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Abstract

The shortage of fossil fuels and climate change has led mankind to search for alternative energy
sources. Efforts are being made to maximize productivity of biomass to accomplish the future
demand of energy. Biofuels play a crucial role in mitigating CO2 emission and act as a
potentially cheap alternative in comparison to conventional energy sources. Hence, the
production of algal biomass for biofuels and its application in wastewater treatment is drawing
attention. Microalgae are fast-growing and therefore an important biomass source. They can be
grown almost anywhere, even on sewage. They can serve as a replacement for oil-based fuels,
whose advantages outweigh the disadvantages.

In the present study, an effective and feasible method was employed to extract algal oil from
species of microalgae belonging to the genus Chlorella and Scenedesmus. The microalgae were
grown in different media, algal oil was extracted from the dry biomass and the %yield
calculated. In BG-11 medium Scenedesmus dimorphus showed maximum %yield of 66.67%
followed by Chlorella sorokiniana (50.00%), Chlorella regularis (44.44%), Chlorella
saccharophila (33.33%), and Scenedesmus species (16.67%).In. Chu No0.10 medium
Scenedesmus dimorphus showed maximum %yield of 75.00% along with Chlorella regularis
(75.00%), followed by Chlorella saccharophila (66.67%), Chlorella sorokiniana (50.00%), and
Scenedesmus species (50.00%) each. In Chlorella medium, all 3 species of Chlorella, i.e.
Chlorella saccharophila, Chlorella regularis and Chlorella sorokiniana showed a %yield of
75.00%. This was followed by Scenedesmus dimorphus at 50.00% and Scenedesmus species
provided a meagre yield of 10.00%.
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Introduction

Access to affordable and environmentally sustainable fuels and energy sources may be the
greatest challenge of this century. As demand continues to grow and new supplies become more
expensive to mine, the availability of fossil fuels will inevitably decrease, leading to higher
global energy prices. Microalgae are among the most promising renewable alternative feedstocks
for non-food crop-based biofuels due to several properties such as non-competition with food
and feed crops, high oil content, and fast growth. Microalgae are microscopic photosynthetic
organisms found in fresh, brackish and sea water. These organisms use solar energy to create
biomass and accumulate triacylglycerides (TAG), which can be converted into biodiesel through
a transesterification reaction. The mechanism of photosynthesis in microalgae is similar to that of
higher plants, but microalgae have higher photosynthetic efficiency, faster growth, and can
synthesize and accumulate larger amounts of lipids. This study focuses on the potential of
different species of microalgae prevalent in India as Biofuel energy crop.

Biofuels are obtained from biological material, currently mainly from plants, microorganisms,
animals and waste. All biofuels have the same basic and renewable origin. They are based on the
"modern" photosynthetic conversion of solar energy into chemical energy, which distinguishes
them from fossil fuels, which are based on ancient photosynthesis. In reality, the line between
renewable biofuels and non-renewable fossil fuels is sometimes blurred, and only complete life
cycle analyzes in the future will reveal which feedstocks are truly renewable for use in biofuel
production. Depending on the origin and production technology of biofuels, they are generally
called first, second and third generation biofuels (according to EASAC report 2012).

Today, most first-generation biofuels are derived from crops as energy-containing molecules
such as sugars, oils, and cellulose. They provide only limited biofuel yields and have a negative
impact on food security. Efforts are now needed to accelerate the production of advanced
biofuels by identifying and engineering efficient non-food feedstocks, improving the
performance of conversion technologies and the quality of biofuels for various transportation
sectors, as well as reducing costs (EASAC 2012).

Second-generation biofuels already represent an improvement in the production of biofuels from
lignocellulosic non-food feedstocks, which include straw, bagasse, forest residues and purpose-
grown energy crops on marginal land. Projects are needed to maximize the amount of renewable
carbon and hydrogen that can be converted into "second generation™ biomass fuels.

