplicate, and the average values of the result are 

reported. 

 

 

Figure 3. 3: Benchtop experimental setup 

3.4  Controlled pH Culture:  

To study the effect of pH on the growth of the microalgae, a pH probe was inserted in a third 

Erlenmeyer flask containing 500 mL of the culture, connected to a solenoid-controlled CO2 

regulator.  The regulator allowed the inlet valve of the CO2 to be shut off once the pH dropped 

to 6.5 and turned on automatically once the pH is higher than 6.5. This experimental setup 

was intended to help maintain the pH at 6.5.  
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3.5  Concentration Measurement of the Heavy Metals:  

The concentrations of each heavy metal in the medium before and at the end of each 

experiment were measured by a Synchronous Vertical Dual View (SCDC) Inductively 

Coupled Plasma Optical Emission Spectrometer (ICP-OES) (5100, Agilent Technologies, 

Santa Clara, CA). Figures 3.4 and 3.5 show the equipment schematic and the system used.  

 

One ml samples were collected from each culture at four different stages; before the media 

was sterilized in the autoclave, after the media was autoclaved, the autoclaved media with 

algae strain inoculum at day one, and the culture at the end of the experiment. The samples 

were centrifuged in an Eppendorf MiniSpin at 12,000 rpm for three minutes. In addition, 

samples were collected from each respective heavy metal stock solution, and the 

concentration was measured to confirm the exact concentration of the stock solutions. 

 

All samples for ICP-OES analysis were diluted to lower concentrations for analysis in the 

equipment by serial dilutions with 2% (v/v) nitric acid to obtain values from 0 to 5 mg/l. 

Before samples analysis, a calibration curve was made by preparing 1 to 5 mg/l solutions of 

the metals with ICP standard solution (Ricca Chemical Company, Arlington, TX). 
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Figure 3. 4: Schematic of the Synchronous Vertical Dual View (SCDC) Inductively Coupled 

Plasma Optical Emission Spectrometer (ICP-OES) 

 

Figure 3. 5: Setup of the Synchronous Vertical Dual View (SCDC) Inductively Coupled Plasma 

Optical Emission Spectrometer (ICP-OES)    
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3.6  Analytical Measurement of Growth      

The growth of the microalgae was monitored and measured by optical density (OD) readings 

using a Spectronic Genesys spectrophotometer at three different wavelengths 540, 680, and 

750 nm. Samples were collected and measured daily only during daylight hours (Ren 2012). 

If the OD was higher than 0.7, the sample was diluted with distilled water to ensure all the 

samples were in the range of 0.1-0.7 of OD to follow the range of Beer-Lambert’s law. The 

values were converted to g/l using the following correlation; for Scenedesmus Obliquus, BC 

(g/L) = 0.49 * OD (750nm) and for Chlorella Sorokiniana, BC (g/L) = 0.407 * OD (750nm) 

3.7  Lipid Extraction Experiment 

Dry biomass from the 500-mL culture solution was harvested by centrifugation at 5000-

6000 rpm for 20 to 25 minutes. After the supernatants were discarded, the pellets were dried 

in the forced air oven (414005-114, VWR International LLC, Radnor, PA) at 70°C for 24 

hours. The dried biomass was ground with a mortar and a pestle to a fine powder added into 

MARSxpress vessels (Figure 3.6: 6a and b) and appropriately labeled. The lipid was extracted 

using between 0.2-0.5 g of dry biomass and ten mL of chloroform: methanol (2:1, v/v) 

solution. The content in the vessels was mixed and allowed to stand overnight. Then, the 

samples were microwaved (See Figure 3.7) for 60 min at 700C and 800 watts of power. After 

microwaving, the vessels are cooled down for at least 30 minutes. Then the liquid containing 

chloroform, methanol, and lipids were filtered with glass fiber and transferred to labeled 

glass test tubes. Each vessel was rinsed with three mL of chloroform: methanol (2:1, v/v) 

solution. The content in the test tubes is then allowed to dry for two to three weeks. 
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Figure 3. 6: 6a and b; MARS Express vessels 

 

Figure 3. 7: Microwave Digestion System 
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3.8  Fatty Acids Methyl Esters (Fames) Preparation and Gas Chromatography-Flame 

Ionization Detector (GC-FID) Analysis    

Lipids were collected and prepared for lipid composition analysis. Before analysis, the lipids 

were reacted via transesterification by adding the lipid extract to 3 ml of 3M hydrochloric 

acid (HCL) and methanol (10/90 % v/v) (methanolic-HCl) for 20 min at 60oC. The reaction 

products were then cooled to room temperature, solubilized in dichloromethane (diluting 

factor of 5) and the organic phase was analyzed in a gas chromatograph (HP5890) equipped 

with an injector (split 1:100) and a flame ionization detector. The column was a SIGMA-

ALDRICH SP 2380 column (30m ⅹ 0.25mm ⅹ 0.20μm) (Ren 2012). The sample size was 

one μL. Oven temperature was increased from 90 to 220oC at a rate of 3oC min-1. The carrier 

gas was nitrogen at a flow rate of 1.5 ml min-1. FAME was identified and quantified. The 

internal standard FAME mix was RM-6 (SUPELCO). 
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Chapter Four: Result and Discussion 

Known factors that affect the growth rate, lipid accumulation and FAME profile include pH, 

CO2 uptake, heavy metals, nitrogen concentration, light intensity and cycle, salinity, and 

temperature (Ren 2012, Grima et al. 1999, Li et al. 2008, Tyler et al. 2005). This work 

evaluates the potential of using industrial wastewater effluent containing certain heavy 

metals to grow green algae for biofuel production. The ability of the algae to grow in the 

presence of As(V), As(III), In(III) and Ga(III) was first determined. Then, more detailed 

experiments were conducted to evaluate the effects of the metals on growth rate, lipid 

content and FAME profile of Chlorella sorokiniana and Scenedesmus obliquus strains. The 

effect of pH control on Chlorella sorokiniana growth with Ga(III) present was also evaluated.  

