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Abstract 
 
Using algae as a feedstock for biodiesel has been considered for a number of years, but it has 

always had limitations, due mainly to the production methods used to grow and harvest the 

algae.  In this project, we propose a novel attached growth method to produce the algae while 

recycling dairy farm wastewater using the microalga Chlorella sp.  The first part of the work 

provided a feasibility study of attachment of the alga onto the supporting material as optimizing 

parameters for the algae to be grown on wastewater.  The results showed that wastewater filtered 

through cheesecloth to remove large particles was feasible for production of Chlorella sp, with 

pure wastewater producing the highest biomass yield.  The algae were able to produce more than 

3.2 g/m2-day with lipid contents of about 9% dry weight, while treating dairy farm wastewater 

and removing upwards of 90% of the total phosphorus and 79% of the total nitrogen contained 

within the wastewater.  Rather than focus solely on biomass production, in the second part, we 

looked into biodiesel creation methods as well.  Biodiesel is created through a chemical reaction 

known as transesterification.  By simplifying the reaction conditions and pretreatment 

operations, while examining the effects in terms of maximum fatty acid methyl esters (FAME) 

produced, we were able to determine that a direct transesterification with chloroform solvent was 

more effective than the traditional extraction-transesterification method.  This synergistic 

research helps to create a more complete picture of where algal biodiesel research and 

development is going in the future. 
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Chapter 1: Introduction 

 

1.1 Rationale and Significance 

 

 Biodiesel is a fast expanding industry within the United States that is facing a growing 

dilemma: a feedstock source capable of keeping up with demand (Eriksen 2008).  As energy 

demands skyrocket and oil reserves begin to falter in their stability, the need for a reliable 

renewable fuel source grows.  There are many options in this area, but unlike solar, nuclear, and 

fossil fuels, biofuels such as bioethanol, biodiesel, and green diesel have the capability of 

providing a fuel source ideally suited to existing infrastructure within the transportation industry. 

 Biodiesel, when blended with petroleum diesel, can be used in unmodified diesel engines.  

It has the added benefit of higher lubricity than petroleum diesel, so it helps provide for greater 

longevity within diesel engines.  To use B100, or pure biodiesel, an engine usually needs a 

slightly modified fuel rail so prevent fouling, but such modifications are inexpensive when 

compared to other changes necessary to adopt competing forms of transportation fuel or energy 

(Chisti 2007; Chisti 2008). 

 Fertilizer run-off on farms across the United States is causing large-scale problems 

among local streams and tributaries, spreading to river networks, and also affecting the coastal 

areas and bays.  Algae blooms caused by nutrient leakage can often be traced to large scale 

operations that produce crop or animal products (Craggs, Adey et al. 1995; Kebede-Westhead, 

Pizarro et al. 2006).  Excess fertilizer provides food for algae in these situations and the algae 

take over a local part of the environment, causing declines in the population of native species.  

Algae blooms are simply one result of nutrient runoff.  Often, the high nitrogen and phosphorous 

contents within the runoff is enough to negatively affect local fauna populations within streams, 

and it can impact drinking water as well.  Macroalgae has been used in the past as a way to 

recycle some of the nutrients within these wastewater sources, and also as a step in industrial 

wastewater treatment (Pizarro, Kebede-Westhead et al. 2002; El Sikaily, Khaled et al. 2006).  

Utilizing this otherwise harmful product as a food source for microalgae capable of producing 

biodiesel is a potential solution.  Added benefits include nutrient recycling, and the reduced cost 

of providing a growth medium for the algae. 
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Currently, algal biofuel production has not been commercialized due to high costs 

associated with production, harvesting, and preparation for traditional extraction-

transesterification into fatty acid methyl esters (FAME).  The reaction to make biodiesel, once 

the lipids from the algae are extracted, is the same as when using virgin vegetable oils, which has 

been in use for a number of years (Apt and Behrens 1999).  This reaction is known as 

transesterification.  However, most methods used to extract the oil from algal biomass rely on a 

dry biomass product.  Previous research has usually used lypholization to ensure low 

homogenous moisture content in the cells (Li, Horsman et al. 2007; Li, Du et al. 2008; Refaat, 

Attia et al. 2008).  This is not very practical in industry due to its high cost and slow dehydration 

times.  Oven drying in industry is also not ideal, as it can lead to damage of the lipid feedstock.  

Using temperatures low enough to protect the lipids causes an increase in drying time, and other 

methods, such as forced air drying, cause an increase in the price.  These excess costs associated 

with biomass pretreatment are what cause the feedstock costs to be the highest expense 

associated with biodiesel production, and microalgae is no exception.  Indeed, microalgal oil 

costs considerably more than soybean oil currently, due mainly to the existing infrastructure for 

terrestrial crops and the lack of investment in the culture of large scale microalgal aquatic 

organisms (Eriksen 2008). 

 

1.2 Hypotheses 

 

The microalgae species Chlorella sp. can be grown on an attached substrate system using 

wastewater from a concentrated dairy operation.  Furthermore, the algal biomass produced from 

this system will rival biomass produced in suspension in terms of biomass productivity, lipid 

yields, and growth characteristics. 

A one stage extraction procedure can be developed to create biodiesel from the alga species 

Schizochytrium limacinum.  Furthermore, this single step transesterification reaction can be as 

effective as the two stage extraction-transesterification reactions widely used in science and 

industry.  Wet algal biomass can be used as a suitable biodiesel feedstock, eliminating complex 

and expensive drying steps. 
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1.3 Objectives 

 

The specific objectives of this project are to: 

1) demonstrate that the microalgae Chlorella sp. can be grown on a solid substrate 

2) demonstrate that dairy farm wastewater can be a suitable nutrient supply for this species 

3) optimize culture conditions to maximize algal biomass and lipid production 

4) examine and optimize the reaction conditions of biodiesel production via extraction and 

transesterification from the microalgae Schizochytrium limacinum. 

 

1.4 References 
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126-131. 
Craggs, R. J., W. H. Adey, et al. (1995). Phosphorus removal from wastewater using an algal turf 
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El Sikaily, A., A. Khaled, et al. (2006). "Removal of Methylene Blue from aqueous solution by 
marine green alga Ulva lactuca." Chemistry and Ecology 22(2): 149-157. 
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Refaat, A. A., N. K. Attia, et al. (2008). "Production optimization and quality assessment of 
biodiesel from waste vegetable oil." International Journal of Environmental Science and 
Technology 5(1): 75-82. 
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Chapter 2: Literature Review 

 

 
2.1  Algal Basics 
 
 Algae is almost everywhere around us.  We see it flourish in both fresh and saline water, 

in cold mountain streams and hot inland swamps and ponds.  Algae grow in almost any aquatic 

environment and use light and carbon dioxide (CO2) to create biomass.  Algae range in size from 

a few micrometers to over 30 m in length. 

 

2.1.1 Microalgae vs. macroalgae 

 There are two classifications of algae: macroalgae and microalgae.  Macroalgae are the 

large (in the size of inches and greater), multi-cellular algae often seen growing in ponds.  These 

larger algae can grow in a variety of ways.  The largest multi-cellular algae are called seaweed; 

an example of this is the giant kelp plant which can be well over 25 m in length.  Microalgae, on 

the other hand, are tiny (in the size of micrometers) unicellular algae that normally grow in 

suspension within a body of water (Chang 2007).  Microalgae are often responsible for the 

appearance of cloudiness within a pond or even an aquarium.  Both types of algae grow 

extremely quickly.  The largest seaweed, giant kelp, is known to grow as fast as 50 cm/day, and 

can reach a length up to 80 m (Thomas 2002).  Microalgae cells can double every few hours 

during their exponential growth period (Metting 1996).  The fact that they grow so quickly 

makes them a promising crop for human use.  Microalgae are known to contain large amounts of 

lipids within their cell structure, and so they are increasingly becoming an interest as a biofuel 

feedstock. 

 

2.1.2 Major composition of microalgal biomass 

 Microalgae cells are a type of eukaryotic cell, and as such contain the same internal 

organelles such as chloroplasts, a nucleus, etc.  The biomass of microalgae contains a number of 

compounds such as proteins and lipids, which make up the organelles.  The composition of the 

biomass is useful for characterizing how the microalgae species is best useful.  For example, 

with the knowledge that biodiesel is made from oils, a microalga with a very high protein content 

and low lipid content would not be useful as a biofuel feedstock. 
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 Algal biomass contains three main components: carbohydrates, protein and lipids/natural 

oil. Because the bulk of the natural oil made by microalgae is in the form of triacylglycerides 

(TAGs) (Figure 2-1), which is the right kind of oil for producing biodiesel, microalgae is the 

exclusive focus in the algae-to-biofuel arena (Danielo 2005).  Microalgae grow very quickly 

compared to terrestrial crops.  They commonly double every 24 h.  During the peak growth 

phase, some microalgae can double every 3.5 h (Chisti 2007). Oil contents of microalgae are 

usually between 20-50% (dry weight) (Table 2-

1), while some strains can reach as high as 80% 

(Metting 1996; Spolaore, Joannis-Cassan et al. 

2006).    

The fatty acids attached to the TAG within the 

algal cells can be both short and long chain 

hydrocarbons.  The shorter chain length acids 

are ideal for the creation of biodiesel, and some 

of the longer ones can have other beneficial uses.  For example, several species of alga have been 

investigated for their production capabilities of omega-3 fatty acids such as docosahexanoic acid 

(DHA, 22:6) (Pyle, Garcia et al. 2008). 

 

Table 2-1. Oil content of some microalgae [adapted from (Chisti 2007; Gouveia and Oliveira 

2009)] 

Microalga Oil content (% dry weight) 

Botryococcus braunii 25-80 

Chlorella protothecoides 23-30 

Chlorella vulgaris 14-40 

Crypthecodinium cohnii 20 

Cylindrotheca sp. 16-37 

Dunaliella salina 14-20 

Neochloris oleoabundans 35-65 

Nitzschia sp. 45-47 

Phaeodactylum tricornutum 20-30 

Schizochytrium sp. 50-77 

Spirulina maxima 4-9 

Tetraselmis suecia 15-23 

 

 

Figure 2-1. Molecular structure of 

triacylglycerol (TAG) 
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2.1.3 Current usage of microalgae 

 Microalgae have several useful characteristics which enable them to be used in a variety 

of ways.  The high lipid, carbohydrate, and protein contents of many algal species have driven 

research in a wide spectrum of uses.  These vary from food products to biofuels, to use for 

phycoremediation.  The exponential growth of algae under ideal nutrient loads has lead to the 

idea of algae as a phycoremediation tool (Olguin 2003), considering that the nutrients that algae 

needs are often a waste product, such as nitrogen and phosphorous.  Microalgae, when grown 

using photosynthesis, also need carbon dioxide, which is often a waste stream from factories.  

Algal biomass can also be used as a biosorpent to clean contaminated waste streams (El Sikaily, 

Khaled et al. 2006). 

 

2.1.3.1 Food and niche products 

 Seaweeds are often used as food, both for people and livestock.  For example, seaweed is 

often used in food preparation in Asia.  Seaweed is rich in many vitamins, including A, B1, B2, 

B6, C, and niacin.  Algae are also rich in iodine, potassium, iron, magnesium, and calcium 

(Poulickova, Hasler et al. 2008).  One study investigated the use of micro- and macro-algae in 

the production of land-based mariculture (Shpigel and Neori 2000).  Many types of algae are also 

rich in omega-3 fatty acids, and as such are used as diet supplements and as a component of 

livestock feed.  The algal biomass may contain high levels of vitamins such as B12 and β-

carotene, minerals, and protein (Belay, Ota et al. 1992; Gordillo, Jimenez et al. 2003).  It may 

also contain essential amino acids such as DHA (Chi, Pyle et al. 2007; Pyle, Garcia et al. 2008) 

and EPA (Wen and Chen 2003).  The high growth rates also make microalgae an attractive 

option as a food supplement. 

 

2.1.3.2 Nutrient removal and fertilizer 

 In addition to providing nutrition, algae can be explored for a variety of other uses such 

as fertilizer and pollution control.  Certain species of algae can be land applied for use as an 

organic fertilizer, either in its raw or semi-decomposed form (Riesing 2006).  Algae can be 

grown in ponds to collect fertilizer runoff on farms; the nutrient-rich algae can then be collected 

and re-applied as fertilizer; potentially cutting down on crop production costs.  Microalgae has 

long been used in treatment ponds and lagoons to remove excess nutrients such as nitrogen and 
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phosphates from animal manure effluent, specifically swine and dairy, where the animals are 

kept in high concentration and land application is not feasible for disposal of the waste (Kebede-

Westhead, Pizarro et al. 2006; Pizarro, Mulbry et al. 2006).  Algal biomass has also been used to 

remove heavy metal contaminants such as uranium (Kalin, Wheeler et al. 2005).  In wastewater 

treatment facilities, microalgae can be used to reduce the amount of toxic chemicals needed to 

clean and purify water (Ahluwalia and Goyal 2007). 

 

2.1.3.3 Wastewater treatment and detoxification 

 Microalgae also have plenty of uses in a different capacity.  One study used algal growth 

response as an indicator of toxicity levels in two types of plants; an aluminum coating plant and 

a pharmaceutical plant (Sacan and Balcioglu 2006).  Developing a correlation between algal 

growth and toxicity provided a simple and inexpensive way to measure the pollutants in the 

waste streams and determine if the plants were releasing effluent within the permitted range of 

their government, the Turkish Water Pollution Control Act (Sacan and Balcioglu 2006).  

Similarly, algae have been used to assess the degree of stabilization of industrial effluents from 

an oil refinery (Joseph and Joseph 2001).  The algae cells were kept in a wastewater holding 

pond, where effluent created a eutrophic system that supported a continuous algal bloom. 