Microalgae are microscopic and found in freshwater and marine ecosystems. They are unicellular
species that exist singly or in groups. Microalgae are able to perform photosynthesis using the
greenhouse gas CO2 and grow photoautotrophically. They are known to produce almost half of
the atmospheric oxygen. The biodiversity of microalgae is huge and they represent an almost
untapped resource. Most species of microalgae produce unique products such as carotenoids,



antioxidants, peptides, fatty acids, toxins and sterols. All carbons fixed by microalgae are stored
in the cell as proteins, starch and lipids. Therefore, microalgae are excellent candidates for
biofuel production.

Algal reproduction generally occurs in three ways: vegetatively, sexually, or asexually.
Vegetative reproduction occurs only by binary fission. Asexual reproduction is achieved by the
formation of different types of spores such as aplanospores or autospores. During sexual
reproduction, genetic materials are exchanged to form new combinations. This process is
controlled by three basic methods: Isogamy, Anisogamy and Oogamy, which results in the
formation of a zygote. Sexual reproduction does not occur in certain classes such as
Cyanophyceae. The exchange of genetic material can occur through the formation of conjugation
tubes. The two different types of conjugation tube formation are scalariform and lateral
conjugation.

A significant amount of research is being done worldwide and scientists have found suitable
strains of microalgae that can fix CO2 directly from flue gas and produce biofuel from it. Some
species of microalgae including Galdieria partita, Chlorella kessleri, Chlorella sp. T-1, Chlorella
KR-1, Chlorella emersonii, Chlorella HA-1, Chlorella ZY-1, Chlorococcum littorale,
Synechococcus PCC7942 and Nannochloropsis oculata (Ono and Cuello 2007; Kurano et al.
1995; Maeda et al. 1995; Sung et al. 1998; Yanagi et al. 1995; Morais and Costa 2007a, b;
Iwasaki et al. 1998; Kajiwara et al. 1997; Hsueh et al. 2009) can be used to capture carbon
dioxide from power plants. A number of studies have been conducted to study the effect of
different CO2 concentrations on biomass and biofuel production among different species of
microalgae. Bioethanol is also produced by Spirogyra sp. along with Zymomonas mobilis and
Saccharomyces cerevisiae fermentation (Sulfahri et al. 2011). Microalgae species such as
Chlorella sorokiniana BTA 9031 isolated from rare sampling sites such as coal mines have been
used for CO2 capture and biodiesel production from captured CO2 (Mondal et al. 20164, b).

Third generation biofuels are based on the production of biomass from algae. They are currently
undergoing extensive research to improve both metabolic fuel production and separation
processes in bio-oil production to remove non-fuel components and further reduce production
costs.

First-generation biofuels — direct biofuels from food crops — are likely to be largely banned in the
EU. In its rigorous study, EASAC found that "first-generation” biofuels, once all the impacts of
biomass cultivation are taken into account, appear to provide little or no greenhouse gas
reductions required by the directive, while endangering food, agriculture and natural ecosystems.
(EASAC 2012). Although Brazilian sugarcane ethanol is considered by some experts to be the
only biofuel currently produced on a commercial scale that meets advanced targets for non-
cellulosic renewable fuels, there are many critics, including environmental impact. The EASAC



(2012) report calls for systematic research into the expected improvements of second-generation
biofuels derived from inedible plant parts and recommends further development of third-
generation biofuels extracted from algae as a suitable means of increasing biofuel production.