4.1  Toxicity Range of Heavy Metals  

The initial experiments in a 96-well plate were conducted to ascertain the range of heavy 

metal concentrations at which Chlorella sorokiniana and Scenedesmus obliquus could survive 

and grow. The four heavy metals include As(V), As(III), In(III) and Ga(III). Table 4. 1 

summarizes the results of the experiments for the 96 well plates. The concentrations used 

for each metal are provided in Figure 3.2. Figure 4. 1a and 1b show the 96 well plates after 

three days of cultivation of Chlorella sorokiniana. One set of algae was provided bicarbonate 

as an additional carbon source (1b). The first two rows of the plates containing As(V) showed 

that Chlorella sorokiniana could withstand concentrations as high as 140 mg/l. Some growth 

was even observed for concentrations up to 200 mg/l. However, the detrimental effect of the 

metal on the strain is seen as the concentration increased above 220 mg/L.  Chlorella 

sorokiniana showed much lower tolerance to the other three metals; As(III), Ga(III) and 
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In(III), rows 3 &4, 5&6, and 7&8 respectively.  It withstood concentrations of As(III) a little 

over 10 mg/l but struggled at higher concentrations. Ga(III) and In(III), had the highest 

toxicity on Chlorella sorokiniana with the strain showing no observable growth at 

concentrations above 10 mg/l at day 3 and day 5.  

  

Table 4. 1: Concentration range at which active, little, and no growths were observed for 

Chlorella sorokiniana and Scenedesmus obliquus with As(V), As(III), In(III) and Ga(III) 

Figure Strain Metal Growth at Concentration Range in 96-wells  (mg/L) 

Active Growth Little/Delayed Growth No Growth 

Figure 4. 1 

&Figure 4. 2 

Chlorella 

sorokiniana 

As(V) 0 - 140 140 - 220  

As(III) 0 0 -10 10 - 55 

Ga(III) 0 - 4 4 - 8 8 - 22 

In(III) 0 - 4 4 - 8  8 - 22 

      

Figure 4. 3 Scenedesmus 

obliquus 

As(V) 0 - 100 100 - 220  

As(III) 0 -10 10 - 20 20 - 55 

Ga(III) 0 - 4 4 - 8 8 - 22 

In(III) 0 - 4 4 - 8 8 - 22 
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1a: Plate without Bicarbonate at Day 3 1b: Plate with Bicarbonate at Day 3 

Figure 4. 1a & 1b: Toxicity study of heavy metals in 96-wells plate for Chlorella sorokiniana, 

Day 3 

As expected, the plate with an additional carbon source (bicarbonate) added to it every four 

days had slightly better growth compared to the one without bicarbonate added to it. 

However, a similar trend was observed in both plates regarding the tolerance of the strain 

to the metals. 

  

2a: Plate without Bicarbonate at Day 5 2b: Plate with Bicarbonate at Day 5 

Figure 4. 2a & 2b: Toxicity study of heavy metals in 96-wells plate for Chlorella sorokiniana, 
Day 5 

Next, a similar experiment was conducted in the 96-wells plate for Scenedesmus obliquus 

strain. Table 4.1 summarizes these results and Figure 4. 3 shows the growth of Scenedesmus 
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obliquus in the presence of the four metals between day 1 and day 10. Compared to Chlorella 

sorokiniana, this strain showed lower tolerance to the heavy metals studied except for 

As(III). Also, the wells containing As(III) appeared to have changed color from green to 

orange beyond day seven.  Images captured after day seven are quite unreliable to draw 

conclusions from, as most of the liquids containing the heavy metals in the wells had 

evaporated at that point.  The orange color that was observed is an indication of stress. This 

strain will produce more cartinoids when it is not grown under ideal conditions.  

 

Experimental results showed that both strains could withstand higher concentrations of 

As(V) compared to the other heavy metals that were studied. Similar to the Chlorella 

sorokiniana strain, Ga(III) and In(III) was more toxic to Scenedesmus obliquus compared to 

As(V) and As(III).  

 

One major drawback to this study in the 96-well plate is the condensation of the liquid to the 

lid of the plate which made it challenging to grow both stains on the plate for a more 

extended period as most of the liquid in the wells had evaporated by day 8.  Although the 

paraffin seal introduced to the sides of the plates reduced the condensation/evaporation, it 

did not adequately address this challenge. However, the study on the plates provided reliable 

results on the toxicity range of each of the four metals for both algae strains.  
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Day 2 Day 3 

  

Day 4 Day 7 

  

Day 8 Day 10 

Figure 4. 3: Toxicity study of heavy metals in 96-wells plate for Scenedesmus obliquus, Day 1 
to Day 10 
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4.2  Effect of Heavy Metal on Growth Rate and Biomass Production 

The effects of As(V), As(III), Ga(III) and In(III) on the growth rate of both Chlorella 

sorokiniana and Scenedesmus obliquus were studied individually in flasks. Conducting this 

experiment in a flask addressed the challenge that was encountered in the experiments in 

the 96-well plates, where the liquid media evaporated and thus made it difficult for the algae 

to continue to grow after a certain period. Cultivation in a flask also allowed for more in-

depth analysis of lipids, heavy metal concentrations, and rates. Each strain was grown in 

media with a single heavy metal. The linear growth rate (slope) during the active growth 

phase when the cultures are light limited was calculated using a trend line. In all 

experiments, an additional culture flask with no heavy metal was grown alongside to serve 

as a control.  The results of all experiments are summarized in Table 4. 2 

 

Three separate experiments were done with Scenedesmus obliquus. The results are shown in 

Figure 4. 4 to Figure 4. 6. The initial concentrations of heavy metals were chosen to be 50 

mg/L, 10 mg/L, 5 mg/L and 5 mg/L for As(V), As(III), Ga(III), and In(III) respectively. For 

Figure 4. 5, a higher As(V) concentration (~84mg/L) was chosen to study the effect of this 

higher concentration on the Scenedesmus obliquus’s growth rate and biomass production. 