 

2.1.3.4 CO2 emissions 

 Microalgae can also be used for reducing the emissions of CO2 from power plants 

(Briggs 2004).  Coal is, by far, the largest fossil energy resource available in the world. About 

one-fourth of the world’s coal reserve resides in the United States.  Consumption of coal will 

continue to grow over the coming decades both in the U.S. and the world.  Through 

photosynthetic metabolism, microalgae will absorb CO2 and release oxygen, if an algae farm is 

built close to a power plant, the CO2 produced from the power plant could be utilized as a carbon 

source for algal growth; and the carbon emissions would be reduced by recycling waste CO2 

from power plants into clean burning biodiesel (Danielo 2005).  However, as noted above, 

microalgae have many uses beyond the energy aspect. 
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2.1.3.5 Biofuels 

 Algae can be used to generate energy in several ways.  One of the most efficient ways is 

through the utilization of the algal oils to produce biodiesel.  Some algae can produce hydrogen 

gas under specialized growth conditions.  The biomass from alga can also be burned, similar to 

wood, to generate heat and electricity.  Compared with terrestrial crops, which take an entire 

season to grow and contain a maximum of about 5% dry weight of oil, microalgae grow quickly 

and contain high oil content (Chisti 2007).  This is where microalgae come into play in 

producing biodiesel.  Some species of microalgae produce long-chain fatty acids that are useful 

as jet fuel, known as Jet A or Jet A-1 fuels.  Indeed, a Virginia Atlantic Boeing 747-400 made a 

test flight in February 2008 using a blend of 20% biofuel.  The U.S. Department of Defense 

(DOD) is sponsoring research in the creation of JP-8 jet fuel from algae. 

 

2.2  Algae Mass Cultivation Systems 
 

Microalgae require several things to grow.  Since they are photosynthetic, they need a light 

source, carbon dioxide, water, and inorganic salts.  The temperature should be between 15 and 

30°C (~60-80 °F) for optimal growth (Li, Hu et al. 2007).  Some microalgae may be grown 

without light, using an organic carbon source rather than CO2; this is known as heterotrophic 

growth.  However, in order to minimize costs, algae is often grown using sunlight as a free 

source of light, even though it lowers productivity due to daily and seasonal variations in the 

amount of available light.  The growth medium must  contain essential nutrients  such as 

nitrogen, phosphorus, iron, and sometimes silicon (Grobbelaar 2004) for algal growth.  For 

large-scale production of microalgae, algal cells are continuously mixed to prevent the algal 

biomass from settling (Molina, Fernandez et al. 1999), and nutrients are provided during daylight 

hours when the algae are reproducing. However, up to one quarter or the algal biomass produced 

during the day can be lost due to respiration during the night (Chisti 2007). 

Algae are traditionally cultivated either in open ponds, known as high rate ponds (HRP), 

or in enclosed systems known as photobioreactors. Each system has its own advantages and 

disadvantages.  Macroalgae have been grown for some time in attached systems; the best 

examples of these are Algal Turf Scrubber (ATS) systems used to sequester nutrients and 

provide cattle fodder (Craggs, Adey et al. 1995).  Some species can also be grown very densely 

using heterotrophic growth (Borowitzka 1998). 
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2.2.1 Open Raceways  

Open ponds are the oldest and simplest systems for mass cultivation of microalgae. In 

this system, the shallow pond is usually with about 1 foot deep; algae are cultured under 

conditions identical to the natural environment. The pond is usually designed in a “raceway” or 

“track” configuration, in which a paddlewheel provides circulation and mixing of the algal cells 

and nutrients (Figure 2-2).  The raceways are typically made from poured concrete, or they are 

simply dug into the earth and lined with a plastic liner to prevent the ground from soaking up the 

liquid.  Baffles in the channel guide the flow around bends, so as to minimize space and loss.  

Medium is added in front of the paddlewheel, and algal broth is harvested behind the 

paddlewheel, after it has circulated through the loop.   

 Although open ponds cost less to 

build and operate than enclosed 

photobioreactors, this culture system has 

its intrinsic disadvantages.  Since these 

are open air systems, they often 

experience a lot of water loss due to 

evaporation.  Thus, open ponds do not 

allow microalgae to use carbon dioxide 

as efficiently, and biomass production is 

limited (Chisti 2007).  Biomass 

productivity is also limited by 

contamination with unwanted algal 

species as well as organisms that feed on algae.  In addition, optimal culture conditions are 

difficult to maintain in open ponds and recovering the biomass from such a dilute cell yield is 

expensive (Molina, Fernandez et al. 1999).   

 

2.2.2 Closed photobioreactors 

 Photobioreactors are another method to cultivate microalgae.  This process eliminates 

many of the problems experienced with open pond and raceway systems; the advantages seem 

obvious.  Photobioreactors can overcome the problems of contamination and evaporation 

Figure 2-2. Schematic of a high rate pond 
(HRP), or paddlewheel raceway design 
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encountered in open ponds (Molina, Fernandez et al. 2000).  The biomass productivity of 

photobioreactors can be 13 times more than that of a traditional raceway pond on average (Chisti 

2007). Harvest of biomass from photobioreactors is less expensive than that from a raceway 

pond, since the typical algal biomass is about 30 times as concentrated as the biomass found in 

raceways (Chisti 2007).  There are many different shapes of bioreactors, but they usually fall into 

two broad categories: 1) use of natural light or 2) use of artificial illumination (Apt and Behrens 

1999).  The enclosed photobioreactor design is similar to conventional fermenters, but needs a 

supply of light and carbon dioxide.  Enclosed photobioreactors are often tubular to allow for a 

greater amount of light penetration.  The tubes, whether helical or straight, allow for the greatest 

surface area to volume ratio and let the algae grow as they circulate throughout the design 

(Figure 2-3).   

 

However, enclosed photobioreactors also have some disadvantages. Variations in light 

and temperature, common in all photoautotrophic systems, can cause suboptimal growth of the 

Figure 2-3. Schematic of an enclosed photobioreactor (tubular variety). 
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microalgae (Wen and Chen 2003).  The scale-up is very difficult in these systems, and warrants a 

high cost to do so (Molina, Fernandez et al. 1999).  The initial capital cost alone is very high, due 

to their complexity, and differences in design and construction (Eriksen 2008).  This cost can be 

justified when producing a high value product such as a pharmaceutical, but a low value 

commodity, such as fuel, cannot recover the initial cost of construction in any reasonable time.  

Another problem shared between open ponds and photobioreactors is the light penetration issue.  

Light penetration is inversely proportional to cell density (Chen 1996) and decreases 

exponentially with penetration depth.  Paradoxically then, photobioreactors perform worse as 

they produce more.  Attachment of cells to the tube walls may also prevent light penetration. 

Although enclosed systems can enhance the biomass concentration, the growth of microalgae is 

still suboptimal due to variations in temperature and light intensity.  Another common problem 

with bioreactors is the oxygen level will build up as the algae undergo respiration, and the 

toxicity with high oxygen contents will kill the microalgae.  To counter act this, modern 

photobioreactors employ an oxygen scrubber to remove the gas from the system and expel it to 

the atmosphere.  These systems improve aspects of microalgal growth due to the improvements 

listed above. 

 

2.2.3 Heterotrophic culture systems 

 Some species of microalgae can also be grown heterotrophically.  In this case, the alga 

gets its carbon from an organic carbon source in the medium, rather than through carbon dioxide 

(Chen and Chen 2006), and does not undergo photosynthesis, so it doesn’t require a light source.  

Heterotrophic algae generally produce high levels of lipids and less protein than photosynthetic 

algae (Miao and Wu 2006).  Heterotrophic culture is best used in monocultures of a single alga 

species, and requires extensive sterilization of media and equipment.  In a medium rich with 

organic carbon sources such as sugars or organic acids, the algae can easily be out-competed by 

bacteria if any are in the medium (Skelton, Burkholder et al. 2008).  This makes for an expensive 

production; accepted for high value products such as nutraceuticals, but not for a fuel or energy 

product (Schneider 2006).  Heterotrophic production of lipids by microalgae is dependent on 

many factors, such as culture age, media nutrients, and environmental factors such as 

temperature, pH, and salinity (Wen and Chen 2003).  There has been quite a bit of work into the 
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Figure 2-4. Schematic of an ATS system 

production of heterotrophic algae, and while the results all speak highly, the cost and complexity 

associated with a sterile process makes it unfeasible for large scale algae production for biofuel. 

 In addition to cells’ higher lipid content, the cells also achieve higher cell density than in 

photoautotrophic growth (Vazhappilly and Chen 1998).  The cell density is not limited by light 

inhibition as with the previously described growth methods.  Research into rheological properties 

of alga grown heterotrophically in a fermenter confirmed that algal species can be grown to a 

density of 150 g L-1 without any problems (Wu and Shi 2008).  However, not all species of 

microalgae can grow in heterotrophic culture.  Drs. Wen and Chen relayed that microalgae need 

to meet the following conditions for heterotrophic production: (1) the ability to divide and 

metabolize in the dark; (2) the ability to grow on inexpensive and easily sterilized media; (3) the 

ability to adapt rapidly to the new environment (e.g., short or no lag-phase when inoculated to 

fresh media); and (4) the ability to withstand hydrodynamic stresses in fermenters and peripheral 

equipment (Wen and Chen 2003). 

 

2.2.4 Algae Turf Scrubbers 

 Attached culture systems such as  Algae Turf Scrubber (ATS) systems are a different 

method of algal growth.  They rely on keeping the algae in place and bringing the nutrients to it, 

rather than suspending the microalgae in a culture media (Figure 2-4).  There are a number of 

benefits to this method, such as the ability to harvest the algae on its substrate, rather than 

filtering it out of media.  ATS systems were originally designed around the concept of surge flow 

in coral reef communities; water, washed over 

the algae at short time intervals, alternating with 

full exposure to sunlight, could overcome any 

light inhibition problems are deliver the 

maximum load of nutrients and gases to the 

algae (Adey and Goertemiller 1987).  While 

ATS systems have only been used to cultivate 

macroalgae, they have proven to be productive 

and efficient. 

 ATS systems are often employed to treat 

river water.  A small ATS, treating only 1 acre 
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of river water for any N, P, and heavy metal pollution can produce 140 kg/day of dry biomass 

(Algaeturfscrubber.com, 2009).  Turf scrubbers are easy to scale up, and have been scaled up to 

very large systems.  Hydromentia, a company located in Florida, USA, has designed and 

implemented a 1440-acre ATS facility treating river water (Hydromentia, 2009) at over three 

billion gallons per day.  Designs exist that have proven to handle anywhere from 1 mgd to 25+ 

mgd in scalable amounts.  Even down to the miniature scale, ATS systems exist to treat 

aquariums (3x4 inches).  These indoor micro-scrubbers still operate effectively to remove excess 

nutrients in marine fish aquariums. 

 Turf scrubbers have also been tested to treat manure effluent (Craggs, Adey et al. 1995; 

Pizarro, Mulbry et al. 2006; Mulbry, Kondrad et al. 2008; Mulbry, Kondrad et al. 2008).  In a 

recent study, the authors tested the relationship between fatty acid production and manure 

effluent loading rates, but found little correlation (Mulbry, Kondrad et al. 2008).  In the study, 

the total lipid production was low, due to the fact that the algal colony consisted of macroalgae, 

and it had access to an excess of nitrogen, known to reduce lipid production (Sheehan et al 

1998).  Unlike wastewater treatment, the concept of using ATS systems to both treat wastewater 

and produce lipids for energy production is very recent, and has not been explored extensively 

(An, Sim et al. 2002; Mulbry, Kondrad et al. 2008). 

  

2.3  Algae for Wastewater Remediation 
 
 Both micro- and macroalgae have many characteristics that make them ideal for 

wastewater treatment.  Indigenous species can be used, so treatment does not have to be confined 

to avoid contamination.  Algae have the ability to treat many types of contaminants, but have 

proven to be great options when nutrients such as nitrogen (N) and phosphorous (P) need to be 

removed.  Algae have also been investigated for years as a way to remove heavy metals from 

industrial wastewater sources.  Current research is often simply finding new combinations of 

algal species and heavy metal samples (Gupta, Shrivastava et al. 2001). 

 One of the main concerns with the use of algae for wastewater treatment is the lower 

treatment capability of the algae in cold weather or with subdued light conditions when using 

living algae.   For example, in an intensive pond system (ISP)  designed and built in Jining, 

Inner-Mongolia, China for treating municipal wastewater with high suspended solids and lower 

BOD5 and COD ratio values (ie: lower biodegradability) (Wang, Qi et al. 2004), it was found 



14 

that  the ISP operated within national standards during the warm months (May to October), but 

were unable to sufficiently treat the wastewater during the cool season.  Algal photosynthesis 

and productivity slow down in the cold season as there is a lower light intensity and sub-optimal 

temperature range for growth. 

 

2.3.1 Industrial Waste Remediation 

 Industrial remediation refers to any large scale remediation of wastewater that contains 

one or more industrial contaminants, including pollution from acid mine drainage (Rose, Boshoff 

et al. 1998),  heavy metal contamination (Yalcin, Cavusoglu et al. 2008) from production 

facilities, and chemicals from diverse refinery processes (Joseph and Joseph 2001).  Industrial 

remediation is different from municipal wastewater remediation in many ways.  When focusing 

on algae use for removing heavy metals, it is often not expected nor required for the algae to 

survive the process (Brinza, Dring et al. 2007).  However, in some cases, algae tissue has been 

re-used up to 10 cycles of adsorption/desorption of heavy metals (Brinza, Dring et al. 2007).  A 

newer way of looking at wastewater is as a free media for simultaneous growth of a desired 

species and cleansing of the wastewater.  Another project investigated the use of the green 

marine alga Ulva reticulato as a biosorption material for nickel from electroplating industrial 

operations.  The algal tissue was able to be reused for three cycles, while able to biosorb 62% 

nickel, with effective desorption using 0.1 M CaCl2 (pH 2.5 HCl) (Vijayaraghavan 2008).  In 

another instance, the rinse water from the olive oil extraction industry was used to produce 

Scenedesmus obliquus, an alga with a high percentage of unsaturated acids and essential fatty 

acids (Hodaifa, Martinez et al. 2008). 

 A research group in Hong Kong found that the treatment ability is based mainly on the 

species.  One species, Scenedesmus removed 97% of nickel in wastewater after only 5 minutes of 

treatment time.  In wastewater containing 30 mg/l Ni and 30 mg/l Zn, more than 98% Ni and Zn 

were removed simultaneously at the end of 5 min treatment by this Scenedesmus isolate (Chong, 

Wong et al. 1998).  Another group found that the use of algae can offer an increased benefit 

during treatment of hazardous pollutants that must be biodegraded aerobically but might volatize 

under mechanical aeration.  This is because the algae produces oxygen during photosynthesis 

and thereby reduces the need for external aeration (Munoz and Guieysse 2006). 
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 Research also examined the ability of algae to remove dye from industrial wastewater.  

