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This study presents the use of non-conventional methods such as microwaves and
ultrasound for algal biodiesel production. Dry algae biomass (Chlorella sp.) was used as
feedstock to evaluate three novel single-step extractive-transesterification methods: 1)
microwave irradiation with ethanol as solvent/reactant; 2) microwave irradiation with
ethanol as reactant and hexane as solvent and 3) ultrasound irradiation with ethanol as
solvent/reactant, all catalyzed by sodium hydroxide catalyst. The three novel methods
were compared with the conventional Bligh and Dyer method which followed a two-step
extraction and transesterification process. The maximum lipid yields for microwave,
microwave with hexane, ultrasound, and Bligh and Dyer methods were 20.1%, 20.1%
,18.5, and 13.9%, respectively while the biodiesel (FAEE) conversion of the algal lipids
were 96.2%, 94.3%, 95.0%, and 78.1%, respectively. Two comparative process
optimization studies (microwave vs. ultrasound and microwave vs. microwave-hexane),
algae biomass characterization, FAEE composition analysis and specific energy
consumption are presented.
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CHAPTER I
INTRODUCTION

1.1

The need for renewable fuels and biodiesel production
Conventional fuels such as diesel and petroleum are derived from fossil fuel

sources which are being depleted at a much faster rate than they can be generated. It is
estimated that the present petroleum consumption is 105 times faster than it can be
replenished naturally and all the existing global sources will diminish by 2050 at this rate
of consumption (Gude et al., 2013; Satyanarayana et al., 2011). The pressing demand for
the fossil fuel sources and the dwindling energy sources throughout the world has
invigorated the quest for renewable fuel research such as biodiesel. Biodiesel can be
derived from renewable sources and used as a transportation fuel.
Biodiesel can be produced from any raw materials that contain fatty acids that are
linked to other molecules or present as free fatty acids (FFAs). Vegetable fats and oils,
animal fats, waste greases, and edible oil processing wastes can be used as feedstocks for
biodiesel production. Biodiesel, due to its fuel properties similar to diesel fuel, can be
used in diesel engines with few or no modifications. Biodiesel has a higher cetane
number than petroleum diesel fuel, no aromatics, and contains 10-11% oxygen by weight.
These characteristics enable biodiesel combustion with lower emissions of carbon
monoxide (CO), hydrocarbon (HC), and particulate matter (PM) in the exhaust gas
compared to the regular petroleum diesel fuel (Graboski et al, 1998). In addition,
1

biodiesel is superior to petroleum diesel fuel in terms of sulfur content, flash point, and
biodegradability (Martini et al, 1997). Traditionally, vegetable oils including canola,
soybean, and corn are used as feedstocks for biodiesel production. However, increasing
concern of food shortage throughout the world due to usage of edible oils for biodiesel
production that conflicts with human consumption has developed a contradictory
situation of “food vs fuel”. Other factors of interest will be the economical feasibility of
the biodiesel production from these natural sources and that if it has net positive energy.
Nonedible oils such as jatropha, karanja, and animal fats meet the requirement for both
economical and energy gain considerations because they are inedible and can be grown in
waste land with low fertilizer and pesticide inputs. Therefore, it is crucial to develop
environmental friendly processes with low-cost feedstock containing high net energy
ratios.
1.2

Sustainable Biodiesel Production
Current biodiesel technologies are not sustainable since they require government

subsidies to be profitable by the producers and to be affordable by the users. This is
mainly due to: 1) high feedstock cost and, 2) energy intensive process steps involved in
their production. Moreover, the feedstock should be derived from renewable materials to
be sustainable and have less negative environmental impacts when compared to fossil
fuels. In order to reduce production costs and make biodiesel competitive with petroleum
diesel, low cost high oil-yielding feedstock like algae can be used.
Algae show great promise as a potential future energy source due to their
environmental friendliness and high oil yielding capacity.
2

Algae are separated into two main categories: 1) macroalgae and 2) microalgae.
Microalgae such as chlorella, nannochloropsis species produce higher lipid content
compared to macroalgae and are considered as a suitable feedstock for biodiesel
production. Microalgae also provide an environmental friendly solution to energy issues
by contributing to carbon sequestration and by providing carbon neutral fuel (Li et al.,
2008; Richardson et al., 2010). For example, for each unit of algal biomass production,
about 1.8 times the amount of carbon dioxide (CO2) is eliminated from the environment.
Microalgae are photosynthetic microorganisms which can be grown in brackish, fresh
and sea water sources. They can grow under adverse conditions. Algae remove nitrogen
and phosphorus from wastewater; sequester anthropogenic CO2 emissions, while
synthesizing lipids that can be converted to biodiesel (Wu et al., 2012). Figure 1.1
(Chisti, 2007) shows different types of biodiesel feedstock and the land requirements for
their growth and oil yield capacities. Microalgae require the least land area to grow
compared to all other crops and yet provide the highest oil yields (Dragone et al., 2010).
1.3

Proposed Research
Algal biodiesel production consists, primarily of five steps: a) algae cultivation

and biomass production; b) biomass harvesting; c) oil and lipid extraction; d)
transesterification or chemical treatment; and e) separation and purification (Lardon et
al., 2009). Current algal biodiesel production methods are not efficient since the process
steps involved from algal biomass cultivation to final biodiesel separation/purification are
all energy-intensive and cost-prohibitive. Novel and energy-efficient techniques need to
be developed for sustainable algal biodiesel production. Accordingly, this research
focuses on two important steps in algal biodiesel production, namely, extraction and
3

transesterification and investigates the effects of two non-conventional algal oil
extraction and transesterification methods by using microwave and ultrasound
irradiations. Microwave and ultrasound irradiations have been recognized to produce
superior results in other organic syntheses due to their unique ability to affect the
reactions by thermal and specific non-thermal effects. Since separate extraction and
transesterification steps are reportedly less efficient, “in-situ transesterification” of algal
oils is developed in this study. The two methods developed in this study are hereafter
referred as “microwave enhanced extractive-transesterification” and “ultrasound
enhanced extractive-transesterification”.