These values were based on the results of the 96 well plate experiments (Table 4. 1). Slightly 

higher values were chosen for As(III), In(III), and Ga(III). This is because it was observed that 

while these metals inhibited growth initially during lag phase, the strains adapted to stress 

induced by them after a few days and experienced growth at slightly higher concentrations. 

For As(V), a lower value from that observed in the 96-wells plate was chosen since such high 

concentrations in industrial wastewater is uncommon due to regulations. 
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Table 4. 2: Summary of Growth rate for each Heavy Metals during Active Growth Phase 

Fig Strain Metal Conc. 

(mg/l) 

Rate 

(slope) 

(nm/day) 

Rate 

g/l/day 

R2 Active 

Growth 

Phase  

% 

Change 

pH 

Figure 

4. 4 

Scenedes

mus 

obliquus 

Control null 0.60 0.29 0.93 Day 2 - 10 0.00% 6.5 – 8.0 

As(V) **50 0.51 0.25 0.96 Day 2 - 10 15.12% 6.5 – 8.0 

As(III) **10 0.66 0.32 0.99 Day 2 - 6 -9.97% 6.5 – 8.0 

Ga(III) **5 0.29 0.14 0.95 Day 6 - 14 51.16% 6.5 – 8.0 

In(III) ** 5 0.11 0.06 0.89 Day 4 - 10 81.23% 6.5 – 8.0 

             

Figure 

4. 5 

Scenedes

mus 

obliquus 

Control null 0.43 0.21 0.94 Day 2 - 10 0.00% 6.5 – 8.0 

As(V) ~84 0.40 0.19 0.93 Day 2 - 10 7.67% 6.5 – 8.0 

As(III) ~9 0.28 0.13 0.94 Day 2 - 10 36.05% 6.5 – 8.0 

Ga(III) ~(0.03)* 0.38 0.19 0.96 Day 4 - 11 11.86% 6.5 – 8.0 

In(III) ~(-0.04)* 0.16 0.08 0.98 Day 4 -13 61.86% 6.5 – 8.0 

             

Figure 

4. 6 

Scenedes

mus 

obliquus 

Control null 0.53 0.26 0.97 Day 2 -10 0.00% 6.5 – 8.0 

As(V) ~ 50 0.49 0.24 0.98 Day 2 - 10 8.13% 6.5 – 8.0 

As(III) ~10 0.16 0.08 0.93 Day 2 - 10 69.94% 6.5 – 8.0 

Ga(III) ~ 9 0.24 0.12 0.93 Day 5 - 15 55.20% 6.5 – 8.0 

In(III) ~ 4 0.18 0.09 0.96 Day 5 - 15 65.60% 6.5 – 8.0 

             

Figure 

4. 7 

Chlorella 

sorokini

ana 

Control null 0.64 0.26 0.96 Day 2 - 7 0.00% 6.5 – 8.0 

As(V) ~120 0.48 0.19 0.95 Day 2 - 7 25.04% 6.5 – 8.0 

As(III) ~15 0.57 0.23 0.97 Day 2 - 7 11.02% 6.5 – 8.0 

Ga(III) ~4 0.20 0.08 0.98 Day 6 - 13 69.13% 6.5 – 8.0 

In(III) ~5 0.07 0.03 0.90 Day 12 -16 89.76% 6.5 – 8.0 

             

Figure 

4. 14 

Chlorella 

sorokini

ana 

Control null 0.50 0.21 0.99 Day 2 - 7 0.00% 6.5 – 8.0 

As(V) ~ 130 0.45 0.18 0.97 Day 2 - 7 11.31% 6.5 – 8.0 

Ga(III) ~ 4 0.20 0.08 0.87 Day 2 - 9 59.92% 6.5 – 8.0 

Ga(III) 

pH 

Control 

~ 4 

0.18 0.07 

0.96 Day 2 - 9 

63.49% 

6.5 

*Possible errors in ICP measurement  

**Exact value not measured with the ICP. Values are estimated based on dilution 

calculations 
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Figure 4. 4: Growth rate of Scenedesmus obliquus in the presence of As(V), As(III), In(III) and 
Ga(III) 
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Figure 4. 5: Growth rate of Scenedesmus obliquus in the presence of As(V), As(III), In(III) and 
Ga(III) 
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Figure 4. 6: Growth rate of Scenedesmus obliquus in the presence of As(V), As(III),  In(III) and 
Ga(III) 
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Figure 4. 7: Growth rate of Chlorella sorokiniana in the presence of As(V), As(III),  In(III) and 
Ga(III) 
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showed a somewhat consistent effect on growth rate and biomass production, reducing the 

growth by more than 50% (Between 50 to 80%), except in one instance where Ga(III) had a 

higher growth rate.  For this particular case, ICP measurement showed a very low 

concentration of Ga(III). It is pertinent to note that pH was not controlled for these 

experiments and it varied during each experiment, thus having a potential impact on the 

growth.  Furthermore, the results for all of the experiments are average values of the 

duplicate experiment. In a few instances (e.g., the control and As(V) in Figure 4. 5), one of the 

duplicates for both experiments were likely contaminated during the experiment, resulting 

in inhibited growth. Hence, the average value was lower than usual (such as control which 

had a 0.43 growth rate).   