Methylene blue is often used in laboratory and industrial research as an indicator, but is harmful 

to the environment.  The green alga, Ulva lactuca, had a biosorbent capacity of 40% of its own 

biomass (weight %) under idealized conditions (El Sikaily, Khaled et al. 2006).  Another group 

found that a combination of microalgae and macrophytes was suitable for bioremediation of 

recalcitrant industrial wastewater from ethanol and citric acid production (Valderrama, Del 

Campo et al. 2002).  First, the waste stream had to be diluted so that the pH level would not 

prevent the microalga from growing, but following that, it was found that the alga, C. vulgaris, 

reduced ammonium by 72%, phosphorus by 28%, and COD by 61%, while dissolving a 

microbial biofilm after 5 days of incubation. 

 The ability of algae to remediate industrial contaminants has proven very promising.  

Using an algae turf scrubber, one group was able to improve wastewater from its untreated state 

to the point where it met drinking water standards (Adey, Luckett et al. 1996).  In the process, 

they treated industrial groundwater with a COD of 1300 mg/l and a TSS of 2000 mg/l containing 

inorganic elements such as magnesium, iron, and manganese, and organic compounds such as 

trichloroethylene and acetone, which averaged 1071 mg/l (Adey, Luckett et al. 1996).  Other 

groups have successfully used ATS systems for secondary and tertiary treatments of industrial 

wastewater (Craggs, Adey et al. 1996; Craggs 2000) and for the treatment of animal manure 

effluent (Kebede-Westhead, Pizarro et al. 2004). 

In some cases, algae have been used to treat polluted air from factories.  Isaac Berzin, a 

prominent scientist at MIT, has developed a ‘green scrubber’ that uses algae to remove the 

carbon dioxide from power plant exhaust.  When smokestack effluent is bubbled through tubes 

with algae growing in them, the algae remove the carbon dioxide from the effluent, leading to a 

cleaner emission from the point source (Riesing 2006).  Berzin also claims that the algae work as 

a “breath mint,” removing some of the odorous compounds in the exhaust, a major problem 

associated with both industrial and farm production.  The extremely high tolerance of microalgae 

to carbon dioxide content in gas streams allows for its extraordinary rate of mitigation (Li, Du et 

al. 2008). 

One of the major concerns with using microalgae to treat industrial wastewater is the 

contaminants and toxic substances, now bound in the algal cells, make the alga unsuitable as a 

further product, whether high- or low-value.  While this may be the case, the ability to capture 
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the algae, especially is using an attached culture system, creates much greater ease in removing 

the harmful contaminants from waste streams, where they might otherwise negatively impact the 

environment. 

 

2.3.2 Animal Waste Remediation 

 Algae naturally work to reduce the N and P loads in animal wastewater.  In uncontrolled 

situations where the animal residue or fertilizer is allowed to wash into tributaries and streams, it 

feeds massive algal propagation in events known as algal blooms and eutrophication of water 

bodies (Pizarro, Kebede-Westhead et al. 2002; Olguin 2003).  These blooms lead to the algae 

utilizing all available CO2 in an area, then the bacteria that digest the algae as it dies off using all 

of the oxygen in the area, which leads to very low dissolved oxygen levels and natural flora and 

fauna die-off.  Both micro- and macroalgae are used for animal effluent treatment to achieve 

high nutrient reduction rates.  In controlled aquatic systems such as wastewater storage ponds on 

dairy farms, algae make a great example of phycoremediation by consuming the N and P 

components of the waste.  (Olguin 2003). 

 A study in New Zealand showed the promise of a multiple-pond system to treat dairy 

wastewater.  A conventional two  waste stabilization pond (WSP) system provide efficient 

removal of wastewater BOD5 and total suspended solids, but effluent concentrations of other 

pollutants including nutrients and fecal bacteria were unsuitable for discharge to waterways 

(Craggs, Tanner et al. 2002). The authors then developed an Advanced Pond Systems (APS) 

system to achieve a much better performance then WSP system in term of BOD5, TSS, NH4-N, 

phosphorus, and E. coli removal.  The APS consisted of an Anaerobic pond (the first pond of the 

conventional WSP system) followed by three ponds: a High Rate Pond (HRP), an Algae Settling 

Pond (ASP) and a Maturation Pond (which all replaced the conventional WSP system facultative 

pond). It is believed that the algae play an importance role in this performance enhancement 

(Craggs, Tanner et al. 2002). 

In comparison to terrestrial plants, algae have very high growth rates, which lead to 

impressive nutrient use.  Filamentous algae have been used in combination with algae turf 

scrubbers to treat dairy and swine effluent (Mulbry and Wilkie 2000; Wilkie and Mulbry 2002; 

Kebede-Westhead, Pizarro et al. 2006; Mulbry, Kondrad et al. 2008).  The authors found that the 

algae colonies were able to remove between 42-100% of the initial ammonium, and 58-100% of 
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the total initial phosphorus in the wastewater.  As ammonium was the only indicator of nitrogen 

that was measured, the algae were proven to remove between 33 and 42% of the total nitrogen.  

Another study utilizing benthic algae for dairy manure nutrient recovery found that the alga 

could contain large quantities of protein and would be an ideal animal feedstock (Wilkie and 

Mulbry 2002). 

There has also been interest in using microalgae to treat animal wastewater while 

producing lipids for biofuel production.  One of the species most commonly looked into is 

Botrycoccus braunii.  This alga was recently investigated for this treatment and production cycle, 

where it was grown in batches and its ability to remove nutrients from the wastewater was 

investigated while its oil content was measured.  B. braunii was able to remove 88% of TN and 

98% of TP over the course of two weeks while producing 19.8% (DW) crude oil content (Shen, 

Yuan et al. 2008).  The authors also found that under ideal laboratory conditions such as 

autoclaved wastewater and optimal lighting with additional nutrient supplies, B. braunii could 

achieve a biomass productivity of up to 2.5 g/L, a very high value compared to most batch 

systems (Shen, Yuan et al. 2008).  An economic assessment for the use of algae as a 

phycoremediation tool concluded that maximum algae production and low harvesting costs 

would be necessary to make it more widely acceptable (Olguin 2003). 

 

2.3.3 Other Remediation 

 Microalgae are ideal candidates for small scale remediation.  They are naturally occurring 

and offer no harmful side effects such as harmful chemicals or toxic substances that must be 

disposed separately.  Since a treatment area may be as simple as a small pond, installation and 

maintenance costs are almost non-existent (Craggs, Tanner et al. 2002).  Settling ponds, or waste 

stabilization ponds (WSP) are often used on family-owned farms for over 40 years (Craggs, 

Sukias et al. 2004).  They allow dairy or swine waste and waste water to be consumed by the 

microalgae and bacteria, rather than flow into streams or other estuaries.  The use of micro-algae 

in this way can be compared to the idea of a compost pile for food waste; many family homes 

have compost piles to help reduce their waste and return rich soil for plant growth.  The 

microalgae, while they could be directly applied to the land as a soil additive, can also be used as 

animal feed, thus cutting down on costs associated with producing the animal crop.  Many 

animal production facilities make use of algal retention ponds to treat the wastewater from their 
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dairy, beef, swine, or other animal farms.  Best Management Practices (BMPs) can include algal 

retention ponds or single stage sedimentation ponds for the algal treatment of animal wastewater.  

Small scale microalgal remediation is one of the least publicized or researched areas of 

wastewater treatment. 

 

 

2.4  Microalgae for Biodiesel Production 

 

 Microalgae have long been a topic of interest for liquid fuel production.  This is due to 

many factors, including their high lipid content, the ability to grow on non arable land and/or salt 

water, their fast rate of growth, and the fact that they do not compete with food crops (Baum 

1994). 

 

2.4.1 Current Biodiesel Feedstock 

 Biodiesel can be made from almost any source of oil or fat when reacted with alcohol; the 

major components of these sources are triacylglycerol molecules (TAGs, Figure 2-1).  It is often 

made through a catalyzed chemical reaction known as transesterification between these oils/fats 

and an alcohol, usually methanol (Figure 2-6).  Strong bases such as sodium hydroxide (NaOH) 

or potassium hydroxide (KOH) are commonly used as catalysts in large scale production of 

biodiesel.  In the laboratory scale, acid-catalyzed transesterification is often used because it does 

not produce the soaps that occur when using a base as the catalyst.  The glycerol backbone of the 

triglyceride is a waste product after completion of the reaction; it must be washed out of the 

Figure 2-6: Transesterification reaction to produce biodiesel 
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biodiesel before the fuel is ready for use.  There are other ways to make biodiesel, including 

direct use and blending, microemulsions, and pyrolysis (Ma and Hanna 1999),  but 

transesterification is the most common method since the biodiesel product can be used directly or 

in blends (Miao and Wu 2006).  Biodiesel is considered to be a renewable fuel because the 

primary feedstock sources are vegetable oils and animal fats (Gerpen 2005).   

 Biodiesel has many benefits over petroleum diesel.  Not only is it renewable, but it is a 

domestic resource, and therefore lends itself towards American economic security.  It is a 

biodegradable and nontoxic substance (Zhang, Dube et al. 2003), and so spills are not nearly the 

concern as when dealing with petroleum fuels.  If biodiesel is produced from photosynthetic 

sources, the effect of carbon dioxide produced from biodiesel combustion is minimal on the 

greenhouse gas (GHG) effect (Agarwal and Das 2001).  Its higher flash point over petroleum 

diesel makes it safer to transport (Krawczyk 1996), and its extensive lubrication properties can 

extend engine life when used in conventional diesel engines (Zhang, Dube et al. 2003).  In 

general, biodiesel feedstock can be categorized into three groups: pure (virgin) vegetable oils, 

animal fats, and waste cooking oils. 

Figure 2-7. Procedure for producing biodiesel from fresh vegetable oil. 
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 The first group is pure vegetable oils derived from various crops such as soybean, canola 

(rapeseed), corn, cottonseed, flax, sunflower, palm, and peanuts. These are the most widely used 

feedstock by commercial biodiesel producers, and there are several advantages, most notably in 

the processing steps, to using pure vegetable oils (Barnwal and Sharma 2005).  The oil 

composition from vegetable crops is pure; this cuts down on pre-processing steps and makes for 

a more consistent quality of biodiesel product. The basic process of producing biodiesel from 

fresh vegetable oil is summarized in Figure 2-7. Basically, the catalyst and alcohol (methanol) 

are mixed, added to the oil and allowed to undergo the reaction to form methyl esters and 

glycerol.  Separation is performed, usually though gravity settling; the crude glycerol settles to 

the bottom while the biodiesel floats to the top and can be collected.  Multiple washings with 

water are performed to remove any residual impurities such as excess glycerin, and this produces 

fuel-grade biodiesel (Wen 2006). 

 However, there is an obvious disadvantage for vegetable oils as the biodiesel feedstock, 

i.e., wide-scale production of crops for biodiesel feedstock causes an increase in the price food 

and commodity nation-wide. Such a “Food vs. Fuels” debate has reached national acclaim when 

using vegetable oils for biodiesel production.  Pure vegetable oils are the current method for 

large scale production of biodiesel (Briggs 2004).  In Virginia, the main crop used for biodiesel 

feedstock is soybean.  An example of the achievable oil yields on various crops is shown in 

Table 2-2.  Biodiesel originally from pure vegetable oils has even been standardized based on the 

parameters defining their quality by the ASTM, available in publication ASTM D 6751. 

 

Table 2-2. Oil yields based on crop type (adapted from Chisti, 2007). 

Crop Oil yield (gallons/acre) 

Corn 18 

Soybeans 48 

Canola 127 

Jatropha 202 

Coconut 287 

Oil Palm 636 

Microalgae a 6283-14641 

a. Oil content ranging from 30% to 70% (w/w) of dry biomass 

 
 The second group of feedstock for biodiesel production is fats and tallow derived from 

animals.  Compared to plant crops, these often offer an economic advantage since they are such a 

low value product on their own.  Animal fat, however, has its own disadvantage when used for 
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producing biodiesel. Because it contains high amounts of saturated fat, the biodiesel made from 

this feedstock tends to gel; this property limits wide-spread application of this type of fuel, 

particularly in winter time.  The saturated fatty acids (C14L0, myristic acid; C16:0, palmitic 

acid; C18:0, stearic acid) are less prone to oxidation but can cause crystallization at high 

temperatures (Canakci and Van Gerpen 2001). 

 The third group of biodiesel feedstock is recycled oil and grease from restaurants and 

food processing plants, and sometime household kitchens.  This can include both vegetable oils 

and animal fats.  Recycled oil, however, has many impurities; therefore, pre-processing steps are 

often needed to ensure a consistent quality of biodiesel product.  Many studies have been 

performed examining process optimization of using waste vegetable oils (WVO; also known by 

other terms) to produce biodiesel (Canakci and Van Gerpen 2001; Felizardo, Correia et al. 2006; 

Refaat, Attia et al. 2008).  This makes the biodiesel production process more complicated and 

costly for a large scale.  One of the major benefits to using waste oils and fats, especially from 

restaurants and home kitchens, is that it prevents these oils from being disposed of through 

sewage systems, which creates problems for wastewater treatment facilities and/or pollutes 

waterways (Refaat, El Sheltawy et al. 2008).  Some oils, usually from restaurants and household 

kitchens, are referred to as waste frying oils (WFO) and are used on a small scale to produce 

biodiesel (Felizardo, Correia et al. 2006).  Many home brewers create their own biodiesel for 

older vehicles using waste cooking oils, since they may usually be obtained at no cost.  However, 

this method, mainly due to the lack of standards and a wide variance in the quality of waste 

cooking oils obtained, often produces an inferior quality product; care must be taken to 

standardize the process in a large scale production facility. 

 Waste fats from large food processing facilities are rendered and usually sold in bulk for 

animal feed.  Rendered animal fats with free fatty acid levels less than 15% are known as yellow 

grease, and those with greater than 15% FFA are often sold at a discount as brown grease 

(Canakci and Van Gerpen 2001).  Yellow grease is sold between $0.09 and $0.20/lb (Canakci 

2007), and brown grease is usually slightly discounted from this.  These can also be classified in 

the second group of biodiesel feedstock: animal fats and tallow.  Over 2.5 billion pounds of 

waste grease and oils are collected from restaurants in the United States (Canakci 2007).  Waste 

greases contain anywhere from 10 – 25% FFAs (Canakci and Van Gerpen 2001).  This is a much 

higher percent than pure vegetable oil, and can lead to potential issues.  The major impedance to 
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biodiesel from waste oils and fats is the failure of alkaline catalysts that work well with pure 

vegetable oils (Canakci and Van Gerpen 2001).  The alkaline catalysts react with the free fatty 

acids in the greases and form soap, which then removes the catalyst (Zhang, Dube et al. 2003).  