Figure 1.1

Lipid yields, land area requirements for different biodiesel feedstock
sources

4

The two novel extractive-transesterification methods are performed with ethanol
as solvent. Additionally, the effect of hexane as a solvent for lipid extraction was tested
in combination with ethanol. Various process parameters responsible for extraction of
algal lipids and their conversion into biodiesel are optimized by following a matrix of
experimental conditions.
1.4

Thesis Outline
This thesis is presented in six chapters. The first chapter provides the background

and the need for proposed research. The second chapter summarizes the previous studies
of algal biodiesel production (literature review) with an evaluation of various process
conditions and algal feedstock. Chapter three describes the details of the materials and
methods and experimental procedures followed during each experimental stage of the
research while chapters four and five evaluate and summarize the experimental results
obtained from process optimization studies, and the sixth chapter concludes the findings
from the research and outlines future research needs in this area.
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CHAPTER II
LITERATURE REVIEW

2.1

Algae as a Renewable Energy Source
Algae as a feedstock do not compete with any of the current human interests and

offer many environmental benefits that make them attractive feedstock for biodiesel
production. They have low space requirements for biomass production. The growth rate
of algae is higher than any other terrestrial plants and even other aquatic plants and they
require much less land area than other biodiesel feedstock of agricultural origin (shown in
Figure 1.1), up to 49 - 132 times less when compared to rapeseed or soybean crops (basis:
30% (w/w) of oil content in algae biomass) (Chisti, 2007; Mata et al., 2010). Therefore,
the competition for arable land with other crops, in particular for human consumption is
greatly reduced by use of algae as biodiesel feedstock (Mata et al., 2010). According to
Pienkos et al. (2007), algae with 50% lipid content and a dry biomass productivity of 50
g/m2/day can potentially produce 10,000 gallons oil/acre/year.
Algal biodiesel production consists, primarily of five steps: a) algae cultivation
and biomass production; b) biomass harvesting; c) oil and lipid extraction; d)
transesterification or chemical treatment; and e) separation and purification (Lardon et
al., 2009). All the steps involved in algal biodiesel production are both energy and cost
intensive. Currently, major hurdles for the algal biodiesel production are: dewatering the
algae; drying and oil extraction (Lardon et al., 2009; Uduman et. al, 2010). The algal
7

culture is usually concentrated to 15-20% from its original concentration of 0.02-0.05%
through various physical and chemical processing techniques. Apart from this, extraction
of algal oil is not as simple as that would be from other crop seeds (which are usually
done by mechanical pressing and solvent extraction methods) due to their rigid cell wall
structure. As such, these three steps add significantly to the cost of the algal biodiesel
product. Hence, it is critical to develop energy-efficient methods that would reduce the
chemical and energy consumption and processing time of the overall algal biodiesel
production.
2.2

Current Algal Harvesting Methods
Algae harvesting refer to the concentration of diluted algae suspensions with a

typical range of 0.02% to 0.06% total suspended solids (TSS) until slurry or paste of 525% TSS is obtained (G. Shelef et al., 1984; Uduman et al., 2010). Algae harvesting is
energy intensive. It is performed in water treatment and biofuel production. There is still
a need for a well-defined industrial scale method for harvesting. Algae can be harvested
from the culture medium (water) by chemical (coagulation-flocculation); and physical
(membrane filtration, hydrocyclones and centrifugation) methods. Microalgal cells carry
a negative charge that prevents aggregation of cells in suspension. The surface charge can
be neutralized or reduced by adding flocculants such as multivalent cations and cationic
polymers to the culture medium.
Multivalent metal salts are effective coagulants and flocculants. The commonly
used salts include ferric chloride (FeCl3), aluminum sulfate (Al2(SO4)3, alum) and ferric
sulfate (Fe2(SO4)3) (McGarry, 1970; Dodd, 1979; Benermann et al., 1980; Moraine et al.,
1980; Koopman et al., 1983; Lincoln, 1985). However, mineral coagulants such as alum
8