 

For the Chlorella sorokiniana, both Ga(III) and In(III) had the highest effect on the strain's 

growth rate, about a 69% change for Ga(III). In(III) had a slightly higher concentration (~5 

mg/L) and thus its effect on the growth rate was more significant (~90% change).  It is 

unclear why As(III) had a lower effect on the strain’s growth rate compared to As(V). 

However, the result (Figure 4. 7) shows that the strain produced more biomass in the 

presence of As(V) compared to As(III). 

 

While both strains showed some similarity in their active growth phase range in the 

presence of the four heavy metals, Scenedesmus obliquus had a longer active growth period 

(Between day 2 to 10) for the control, As(V) and As(III) cultures compared to Chlorella 

sorokiniana (Between day 2 to 7). Furthermore, control cultures, as well as cultures 

containing As(V), and As(III) had short lag phases regardless of strain. However, both strains 
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experienced a significant five day lag in their growth when Ga(III) and In(III) were present.  

In one instant, Chlorella sorokiniana did not grow in the presence of In(III) until day 12.  

 

Further comparing the growth behavior of Chlorella sorokiniana and Scenedesmus obliquus 

for the four metals, it was observed that Scenedesmus obliquus had produced more biomass 

compared to Chlorella sorokiniana. In a study, Ördög et al. reported that Scenedesmus strains 

produced more biomass after 14 days in culture compared to Chlorella strains (Ördög et al. 

2013). However, Chlorella sorokiniana had a higher heavy metal concentration tolerance 

compared to Scenedesmus obliquus. This observation is similar to what was shown in the 

preliminary experiments using the 96 well plates. For both strains, the control culture and 

As(V) had the highest growth rate, while In(III) had the least.  

 

It is important to note though that the reported growth rates are based on the linear growth 

phase (see Table 4. 2), hence the reported values could change for a different growth period. 

However, the growth period that was chosen to calculate the growth rate was a period at 

which there was observed growth in the microalgae strains. Due to light limitation and 

nutrient starvation, algal cell growth diminishes significantly after a period until the cells 

begin to die.  Hence the data points beyond the time for which there was active growth were 

not used in calculating the growth rate. 
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4.3  Changes in Heavy Metal Concentration during Growth Cycle  

Microalgae are known to serve as biosorbent due to the presence of some functional groups 

such as carboxyl, hydroxyl, phosphate, sulfate (Abbas et al. 2014).  Studies have been 

conducted to determine the ability of the dead and living cell to biosorp heavy metals and 

serve as treatment method (Abbas et al. 2014, Kumar et al. 2015, He and Chen, 2014, 

Zeraatkar et al. 2016, Khummongkol et al. 1982, Ilhan et al. 2004). Furthermore, heavy 

metals are known to cross cell membranes. In this section, the variations in the concentration 

of the heavy metals in the media during growth are discussed. The results are listed in 

duplicates just as the experiments were conducted in duplicates. For the initial experiment 

(Table 4. 3; Fig 4.4), only the final concentration was measured with ICP, while initial and 

final concentrations were measured for the next experiment (Table 4. 4; Fig 4.5). However, 

the unusual behavior of Ga(III) and In(III) subsequently led us to measure the heavy metals 

concentrations at four different stages to better understand the changes and behavior of 

these metals.  The concentrations were measured before the media was autoclaved, after it 

was autoclaved (but before inoculum was added), with algae on day 1, and at the end of the 

growth period.  Table 4. 5 (Fig 4.6) shows the results of these measurements for 

Scenedesmus; whereas Table 4. 6 (Fig 4.7) and Table 4.7 reflects the results of these 

measurements for Chlorella. All concentrations are in mg/L. 

Table 4. 3: Final concentrations of As(V), As(III), In(III) and Ga(III) in cultures with 
Scenedesmus obliquus after 16 days of growth 

 
Final Conc. 
(mg/L) 

 
Final Conc. 
(mg/L) 

 
Final Conc. 
(mg/L) 

 
Final Conc. 
(mg/L) 

As(V) 1 21.9 As(III) 1 4.07 In(III) 1 1.01 Ga(III) 1 0.99 

As(V) 2  22.16 As(III) 2 3.92 In(III) 2 1 Ga(III) 2 0.99 
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Table 4. 4: Initial and Final concentrations of As(V), As(III), In(III) and Ga(III) in Scenedesmus 
obliquus after the addition of algae to the culture 

Heavy Metals Initial Concentration (mg/L) Final concentration(mg/L) 

As(V) 1 84.07 37.59 

As(V) 2 82.44 40.72 

As(III) 1 8.26 7.68 

As(III) 2 8.88 7.69 

Ga(III) 1 0.03 2.66 

Ga(III) 2 0.03 2.78 

In(III) 1 -0.03 0.75 

In(III) 2 -0.04 0.93 

 

Table 4. 5: Changes in As(V), As(III), In(III) and Ga(III) Concentrations During Growth Cycle in 
Scenedesmus obliquus culture. 