These biofuels include the specific production of biodiesel and other algae-based biofuels such
as ethanol and biogas (Pandey et al. 2014). Photosynthetic capture of CO2 in algae cultures for
biomass production and subsequent extraction of e.g. biodiesel from algae cells has attracted
great interest worldwide. The technology is still not economical and sustainable due to low
PFCE in biodiesel production. This is partly due to the fact that increased biodiesel production
generally occurs under stressful conditions, which in turn reduces biomass growth and
production. Recent advances in metabolic engineering of algae to increase lipids without
compromising growth are considered an important milestone towards sustainable biodiesel
production (Trentacoste et al. 2013). In addition to a number of different engineering approaches
to increase algal fuel production (Ho et al. 2014), research on algal biodiversity is also likely to
reveal interesting species with high fuel production capacity (Maity et al. 2014). Combining the
production of biofuels from algae with the production of high-value chemicals, as well as the use
of wastewater and/or seawater as a culture medium and the development of more cost-effective
bioreactors, are all technologies that are currently under intense development and will make the
production of biofuels from algae more profitable.

In addition, current biorefinery development mostly focuses on the utilization of plant material
and carbohydrate-containing waste (lignocellulose, bagasse, straw, industrial waste streams) in
the production of fuels, chemicals and materials, while the development of harvesting and
processing systems for the production of biofuels from algae culture has so far attracted less
attention. It is important to develop and genetically engineer cost-competitive algal fuels to
overcome cultivation, harvesting, and processing challenges (Medipally et al. 2015). Real
breakthroughs are still waiting for solutions to break down technical barriers and accelerate the
development of sustainable and affordable algal biofuels.

Green microalgae produce higher amounts of biofuel compared to blue-green algae. Chlorella
sp., Chlorococcum sp. and Neochlorosis oleabundans have been found to be potential raw
materials for biodiesel. However, Haematococcus pluvialis, a red microalga also appears to be a
good choice for biofuel production (Lei et al. 2012). The production of different types of biofuels
largely depends on the availability of input raw materials and the technological possibilities that
can be implemented. Biofuel production from microalgae is currently limited to laboratories and
small industry.

According to many researchers, the use of algal biofuels could reduce greenhouse gas emissions
from 101,000 g CO2 equivalent per million British thermal units (BTU) to 55,440 g (Rittmann
2008). According to the United States Environmental Protection Agency Act, biodiesel produced



from microalgae has the potential to meet the requirement of the Environment Protection Agency
(EPA) Renewable Fuel Standard (RFS 2007). According to the RFS, under the Energy
Independence and Security Act of 2007, 15.2 billion gallons of domestic alternative fuels could
be produced annually with 50% lower life-cycle greenhouse gas emissions than petroleum-based
transportation fuels (Santana et al. 2012; Renewable Regulatory Impact Analysis of the Fuel
Standard Program (RFS2) US Environmental Protection Agency 2010 National Algal Biofuels
Technology Plan: technology plan resulting from the National Algal Biofuels Workshop
(DOE/EE-0332) US Department of Energy 2010). Therefore, microalgae can serve as a raw
material for the large-scale production of biodiesel (Li et al. 2008a, b).

Environmental pollution due to the excessive release of nutrients and other chemicals into urban
wastewater is increasingly recognized as a major threat to aquatic ecosystems worldwide. A
strategy that could counter this threat is the use of algae ponds or bioreactors. This approach is
not new (Oswald and Gotaas 1957). Recently, however, it has attracted the interest of many
scientists around the world, mainly due to the ability of algae to absorb nutrients and efficiently
remove pollutants from wastewater (Hoffman 1998; Sturm and Lamer 2011) and the possibility
of producing high-energy biomass from them (Rawat et al. 2011; Park et al. 2011a). For example,
Garcia et al. (2006) found that total nitrogen and phosphorus in municipal wastewater could be
reduced by 73 and 43%, respectively, using high-algal miniponds in Spain, and in other cases
reductions of 90-95% were reported (Hoffman 1998, Ruiz-Marin et al., 2010). The potential of
using microalgae to remove nitrogen and phosphorus from wastewater during tertiary treatment
has also been extensively evaluated (Pittman et al. 2011). Furthermore, in hectare-scale trials,
high-velocity algal ponds fed with primary settled wastewater removed approx. 65% ammonium
nitrogen and approx. 19% of dissolved reactive phosphorus (Craggs et al. 2012). Algae have also
been cultivated on other types of wastewaters, such as fish and livestock waste streams (Woertz
et al. 2009; Riafio et al. 2011).