and ferric chloride might be toxic to animals when consumed due to high concentration
of residual aluminum and iron in the biomass harvested (Buelna et al., 1990; Harith et al.,
2009). Membrane filtration was applied in few cases to separate algae from the culture
medium. The main problem with membrane filtration is membrane fouling and clogging
due to the small size of the microalga. Membrane processes operate at high pressure
which means high energy requirements and high capital costs (Bosma et al., 2003; Zhang
et al., 2010; Zou et al., 2011).
Centrifugation is the application of centripetal acceleration to separate the algal
growth medium into regions of greater and less densities. Once separated, the algae can
be removed from the culture by simply draining the excess medium (Harun et al., 2010;
G. Dragone et al., 2010). However, high gravitational and shear forces experienced
during spinning can disrupt cells, thus limiting the speed of centrifugation (Harun et al.,
2010; Knuckey et al., 2006). Centrifugation is also too costly for processing large
volumes of culture (Knuckey et al. 2006).
Several harvesting methods are in use currently. For example, Cerff et al. (2012),
have proven that magnetic separation is another method that can be efficiently used as a
harvesting method for both freshwater and marine algae. However, Cerff advises that
separation efficiency depends on different parameters such as particle concentration, pH,
and medium composition. Bosma et al. (2003), has also shown that ultrasound can be
used to harvest microalgae where the separation is acoustically induced aggregation and
enhanced sedimentation. There is another existing method that suggests that suspended
air flotation is an efficient method for algae harvesting, which utilizes less energy than
dissolved air flotation (Wiley et al., 2009).
9

There is no one best harvesting technique; it all depends on the type of algae used,
growth medium, algae production, end product, and production cost benefits. (Shelef et
al., 1984).
2.3

Current Extraction and Transesterification Methods
All steps involved in algal biodiesel production are both energy and cost

intensive. For example: algal oil extraction alone may cost up to $15 per gallon of oil
produced involving use of non-renewable energy and/or high quality electrical energy
with yet another energy-intensive step of drying (Singh et al., 2010). It is crucial to
consider the costs for large scale production feasibility of the algal biodiesel. Well known
methods for oil extraction are namely mechanical pressing, milling, solvent extraction,
supercritical fluid extraction, and enzymatic extractions. These methods require high
volumes of solvent, long extraction times, and mechanical or thermal energy resulting in
environmental pollution and hazardous byproduct formation/disposal.
Once the oils are extracted from algae, biodiesel can be produced thorough the
widely known technique “transesterification”. Transesterification process is simply the
replacement of one group of ester with another to make the carbon chain less complex.
Transesterification of vegetable oils, waste cooking oils, non-edible oils such as jatropha,
kharanja, and animal fats and various other feedstocks have been reported by many
researchers (Gude et al., 2011).
Table 2.1 lists different methods that have been employed by different researchers
to produce biodiesel from algae. The table shows the type of algae, catalyst, solvents,
reactants, extraction methods, and the respective results for each study.
10

Methanol and
Sulfuric acid,
HPLC grade
hexane

Mixed cultures,
chlorella and
Scenedesmus sp.
Accounted for the
majority of the species.

KOH, NaOH,
KOCH3

NaOH

Hexane and ether
Gracilaria corticata and
(solvent).
NaOH
chaetomorpha antennina
Methanol

Scenedesmus sp,
nannochloropsis, and
Dinoflagellate
Ethanol

n-hexane,
methanol

Chlorella protothecoides
Sulfuric acid

Solvent/reactant Catalyst

Conditions
Algae: 9.12 g of oil.
Catalyst: (wt%): 25, 50, 60,
and 100.
Acid
Reactant :Molar ratio of
transesterification
methanol (mL:g): 25:1. 45:1,
(sulfuric acid)
56:1, 70:1, and 84:1.
Temperature (°C): 30, 50
Reaction time: 90.5 hrs.
Algae: (wet) 100 mg of dry
algae
Wet lipid extract Catalyst: 1 mL of 1 M sulfuric
procedure
acid
(WLEP)
Reactant: Temperature: 90 °C
Reaction time: 30 min
Algae: algal lipid oil
Catalyst:Two step catalytic
Reactant:conversion
Temperature:Reaction time:Algae:Catalyst: 0.25 NaOH
Reactant: 50 mL methanol
Solvent extraction
Temperature:method
Reaction time: Solvent 20 mL hexane and
20 mL petroleum ether,

Method

Different studies for algal biodiesel production

Algae Type

Table 2.1
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Reference

Sathish et.
al., 2012

Chaetomorpha antennina:~ 60% Renita et.
Gracilaria corticata: >90%
al., 2010

Scenedesmus sp.: 78.3%
(cultured 14 days) and 56.2%
Chen et. al.,
(cultured 7 days) Dinoflagellate:
2012
90.1% (after refined by
degumming)

79.40%

56% at 30°C, 58% at 50°C, 68% Miao et. al.,
for 45:1, 63% for 56:1
2006

FAME yield

Nannochloropsis

Chloroform:methanol
(1:1)

Oscillatoria agardhii
NIES-595 and NIES1263, microcystis
aeruginosa ONC and
GSK, and
monoraphidium
chlorophyta GK12.

Chlorella vulgaris

Chlorella vulgaris

Catalyst

Dimethyl ether
compared to the
Bligh and Dyer's
method.