Heavy 

Metals 

Initial 

Concentration 

Before Autoclave 

(mg/L) 

Initial 

Concentration 

after Autoclave 

(mg/L) 

Initial 

Concentration 

with algae 

(mg/L) 

Final 

concentration 

(mg/L) 

As(V) 1  49.32 49.93 49.28 66.3 

As(V) 2  48.98 62.45 

As(III) 1 9.21 9.66 9.49 2.37 

As(III) 2 9.36 2.57 

Ga(III) 1 4.22 8.81 8.52 2.88 

Ga(III) 2 8.39 2.27 

In(III)  1 3.13 4.05 0.28 1.06 

In(III)  2 0.48 0.75 
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Table 4. 6: Changes in As(V), As(III), Ga(III) and In(III) Concentrations During Growth Cycle 
for Chlorella sorokiniana 

Heavy Metals Initial 

Concentration 

Before Autoclave 

(mg/L) 

Initial 

Concentration 

after Autoclave 

(mg/L) 

Initial 

Concentration 

with algae 

(mg/L) 

Final 

concentration 

(mg/L) 

As(V) 1  120.67 121.63 128.47 111.5 

As(V) 2 132.12 118.84  

As(III) 1  14.1 15.08 15.62 12.77 

As(III) 2  14.46 12.14 

Ga(III) 1  4.05 4.38 3.87 1.76 

Ga(III) 2  4.09 2.36 

In(III) 1  9.77* 3.31 4.6 3.53 

In(III) 2  5.9 3.51 

*Possible error in measurement 

 

Table 4. 7: Changes in As(V) Concentration During Growth Cycle for Chlorella sorokiniana 

Heavy 

Metals 

Initial 

Concentration 

Before Autoclave 

(mg/L) 

Initial 

Concentration 

after Autoclave 

(mg/L) 

Initial 

Concentration 

with algae 

(mg/L) 

Final 

concentration 

(mg/L) 

As(V) 1  -0.23* 131.33 127.93 121.18 

As(V) 2  125.34 121.14 

*Possible error in measurement 
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A rapid In(III) concentration decrease is seen in Table 4. 4 & Table 4. 5 for In(III) for 

Scenedesmus obliquus once the strain is added to the culture medium containing the metal. 

Concentrations up to 4 mg/L was measured before, and after autoclave, however, a much 

lower concentration is seen (<0.5mg/L) once algae inoculum is added, with a slight 

concentration increase at the end of the experiment (~1mg/L). These measurements, 

however, are in the low detection range of the ICP. This disappearance of the metals suggests 

that the Scenedesmus obliquus strain might have absorbed most of the heavy metal as soon 

as it was added to the media, binding to the cell surface, hence the lower concentration in 

the media. The adsorption of the metal helps explain the long lag phase noticed for the 

growth of Scenedesmus obliquus in cultures containing In(III).  It has been suggested that 

algae produce excessive cytoplasmic lipid droplets to serves as a sink to sequester reactive 

oxygen species molecules produced by the presence of heavy metals, accelerating the 

biosynthesis of such molecules (Napan et al. 2015). Cultures containing As(III) and Ga(III) 

showed significant percent change in growth rate (an average of 73.78 ± 1.76 % and 69.5 7± 

4.77% respectively), as well as significant biosorption of these metals to the algal cells.  

 

As(V) also had a decrease in its concentration (Table 4. 4) for Scenedesmus obliquus (~50% 

decrease), however, the results for As(V) culture at the end of a subsequent experiment 

(Table 4. 5) showed a significant increase in the heavy metal concentration at the end of the 

experiment. The concentration increased from ~ 50mg/L to ~65mg/L for both flasks. This 

increase in the concentration of As(V) at the end of the experiment was most likely due to 

previous metal accumulation on the 1L Erlenmeyer flask from the previous experiment.  At 

that time of the experiment, the glassware used for previous As(V) experiment were not acid 
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washed before a new experiment was conducted. Results for a similar experiment (Table 4. 

4) conducted with clean glassware showed a more accurate result. Consequently, all 

glassware was acid washed before use for subsequent experiments.  

 

For Chlorella sorokiniana, (Table 4. 6) there was relatively low amount of removal of the 

metals from solution. The rapid removal of In(III) was not observed. It is pertinent to note 

that since the concentrations used for each metal were different, it is hard to draw 

conclusions on the adsorption capacity of the strains (Scenedesmus obliquus and Chlorella 

sorokiniana) of the heavy metals solely based on the percent change. For both strains, there 

was a decrease in the heavy metal concentration in the media at the end of the experiment 

suggesting an adsorption of heavy metals in solution during the growth period. Also, it is 

likely that some of the metals were left on the surface of the glassware during the 

experiment, thus reducing the concentration. In some cases, there was a slight increase in 

the concentration of the heavy metal after autoclave. It is likely that the temperature increase 

that occurs during the autoclave process allows the metals to fully dissolve in solution. 

Ideally, at increased temperature, there is an increase in kinetic energy which allows solvent 

molecules to more efficiently break molecules of the solute that are held together by 

intermolecular attractions. 

 

The slight variations in the reported growth rates (Table 4. 2) were mostly due to the 

difference in concentrations of the heavy metals for different experiments.  In Figure 4. 4, 

As(III) had an unusually higher growth rate. However, this is most likely due to the low final 

concentration of As(III) (~4mg/l; See Table 4. 3). As(V) had low growth rate (Figure 4. 5) 
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because of high concentrations (~84mg/l; Table 4. 4) used for the Scenedesmus obliquus 

strain, which has a lower tolerance to As(V) when compared to Chlorella sorokiniana. For 

Chlorella sorokiniana strain (Figure 4. 7), As(III) had an unusually high growth rate despite 

the high concentration (~15mg/l; Table 4. 6) 

 

These results, including that observed for In(III), suggest that Scenedesmus obliquus adsorbs 

the heavy metals studied in this experiment faster. The percent change was much higher 

than that observed Chlorella sorokiniana. Chlorella sorokiniana is single-cell green 

microalgae with much smaller cell size (spherical and about 2 to 10 μm) compared to 

Scenedesmus obliquus. This cell size difference may be one reason why Scenedesmus obliquus 

adsorbs more of the heavy metals compared to Chlorella sorokiniana. 
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4.4  Effect of Heavy Metal on Lipid Content Yield  

In general, stresses induced on microalgae by changes in nutrient, light, salinity, temperature 

and heavy metal concentration are known to affect lipid content. In this section, the effect of 

the heavy metals on lipid content yield is studied. Results discussed in Section 4.3 showed 

that both Chlorella sorokiniana and Scenedesmus obliquus adsorb some of the heavy metal 

during their growth period. However, it appeared that Scenedesmus obliquus adsorbed more 

of the heavy metals. While a previous study reported that Scenedesmus strains produced 

more biomass after 14 days in culture compared to Chlorella strains (Ördög et al. 2013), 

algae fuel containing heavy metals is likely problematic to both the environment and the 

vehicle/system that will use them.  Hence, algae strains that absorb lower amounts of the 

heavy metals are more desirable and feasible to make biofuel, while strains that adsorb more 

metals may be better for wastewater treatment applications. 