Among the pollutants that have received a lot of attention recently are pharmaceuticals. These
compounds are potent, biologically active chemicals, but little is known about their ecological
effects, in contrast to the rich knowledge of their pharmacological and toxicological effects at
high concentrations (Santos et al. 2010; Boxall et al. 2012). However, several studies have
shown that pharmaceuticals enter waterways, primarily through treated wastewater, and remain
biochemically active in aquatic systems (Verlicchi et al. 2012; Hughes et al. 2013). They can also
affect aquatic animals at environmentally relevant concentrations (Kidd et al. 2007; Brodin et al.
2013). Furthermore, although municipal wastewater is commonly treated by a combination of
mechanical, biological and chemical processes before further discharge into the aquatic
environment, this is usually not sufficient to remove pharmaceutical residues (Radjenovi¢ et al.
2009; Gros et al. 2010; Verlicchi et al., 2012). Thus, a number of other promising treatments
have been proposed to improve removal efficiency, such as ozonation, activated carbon filtration,
UV irradiation, H202 dosing, and/or retention in constructed surface wetlands with free water



(Joss et al. 2008; Matamoros et al. 2008; Breitholtz et al. 2012). It has also been shown that
levels of veterinary antibiotics can be reduced in high-algal ponds fed with synthetic wastewater
(de Godos et al. 2012).

Recent studies have shown that Chlorella sorokiniana can significantly reduce paracetamol and
salicylic acid added to artificial media under laboratory conditions (Escapa et al. 2015) and
several other micropollutants from urine and anaerobically digested black water (de Wilt et al.
2016). Moreover, in a study involving the cultivation of algae in municipal wastewater in mini
algae ponds during cold and warm seasons in Spain, demonstrated that algae had the ability to
remove organic contaminants (Matamoros et al. 2015). Biodegradation and photolysis have been
proposed as the main pathways for the removal of micropollutants and emerging organic
contaminants including pharmaceuticals (Matamoros et al. 2015; de Wilt et al. 2016).
Interestingly, in another study, biosorption, represented by physicochemical adsorption occurring
at the cell surface, was shown to be an important mode of biocide removal in both dead and
living algal cells (Tam et al. 2002).

The continued increase in atmospheric CO2 levels and the associated demand for green energy
sources have highlighted another potential application of algae: their cultivation with CO2 in flue
gas to reduce emissions (Hughes and Benemann 1997; Chiu et al. 2011). From an environmental
perspective, algae are of particular interest because they can be used simultaneously for
wastewater treatment, CO2 reduction (Wang et al. 2008) and production of bioenergy (Craggs et
al. 2012). However, few studies have considered the potential utility of algal cultivation for
simultaneous treatment of flue gas and municipal wastewater (Kumar et al. 2010).



Materials and Methods

Materials:

The species of Microalgae selected for this study were:

1. Chlorella sorokiniana

2. Chlorella saccharophila

3. Chlorella regularis

4. Scenedesmusdimorphus

5. Scenedesmus species
The reason why these species were selected is that these species are prevalent in the Indian
environment, especially the warm climate of Mumbai.

The three media used for comparison were:
1. BG11 broth
2. Chu’s medium no. 10
3. Chlorella medium

(1) BG11 broth: BG11 Broth is a universal medium for the cultivation and maintenance of blue
green algae (Cyanobacteria).
Composition of BG11 broth:

Components Grams/ Litre
Sodium nitrate 1.500
Dipotassium hydrogen phosphate 0.0314
Magnesium sulphate 0.036
Calcium chloride dihydrate 0.0367
Sodium carbonate 0.020
Disodium magnesium EDTA 0.001

Citric acid 0.0056



Ferric ammonium citrate 0.006
Final pH at 25°C =7.1

Principle: This medium supports growth of photoautotrophic blue green algae. They require
light as source of energy. Synthetic nitrogen and carbon sources and other inorganic salts
comprise this medium. Exposure to light intensity of 2,000 to 3,000 lux is optimal for cultivation
of blue green algae. Neon light source is found to be sufficient to provide this illumination. For
maintenance of blue green algae exposure for period of 24 hours a day is optimal. Often the
flasks kept for incubation may be covered with grease proof paper. They grow optimally at room
temperature between range of 20-25°C. (Allen, M.M, Steiner, R.Y, 1968).