Method
Algae: 1 g of dried algae
Catalyst:-Reactant: Methanol
Temperature:-Reaction time: 5 min
Solvent: chloroform
(1:1chloroform-methanol)

Conditions

n-hexane, ethanol
none
(EtOH), isopropanol

In situ lipid
hydrolysis

Algae: Chlorella vulgaris
Catalyst:Reactant: Ethanol (volume
varies) Temperature: 325 °C,
275 °C)
Reaction time: 120 min
H2O

Algae: 5g and 6 g
Catalyst: 0.9 NaCl
Reactant: Hexane, propanol,
Mixed-polarity
Temperature:NaCl
chloroform, methanol
azeotropic solvents Reaction time: 18 hrs.
Solvent:100 mL for 5 g
biomass and 250 mL for 6 g
biomass
Algae: 7 g
Catalyst: 0.15 NaOH, 0.35
In situ
sulfuric acid
NaOH and
transesterification Reactant: Methanol (600:1
Methanol
sulfuric acid One-step lipid
molar ratio)
extraction method Temperature: 60 °C
Reaction time: 75 min

Solvent/reactant

Algae Type

Table 2.1 (Continued)
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Reference

VelasquezOrta et. al.,
2012

100% ( 325 °C, EtOH (w/w) 6.6,
and 10.1% H2O )
94% (275 °C, 7.5 EtOH, and
Levine et.
9.1% H2O)
al., 2010
87.7% (325 C, 60 min, 7.2
EtOH, and 9.4% H2O)

77.6 wt% (NaOH)
96.8 wt% sulfuric acid)

Bligh and Dyer 24.8%
Folch: 27.2 %
Hexane/2-propanol (3:2) 17.5 %.
Soxhlet (hexane): 16.1%
Long et. al.,
hexane/cyclohexane: 19.6%
2011
cyclohexane/2-propanol 29.7%
hexane/2-propanol: 27.7%
cyclohexane/1-butanol : 33.7%

NIES-595 98.2%, NIES-1263
98.8%, ONC 98.7%, GSK
Kanda et. al.,
98.4%, GK12 97.5%, Kanogawa 2011
97%, and Hirosawa 99.7%

FAME yield

Solvent/reactant

Catalyst

Nannochloropsis
oculata

Fucus Spiralis and
Pelvetia Canaliculata

Hexane, methanol

Al2O3, CaO,
and MgO

n-hexane, methanol NaOH

Chlorella Pyrenoidosa n-hexane, methanol Sulfuric acid

Pt/Al2O3,
Chlorella vulgaris and Hexane, methanol,
Ni/Al2O3,
nannochloropsis oculata chloroform
Co/Mo/Al2O3

Algae Type

Table 2.1 (Continued)
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Conditions

Algae: 3g of powder
Hydrothermal
Catalyst: varies
processing. Lipid
Reactant: 50 mL
extraction was
dichloromethane
performed using
Temperature:the Bligh and Dyer)
Reaction time:Algae: 1g powder
Catalyst: 0.5 M sulfuric acid
Reactant: 0.5 to 20 mL
in situ
methanol
transesterification Temperature: 20°C to 110 °C
Reaction time: 0.25-4 hr.
Solvent: 2.0 mL to 8.0 mL nhexane
Algae:10 g (reaction, 5 g for
each algae type) and 50 g of
powder (extraction)
Catalyst: 1 % wt. NaOH
Soxhlet
Reactant: 30 mL methanol
Temperature:Reaction time: varies
Solvent: 300 mL of n-hexane,
Algae: algal lipid oil
Catalyst: varies
Soxhlet using
Reactant: methanol (6:1 and
different catalyst at
30:1 methanol to lipid)
a constant reaction
Temperature: 50°C
condition
Reaction time: 4 hour
Solvent: n-hexane

Method

Urrejola et
al., 2012

Umdu et al.,
2009

97.5% (80 wt.% CaO/Al2O3
catalyst and 30 methanol to
lipid molar ratio)

Li et. al.
2011

94.3% (6.0 mL n-hexane)
95.7% (8.0 mL methanol)

70% at 8 hours

Biller et al.,
2011

Reference

Chlorella vulgaris: 47.4%
Nannochloropsis 54.4%

FAME yield

Solvent/reactant

Nannochloropsis

Inoculum
Nannochlorpsis sp

Methanol
containing
sulfuric acid

Catalyst

Methanol, hexane,
acetic acid, diethyl KOH
ether, sufuric acid

n-hexane, methanol KOH

Chaetoceros gracilis
Phaeodactylum
tricornutum Tetraselmis
suecica Neochlorosis
Chloroform and
oleoabundans Chlorella
methanol
sorokiniana
Synechocystis sp. PCC
6803 Synechococcus
elongatus

Algae Type

Table 2.1 (Continued)
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Supercritical
methanol and
microwave.

Microwave

Microwave

Method

Algae: 2 g of paste
Catalyst: (1) 2%, (2) 2%, and
(3) 1%
Reactant: (1) 9, (2) 15, and (3)
9 (wt./vol) methanol
Temperature:Reaction time: (1) 6 min. (2) 6
min, and (3) 3 min.
Algae: 4 g of paste
Catalyst: Reactant: (1) 12, (2) 8, (3) 8,
and (4) 8 (wt./vol) methanol
Temperature: (1) 260°C ,
(2)250°C, (3) 250°C, and (4)
250 °C
Reaction time: (1) 30 min, (2)
20 min, (3) 20 min, and (4) 20
min
min, and 250 °C. 4. 8 (wt/vol)
methanol, 20 min, and 250 °C

Algae: 100 mg of flyophilized
algal biomass
Catalyst: 1.8% (v/v) sulfuric
acid
Reactant: 2 mL methanol
Temperature: 80 °C
Reaction time: 20 min

Condition

(1) 85.75%
(2) 84.15%
(3) 83.25%
(4) 82.15%

(1) 80.13%
(2) 76%
(3) 70.26%

FAME of extractable lipid:
Chaetoceros gracilis 82%
Tetraselmis suecica 78%
Chlorella sorokiniana 77%
Synechocystis sp. PCC 6803
39% Synechococcus elongatus
40% Municipal wastewater
lagoon (mixed culture) 74%