 

Consequently, the effects of the heavy metals on lipid content were studied for Chlorella 

sorokiniana. Figure 4. 8 and Figure 4. 9 show the lipid contents of Chlorella sorokiniana under 

different growth conditions; with As(V), with As(III), with In(III) and with Ga(III). In Figure 

4. 8, the lipid content without metals is shown as the control. Figure 4. 10 compares the lipid 

productivity of the strain grown in the presence of As(V) and Ga(III) only. A previous study 

reported Scenedesmus obliquus and Chlorella sorokiniana strains to have lipid content in the 

range of 25 -28% (Unkefer et al., 2016).  Results from this experiment showed slightly higher 

lipid contents, especially for cultures containing In(III) and Ga(III). 
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Figure 4. 8: Lipid content comparison of Chlorella sorokiniana under five different growth 
conditions; without metals (Control), with As(V), with As(III), with In(III) and with Ga(III).  The 
error bar denotes the maximum and minimum lipid content obtained for each sample.  
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Figure 4. 9: Repeat Experiment Comparing the Lipid content of Chlorella sorokiniana under 
fours different growth conditions; with As(V), with As(III), with In(III) and with Ga(III) 
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Figure 4. 10: Lipid content comparison of Chlorella sorokiniana under three different growth 
conditions; without metals (Control), with As(V) and with Ga(III). 
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the algae since the growth rate decreased by almost 90%. Therefore it is not unreasonable 
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For all three experiments, the lipid content for As(V) was lower than the control, suggesting 

that while As(V) had less effect on growth rate, it affected the lipid content of the algae strain. 

The lipid content of algae harvested from media with As(V) was within 21.7 -24.7% 
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4.5  Effect of Heavy Metal on Fatty Acid Profile 

For the same reason discussed in Section 4.4, the effect of the heavy metals on fatty acid 

methyl ester (FAME) content for Chlorella sorokiniana was studied. Figure 4. 11 shows the 

FAME profile of Chlorella Sorokiniana cultivated under five different conditions; without 

metals (Control), with As(V), with As(III), with In(III) and with Ga(III). Figure 4. 12 and 

Figure 4. 13 shows the FAME Profile of Chlorella Sorokiniana for Control, As(V) and Ga(III). 

 

 

Figure 4. 11: FAME Profile of Chlorella Sorokiniana for Control, As(V), As(III), In(III) and Ga(III) 
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Figure 4. 12: FAME Profile of Chlorella Sorokiniana for Control, As(V) and Ga(III)  
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18:3 (Petkov and Garcia 2007). 

 

A study conducted by the National Renewable Energy Laboratory in Golden, Colorado found 

that FAME profile affects the fuel quality; High levels of saturated FA such as C14:0, C16:0, 

and C18:0 increased cloud point and Cetane number, reduced NOx, and improved stability. 

Whereas polyunsaturated FA such as C18:2 and C18:3 reduced cloud point and Cetane 

number, increased NOx, and reduced stability (Tyson, S. K. 2001). NOx exhaust emissions 

increase with an increasing unsaturation degree.  

 

The physical-chemical properties of biodiesel are determined by the molecular structures of 

the constituents FAME which vary according to carbon chain length, branching, and the 

amount and position of double bonds. These properties include cetane number, iodine value, 

the cold filter plugging point, oxidation stability, heat of combustion, exhaust emissions, 

viscosity and lubricity (Nascimento et al. 2013, Francisco et al. 2010).  Also, the presence of 

air, heat, light, traces of metal, antioxidants, peroxides, as well as the nature of the storage 

container determine the stability of the biofuel (Francisco et al. 2010).  

 

The cetane number (CN) is indicative of the time delay in the ignition of the fuel, for diesel 

cycle engines. The higher the CN, the shorter is the ignition time. The cold filter plugging 

point (CFPP) is a parameter usually used for the prediction of the flow performance of 

biodiesel at low temperatures. Cetane number is known to increase with the length of the 

unbranched carbon chain of the FAME components. Long chains FAME would generate a 

biodiesel with higher density and viscosity that would contribute to increasing the CN and 
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the CFPP, which have adverse effects on the motor combustion process.  

 

Furthermore, saturated fatty acids have significantly higher melting points than unsaturated 

fatty acids, and in a mixture, crystallize at temperatures where unsaturated fatty acids 

remain liquid. The presence of saturated molecules of FAME in oils could results in 

crystallization at temperatures within the normal engine operation range. For example, 

biodiesel rich in stearic (C18:0) and palmitic acid (C16:0) methyl esters tends to exhibit a 

poor cold filter plugging point (equivalent to a higher temperature of plugging point) since 

these FAME precipitates when a liquid biodiesel is cooled (Nascimento et al. 2013, Francisco 

et al. 2010). 

 

In this study, the presence of heavy metals in the culture altered the composition of FAME. 