(2) Chu’s Medium No.10: Chu’s Medium No. 10 is used for culturing blue green algae.
Composition Chu’s Medium No.10:

Components Milligrams/Litre
Calcium nitrate 40.000
Magnesium sulphate 25.000
Dipotassium phosphate 5.000

Sodium carbonate 20.000

Sodium silicate 25.000

Iron (11) chloride 8.000

Principle:

Soil algae are ubiquitous in nature wherever moisture and sunlight are available. They are visible
to the unaided eye in the form of a green slum on the surfaces of soils. Morphologically, they
may be unicellular or filamentous and belong to the families Chlorophyceae (green algae) and
Cyanophyceae (blue-green algae).

Cyanobacteria is a phylum (or “division”) of bacteria that obtain their energy through
photosynthesis. They are often still referred to as blue-green algae, although they are in fact
prokaryotes like bacteria. They are a major primary producer of the planetary ocean. They are
found in almost every conceivable habitat, from oceans to fresh water to bare rock to soil. Chu’s
Medium No. 10 is formulated as per Chu for cultivation of blue green algae.

Calcium nitrate serves as inorganic nitrogen source and other inorganic salts supply the
necessary growth requirements. (Chu S. P., 1942)

(3) Chlorella Broth: Chlorella Broth Base w/o Dextrose and Citrate is used for cultivation of
chlorella.

Composition of Chlorella Medium:

Components Grams/ Litre

Cupric sulphate 0.0000078



Sodium molybdate 0.00005

Zinc sulphate 0.00022
Boric acid 0.00028
Manganese sulphate 0.0014
Ferrous sulphate 0.0015
Potassium sulphate 0.217
Magnesium sulphate 2.400
Monopotassium phosphate 2.450
Potassium nitrate 2.500

Final pH (at 25°C) after sterilization = 4.5 (= 0.2)

Principle:

Chlorella is a genus of single-celled green algae, belonging to the phylum Chlorophyta.
Chlorella Broth has originally formulated by Shrift and further modified for cultivation and
maintenance of Chlorella.

All algae utilize inorganic phosphates and sulphates. There is a fairly high requirement of
molybdate as a trace metal in nitrogen fixation. Calcium, magnesium, potassium and probably
sodium are required by algae. Most algae grow poorly on agar and it is best to let them become
established in liquid culture before adapting them to the more rigorous conditions of an agar
slant.

Chlorella Broth Base w/o Dextrose and Citrate is the same as Chlorella Broth except that the
citrate and dextrose have been omitted from the medium. This media supplies the necessary
nutrients for the rapid growth of Chlorella species. Chlorella being photosynthetic green algae
should be cultivated in the presence of light. Bright diffused light, fluorescent light and sunlight
are satisfactory sources of light for the growth of Chlorella. The inoculated tubes/flasks should
be incubated in the presence of light at 25-27°C for a week to permit good growth and
pigmentation. at room temperature for 2-3 months without sub-culturing. (Shrift, 1954)

Methods:

Lipid Extraction:

1. 5.0 mL of absolute Ethanol was added to the dried biomass and the flask was placed on a
shaker at 200rpm for 24hours to extract lipids.

2. The lipids thus obtained were crude lipids.

3. The crude lipids contain non-polar Tri-Acyl Glycerides (TAGSs), other lipids which are polar
in nature and are not useful for biodiesel production and photosynthetic pigments.