FAME Yield

Patil et. al.,
2012

Patil et. al.,
2011

Wahlen et.
al., 2011

Reference

Chlorella
protothecoides

n-hexane,
tetrahydrofuran, tetamyl alcohol,
cyclohexane,
petroleum esters,
and methanol

Chloroform/methan
Rhizoclonium
ol,
hieroglyphicum (indor
Isopropanol/hexane
and outdor systems)
and hexane

Table 2.1 (Continued)
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Soxhlet

Li et al.,
2007

Manual Method
1st extraction:46-55%
2nd:23-26%,
3rd: 14-17%,
Mulbry et.
4th: 7-11%.
al., 2009
ASE with isopropanol/hexane:
75-84% and 83-92% FA.
Hexane: 83-92% oil and 91-95%
FA.

Algae: Chlorella prothecoides
Catalyst:Reactant: volume varies
Temperature: varies
98.15 % (3:1 molar ratio of
Reaction time: varies
methanol)
Organic solvent mount, pH
value, and different water
content (%) were tested

Accelerated
solvent extraction,
ASE (compared to
Conventional Extraction
modified Floch
Algae: 1 g of dry algae
extraction)
Reactant: 20 mL of
chloroform/methanol (2:1
vol/vol)
Temperature: 25°C
Reaction time: 20 min

Accelerated Solvent
Extraction
Algae: 2.5 g of dry algae
30 g Ottawa sand
33 mL sample cells
Temperature: 120 °C
Reaction Time: 5 min

2.4
2.4.1

Ultrasonic and Microwave Extractive-Transesterification Processes
Ultrasound Extractive-Transesterification Methods
The application of ultrasound to microalgae in water, also known as sonication,

utilizes the process of cavitation to disrupt the cell wall (Figure 2.1). Cavitation involves
nucleation, growth and transient impulsive collapse of tiny bubbles in the liquid driven by
bulk pressure variation due to ultrasound waves (Ranjan et al. 2010). Cavitation results in
the physical effects of micro-turbulence and velocity/pressure shockwaves. Microturbulence provides intense mixing, while shockwaves cause disruption of the cell walls
(Ranjan et al. 2010).

Figure 2.1

Extractive-transesterification mechanisms of microwaves and ultrasound
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Ultrasonic irradiation differs from traditional energy sources (such as heat, light,
or ionizingradiation) in duration, pressure, and energy per molecule. The immense local
temperatures and pressures and the extraordinary heating and cooling rates generated by
cavitation bubble collapse provide an unusual mechanism for generating high-energy
chemistry. Similar to photochemistry, very large amounts of energy are introduced in a
short period of time, but it is thermal, not electronic, excitation. As in flash pyrolysis,
high thermal temperatures are reached, but the duration is very much shorter (by >104)
and the temperatures are even higher (by five- to ten-fold) in sonication (Gude et al.,
2013).
Ultrasonic irradiation is seen as an attractive non-conventional method that can be
efficiently used as a mixing device for the production of biodiesel. Ultrasound generates
cavitations bubbles that enhance chemical reactions in a solution (Gong et. al., 1998). It
disintegrates the cell structures making the microbubbles to collapse for the oil extraction
can be possible. Ultrasound waves are transmitted through any substance in the solid,
liquid, or gaseous phase (Singh et. al., 1998). One of the advantages of using ultrasound
is that the yield increases and the by-products decrease (Singh et. al., 1998).
Ultrasonication can also improve mass transfer rate between the reactants.
Ultrasonication can be applied directly or indirectly; however, direct
ultrasonication (ultrasonic probe) can deliver intensity 100 times higher than indirect
ultrasonication (ultrasonic bath); (Santos et. al., 2009). Direct ultrasonication is used in
this project where the ultrasonic probe was immersed into the mixture of the algae
powder, catalyst, and reactant.
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Staravache et. al. (2005) has concluded that low frequency ultrasound gives better
results which mean that the energy input will be lower making it a cost-effective method.
It has been also concluded that ultrasounds can be very attractive for the production of
biodiesel at industrial scale (Staravache et. al., 2005; Veljkovic et. al., 2012)
Ultrasonics with frequencies higher than 20 kHz can be used for extraction.
Power ultrasound (20-100 kHz) or extended range for sonochemistry (20 kHz – 2 MHz)
are capable of influencing chemistry and processing of different chemical reactions. A
comparative study between conventional extraction and ultrasonic extraction methods
showed that ultrasound was more efficient in extraction (Zhang et al., 2008). Ultrasound
can be used to extract algal oils as well (Cravotto et al., 2008). Cravotto et al. compared
oil extraction times and yields with conventional procedures. They developed ultrasound
devices working at frequencies of 19, 25, 40 and 300 kHz and multimode microwave
oven operating with both open and closed vessels, as well as combined extraction with
simultaneous double sonication at 19 and 25 kHz. These results indicated that ultrasound
can greatly improve oil extraction with higher efficiency. Extraction times were reduced
and yields increased by 50–500% with low or moderate costs and minimal added toxicity.
Wiyarno et al (2010) tried using ultrasonic extractive-transesterification combined
with chemical solvents such as N-Hexane and Ethanol. The result showed that the solvent
extraction assisted by ultrasound has reduced the extraction time significantly. The nHexane solvent with smaller polarity difference showed better extraction level comparing
to other solvents. Optimum condition for temperature and time for each solvent is 35 °C
and 8 minutes for n-Hexane and 70 °C and 52 minutes for ethanol.
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Koberg et. al. (2011) presented a study on algal biodiesel extraction using
ultrasound radiation. Koberg carried out a comparison between two steps (extraction and
transesterification) and one step (direct transesterification). For the two steps reaction, 1
g of dried nannochloropsis was mixed with methanol-chloroform (1:2 v/v) and it was
exposed to 5 min ultrasound radiation. Secondly, for the transesterification of microalgae
lipids, methanol-chloroform (1:2 v/v) and 0.3g SrO were added to the microalgae lipids,
and the mixture was exposed to ultrasonic irradiation for 2 minutes. For the one-step
process 1 g algae, methanol-chloroform (1:2 v/v), and 0.3 g SrO were exposed to 5
minutes sonication. The results showed that the two-step biodiesel yield was 18.9% and
20.9% for direct transesterification. Therefore, direct transesterification not only
enhances biodiesel yield but also reduces reaction time.
Araujo et al. (2013), tested five different extraction methods to extract the lipids
from Chlorella vulgaris. The five methods include: Bligh and Dyer (Bligh et al., 1959),
Chen (Chen et al., 1981), Folch (Folch et al., 1957), Hara and Radin (Hara et al.,1978),
and Soxhlet (Soxhlet, 1879). 5 grams of dried biomass were used for each sample. They
used an ultrasonic bath operating at 40 kHz and at an intensity of 2.68 W/m2. All the
methods were performed with and without silica powder, expecting to improve oil
extraction. For the preparation of the samples with silica, 0.5 g of silica powder was
mixed with the dried biomass. The addition of silica powder did not favor the results. The
highest extraction was Bligh and Dyer with an extraction of 52.5%, 10.9% for Chen,
16.1% for Folch, 2.2% for Hara and Radin, and 1.8% for Soxhlet method. The addition of
silica powder reduced the yield giving results of 41.4%, 9.5%, 11.7%, and 1.8%, in a
consecutive order of the methods mentioned before. They concluded that sonication
19