As mentioned previously, acid catalysts have been used repeatedly in laboratory scale operations, 

but the higher costs associated with them is a detriment to producers looking to create vast 

quantities of biodiesel with waste fats and oils containing high FFA amounts.  Pretreatment is 

necessary to reduce the FFA content of the feedstock to below 1% before alkaline catalysts could 

be used to convert the TAGs into FAME (Felizardo, Correia et al. 2006). 

 The combination of product and byproducts resulting from waste cooking oil 

transesterification must still be treated.  There are issues such as FAME purification, alkali 

removal, glycerin purification, and waste treatment to deal with (Zhang, Dube et al. 2003).  

Other points to consider include an alcohol recovery system, and, if acid-catalyzation was used, 

an acid removal step.  One research group recommended the use of non-edible plant oils such as 

jatropha, neem, babassu, and others.  These oils are very inexpensive when compared to edible 

oils, yet still alleviate the problems encountered when animal fats or waste oils (Shah, Sharma et 

al. 2004; Barnwal and Sharma 2005). 

 

2.4.2 Potential of Using Microalgae as Biodiesel Feedstock 

 Microalgae have the capability to be an alternative to petroleum.  The National 

Renewable Energy Laboratory (NREL) has categorized approximately 300 species of microalgae 

that could be potential fuel sources (Ladygina, Dedyukhina et al. 2006).  Microscopic algae are 

the most efficient photosynthetic organisms on the planet; their fast growth rate makes them an 

ideal feedstock.  Microalgae biomass productivity has been estimated to be 50 times that of 

switchgrass, the world’s fastest growing terrestrial plant (Demirbas 2009).  According to the 

NREL’s Aquatic Species Program (ASP) Close-Out Report, microalgae have yields vastly 

exceeding terrestrial plants because they are unicellular, and their cultivation in a liquid 

environment allows them better access to resources (Patil, Tran et al. 2008).  The conclusion of 

the close-out report, although recommending other steps to reduce costs associated with 

producing algae, stated that microalgae are capable of “synthesizing 30 times more oil per 

hectare than the terrestrial plants used for the fabrication of biofuels” (Sheehan et al, 1998).  It is 

important to note that this estimation was with the use of ponds to cultivate the algae, which 
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require much more surface area for equal biomass production than any of the other growth 

methods discussed previously.  A newer report states that microalgal farming can potentially be 

more cost effective than conventional farming (Li, Du et al. 2008).  However, this recent study 

also pointed out the high harvest and drying costs due to the low cell concentrations, but claims 

that these will be overcome via technology development.  Under heterotrophic growth and 

genetic modification, microalgae appeared to produce even higher percentages of lipid  and at a 

growth rate making it viable for biodiesel production (Xu, Miao et al. 2006).  In addition, 

manipulation of medium composition such as using  N-deficient medium can also increase lipid 

production (Gouveia and Oliveira 2009). 

 There are many other benefits to using microalgae as a feedstock.  Microalgae cultivation 

actually consumes less water than land crops (Li, Du et al. 2008).  A fuel feedstock that cleans 

wastewater while not competing for land or nutrients with crop plants is a very attractive idea.  

This has been the topic of a few studies utilizing both dairy and swine waste (An et al. 2002, 

Mulbry et al, 2008, Shen et al 2008).  Many groups have found microalgae to be efficient solar 

collectors and a great feedstock for biofuels (Dismukes et al 2008, Gouveia and Oliveira 2009, 

Li et al 2008, Riesing 2006). 

 

2.4.3 Biodiesel Production from Microalgal Biomass 

 Producing biodiesel from the microalgal biomass involves a number of steps.  While the 

technology is the same as biodiesel production from terrestrial crops, there are some additional 

stages that must be considered.  Regardless of the cultivation method of the algae, the cells must 

be dried before reaction.  To the best of the authors’ knowledge, there has currently been no 

study into the production of biodiesel from wet algal biomass.  Some studies have evaluated the 

yields when comparing oil extraction procedures to direct transesterification; the results are 

summarized below.  Once the oils have been extracted, then they are reacted with methanol and a 

catalyst, and the process for the creation of biodiesel is the same as when using vegetable oil.  If 

direct methanolysis (transesterification using methanol prior to extraction) is performed, then 

filtering and washing steps are required to remove the destroyed algal tissue from the biodiesel 

(Bo Liu 2007). 

 Traditionally, the oils are extracted from the dry algal biomass through a number of ways.  

The least expensive extraction is simply though cold pressing.  Up to 70% of the oil contained 
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within the algae can be extracted this way (Danielo 2005).  The use of organic solvents can 

increase this extraction level to 99%, but there is an increased cost in processing to achieve this 

(Metzger and Largeau 2005).  Using direct transesterification allows for a single step process 

that extracts and the algal oils and reacts them with methanol to result in biodiesel. 

 Most extraction methods are based on a method developed by Bligh and Dyer in 1959 

(Lewis, Nichols et al. 2000).  There are a number of modifications to this method (White 1979; 

Dunstan 1993; Smedes 1999).  However, algal tissue is much different from animal tissue, for 

which the Bligh and Dyer method was developed.  Research has reported that the lipid in algae is 

more difficult to extract with these methods (Ahlgren 1991).  Some direct transesterification 

reactions involve a mix of solvent, alcohol, and catalyst.  The solvent works to extract the lipid 

as the alcohol and catalyst convert it into methyl esters.  Others use heat combined with 

methanol and catalyst to remove and transform the fatty acids (Bo Liu 2007).  These processes 

use less solvent than the extraction process followed by transesterification process (Lewis, 

Nichols et al. 2000).  This is an important factor to consider since most organic solvents are toxic 

and must be recovered.  Lewis (2000) found that direct transesterification greatly increased the 

total amount of fatty acids extracted.  Another group found that direct transesterification led to a 

higher recovery of medium chain and long chain fatty acids in human milk and adipose tissue 

(Lepage and Roy 1984).   

 Whichever way the oil is extracted (or directly reacted), it undergoes a transesterification 

reaction to produce the fatty acid methyl esters, as described in Section 2.4.1.  After 

transesterification, the biodiesel is separated from the rest of the reactants.  Glycerol must be 

removed with multiple washings with water (Wen 2006).  If direct transesterification was used, 

there will be particulate matter from the algal biomass in the mix, and it has to be removed via 

filtration.  The biodiesel can be used as fuel after washing.  There is still the matter of the algal 

meal though.  This algal meal can be used in a variety of ways.  Since it contains a large portion 

of N, P, and proteins, it is an ideal animal feed product or fertilizer (Gouveia and Oliveira 2009).  

It could also be the feedstock for anaerobic fermentation to obtain biogas (Chisti 2007).  

Following this, or in place of it, the biomass could undergo pyrolysis to produce bio-oil (Chisti 

2008).  There is also the biorefinery concept, where other high value chemical compounds could 

be extracted (Danielo 2005).  Some suggest that small-scale biodiesel production plants should 
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be made accessible to small producers so that an integrated production of biofuels, electricity 

production, and feed for livestock could be obtained (Rana 2007). 

 The main concerns with algal biodiesel production are some of the limitations that make 

algal biodiesel too expensive to commercialize (Sheehan et al 1998).  These include 

contamination with unwanted species, low oil yields, and the overly expensive harvesting step to 

recover the algal biomass from the growth medium. 

  

2.4.4 Current Limitations for Algal Biodiesel Production 

 The major limitation for algal biodiesel is the production cost and energy input required 

while producing and harvesting the microalgal biomass.  Different researchers claim different 

theories on this topic.  When considering net energy inputs and life cycle fossil fuel inputs, one 

researcher concluded that biofuels from microalgae were not even capable of out-producing 

terrestrial plants (Reijnders 2008).  This concern sparked off a reply that furthermore proved that 

microalgae still beat biofuels from terrestrial plants even when including these new factors 

(Chisti 2008).  Other studies concluded that the high moisture content of microalgae means 

drying it before using it for energy production would be too great an energy usage (Tsukahara 

and Sawayama 2005).  While the academic world is still debating the cost factor, some 

companies such as Aurora Biofuels ®, Valcent Inc®, and Solazyme® are turning algae into 

biofuel; at a profit.  However, both of these companies are doing it on a small scale; it remains to 

be seen how influential algae will be in the future of transportation fuels, and bio-energy overall.  

Some NREL scientists believe that algal fuels will be competitive by 2010 (Danielo 2005).  This 

estimate, made in 2005, doesn’t include recent economic trends, but it remains to be seen 

whether this will advance or delay that timetable. 

 Cost has been one of the largest inhibitors to algal biodiesel research.  At the time the 

NREL algal biofuel project was shut down in 1998, a barrel of petroleum sold for $13.  In 2008, 

that price fluctuated wildly, hitting a maximum of $150 per barrel for several months.  Even 

during the economic recession of late 2008 and into 2009, the price for a barrel of oil is still 

nearly $50.  This high price, combined with the fact that all of that money leaves the U.S. 

economy during purchase of the oil, leads to an ever increasing demand for home-grown fuels.  

An article in American Scientist gave microalgae biofuel a dim outlook with the following 

statement (Schneider 2006): 
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The people now working on these and several similar commercial ventures are clearly 

eager to make growing algae a going business in this country. Yet it's not hard to find 

experts who view such prospects as dim indeed. John R. Benemann, a private consultant 

in Walnut Creek, California, manages the International Network on Biofixation of CO2 

and Greenhouse Gas Abatement with Microalgae for the International Energy Agency. 

He helped author the final report of the Aquatic Species Program and has decades of 

experience in this field. "Growing algae is cheap," he says, but "certainly not as cheap as 

growing palm oil." And he is particularly skeptical about attempts to make algal 

production more economical by using enclosed bioreactors (rather than open ponds, as 

were used for the Aquatic Species Program). He points out that Japan spent hundreds of 

millions of dollars on such research, which never went anywhere. Asked to comment 

about why there is so much effort in that direction now, he responds, "It's bizarre; it's 

totally absurd." 

 

 Another current limitation in the use of algal biomass as a source is the extraction steps 

required to remove the lipid from the cells before it can undergo transesterification into 

biodiesel.  As mentioned before, algal tissue is much different from animal tissue, for which the 

Bligh and Dyer method was developed.  Research has reported that the lipid in algae is more 

difficult to extract with these methods (Ahlgren 1991).  While direct transesterification methods 

have existed for years, there is little research into extraction or direct transesterification of algal 

tissue.  The authors of one direct transesterification study using Botryococcus braunii found that 

the highest lipid content extracted was with a bead beater and chloroform (Lee, Yoon et al. 

1998). 

 The Department of Energy summarized three major limitations that currently prevent 

algal biodiesel from being economically feasible (Sheehan et al 1998).  These limitations are 

contamination with unwanted species, low oil yields, and the overly expensive harvesting step to 

recover the algal biomass from the growth medium.  Such problems can be overcome through 

the use of photobioreactors or heterotrophic growth, but, in the words of Dr. Benemann, using 

such costly technology to produce a fuel is “totally absurd.”  As such, there is still plenty of room 

for new developments to reduce contamination, increase the lipid yields though metabolic or 
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genetic engineering or growth type, and reduce the harvesting cost by increasing the biomass 

yield or utilizing a less expensive cultivation procedure.  This effort will help to achieve these 

goals through the design and optimization of a low-moisture attached microalgal culture system. 
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Chapter 3: An Attached Microalgal Growth System for Production 

of Algal Biofuel 

 

3.1  Abstract 

 

Algal biofuel production has gained renewed interest in recent years, but is still not economically 

feasible due to several limitations related to algal culture. The objective of this study is to 

explore a novel attached culture system for growing the alga Chlorella sp. as biodiesel feedstock, 

with dairy manure wastewater being used as growth medium. Among different substrate 

materials tested for algal attachment, polystyrene foam led to a firm attachment, high biomass 

yield and high fatty acid yield. The biomass attached on the substrate surface was harvested by 

scraping; the residual colonies left on the surface served as inoculum for re-growth. The algae re-

growth on the colonies-established substrate resulted in a higher biomass yield than that from the 

initial growth on fresh substrate due to the downtime saved for initial algal attachment. The 10 

day re-growth culture resulted in a high biodiesel production potential with a fatty acid methyl 

esters (FAME) yield of 2.59 g/m2, and a productivity of 0.26 g/m2-day. The attached algal 

culture also removed 61-79% total nitrogen and 62-93% total phosphorus from dairy manure 

wastewater, depending on different culture conditions. The biomass harvested from the attached 

growth system (through scraping) had a water content of 93.75%, similar to that harvested from 

suspended culture system (through centrifugation). Collectively, the attached algal culture 

system with polystyrene foam as substrate demonstrated a good performance in terms of biomass 

yield, biodiesel production potential, ease to harvest biomass and physical robustness for re-use. 
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3.2 Introduction 

In recent years, with energy prices fluctuating widely, growing microalgae as biofuel 

feedstock has attracted increasing attention (Chisti, 2007; Hu et al., 2008). Microalgae are ideal 

sources for liquid fuel production as they can accumulate a large amount of oil inside their cells 

and have high biomass productivity. A typical algal culture system can generate 150 to 400 

barrels of oil per acre per year (Baum, 1994), which is 30 times more than those can be produced 

via typical oil-seed crops. More importantly, mass algal cultivation can be performed on 

unexploited lands using saline water in arid regions, thus avoiding competition for limited arable 

lands. In the U.S., the Energy Independence and Security Act of 2007 specifies a target quantity 

of 36 billion gallons of renewable fuels of which 1 billion is intended to be the result of biomass-

based diesel.  All of the current annual production of vegetable oils and waste fats, if dedicated 

to fuel production, would come close to meeting these targets but that demand creates 

competition between food and fuel.  If algal feedstock can be developed that are cost effective 

with high oil content, they can play a significant role in meeting these alternative fuel objectives.  

Currently, algal biofuel production has not been commercialized due to high production 

cost.  This is mainly due to the production methods used to grow and harvest the algae, rather 

than the reaction methods of creating the biofuel, which are the same as when using traditional 

plant oils. In the close-out report for the Aquatic Species Program conducted by U.S. DOE in the 

1980s to 1990s, it was concluded that algal biofuel production was limited by high harvest cost, 

contamination of native species, and relatively low oil yield (Sheehan et al., 1998).   