As(V) and As(III), while less toxic to the strains and only changing the growth rate by 10 to 

20%, had more impact on the FAME profile. Growth in the presence of As(V) and As(III) 

(Figure 4. 12) decreased the amount of C18:2, ω-6, and increased the composition of C18:3, 

ω-3. Also, the result showed that C18:1, ω-6, was absent in the culture with As(III).  On the 

other hand, growth in the presence of In(III) and Ga(III) increased the amount of C16:0.   

 

The 100% monounsaturated fatty acids— C16:1, C18:1, C20:1 or C22:1 — are the ideal fatty 

acid profile for biodiesel (Tyson et al. 2004).  Two of these monounsaturated fatty acids 

(C16:1 and C18:1) were observed in the results of this experiment. The highest amount of 

C18:1 was found for the cultures grown with Ga(III) compared to growth with any of the 

other three metals in all cases. Chlorella species are not expected to produce fatty acids with 
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20 carbon atoms and four or five double bonds unless in mixed algal culture, bacterial 

contamination or impurities. Figure 4. 13 shows a comparison of the compositions of C16:0, 

C16:1, C16:2, C16:3, C18:0, C18:1, ω-6, C18:2, ω-6, and C18:3, ω-3 for As(V) and Ga(III). 

 

 

Figure 4. 13: FAME Profile of Chlorella sorokiniana for Control, As(V) and Ga(III) 
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heptadecanoic acid (Ördög et al. 2013).  However, for this experiment (Figure 4. 13) the 

following trend which is slightly different from the general trend reported by Ördög et al was 

observed;   

For control: C16:0 > C18:2 > C18:3 > C18:1 > C16:3 > C16:2 > C18:0 > C16:1 

With As(V): C16:0 > C18:3> C18:2 > C16:3 > C18:1 > C16:2 > C18:0 > C16:1 

With Ga(III): C16:0 > C18:2 > C18:3 > C18:1 > C16:3 > C16:2 > C18:0 > C16:1 

 

For the cultures containing As(V) and Ga(III), the difference in FA composition from that 

reported by Ördög et al. is likely due to the stress induced by the heavy metals which altered 

the composition. The control culture (without metals) may have differed from those of Ördög 

et al. due to the different growth conditions. Growth conditions are known to affect FAME 

profiles. Ördög et al. used a different media for their study, an extended light period (20L/h), 

a lower CO2 aeration (1.5% CO2-enriched sterile humidified air) and nitrogen-stressed 

conditions.  

 

While this present study only evaluated the FAME composition of Chlorella sorokiniana 

strain, Ördög et al. compared Scenedesmus obliquus strain to 29 others and reported that 

the strain had the best FA profile with the lowest levels of linolenic acid (Ördög et al. 2013).   
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4.6  Effect of Controlled pH  

In this section, the effect of growth under controlled pH for media with Ga(III) was studied 

in detail. An experiment was also conducted to evaluate the effect of pH control on Chlorella 

sorokiniana lipid content in a culture containing As(V). The effect of pH control for As(III) 

and In(III) was not studied. Experimental data showed that bubbling a mixture of 95% air 

and 5% CO2 into the algae culture flask resulted in a variable pH between 6 and 8.  The pH 

control was achieved through the controlled addition of CO2 to the culture in the flasks using 

a pH probe and pH controller to measure and maintain the pH at 6.5. 

 

For the experiment in Figure 4. 14, a slight decrease in growth rate for the active growth 

phase was observed for the pH controlled culture at same concentrations, although the 

difference is not statistically significant. Table 4. 8 (also part of Table 4. 2) summarizes the 

growth rate at 750 nm wavelength and lists the concentrations of the heavy metals as 

measured with the ICP.  
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Figure 4. 14: Growth rate of Chlorella sorokiniana with As(V), Ga(III) and Ga(III) at controlled 
pH of 6.5 

 

 

 

Table 4. 8: Summary of Growth rate with Ga(III) controlled pH during Active Growth Phase 
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(mg/l) 

Rate 

(slope) 
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Rate 

g/l/day 

R2 Active Growth 

Phase  

% 

Change 

pH 

Chlorella 

sorokiniana 

Control null 0.50 0.21 0.99 Day 2 - 7 0.00% 6.5 – 8.0 
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Table 4. 9 shows the changes in the concentration of Ga (III) for the growth of Chlorella 

sorokiniana with and without pH control. The results suggest that the strains adsorbed more 

Ga(III) when pH was controlled at 6.5 compared to the other cultures in which the pH varied 

between 6.5 and 8.0. The solubility of metal decreases significantly at higher pH allowing for 

possible precipitation (Abbas et al. 2014). At low pH, the biosorbent surface is surrounded 

by hydronium ions which enhance the anions interaction with binding sites and prevent the 

approach of cations. However, as pH increases, the biomass surface charge becomes 

negative, resulting in decreased biosorption capacity of anions but increase in the interaction 

with positively charged cations. This might explain the lower final concentration observed 

for the Ga(III) pH controlled media.  

 

Table 4. 9: Changes in Ga(III) Concentration During Growth Cycle compared to pH Controlled 
media at 6.5 

Heavy Metals Initial 

Concentration 

Before Autoclave 

Initial 

Concentration 

after Autoclave 

Initial 

Concentration 

with algae 

Final 

concentration 

Ga(III) 1 3.84 -0.03* 3.88 2.52 

Ga(III) 2 3.87 1.49 

Ga(III) pH 

Controlled 

4.06 3.94 3.89 0.69 

*Possible error in measurement.  
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Figure 4. 15: Lipid Content Comparison of Chlorella sorokiniana under Ga(III) pH controlled 
and Non-controlled culture 

 

Figure 4. 15 shows the effect of pH control on the lipid content of Chlorella sorokiniana in a 

Ga(III) culture. The pH controlled culture produced higher lipid content, but the FAME 
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content compared to the one with just As(V), but the lipid content was lower than that of 

As(V) pH controlled culture.  