enhances the extraction of the lipids, but extraction also depends on the selection of the
proper solvent. It can be noted that they used ultrasound bath which requires longer
reaction time than direct sonication.
2.4.2

Microwave Extractive-Transesterification Methods
Microwaves at a frequency of 2.45 GHz are used in commercial applications.

Microwaves enhance the reaction rates by ionic conduction and dipole polarization
mechanisms (Gude et al., 2013). Due to these effects localized superheating of the
reactants results in hotspots increasing the rate of reaction tremendously. Advantages of
microwave technique can be short extraction time and higher oil recovery since the
microwaves have the ability to penetrate through algal cell walls to heat the lipid pockets
and force them to be excreted out of biological matrix (Gude et al., 2011). Higher
biodiesel yields can be obtained from microwave extractive-transesterification (Motasemi
et. al., 2012). Gude et al. (2013), proposed the benefits of combining oil extraction and
chemical transesterification reaction into a single step process. Patil et al. (2012) have
compared direct transesterification of algal biomass under supercritical methanol and
microwave irradiation conditions. They concluded that the microwave extractivetransesterification method for processing the dry algae is more energy-efficient for
extracting and converting the algal oils in a single-step extractive-transesterification
process. The non-catalytic supercritical methanol method produces comparatively high
quality and thermally stable biodiesel product (Patil et al., 2012).
For instance, Cheng et. al. (2013) presented a study using wet microalgae for
direct biodiesel production via one-step and two-step method utilizing microwave
irradiation. For the one step-method, 1 g of Chlorella pyrenoidosa was mixed with 4 mL
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of chloroform, 4 mL of methanol, and 0.2 mL of sulfuric acid. The mixture was exposed
to microwave irradiation. The organic layer containing the biodiesel was separated and
10 mL of distillated water was added to ensure the removal of the aqueous phase. They
determined the bio-oil mass gravimetrically. Lipid extraction and transesterification were
applied for the two-step method. Two-step method was similar to the one-method except
for the addition of sulfuric acid for lipid extraction. The results were compared to a twostep method using conventional heating which consisted of the same procedure as the
two-step method using microwave irradiation, but the mixture was heated using a baking
oven at 60°C for 30 min. The results showed that microwave irradiation with one-step
method was more efficient than the microwave heating with two-step and conventional
heating with two-step methods, giving a total bio-oil yield of 19.03%, 15.01%, and 14.52
and a total biodiesel yield of 10.51%, 8.92%, and 8.34% for microwave irradiation with
one-step, microwave heating with two-step, and conventional heating with two-step
methods, respectively. Once again, microwave extraction has been proven to be more
efficient than conventional heat. Energy from microwaves goes directly to the reacting
molecules which makes it more effective.
On the above mentioned study in section 2.3.1, Koberg et al. (2011) also studied
biodiesel production from Nannochloropsis biomass using microwaves. As described in
section 2.3.1, 1 g of crude dried Nannochloropis was mixed with methanol-chloroform
(1:2 v/v). The mixture was exposed to microwave irradiation for 5 minutes at 770 Watts.
The same dose for the mixture was added to 03 g of SrO for the transesterification of
microalgae lipids, and it then exposed 2 minutes to microwave irradiations. 32.8% was
the biodiesel yield for the two steps method and 37.1% for direct transesterification;
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which allowed them to conclude that microwave irradiation accelerates the
transesterification reaction (Koberg et. al., 2011).
2.5