Microalgae cultivation is typically performed in open ponds or enclosed 

photobioreactors. The biomass concentration in the culture solution is in the range of 0.1 – 1 g/L 

(i.e., 0.01%-0.1%, w/v) (Grima et al., 2003; Tsukahara & Sawayama, 2005). To harvest algae 

from this dilute solution, algal cells in solution are usually concentrated by sedimentation (at a 

settling pond) or by flocculation (with various flocculants); the condensed slurry is then 

centrifuged to further remove water. Due to the large footprint of the algal culture system, 

harvesting algal biomass from the dilute cell suspension is expensive.  

In addition to the open ponds or photobioreactors in which algal cells are grown in 

suspension, an attached algal culture system such as an algal turf scrubber (ATS) is another 

culture configuration in which benthic algae grow on the surface of solid substrate. This culture 

system has been successfully used for growing filamentous macroalgae for removing nutrients 
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from animal wastewater (Mulbry & Wilkie, 2001; Wilkie & Mulbry, 2002; Kebede-Westhead et 

al., 2006).  

In this project, we adapt the attached algal growth concept to grow microalgae with the 

purpose to produce biofuel feedstock.  To the best of our knowledge, there have been no reports 

on growing mobile-type single cellular microalgae on solid substrate surfaces.  Our hypothesis is 

that algae grown on the substrate surface can be harvested by scraping, and thus, the settling 

ponds and subsequent centrifugation in traditional microalgal suspended culture systems is 

avoided.  In addition, when the algae are harvested, the remaining algal colonies on the substrate 

can serve as inoculum for the next cycle of growth. Such an “in situ” harvest method can 

facilitate the future algal growth in semi-continuous operation. The objective of this study is to 

prove the concept of attached microalgae growth.  Also, dairy wastewater effluent from a local 

dairy farm was used as a growth medium in order to further reduce algae production costs while 

providing the valuable service of removing excess nutrients from the wastewater.   

 

 

3.3 Materials and Methods 

 

3.3.1 Algal strain and subculture 

The alga used was Chlorella sp. donated by Dr. Wenqiao Yuan from Kansas State 

University. The strain was isolated from a local dairy wastewater treatment lagoon. Algae cells 

were maintained in soil extract medium containing 96% (v/v) Bristol solution (2.94 mM NaNO3, 

0.17 mM CaCl2·2H2O, 0.3 mM MgSO4·7H2O, 0.43 mM K2HPO4, 1.29 mM KH2PO4, and 0.43 

nM NaCl) and 4% (v/v) Soilwater: GR+ medium prepared from greenhouse soil (Starr & Zeikus, 

1993). The media was autoclaved at 121oC for 15 minutes. The cells were grown in 250-mL 

Erlenmeyer flasks, each containing 100 mL medium, and incubated at 20oC in an orbital shaker 

set to 150 rpm. The illumination was provided by 40 W Cool White Plus fluorescent lights at 

110-120 µmol s-1 m-2 measured with an LI-250A light meter and Quantum Q40477 sensor (Li-

Cor Biosciences, Lincoln, NE, USA). The subcultured cells were used as inoculum in the study 

of attached growth in dairy manure wastewater.  
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3.3.2 Attached algal culture  

Different materials were tested as substrate for algae attachment, including polystyrene 

foam, cardboard, polyethylene landscape fabric, loofah sponge, polyurethane foam, and nylon 

sponge. All these materials were available locally, with the exception of the loofah sponge. The 

selection of the materials was based on the criteria that it has to be inexpensive, reusable, and 

easy to produce and/or obtain.  

Figure 3-1 shows the schematic of the attached algal culture system. The substrate 

material was cut into an 8cm × 17cm piece and fixed on the bottom of a growth chamber. The 

chamber was incubated with 50 mL algal cell suspension and 150 mL dairy manure wastewater. 

The manure wastewater was obtained from a storage lagoon at Virginia Tech Dairy Center 

(Blacksburg, VA, USA) and filtered through cheesecloth to remove any large solid particles. The 

filtered wastewater was directly used for algal culture system, without sterilization. The growth 

chamber was placed on a rocking shaker and was continuously illuminated with Cool White 

flourescent lights at 110-120 µmol s-1 m-2. The rocking shaker provided a smooth, gentle rocking 

motion at 15˚ from the horizontal plane at approximately 15 tips per minute. The surface of the 

supporting material was alternatively submerged into the culture medium that provided nutrients 

for algal growth and exposed to illumination that provide light for algal photosynthesis. The 

culture temperature was 20oC. 
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Figure 3-1. Schematic of attached algal culture system. 

 

 Once the attached algal cells formed a thick “mat” on the surface, the supporting 

substrate was removed from the chamber and allowed to drain for several seconds until liquid 

stopped dripping.  The algal biomass was then harvested by scraping the “mat” from the surface 

using a sharp edge, such as a knife.  After harvesting, the subtrate was placed back into the 

growth chamber and the medium in the chamber was replaced with fresh manure wastewater.   

The residual algal cells attached on the surface were used as inoculum for the next growth cycle.  
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3.3.3 Suspended algal culture  

Suspended algal culture was used as a control to compare the performance of the attached 

algal culture.  The cells were grown in 250 mL Erlenmeyer flasks each containing 100 mL 

culture medium, and incubated at 20oC in an orbital shaker set to 150 rpm. The light intensity, 

culture medium composition, and culture time were the same as those used in the attached algal 

culture.  

 

3.3.4 Analyses 

Algal cells scraped from the substrate surface were transferred to a pre-weighted tube and 

freeze-dried. The biomass yield was expressed as gram per unit of surface area.  Suspended algal 

cells grown in Erlenmeyer flasks were harvested by centrifuging the suspension at 7232 g for 10 

min.  The cell pellets were freeze dried and the yield was expressed as gram per unit of volume.  

The freeze dried algal biomass was analyzed for its fatty acid content. Fatty acid methyl 

esters (FAME) were prepared by direct-methylation with 5% methanolic HCl (Ulberth & 

Henninger, 1992; Christie, 2003; Schreiner, 2006), and determined by a Shimadzu 2010 gas 

chromatograph (Shimadzu Scientific Instruments, Columbia, MD) equipped with a flame-

ionization detector and a SGE SolGel-WaxTM capillary column (30m×0.25mm×0.25um). The 

GC operation procedure was the same as described previously (Chi et al., 2007).  The fatty acids 

were identified by comparing the retention times with those of standard fatty acids (Sigma-

Aldrich, MO), and quantified by comparing their peak area with that of the internal standard 

(C17:0) (Chi et al., 2007). 

Dairy manure wastewater used for algal culture was analyzed for its initial and residual 

concentration of total nitrogen, ammonia, total phosphorus, soluble phosphorus, and 

orthophosphate, using the standard methods for wastewater analysis (APHA, 1995). 
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3.4 Results 

 

3.4.1 Algal growth and fatty acid production on different surfaces   

The algae attachment experiments were conducted by incubating algal cells in growth 

chambers with different substrate materials as described in Section 2.2. After 2-3 days of 

incubation, almost all the cells settled on the substrate surface and the cells in suspension were 

negligible. All the supporting substrates resulted in cell attachment and subsequent growth. 

Strongly shaking the chamber did not cause re-suspension of algal cells, indicating a firm algae-

substrate attachment. Among different substrate materials, polystyrene foam, cardboard, and 

polyethylene landscape fiber had flat and smooth growth surfaces; cardboard, however, could not 

maintain its rigid structure after a growth and harvest cycle. For loofah sponge, polyurethane 

foam and nylon sponge, however, due to the porous characteristics of these materials and 

substantial algae growth inside the pores, the harvest of the biomass from these materials was 

very difficult.   

Table 3-1 shows the quantitative results of algal growth and fatty acids production on 

different substrate materials. Polystyrene foam resulted in the highest biomass yield and 

productivity. The algae contained palmitic acid (C16:0), palmitoleic acid (C16:1), stearic acid 

(C18:0), oleic acid (C18:1), and linoleic acid (C18:2) as the major fatty acids. The total fatty 

acids (TFA) content was in the range from 8.0-10.7%, without appreciable differences among  

the different materials.  The TFA yield and productivity had similar trends as that of the algal 

growth.  
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Table 3-1. Biomass and fatty acid production of algae grown on surface different substrate 
materials a 

 Substrate Material 

 Polystyrene 
foam 

Cardboard  Polyethylene 
fabric 

Loofah 
sponge 

Biomass yield (g/m2) 25.65 ± 3.25 14.74 ± 0.35 5.80 ± 0.39 12.80 ± 2.01 

Biomass productivity (g/m2-

day) 

2.57± 0.03 1.47 ± 0.04 0.58 ± 0.04 1.28 ± 0.20 

Fatty acid composition (% of total fatty acids, TFA) 

Palmitic acid (16:0) 20.29 ± 1.86 21.55 ± 1.87 20.85 ± 1.47 21.62 ± 0.24 

Palmitoleic acid (16:1) 7.35  ± 0.87 5.96 ± 0.42 7.31 ± 1.83 7.10 ± 0.40 

Stearic acid (18:0) 16.29 ± 4.05 22.29 ± 3.48 15.98 ± 4.15 15.68 ± 0.89 

Oleic acid (18:1) 32.28 ± 3.58 28.32 ± 0.27 31.70 ± 3.98 29.80 ± 4.01 

Linoleic acid (18:2) 8.34  ± 1.14 6.23 ± 1.42 7.66 ± 0.96 7.28 ± 0.50 

Others 15.44 ± 3.37 15.65 ± 2.35 16.49 ± 2.16 18.53 ± 5.18 

TFA content (%, dry 

biomass) 

9.01 ± 1.98 10.69 ± 0.04 7.96 ± 4.98 8.48 ± 1.02 

TFA yield (g/m2) 2.31 ± 0.08 1.58 ± 0.01 0.46 ± 0.11 1.09 ± 0.07 

TFA productivity (g/m2-

day) 

0.23 ± 0.01 0.16 ± 0.00 0.05 ± 0.01 0.10± 0.00 

a Data for polystyrene foam, cardboard, landscape fabric, and loofah sponge are means of three 
replicates ± standard deviations. 
 

 

Based on the above qualitative and quantitative results, polystyrene foam proved to be the 

best material for easy harvesting as well as algal growth and fatty acid production.  This material 

was used in the following studies.   

 

3.4.2 Attached algal growth and FA production with different growth protocols 

When algal cells were incubated in the culture chamber with fresh polystyrene foam, it 

took 2-3 day for the cells to attach on the surface; the cells continued to grow since then as 

observed from the color and texture change of the substrate surface.  Once the algal biomass was 

harvested, the residual colonies attached on the surface served as inoculum for the next cycle of 
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growth. As shown in Figure 3-2, compared with the “initial growth” of algal cells on the fresh 

substrate, the “re-growth” of the attached colonies on the used substrate saved the downtime for 

the initial cell attachment on fresh substrate, which eventually lead to better growth performance. 

To test this hypothesis, the algal biomass was first incubated with fresh polystyrene foam and 

harvested (initial growth, Figure 3-2); then the colonies attached on used substrate were re-grown 

and harvested at the same time frame (re-growth, Figure 3-2). The algal growth and fatty acid 

production of these two growth modes were compared. 

 

 

Figure 3-2. Multiple harvest procedure for attached surfaces 
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 Figure 3-3 shows that at a certain culture time, both the biomass yield and biomass 

productivity from the re-growth culture was higher than that from the initial growth.  In terms of 

their trends with the harvest time, the biomass yield increased from day 6 to day 10 and leveled 

off from day 10 to day 15 (Figure 3-3A), while biomass productivity decreased with harvest time 

(Figure 3-3B), as expected. 

 

 
Figure 3-3. Biomass yield and productivity of attached algae culture system.  The initial- and re-
growth protocols were explained in Figure 3-2. Data are means of three replicates and error bars 
show standard deviations 
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The fatty acid content of the algal biomass was also compared. As shown in Figure 3-4, 

the TFA contents of the algae harvested at day 10 (both initial growth and re-growth) were 

higher than those harvested at days 6 and 15.  However, there was no apparent trend for TFA 

content of initial growth algae vs. re-growth algae, depending on the harvesting time.  Figure 3-5 

shows that at a same harvest time, the re-growth culture had a higher fatty acid yield and 

productivity than that of the corresponding initial growth. The algae harvested at day 10 resulted 

in a higher fatty acid yield (Figure 3-5A) and productivity (Figure 3-5B) than those harvested at 

days 6 and 15. 

 

 

 
Figure 3-4. Fatty acid content of algae grown on attached culture system.  The initial- and re-
growth protocols were explained in Figure 3-2.   
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Figure 3-5. Fatty acid yield and productivity of attached algae culture The initial- and re-growth 
protocols were explained in Figure 3-2. Data are means of three replicates and error bars show 
standard deviations. 
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3.4.3 Nutrient removal by the attached algal culture system  

The ability of the algae to remove nutrients (nitrogen and phosphorus) from the dairy 

wastewater was examined.  As shown in Table 3-2, the total nitrogen (TN) removal percentage 

increased from day 6 to day 10, and leveled off from day 10 to day 15.  The algae removed 

almost all the ammonium in the liquid. The TN and ammonium removal between initial and 

repetitive growth were similar. 