  

 

Figure 4. 16: FAME Profile of Chlorella sorokiniana for Control, As(V), Ga(III) and Ga(III) at a 
controlled pH of 6.5 
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Figure 4. 17: Lipid content comparison of Chlorella sorokiniana under four different growth 
conditions; without metals (Control), with As(V), with a mixture of As(V) and Ga(III), and with 
Ga(III) at a controlled pH of 6.5 
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4.7  Practicability of Present Study 

While this work evaluated the effects of four heavy metals individually on two microalgae 

strains, it demonstrates a plausibility of using heavy metal contaminated wastewater for 

algae growth and lays a foundation for further studies on the potential of using industrial 

wastewater for large-scale growth of microalgae for commercial biofuel production. The 

results of this present study are nevertheless inadequate to make definite assertion on the 

practicability, including substantial cost justification, of using industrial wastewater for 

commercial biofuel production 

 

One of the strains investigated in this work is Chlorella Sorokiniana which is regarded as one 

of the most promising algae feedstocks because the algae can grow in autotrophic, 

heterotrophic, and mixotrophic conditions and known to have long straight chain alkanes 

(Neofotis et al. 2016). However, the FAME composition of microalgae oil and the lipid 

productivity are a key consideration in selecting strains for a feasible algae-based biodiesel 

industry.   

 

According to Schenk et al. 2008, a high-quality biodiesel should comprise of a 5:4:1 mass 

ratio of C16:1, C18:1, and C14:0, with a low oxidative potential while retaining good cold flow 

characteristics and high cetane number. Such features are not typical of an individual 

microalgae species. It is not common for a single algae species to produce a lipid capable of 

fulfilling all the requirements for a biodiesel of the high-quality grade. Besides, the present 

study suggests that the presence of heavy metals and conditions of growth affects FAME 

composition. Nascimento et al. 2013 compared 12 microalgae strains according to their 
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biomass and lipid productivities and suggested that a high-quality biodiesel may be achieved 

by using a mixture of the distinct lipid extracts obtained from different species. 

 

As seen in this study, some heavy metals alter the biomass productivity, and lipid content of 

the microalgae strain in beneficial ways.  Hence, there may be some possibility of using heavy 

metals/compounds in the wastewater as a means of achieving an optimum FAME profile for 

biofuel production.   
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CHAPTER FIVE: CONCLUSION AND FUTURE WORK 

5.1  Conclusion 

This study aimed at evaluating the potential of using industrial wastewater to grow algae for 

biofuel production.  The result of the study showed the effects of As(V), As(III), Ga(III), and 

In(III) individually on toxicity, growth rate, concentration changes/metal adsorption, lipid 

content and FAME profile of Scenedesmus obliquus and Chlorella sorokiniana strains. Effects 

of pH control were also studied for Ga(III).  

 

The result of the study showed the heavy metals had higher toxicity on Scenedesmus 

obliquus compared to Chlorella sorokiniana strains. As(V) had the least toxicity to both 

strains, while Ga(III) and In(III) showed the highest toxicity.  The growth rate varied for both 

strain in the four metals, but As(V) had the least impact on the growth rates. The effect of the 

metals on the lipid content and FAME profile was evaluated for Chlorella sorokiniana strain 

only. In(III) resulted in increased lipid content, while the lowest lipid content was recorded 

in culture with As(III). There were slight variations in the FAME profile, but overall the 

composition remained consistent. As(V) and As(III) may have increased the amount of C18:3, 

ω-3, but slightly reduced C18:2, ω-6. 
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5.2  Future Work  

This project only studied the effects of individual heavy metals on Scenedesmus obliquus and 

Chlorella sorokiniana strains, whereas, industrially wastewater typically contains more than 

a single compound/heavy metal. The results of this study show that heavy metal 

contaminated water could be used to grow green algae and make biofuel. However, it is 

necessary to conduct a further in-depth study using real industrial wastewater effluent to 

observe the effect of a mixture of heavy metals and other compounds in such wastewater on 

the growth, lipid content, FAME accumulation of the algae strain. Laboratory simulated 

industrial waste containing the appropriate composition of heavy metals and other 

compounds could be prepared and used for such experiments first. 

 

Future work should involve a mass and concentration balance which will evaluate the 

amount and heavy metals adsorbed by the algae strain and the amount left in the liquid 

media after harvesting to confirm material balance. This could be achieved by desorbing the 

adsorbed metal at the end of the experiment from the algae and measure the exact amount 

of metal adsorbed onto the algae during the growth process.  

 

While this study evaluated the effect of each heavy metals on growth rate, toxicity and 

changes in concentration for both Scenedesmus obliquus and Chlorella sorokiniana strains, it 

only evaluated the effects of the heavy metals on lipid content and FAME profile for Chlorella 

sorokiniana strain. Future study may also include evaluation of the effects of the metals on 

lipid content and FAME profile of Scenedesmus obliquus.  
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Furthermore, the behavior of both strains in Ga(III) and In(III) requires further studies to 

understand their uptake and effect on the growth rate better.  The present study showed that 

both metals had the highest toxicity to both strains.  Also, their growth behavior seemed to 

have varied in different experiments under similar conditions. Concentration measurements 

of both metals using ICP sometimes yielded unexpected results.  One observation is in Table 

4. 5 where the concentration of In(III) seemed to decrease significantly when Scenedesmus 

obliquus is added to the media but increased at the end of the experiment. 

 

Lastly, while the present study showed that controlling the pH of the culture had positive 

effects on growth rate, lipid content and slightly altered the FAME compositions, time and 

equipment limitations made it difficult to study this effect for all the metals in this work. 

Hence, it is recommended that future work evaluate the effect of controlled pH on other 

metals as well. 
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