Proposed Research
The purpose of this research is to introduce an efficient method to maximize the

lipid content extracted from algae. Microalgae powder, from Chlorella sp. will be used
for this specific project. Green chemistry will be implemented by using non-conventional
methods such as microwave and ultrasonic extraction. Ultrasound extractivetransesterification (UET) and microwave extractive-transesterification(MET) are now
recognized as efficient extraction techniques that dramatically cut down working times,
increasing yields and often the quality of the extract (Wiyarno et al., 2010). In this thesis,
UET and MET are compared to the well-known Bligh and Dyer Method which is used as
the benchmark method.
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CHAPTER III
MATERIALS AND METHODS

3.1

Materials
Process steps involved in the extractive-transesterification process include

preparation of dry algal biomass, addition of reactant/solvent and catalysts for extractivetransesterification under microwave or ultrasound irradiation, separation and purification
of the reaction products and quality analysis. Dry algae biomass (Chlorella Sp.) was
purchased from a commercial producer. Ethanol (> 99.5% purity), hexane (98%+ extra
pure) and sodium hydroxide (> 99.5% purity) were purchased from Cole Parmer. All
reagents and standards used in the GC and GC-FID analysis were purchased from Fisher
Scientific. Autosample vials were obtained from Optic Planet and the Teflon (PTFE)
syringe filters were purchased from Kat Scientific. A 700 Watts domestic microwave was
modified for the extractive-transesterification. Figure 3.1. displays the modified
microwave reactor.
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Figure 3.1

Domestic modified microwave

Figure 3.2 shows the sonicator used for experiments. The ultrasound extractivetransesterification was performed using a NO-MS100 Ultrasonicator manufactured by
Columbia International Technologies with 1000 watts capacity.

Figure 3.2

Sonicator used for experiments
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3.2

Methods
For comparison purpose, Bligh and Dyer, a well-known extractive method was

used as a bench mark. Next sections describe the procedure of the experimental methods
as well as the description of the bench mark method, Bligh and Dyer. Table 3.2 shows the
different parameters used during the experimental procedure for microwave and also for
ultrasound extractive-transesterification. Samples were tested for different time periods,
catalyst weight percentages, reactant amount, and power.
Table 3.2

Experimental conditions

Variable

Fixed Parameter

Range

Time

Catalyst 2.0% wt (algae
biomass).
Solvent: 48 mL of
ethanol.
Power: 350 watts
Time: 5min
Solvent: 48 mL of
ethanol.
Power: 350 watts
Catalyst: 2.0% wt. (algae
biomass)
Time: 5 min
Solvent:48 mL of ethanol

3, 4, 5, 6, and 7 min

Catalyst: 2.0% wt. (algae
biomass)
Time: 5min
Power: 350 watts

24mL, 36mL, 48mL, and 60 mL.

Catalyst

Power

Reactant

3.2.1

0.5%, 1.0%, 1.5%,2.0 %, and 2.5% wt.
(algae biomass)
70W, 210W, 490W, 560W, 630W, and
700W.

Bligh and Dyer
Four-samples were prepared to be tested using 0.2 grams of algae powder. The

algae powder was placed in a test tube. The first step of the extraction was to add 5 mL of
deionized water to each tube; the tubes were then vortexed. 12.50 mL of methanol, 6.25
mL of chloroform, another 6.25 mL of choloroform, and 6.25 mL of deionized water
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were added, the tubes were vortexed after the addition of each chemical. Methanol was
added to change the polarity of the water layer which limits the polar lipids increment.
The samples were centrifuged for 10 minutes at 3000 rotations per minute to separate the
layers. The bottom layer containing lipophilic material was drawn off with a pasture
pipette and run it through a glass wool filled pipette into a pre-weight 40 mL vial. 12.50
mL of chloroform were added to the content left in the test tube and it was then vortexed.
The bottom layer containing the chloroform was again drawn off and run through the
same glass wool filled pipette into the same vial until only the top layer which contained
methanol and water was left in the tubes. The glass wool was rinsed with chloroform, and
the 40 mL vial was placed on the TurboVap LV (Caliper Life Sciences, Hopkinton, MA,
USA) for about an hour. The vials with lipid residue were weighted, and these results
were used to calculate the percentage of lipids concentration.
For the ease of chromatographic analysis, the triglycerides had to be broken down
into its fatty acids. Therefore, to identify the triglycerides, 2 mL of 2% sulfuric acid was
added to methanol in a 40 mL vial containing the lipid residue and vortexed. After the
sulfuric acid was added, the samples were placed in a 60°C water bath for 2 hours and
then cooled at room temperature. Once the mixture had reacted for 2 hours, 5 mL of
3%NaHCO3/5%NaCl and 2 mL of the standard (100 ppm butylated hydroxytoluene
(BHT) and 200 ppm 1,3-dichlorobenzene (1,3-DBC)) were added, and the sample was
once again vortexed. 1,3-DBC was used as an internal standard and BHT was used as
antioxidant.
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Table 3.3

Experimental procedure for microwave, ultrasound, and Bligh and Dyer

Process Step

Extraction

Transesterification

3.2.2

Experimental Procedure

Bligh &

Dyer
0.2 g of algae
powder, 11.25 mL
of deionized
water, 12. 50 mL of
methanol, and 25
mL of chloroform.
2 mL of 2% sulfuric
acid, 5 mL of 3%
NaHCO3/5%NaCl,
2 mL of 100 ppm
BHT-200 ppm 1,3DBC

Microwave
4 g of algae powder, ethanol
or ethanol:hexane
(increments of 12 mL, 2460 depending on on
condition), and NaOH
catalyst (0.5%-2.5%,
increments of 0.5%
depending on condition
tested). Exposed it to
microwave irradiation (3-7
min, interval of 1 min for
each condition).