 

Table 3-2. Residual total nitrogen (TN) and ammonium concentrations in the effluent and their 
removal efficiencies by the attached algal culture system with different growth modes a, b

 

 Initial growth   Re-growth  

 6 day 10 day 15 day  6 day 10 day 15 day 

TN concentration 
(mg/L) 

198.5 ± 
2.5 

118 ± 
7.8 

110.3 ± 
14.9 

 202.3 ± 
10.9 

113.5 ± 
18.5 

122.3 ± 
10.7 

TN removal (%) 61.58 77.16 78.66  60.84 78.03 76.34 
Ammonia concentration 
(mg/L)  

17.63 ± 
2.21 

9.41 ± 
2.03 

4.04 ± 
0.94 

 9.09 ± 
0.01 

0.29 ± 
0.03 

0.27 ± 
0.08 

Ammonia removal (%) 94.29 96.96 98.69  97.06 99.91  99.91  
a. Initial manure influent contained 517 ± 94 mg/L TN, and 309 ± 15 mg/L ammonium-N 
b. Data are means of three replicates ± standard deviations 
 
 

Table 3-3 shows that the removal percentage of total phosphorus (TP), soluble 

phosphorus (SP) and ortho-phosphorus (OP) depended on not only the culture time (day 6, 10 or 

15) but the growth mode (initial growth vs. re-growth). Overall, the attached algal culture 

removed 62-90% of TP, 62%-87% of SP and 43-80% of OP from dairy manure wastewater.  The 

initial growth modes were able to remove more phosphorus than the re-growth modes.  
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Table 3-3. Total phosphorus (TP), soluble phosphorus (SP), and ortho-phosphorus (O-P) 
concentrations in the effluent and their removal efficiencies by the attached algal culture system 
with different growth modes a, b 

 Initial growth  Re-growth  

 6 Day 10 Day 15 Day  6 Day 10 Day 15 Day 

TP concentration 
(mg/L) 

205 ± 5.0 
76.7 ±   

5.0 
54.0 ± 

8.0 
 

180 ± 10 225 ± 5 290 ± 53 

TP removal (%) 73.4 90.04  92.99   76.62  70.78  62.34  
SP concentration 
(mg/L) 

4.11 ± 
2.51 

3.57 ± 
1.15 

3.49 ± 
0.23 

 5.41 ± 
2.71 

7.91 
±1.39 

10.23 
±1.07 

SP removal (%) 84.8  86.9  87.1   80.0  70.7  62.1  
O-P concentration 
(mg/L) 

9.22 ± 
0.27 

3.81 ± 
1.72 

3.60 ± 
0.12 

 9.99 ± 
0.47 

5.58 ± 
1.16 

3.57 ± 
1.04 

O-P removal (%) 47.99 78.50 79.68  43.62 68.53 79.90 
a. Initial manure influent contained 770 ± 42 mg/L of TP, and 27.0 ± 1.26 mg/L of SP and 

17.73 ± 0.38 mg/L of O-P 
b. Data are means of three replicates ± standard deviations 

 
 

In addition to the nutrient removing capability shown in Tables 3-2 and 3-3, the 

“cleaning” effects of the algal culture on the manure wastewater was also evidenced by the color 

change between pre- and post-growth liquid. As shown in Figure 3-6, the original wastewater 

was dark brown, while the post-growth liquid for 6-, 10-, and 15-days culture were progressively 

clearer.   

 

Figure 3-6. Color comparison of manure wastewater at different stages of attached algal culture. 
(A): the raw influent wastewater; (B): effluent liquid after 6 days of algal culture; (C): effluent 
liquid after 10 days of algal culture; and (D): effluent liquid after 15 days of algal culture 

A B C D 
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3.4.4 Comparison of attached- vs. suspended-culture system 

The attached algal culture system was compared to the suspended algal culture in terms 

of biomass production, fatty acid content, water content of the harvested biomass, and 

complexity of the harvesting procedures.  As shown in Table 3-4, although the biomass yield 

from the two systems had different units, the volume of the liquid for each culture was the same; 

therefore, a comparison of the absolute amount of biomass is feasible. The attached culture 

system produced more algal biomass than the suspended culture system.  

 

Table 3-4. Comparison of performance of attached and suspended algal culture system a 

Biomass property Attached culture b Suspended culture  

Yield 25.65 ± 3.25 (g/m2) 0.75 ± 0.04 (m/L) 
Total volume of culture liquid  200 (mL) 200 (mL) 
Total mass 0.28 ± 0.03 (mg) 0.15 ± 0.01 (mg) 
Fatty acid content 9.01 ± 1.98 (% DW) 9.63 ± 1.44 (% DW) 
Culture time 10 (days) 10 (days) 
Harvesting method Scraping Centrifuge  
Water content 93.75 ± 0.30 (%) 91.75 ± 2.09 (%) 
Pros and Cons Easy, less expensive Complex, more expensive 
a. Data are means of three replicates ± standard deviations 
b. Initial growth mode was used for attached culture  
 

 

The biomass of the two systems had a similar TFA content. The biomass in the attached 

culture system was harvested through scraping, while a centrifugation operation was used in the 

harvesting of the suspended cells. The water content of the algae harvested from the attached 

culture was 2% higher than that harvested from a suspended culture but this difference was 

statistically insignificant (P>0.10), indicating that the harvest protocol for the attached algal 

culture system via simple scraping had a similar dewatering efficiency as that for the suspended 

system by energy intensive centrifugation.  
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3.5 Discussion 

 

Algae are a diverse group of organisms in aquatic habitats that can be either suspended 

(phytoplanktonic) or attached (benthic).  The benthic algae include a wide range of species such 

as blue-green algae (Cyanophyta), green algae (Chlorophyta), diatom, (Bacillariophyta), and red 

algae (Rhodophyta) (Stevenson et al., 1996).  Depending on growth conditions, an individual 

alga can be benthic or planktonic at one time or another (Stevenson et al., 1996).  In this work, it 

was found that the suspension growing Chlorella alga was able to attach on the surface of solid 

materials under the rocking shaking conditions (Figure 3-1).   

When the growth chamber was kept at static status, the algae settled on the substrate 

surface, but failed to create a firm attachment. Indeed, benthic algae are only found in lotic (high 

current velocity) environment, and fail to grow in stagnant water (Whitford & Schumacher, 

1961; Wilkie & Mulbry, 2002). The rocking mimicked a surge or wave effect, which facilitated 

the algae attachment on the substrate surface. The beneficial effect of rocking on algal 

attachment was also reported in large-scale algae turf scrubber systems (Pizarro et al., 2006).   

All the materials tested in this work resulted in algal attachment. Among these supporting 

materials, polystyrene foam showed the best performance in terms of algal grwoth, biomass 

harvest, physical robustness, and reusability for a relatively long duration; these properties are 

crucial for cost-reduction in the potential scale-up of the algal culture.   

Unlike the longer chain hydrocarbons contained in other species such as Botryococcus 

braunii, the alga Chlorella is known for containing shorter chain fatty acids (16 to 18 carbon 

length) which are ideally suited for biodiesel production (Canakci & Van Gerpen, 2001; Miao & 

Wu, 2006; Xu et al., 2006).  In this work, we used total fatty acid methyl esters (FAME) 

determined from gas chromatograph, instead of using the crude lipid determined from solvent 

extraction, as an indicator of the algal biodiesel production potential. FAME is the parameter to 

directly and precisely evaluate the potential of the algal biodiesel production, whereas any 

compounds readily soluble in organic solvent are defined as crude lipids (Ratledge & Wilkinson, 

1988) and not all these lipids can be converted into biodiesel (FAME). As a matter of fact, our 

preliminary experiments using solvent extraction methods to determine the algal lipid have 

shown that the crude lipid content fluctuated widely depending on different solvents used (data 

not shown).  
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The attached algal culture system also showed an improved biomass and fatty acid 

production when it was operated in a re-growth mode (Figures 3-2, 3-3 and 3-5). This may be 

due to the fact that the established colonies attached on the used substrate saved the downtime 

during the algal attachment on fresh substrate (Figure 3-2). Also, the capability of self-

propagation by the establised colonies eliminated the extra inoculation step, a trait ideal to any 

scale-up and long-term operation. The harvesting/re-growth procedure can virtually be repeated 

until the substrate material deteriorates. At the time of submission of this paper, an ongoing algal 

colony has thrived for over six months on the polystyrene substrate with multiple harvests.  The 

ease of harvest, shown in Figure 3-7, is promising for scale-up continuation in the future. 

 

 

Figure 3-7. Simple harvest protocol makes for a promising scale up operation 

 

In addition to the potential use as biodiesel feedstock, algal cells grown on dairy 

wastewater also show great capability of removing nutrients from this waste stream. Previous 

studies have shown that filamentous green algae grown on algal turf scrubber (ATS) system 

effectively removed nutrients in dairy manure wastewater (Mulbry & Wilkie, 2001; Wilkie & 

Mulbry, 2002; Kebede-Westhead et al., 2003). In this work, it was found that the microalgae met 
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or exceeded the removal percentages achieved by macroalgae in the ATS systems.  Excess 

nitrogen and phosphorus in dairy manure causes environmental problems such as groundwater 

contamination or ecosystem eutrophication when manure is land applied. Using algae to recover 

these nutrients while producing biofuel feedstock provides great leverage for improving the 

overall economics of algal biofuel production technology. U.S. DOE also recommended the 

combination of wastewater treatment as a plausible, more economically attractive application of 

algal biofuel technology (Sheehan et al., 1998).   

High nitrogen contained in dairy manure wastewater, however, may inhibit the algal 

lipid/fatty acid synthesis. The inhibitory effect on lipid production by high levels of nitrogen has 

been well known (Rodolfi et al., 2009). This is possibly the reason why the overall algal fatty 

acid content obtained in this work was still relatively low. Although this low lipid content can be 

compensated by the faster growth and higher biomass in nitrogen rich medium, further study is 

needed to develop various strategies (such as nitrogen starvation) to improve the algal fatty acid 

content while maintaining a high biomass yield.   

Several aspects concerning the algal biofuel production were compared between the algae 

grown on the attached- and suspended systems.  The biomass harvested from the attached culture 

system was a paste-like pulpy slurry, which had similar water content to that of the cell pellet 

centrifuged from the suspension culture system (Table 3-4). This implies a great advantage of the 

attached algal culture system in terms of ease of biomass harvesting. Indeed, in suspended 

growth, the vast quantity of water needs to be removed from the algal cells.  Centrifugation is 

adequate for the task at laboratory scale, but is expensive when used in large scale production. 

The attached algal culture method would allow for algae harvesting without centrifugation, 

thereby providing a cost saving step. In addition to facilitating harvest, the attached algal culture 

system generated more biomass than the suspended system. This was due to the design of the 

rocking system that resulted in highly efficient light utilization (Figure 3-1), while light 

limitation may be a severe factor in the suspended culture system, particularly when dark dairy 

manure wastewater is used.  It was also found that TFA content of the attached culture system 

was comparable to the suspended system.   

In summary, this work demonstrated a technology that can potentially provide a less 

expensive growth and harvesting method for algal biofuel production. The attached algal culture 

system resulted in a better yield of biomass and fatty acid methyl esters, and a similar water 
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content of the harvested biomass as compared with the suspended culture system. Using 

polystyrene foam as the substrate demonstrated easy-to-harvest biomass, is physically robust, 

and reusable for a relatively long duration. Future work is needed to explore the scalability of 

this culture concept and enhancing the fatty acid content of the algal biomass; this is under way 

in our laboratory.   
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Chapter 4: Preparation of biodiesel fuel from the microalga 

Schizochytrium limacinum by direct transesterification of algal 

biomass 

 

4.1 Abstract 

 

Algal biofuel production has gained renewed interest, but is still not economical due to high 

costs for producing algal biomass and processing oleaginous biomass into biofuel.  The 

microalga Schizochytrium limacinum is a heterotrophic species capable of utilizing biodiesel 

derived waste glycerol as a substrate for achieving high level of biomass density and omega-3 

polyunsaturated fatty acids (Pyle et al., 2008). This work is to explore the potential of producing 

biodiesel fuel from the biomass of this algal species.  The conventional extraction of algal oil (by 

chloroform) followed by acid-based transesterification resulted in a biodiesel yield of 83% based 

on algal oil and 53% based on algal biomass.  Direct transesterification of dry biomass was then 

investigated in order to simplify the algal biodiesel production.  Adding solvent (chloroform, 

hexane, or petroleum ether) during the direct transesterification reaction led to a higher biodiesel 

yield than the extraction-transesterification methods.  However, only chloroform-based direct 

transesterification led to a high FAME content (42.5% of algal biomass). When wet biomass was 

used for biodiesel preparation by extraction-transesterification methods, the biodiesel yield was 

comparable with that from dry biomass; while the biodiesel yield was significantly lower than 

that from the dry biomass when direct transesterification was used.   Based on the above results, 

a scale up direct transesterification (400 g dry biomass) using chloroform as the solvent was used 

for producing biodiesel in a larger batch.  The ASTM tests for the algal biodiesel indicate that 

free glycerol, total glycerol, acid number, soap content, flash point, viscosity, and particulate 

matter all meet ASTM standard, however, the water & sediment and sulfur content did not meet 

the ASTM standard. Collectively, the results indicate the potential of using the alga S. limanicum 

for producing high quality biodiesel fuel, provided that a dewatering process is implemented and 

controlling medium to reduce the sulfur content of the algal biomass.  
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4.2 Introduction 

 

Microalgae have long been considered a promising alternative and renewable feedstock 

source for biofuels. In recent years, the ‘algae for fuel’ concept has gained renewed interest with 

energy prices fluctuating widely (Chisti 2007; Hu, Sommerfeld et al. 2008). Compared with 

terrestrial plants, microalgae have a high oil content and biomass productivity; mass algal 

cultivation can be performed on unexploited lands using saline water in arid regions, thus 

avoiding competition for limited arable lands. 

Currently, algal biofuel production has not been economical due mainly to several factors 

associated with algal culture. An open pond or enclosed photobioreactor system typically 

generates a cell concentration of 0.1 – 1 g/L (i.e., 0.01%-0.1%, w/v) (Grima, Belarbi et al. 2003; 

Tsukahara and Sawayama 2005); harvesting algal cells from this dilute suspension is cost 

prohibitive. The culture system is prone to be contaminated and taken over by native species.  

The oil yield of the algae is still relatively low. As an alternative to open ponds and 

photobioreactor culture systems, heterotrophic algal culture provides a promising way to produce 

algal biomass and overcome these bottlenecks. For example, the green alga Chlorella 

protothecoides has shown a high cell density (15.5 g L-1) and oil content (>50%, dry basis) in 

heterotrophic culture conditions (Miao and Wu 2006; Xu, Miao et al. 2006; Wu and Shi 2008).  

The biodiesel made from this heterotrophically-grown alga was of good quality (Xu, Miao et al. 

2006). Recently, the heterotrophic alga Schizochytrium limacinum was investigated for its 

potential of producing omega-3 polyunsaturated fatty acid (DHA) using biodiesel-derived crude 

glycerol as substrate (Pyle, Garcia et al. 2008).  In addition to DHA, the alga also contains a high 

level of total fatty acid, which is ideal for making biodiesel fuels (Pyle, Garcia et al. 2008). 

In the algal biodiesel production processes, fatty acid methyl esters (FAME), the 

chemical composition of biodiesel, are commonly prepared by transesterification of algal oil 

with methanol using either acid or alkali as catalyst (Canakci 1999; Bo Liu 2007; Chisti 2007; 

Demirbas 2009). Unlike terrestrial oil feedstock such as soybean or canola seed from which oil 

can be extracted by crushing followed with solvent extraction, release of algal oil from algal cells 

is hindered by rigid cell walls encapsulating the cells. Mechanical crushing of algal biomass 

(either in mud-like wet form or powder-like dry form) for extracting oil is also difficult to be 

implemented using the existing crushing equipment.   
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As an alternative to oil extraction followed by transesterification, preparation of FAME from raw 

oily materials by direct methylation has received increased attention. The direct methylation has 

shown an increased recovery of fatty acids from a variety of samples such as fish oil (Indarti, 

Majid et al. 2005), marine tissues (Meier, Mjos et al. 2006), yeast and fungi (Liu and Zhao 

2007), bacteria (Dionisi, Golay et al. 1999), and microheterotrophs (Lewis, Nichols et al. 2000).  