4. The crude lipids obtained were purified using hexane.

5. To purify the crude lipids, 6.0 mL water and 16.0 mL hexane were added to form a liquid-
liquid separation state.



6. Hexane is a very non-polar compound. The lipids necessary for biodiesel production are
TAGs which are also non-polar in nature, thus using hexane gives an efficient resolution to
the purification process.

7. Ethanol is soluble in water while Hexane isn’t and adding water to the mixture helps in the
formation of two distinct phases for separation.

8. The upper phase (hexane & some ethanol) was loaded with neutral lipids while the lower
phase (most ethanol with water) contained polar lipids and non-lipids.

9. The upper phase containing neutral lipids was transferred to a pre-weighed conical flask and
the solvent was allowed to evaporate overnight at room temperature.

The use of Ethanol proved to be more cost effective than using a combination of solvents like
methanol and chloroform. Also, ethanol from the hydro alcoholic phase can be efficiently
recovered via double distillation. Hexane provides a better resolution of TAGs from a mixture of
crude lipids and non-lipids.



Results:

(1) In BG11 Broth:

Species Weight of Dry | Weight of algal-oil | %oyield of algal oil
Biomass (in g) (ing)
Chlorella sorokiniana 0.010 0.005 50.00%
Chlorella saccharophila 0.090 0.030 33.33%
Chlorella regularis 0.090 0.040 44.44%
Scenedesmus dimorphus 0.030 0.020 66.67%
Scenedesmus species 0.060 0.010 16.67%
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(2) In Chu’s medium No.10:

Species Weight of Dry | Weight of algal-oil | %oyield of algal oil
Biomass (in g) (ing)

Chlorella sorokiniana 0.020 0.010 50.00%

Chlorella saccharophila 0.030 0.020 66.67%

Chlorella regularis 0.020 0.015 75.00%

Scenedesmus dimorphus 0.020 0.015 75.00%

Scenedesmus species 0.010 0.005 50.00%
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(3) In Chlorella Medium:

Species Weight of Dry | Weight of algal-oil | %oyield of algal oil
Biomass (in g) (ing)
Chlorella sorokiniana 0.020 0.015 75.00%
Chlorella 0.020 0.015 75.00%
saccharophila
Chlorella regularis 0.020 0.015 75.00%
Scenedesmus 0.020 0.010 50.00%
dimorphus
Scenedesmus species 0.010 0.002 10.00%
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Results at a Glance:
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Discussion:

In BG-11 medium Scenedesmus dimorphus showed maximum %yield of 66.67% followed by
Chlorella sorokiniana (50.00%), Chlorella regularis (44.44%), Chlorella saccharophila
(33.33%), and Scenedesmus species (16.67%). This medium supports growth of
photoautotrophic blue green algae.

In Chu No.10 medium Scenedesmus dimorphus showed maximum %yield of 75.00% along with
Chlorella regularis (75.00%), followed by Chlorella saccharophila (66.67%), Chlorella
sorokiniana (50.00%), and Scenedesmus species (50.00%) each. Algal oil yield was considerably
different as compared to a general medium for photoautotrophic blue green algae (BG11). The
key component which differentiates Chu’s medium No.10 from other media is Iron Chloride.
Iron is proven to boost the chlorophyll content in microalgae. This indicates that chlorophyll
content is relevant to an algal species’ biofuel potential.

In Chlorella medium, all 3 species of Chlorella, i.e. Chlorella saccharophila, Chlorella
regularisand Chlorella sorokiniana showed a %yield of 75.00%. This was followed by
Scenedesmus dimorphus at 50.00% and Scenedesmus species provided a meagre yield of 10.00%

As expected, this media supplies the necessary nutrients for the rapid growth of Chlorella species.
Scenedesmus species showed a reduced yield in this medium. The reason for this disparity is the
pH of the medium which is 4.5 (£ 0.2) which is ideal for Chlorella species but not for
Scenedesmus species.
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