Our previous work has also used the direct methylation for analyzing fatty acid content of the 

alga S. limacinum (Pyle, Garcia et al. 2008).  However, reports on using direct methylation as a 

way to prepare biodiesel fuel from microbial sources have been limited. The objective of this 

work is to evaluate the potentials of using the raw biomass of heterotrophically-grown S. 

limacinum as a feedstock to produce biodiesel fuel through direct methylation, and compare the 

performance of direct transesterification and extraction-transesterification in terms of biodiesel 

yield and fuel quality. 

 

4.3 Materials and Methods 

 

4.3.1 Algal culture and biomass preparation 

 The alga Schizochytrium limacinum SR21 (ATCC MYA-1381) was used.  The detailed 

experimental procedures for algal cell culture were described previously (Chi, Pyle et al. 2007; 

Pyle, Garcia et al. 2008). In short, the algal cells were grown in medium containing 90 g/L crude 

glycerol (obtained from Virginia Biodiesel Refinery, West Point, VA) and 10 g/L corn steep 

solid (Sigma) dissolved in artificial seawater.  The compositions of artificial seawater were 

described previously (Pyle, Garcia et al. 2008). The pH was adjusted to 8.0 before autoclaving 

the medium at 121˚C for 15 min.  Algae were grown in 250-mL Erlenmeyer flasks each 

containing 50 mL of medium and incubated at 20ºC in an orbital shaker set to170 rpm.   

Algal biomass was harvested by centrifugation at 7232 g for 10 min. The cell pellet was 

then washed twice with distilled water.  The water content of the cell pellet was determined. 

Depending on the experimental designs, the collected cell pellets were either freeze-dried or used 

as wet biomass.    
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4.3.2 Preparation of biodiesel from algal biomass 

Biodiesel (FAME) was prepared from algal biomass through two methods: (1) oil 

extraction from algal biomass followed by transesterification; and (2) direct transesterification 

from algal biomass (Figure 4-1).   

 

 

Figure 4-1. Transesterification diagram for biodiesel production. 
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4.3.2.1 Oil extraction and transesterification 

The algal oil extraction procedure was adapted from the protocol described by Bligh and 

Dyer (Bligh and Dyer 1959). Freeze-dried algal biomass (one gram) or wet algal biomass (with 

one gram dry weight equivalent) was placed in a solvent-proof chamber of a bead beater (Bio 

Spec Products Inc., Bartlesville, OK, USA).  Five mL of distilled water was added to the dry 

biomass.  When wet biomass was used, the water content (~80%) of the wet biomass served as 

the water described in the Bligh and Dyer method (Bligh and Dyer 1959). Six mL of chloroform 

and 12 mL of methanol were then added to the chamber, along with 1.00-mm glass beads.  The 

mixture was blended for 2 minutes, and then transferred to a new centrifuge tube.  Six mL of 

chloroform were used to rinse the bead beater chamber via blending, and then transferred to the 

tube, which was thoroughly mixed using a vortex (Scientific Industries Inc., Bohemia, NY, 

USA) for 30 seconds.  Six mL of distilled H2O were then used to wash the chamber, and added 

to the tube followed by mixing in the same manner.  The contents were then centrifuged at 7232 

g for 10 minutes. The organic layer containing the algal oil was transferred to a pre-weighed 

glass vial.  The mass of lipids (oil) were determined after the solvent was evaporated using N2.    

 A mixture of methanol (3.4 mL), sulfuric acid (0.6 mL) and chloroform (4.0 mL) was 

added to the algal oil, and heated at 90˚C for 40 minutes. The samples were thoroughly mixed 

during heating. After the reaction was completed, the samples were cooled to room temperature, 

mixed with 2 mL distilled water, and time allowed for phase separation. The lower phase 

containing FAME was collected and transferred to a pre-weighed glass test tube. The solvent 

was evaporated using N2, and the mass of biodiesel (FAME) were determined gravimetrically.    

 

4.3.2.2 Direct transesterification 

 Freeze-dried algal biomass (one gram) or wet algal biomass (with one gram dry weight 

equivalent) was placed in a glass test tube and mixed with 3.4 mL methanol and 0.6 mL sulfuric 

acid. Depending on the experimental deign, 4.0 mL solvent (chloroform, hexane or petroleum 

ether) was added to the tube, or there was no solvent addition; in this case, an additional 4.0 mL 

of methanol was added to keep the reaction volume consistent. The tubes were reacted at 90ºC 

for 40 minutes and the samples were well mixed during heating. After the reaction was 

completed, the tubes were removed from the water bath and allowed to cool to room 

temperature.  Then, 2 mL distilled water was added to the tube and mixed for 45 seconds.  The 



59 

tubes were allowed to separate, forming a biphasic solution. If needed, the tubes were 

centrifuged at 7232 g for 8 minutes to accelerate separation. The organic layer containing FAME 

was collected and transferred to a pre-weighed glass vial.  The solvent was then evaporated using 

N2, and the mass of biodiesel was determined via weighing. 

 

4.3.2.3 Biodiesel yield evaluation and FAME characterization 

The yield of biodiesel produced from different transesterification methods was estimated 

as its weight relative to (1) the weight of total lipid/oil presented in the biomass, and (2) the 

weight of algal biomass. In addition, the composition of FAME contained in the crude biodiesel 

fuel was analyzed by gas chromatograph (GC).  A Shimadzu 2010 GC (Shimadzu Scientific 

Instruments, Columbia, MD) equipped with a flame-ionization detector and a SGE SolGel-

WaxTM capillary column (30m×0.25mm×0.25um) was used.  

 The biodiesel samples were dissolved in the same type of solvent used in the 

transesterification to bring the total volume to 20 mL. Then, 0.25 ml of this sample was added 

with 0.25 ml of internal standard (methylated heptadecanoic acid, 10 mg/ml) and 1.0 mL of 

solvent. This mix was ready for GC analysis. The GC operation procedure was the same as 

described previously (Chi, Pyle et al. 2007).  The fatty acids were identified by comparing the 

retention times with those of standard fatty acids (Sigma-Aldrich, MO), and quantified by 

comparing their peak area with that of the internal standard (Chi, Pyle et al. 2007). 

 

4.3.3 Producing biodiesel in a large batch and evaluating fuel quality 

 A large batch algal biodiesel production was performed to evaluate the potential of 

commercializing the process. The direct transesterification (with chloroform) as described in 

Section 2.2.2 was used for biodiesel preparation. Freeze-dried algal biomass (400 g) was mixed 

with 1.36 L methanol, 240 ml sulfuric acid, and 1.6 L solvent. The mixture was placed in sealed 

bottles and heated in a rotary shaker (180 rpm) at 80˚C for 2.25 h.  After the reaction, following a 

cool-down time, half the total volume of deionized H2O was added, the mixture was shaken 

vigorously, and then allowed to settle and reach a biphasic state.  The solvent was collected and 

evaporated using a nitrogen stream while maintained in a water bath at 50°C.  The crude 

biodiesel was then washed with warm deionized water (80˚C) three times until the pH of the 

wash water was at a neutral level. Butylated hydroxytoluene (BHT) was added at 100 ppm to the 
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purified biodiesel as a stabilizer to prevent oxidation. The purified biodiesel was then 

characterized by a commercial biodiesel producer (Chesapeake Custom Chemical, Ridgeway, 

VA, USA) for free glycerin, total glycerin, moisture, waste & sediment, acid number, soap, flash 

point, particulate freedom, kinematic viscosity, and sulfur content.  All these parameters were 

analyzed according to ASTM standard methods.    

 

 

4.4 Results 

 

4.4.1 Characteristics of algal biomass 

The alga S. limacinum has proved the capability of growing on biodiesel derived crude 

glycerol for producing high level of DHA (Chi, Pyle et al. 2007). The freeze-dried biomass 

appeared as white powder. The dried biomass contained 51% lipid, 14% proteins, and 24% 

carbohydrate, with 11% ash (Pyle, Garcia et al. 2008). The alga has a relatively simple fatty acid 

profile with myristic acid (C14:0), palmitic acid (C16:0), docosapentaenoic acid (C22:5), and 

docosahexaenoic acid (C22:6) being the major fatty acids (Pyle, Garcia et al. 2008). Previous 

work showed that total fatty acid accounted for 40-50% of dry biomass, depending on different 

culture conditions (Chi, Pyle et al. 2007; Pyle, Garcia et al. 2008). 

  

4.4.2 Comparison of extraction-transesterification and direct transesterification 

The biodiesel yield from the algal biomass through extraction-transesterification and 

direct transesterification was compared. Similar to most reports on algal biodiesel production 

(Xu, Miao et al. 2006), the biodiesel yield was first expressed as its weight relative to the algal 

oil presented in the biomass. As show in Figure 4-2A, the extraction-transesterification resulted 

in a biodiesel yield of 82.6%. The direct transesterification (with the solvent) resulted in a higher 

biodiesel yield. When no solvent was used in the direct transesterification, however, biodiesel 

yield was very low, indicating solvent was essential for the direct transesterification.  Figure 4-

2A also shows that when chloroform or hexane was used to treat biomass, the biodiesel yield 

exceeded 100%, probably due to the incomplete oil extraction, and thus the false low oil content 

used in the biodiesel yield calculation. Therefore, biodiesel yield was further evaluated based on 

its weight relative to the dry algal biomass. As shown in Figure 4-2B, the algae can produce 10-
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20% higher biodiesel yields using direct transesterification with solvent rather than when using 

the extraction-transesterification method.  

 The characterization of the FAME composition and the total FAME content of the 

biodiesel are presented in Table 4-1. Due to the significantly low biodiesel yield for the direct 

transesterification without solvent, the FAME composition for this treatment was not presented. 

The major methyl esters contained in the biodiesel fuel were derived from myristic acid (C14:0), 

palmitic acid (C16:0), docosapentaenoic acid (C22:5), and docosahexaenoic acid (C22:6). These 

compositions are in agreement with the major fatty acids profile of the algal biomass. The degree 

of unsaturation of the FAME was in the range of 2.04 – 2.26, depending on different methods 

used for FAME preparation (Table 4-1). The content of total FAME varied significantly with the 

different transesterification methods and the solvents used. The direct transesterification with 

chloroform results in highest FAME yield. When hexane and petroleum ether were used as 

solvent, the FAME yields were significantly reduced (Table 4-1), although the crude biodiesel 

yield was comparable to that of chloroform-based direct transesterification method (Figure 4-2).  

The results indicate that the biodiesel quality (heating value, based on FAME) is much higher 

when using chloroform rather than hexane or petroleum ether. 
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Figure 4-2. Biodiesel yield of the microalga S. limacinum using extraction-transesterification and 
direct transesterification with different solvent used. (A) yield based on algal oil; (B) yield based 
on dry biomass.  Data are means of three replicates and error bars show standard deviations. 
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Table 4-1.  FAME composition and total FAME content of the biodiesel produced from 
extraction-transesterification and direct transesterification methods a, b 
 

  Direct transesterification (with different solvent) 

 

Extraction- 
 

transesterification Chloroform Hexane Petroleum ether 

FAME composition     

C14:0 (%FAME) 5.25 ± 0.15 5.33 ± 0.01 4.47 ± 0.05 4.44 ± 0.13 

C16:0 (%FAME) 56.51 ± 0.63 56.70 ± 0.06 54.72 ± 0.31 53.50 ± 1.60 

C22:5 (%FAME) 5.21 ± 0.12 5.12 ± 0.02 5.91 ± 0.07 5.67 ± 0.14 

C22:6(%FAME) 29.72 ± 0.90 29.70 ± 0.07 32.67 ± 0.30 31.57 ± 1.13 

Others (%FAME) 3.31 ± 0.25 3.16 ± 0.03 2.22 ± 0.67 4.82 ± 0.01 

Total FAME content      

       % of algal oil 
 (w/w) 57.68 ± 4.00 65.37 ± 3.28 9.53 ± 0.22 10.08 ± 0.12 

       % of biomass 
 (w/w) 36.80 ± 2.55 42.05 ± 2.12 6.06 ± 0.14 6.43 ± 0.08 

Degree of unsaturation 2.04 ± 0.06 2.04 ± 0.005 2.26 ± 0.02 2.18 ± 0.08 
a Data are means of three replicates ± standard deviations. 
b The degree of unsaturation = [1.0 (% monene) + 2.0 (% diene) + 3.0 (% triene) …]/100 (Chen 
1991). 
 

4.4.3 Biodiesel production using wet algal feedstock 

To reduce the algal production cost associated with the dewatering and drying of algal 

biomass, in this section, the possibility of using freshly harvested wet algae as biodiesel 

feedstock was investigated. As shown in Table 4-2, when the extraction-transesterification was 

used to treat the wet biomass, the oil extracted from wet biomass was comparable to that from 

the dried biomass. The extraction stage extracted 61.53% (dry basis) of total lipids from the wet 

biomass.  The lipid yield was ~4% higher than when using the dried biomass (Table 4-2).  The 

biodiesel yield was not significantly different when compared with that obtained from the freeze 

dried biomass in terms of yield relative to biomass (dry weight) as determined from GC. When 

direct transesterification was used, the biodiesel yield from wet algal biomass was similar to that 

obtained from dry feedstock in terms of yield relative to oil and biomass, but was much reduced 

when compared to FAME yield as determined by GC. 
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Table 4-2. Biodiesel yield and its FAME composition prepared from wet and dry biomass using 
extraction-transesterification and direct transesterification a,b 
 

  Extraction-transesterification Direct transesterification 

  Wet biomass Dry biomass Wet biomass Dry biomass 

Oil content (% dry biomass) 61.53 ± 0.72 57.77 ± 0.42 - - 

Biodiesel yield     

        % of algal oil 93.62 ± 0.70 82.63 ± 11.43 104.96 ± 2.67 104.01 ± 0.16 

        % of biomass 59.73 ± 0.45 54.64 ± 7.34 66.97 ± 1.70 66.25 ± 0.22 

FAME composition     

C14:0 (%FAME) 4.00 ± 0.20 5.25 ± 0.15 ND 5.33 ± 0.01 

C16:0 (%FAME) 48.16 ± 0.72 56.51 ± 0.63 38.06 ± 4.73 56.70 ± 0.06 

C22:5 (%FAME) 5.61 ± 0.33 5.21 ± 0.12 4.78 ± 0.42 5.12 ± 0.02 

C22:6(%FAME) 35.15 ± 2.38 29.72 ± 0.90 23.51 ± 2.76 29.70 ± 0.07 

Others (%FAME) 7.09 ± 1.81 3.31 ± 0.25 36.83 ± 10.24 3.16 ± 0.03 

Total FAME     

        % of algal oil (w/w) 56.71 ± 12.91 57.68 ± 4.00 8.15 ± 2.86 65.37 ± 3.28 

        % of algal biomass (w/w) 36.18 ± 8.24 36.80 ± 2.55 5.20 ± 1.83 42.05 ± 2.12 

Degree of unsaturation 2.30 ± 0.10 2.04 ± 0.06 1.75 ± 0.09 2.04 ± 0.005 
a  Chloroform was used in the direct transesterification.  
b  Data are means of three replicates ± standard deviations. 
 

 

The characterization of FAME of the wet biomass derived biodiesel is also presented in 

Table 4-2. The relative FAME compositions were similar to those obtained from the dry biomass 

during the extraction-transesterification, but were different when using direct methylation.  Also, 

the total FAME content, particularly obtained from the direct transesterification, was much lower 

than the FAME content from the corresponding dry biomass.  

 

4.4.4 Large scale production and biodiesel characteristics 

 The scaled-up biodiesel production results in ~200 ml of liquid fuel from 400 g of algal 

biomass. The ASTM standard test of this liquid fuel indicates that the free glycerol, total 

glycerol, acid number, soap content, flash point, viscosity, and particulate free test meet the 

standard.  However, the water & sediment and sulfur content did not meet the ASTM standard 

(Table 4-3).  
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Table 4-3. Characteristics of biodiesel produced in a scale up of direct methylation using 
chloroform. 
 

Properties ASTM method Limits Units Actual value 

Free glycerin D – 6584 0.02 Max Mass % 0.003 

Total glycerin D – 6584 0.24 Max Mass % 0.097 

Moisture D – 1796 Report Mass % 0.111 

Water &  sediment D – 2709 0.05 Max Volume % 0.1 

Acid number D – 664 0.50 Max mg KOH / g 0.11 

Corrosiveness to copper D – 130 3 Max ASTM standard 1a 

Flash point (closed cup) D – 93 130 Min °C 204 

Particulate matter check C – 100 Yes visual appearance Yes 

Kinematic viscosity (40°C) D – 445 1.9 - 6.0 mm2 / s 3.87 

Soap Cc - 17-79 Report PPM ND 

Sulfur (non-petroleum) content D – 7039 15 Max PPM 69 

 

 

4.5 Discussion 

 

Algal biodiesel production is typically performed by extraction of algal oil followed by 

transesterification (Miao and Wu 2006; Liu and Zhao 2007). Direct methylation producing 

FAME from biomass has also been reported in some algal species (Lewis, Nichols et al. 2000) 

and fungi (Liu and Zhao 2007).  Due to the inherent nature of a single stage reaction, direct 

transesterification was much less time consuming than the traditional oil extraction and 

transesterification.  It also avoided the potential lipid loss during the extraction stage; as a result, 

the direct methylation led to a higher crude biodiesel yield (Figure 4-2). However, extra care 

must be taken in the design of a direct transesterification method.  For example, a direct 

transesterification reaction without solvent had a poor conversion yield (Figure 4-2).  Among the 

three solvent tested, chloroform resulted in a much better FAME yield (determined by GC) than 

hexane and petroleum ether (Table 4-1) although the crude biodiesel yields (determined by 

gravity) were similar (Figure 4-2).   

Transesterification of neutral lipids (triacyglycerides) into FAME requires a catalyst for 

the reaction. Currently, alkali-catalyst is commonly used by commercial biodiesel producers with 

pure vegetable oil as feedstock.  However, when microbial sources such as fungi  or microalgae  
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were used as a biodiesel feedstock, acid proved a more effective catalyst for the 

transesterification because of the high free fatty acid value and thus soap formation in the alkali-

transesterification (Miao and Wu 2006).  In this work, therefore, we used an acid catalyst for 

making biodiesel from the algal biomass in order to avoid soap formation.  

Previous reports on biodiesel production commonly used gravimetric weight 

determination relative to the oil as biodiesel yield.  While this definition was still used in this 

work, the biodiesel yield was also evaluated based on algal biomass, which provides another 

indication on the potential of algal biodiesel production.  In addition, we further used GC to 

quantify the FAME composition and total FAME content contained in the crude biodiesel.  This 

parameter provides deep insight into the quality and purity of crude biodiesel. For example, the 

three solvents in the direct transesterification resulted in a similar gravimetric yields of biodiesel 

(Figure 4-2), however, the FAME composition obtained from these three solvents indicate that 

chloroform had a better performance in terms of the biodiesel quality and purity (Table 4-1).  

   Biodiesel yield and the FAME composition are significantly influenced by the 

transesterification conditions such as the methanol to oil ratio, the catalyst loading, reaction time, 

and temperature.  Complete mixing of the reactants is another important parameter influencing 

the fuel quality.  In this work, the transesterification conditions were adapted from a previous 

report in which fish oil and cod liver oil were the raw materials. A thorough optimization of the 

reaction conditions for this specific algal biomass can further increase the biodiesel yield.     

Previous results on direct transesterification have been reported using dried biomass 

(Lewis, Nichols et al. 2000; Miao and Wu 2006; Liu and Zhao 2007). Our study shows that the 

biodiesel yield and FAME content of the wet biomass in the direct transesterification was 

significantly lower than those obtained from freeze-dried biomass (Table 4-2), suggesting that 

drying the algae is necessary for direct transesterification. For the extraction-transesterification 

process, however, the wet biomass can be converted into biodiesel with a yield and FAME 

content the same as that of dried algae (Table 4-2). As freeze-drying biomass is usually an 

expensive operation, a further economic analysis is needed to choose either drying the algae for 

direct transesterification or using wet biomass for the extraction-transesterification procedure.    

The ASTM standard tests of the algae-derived biodiesel show that water & sediment 

failed the test. Since the liquid fuel was free of particulate matter but had 0.111% (by mass) of 

moisture content, water could contribute significantly (or fully) to the water and sediment 
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content.  In the future, the water & sediment content can be improved by a water removal step.  

In previous studies, excess water was removed via heating at 70°C under vacuum (Ma and 

Hanna 1999) or by drying the biodiesel over anhydrous sodium sulfate (Veljkovic, Lakicevic et 

al. 2006).  Another option is to heat the biodiesel under atmospheric pressure to above the 

boiling point of water, so that it evaporates from the system.  This should be safe if the flash 

point of biodiesel is much higher, such as obtained and shown in Table 4-3.  A final option, often 

used in industry, is to perform a dry wash using chemicals such as magnesium silicate so that 

water won’t be added to the biodiesel from the wash steps.  The other ASTM test that the liquid 

fuel failed was the sulfur content.  This is probably due to the use of MgSO4 in the algal culture 

media, and the uptake of this sulfur by the algal biomass.  Indeed, a high sulfur content (~6000 

ppm, 0.6%) has been reported in this algal species (Pyle, Garcia et al. 2008). From an ASTM 

standard point of view, the medium for this alga needs to be modified to use low sulfur/sulfate 

composition.    

Another important parameter in the ASTM test is cloud point, which indicates the cold 

flow properties of the biodiesel fuel. Although this parameter was not tested, it is believed the 

algal biodiesel will have a low cloud point, i.e. a superior cold flow property, due to the high 

unsaturated level of the FAME. On the other hand, if too high unsaturation results in an 

oxidation problem, a stabilizer (antioxidant) can be added to extend the storage life of the algal 

biodiesel.    

 In summary, this work show great potential of producing biodiesel fuel from 

heterotrophic microalga S. limacinum. Direct transesterification of the oleaginous biomass using 

chloroform resulted in a high biodiesel yield and FAME content than the chloroform-based 

extraction-transesterification method.  The biodiesel produced from direct transesterification 

meet most of the ASTM specification, future works need to be performed to optimize the 

biodiesel yield, and control the fuel quality to meet the water and sediment content, and sulfur 

content.   
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Chapter 5: Conclusions and Recommendations for Future Work 

 

5.1 Conclusions 

 

 The work presented in this thesis leads to a deeper understanding of the use of algal 

biomass as a biodiesel feedstock, in areas related to the entire process from growth to reaction 

methodology.  Both aspects of work contained in this manuscript are preliminary; the attached 

microalgal culture is groundbreaking and needs confirmation and validation of the results 

obtained here within.  The results in Chapter 4 need further substantiation before they can be 

considered a reliable source for making decisions on biodiesel manufacturing aspects. 

 The work conducted in Chapter 3 provides a “proof-of-concept” that the alga Chlorella 

sp. is capable of attached growing on a solid supporting material.  The results show that a 10 day 

repetitive growth and harvest schedule allow for optimal fatty acid production.  The water 

content of the attached algae, once harvested, is also not significantly (P < 0.10) different from 

the water content of the suspended algae after centrifugation.  This work also demonstrated that 

the attached culture system was a viable method for the remediation of dairy manure wastewater.  

It was able to remove 61-79% of the total nitrogen and 71-93% of the total phosphorous from the 

wastewater, thereby reducing the original contents of 770 mg/L and 517 mg/L of total 

phosphorous and total nitrogen, respectively, to 54 and 110 mg/L.  This remediation was while 

producing algal biomass containing approximately 9% fatty acids (dry weight) and a growth 

productivity of almost 3.5 g/m2-day. 

 The work conducted in Chapter 4 examined cost reduction of algal biodiesel through 

another direction.  Using heterotrophically grown Schizochytrium limacinum, the aim was to find 

the optimal reaction pretreatments and conditions to yield a maximum conversion of algal 

biomass (and therefore algal oil) to biodiesel.  The study showed that a single stage reaction with 

chloroform as the solvent was superior for FAME yield when using a freeze-dried algal biomass, 

and that a two-stage method adapted from Bligh and Dyer’s 1959 technique was the best choice 

when using a wet algal pulp.  This could be adopted toward the Chlorella sp. grown on attached 

solid materials in Chapter 3, using a direct harvest-to-reaction process to produce biodiesel.  The 

characteristics of the biodiesel product were very good overall.  The two points where the sample 
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failed to meet ASTM specifications were highlighted, and there are chances to improve this in 

the future that are highlighted.  This is promising for the potential of producing biodiesel fuel 

from the heterotrophic microalga S. limacinum, capable of growth on biodiesel glycerol waste. 

 

 

5.2 Basic Economic Analysis 

 

 An in depth economic analysis should be performed on each aspect of the work presented 

in this thesis.  Based on the materials and set-up in Chapter 3, Table 5-1 below offers a basic cost 

for the lab scale, and then the pricing and specs for the materials that would be necessary to 

produce a 1m x 20m attached algal wastewater treatment and biodiesel producing runway on a 

farm, not including the value or use of the land. 

 This very simple price spec-out can function merely as a general guideline for the cost to 

produce and operate such an attached culture system.  While this is certainly not comprehensive, 

it does place the capital cost and operation of one of these systems at or below those of a 

conventional high rate pond (HRP), those providing for a better theoretical method of growth 

without the additional capital and operational costs of a photobioreactor. 
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Table 5-1. Basic economic aspects of attached algal culture system 

 Item Use (and misc.) Cost Unit 
Amount 
needed 

Total 
Cost 

Aluminum tin 
works as slope, and 
container $1.50 each 3 $4.50 

Rocking shaker 
provides surge 
effect $350.00 each 1 $350 

L
ab

 S
ca

le
 

PS Foam 
attachment 
supporting material $15.00 4'x8' 0.012 

$0.18 
 

     Total: $354.68 

PS foam 1m x 
20m x 0.5" 

attachment 
supporting material $46.65 sheet 1 $46.65 

Pump (7500 gph) 
CalPump Torpedo 
pump $359.95 each 1 $359.95 

Tubing 

Kink free tubing 
(2" internal 
diameter) $195.00 50' 3 $585 

Tubing 
connectors gaskets, etc $3.50 each 12 $42 

Liner 
prevents seepage 
into ground $75.39 10'x8' 7 $527.73 

Tipping bucket 
provides surge 
effect $125.00 each 1 $125 

Mounting 
Equipment, misc. 
hardware 

screws, arms for 
bucket, etc $250.00 total 1 $250 

S
ca

le
 u

p
: 

1
m

 x
 2

0
m

 r
u

n
w

ay
 

Bobcat rental dig sloped runway $250.00 day 1 $250 
Fuel (gasoline) for bobcat $3.00 gal 20 $60 

Labor 

installation of 
tubing, liner, 
digging $15.00 hour 60 $900 

C
o

n
st

ru
ct

io
n

 

Blade attachment 
for tractor provides scraping $2,000 each 1 $2,000 

side slew bucket 
algal pulp 
collection $400.00 each 1 $400 

Electricity 
(monthly) for pump, at 900 W $0.11 kWh 648 $71.28 

H
ar

v
es

t 

    Total: $5617.61 
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5.3 Future Work 

 

 In summary, the results presented in this thesis show that microalgae can be grown on a 

solid support material to lessen the hassles and costs associated with harvesting, and that 

microalgae can also be directly reacted to create biodiesel through a variety of methods.  The 

work presented in Chapters 3 and 4 is by no means comprehensive of these subject areas.  The 

results of the attached microalgal growth method, being as new as they are, would benefit from 

considerably more work in the area.  Optimization of further parameters such as species 

screening, lipid synthesis through genetic engineering, and optimal growth conditions (i.e. light, 

temperature, nutrient load, etc.) would be needed.  Obviously, scaling up to a pilot scale 

operation is essential and a true economic evaluation of the process in pilot-scale is needed.  

Furthermore, as a continuation of the work in Chapter 4, an economic evaluation in larger scale 

biodiesel reaction is needed to determine which of the tested methods is best for future algal 

biodiesel manufacturers: use of a two stage reaction with higher solvent volume and wet biomass 

or use of a single stage reaction requiring dried biomass.  Further research using an algal species 

that does not require sulfur to grow could yield a final algal biodiesel product that would be a 

viable alternative to current biodiesel feedstock and Number 2 petroleum diesel fuel, meeting or 

exceeding all ASTM standards.   

 