Ultrasound
4 g of algae powder,
ethanol (increments of 12
mL, 24-60 depending on
on condition), and NaOH
catalyst (0.5%-2.5%,
increments of 0.5%
depending on condition
tested). Exposed it to
ultrasound irradiation (3-7
min, interval of 1 min for
each condition).

Microwave Extractive-Transesterification using Ethanol and EthanolHexane solvents
Four grams of algae biomass was added to the premixed homogenous mixture of

ethanol and sodium hydroxide catalyst. The mixture was exposed to microwave
irradiation for different time periods and for different power dissipation levels as
described in Table 3.4, varying also the catalyst percentage and the amount of ethanol
(1:6-1:15 wt/vol). A thermometer was used to measure the temperature (temperature
profiles are described under Results and Discussion section in chapter IV) and a reflux
condenser was attached to the reactor in the microwave, to keep ethanol from
evaporation. After each test, an adequate amount of time was allowed to cool the
microwave reactor and cooling was performed using a fan.
The same number of samples was repeated for extractive-transesterification using
hexane as a solvent to minimize the requirement of ethanol and reaction time. The
parameters were almost the same except for the addition of some samples with different
ethanol-hexane ratios. Changes made to Table 3.3 are shown on Table 3.4.
32

Table 3.4

Experimental Conditions for MW Extractive Transesterification using
Hexane

Variable
Time
Catalyst
Power
ReactantSolvent

3.2.3

Fixed Parameters
Catalyst 2.0% wt. (algal biomass)
Solvent: 24mL ethanol and 24 mL hexane
Power: 350 watts
Time: 5min
Solvent: 24mL ethanol and 24 mL hexane
Power: 50%
Catalyst: 2.0%wt. (algal biomass)
Time: 5 min
Solvent: 24 mL ethanol and 24 mL hexane
Catalyst: 2.0% wt. (algal biomass)
Time:5 min
Power: 50%

Range
3, 4, 5, 6, and 7 min
0.5%, 1.0%, 1.5%, and
2.5% wt. (algal
biomass)
70 W, 210W, 350W,
490W, 630W, and 700
W
Ethanol:hexane
24:08 mL, 24:16 mL,
24:20 mL, 24:30mL

Ultrasound Extractive Transesterification
The same steps and conditions for microwave extractive-transesterification were

followed for ultrasound extractive-transesterification, except that a thermocouple was
used to measure the temperature.
3.2.4

Lipid Yield Content
After the extractive-transesterification using microwave and ultrasound

irradiation, the lipid yield content was measured. 10 mL were taken from each of the
samples. For the separation of the solids and the liquid, the samples were centrifuged for
ten minutes at 3000 rotations per minute and were then filtered through a Teflon syringe
filter into a pre-weighted 40 mL vial. The samples were left in the oven for 36 hours,
while in the oven; the samples were monitored every 4 hours. Finally, each vial
containing the lipids was weighed to determine the percentage of lipid yield.
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3.2.5

Solid separation
In order to analyze the FAEE, the solids were separated from the liquids. The

samples were centrifuged for fifteen minutes at 3500 rotation-per-minute. Once the
samples were centrifuged, the liquid layer was removed and it was filter with a 0.22 µm
Teflon syringe filter into a 2 mL autosampler vial. The samples were then analyzed with
a Gas Chromatography (GC) high temperature (using B100, ASTM 6584 for fatty acid
ethyl esters (FAEE) conversion. The samples were also analyzed with a GC flame
ionization detector (FID) for the FAEE composition.
3.3

FAEE analysis
The FAEE analysis was carried out on a Varian Gas Chromatography (GC) with

cool on column injection and FID detection as required by ASTM 6584 method for B100
to measure the FAEE conversion. The operating scheme of the biodiesel analysis using
the gas chromatography is as follows: a sample size of 1 μl with initial temperature of
50°C (hold 1 min) followed by rate 1 (15°C / min to 180°C); rate 2 (7°C / min to 230°C)
and rate 3 (30°C / min 380°C) with flame ionization detector at 380°C. Helium was used
as a carrier gas. The FAEE composition in ethanol and hexane phases were analyzed
using an Agilent 6890 gas chromatograph equipped with a flame ionization detector
(Agilent, Santa Clara, CA, USA). The column used was a 100 m × 0.25 mm × 0.2 lm
Supelco SP 2380 capillary column (Supelco, Bellefonte, PA, USA) with stabilized poly
(90% biscyanopropyl/10% cyanopropylphenyl) siloxane as the stationary phase. The
column temperature was programmed to increase from110 ºC to 140 ºC at 10 ºC/min;
maintained at 140 ºC for 4 min; then ramped from 140 ºC to 240 ºC at 2 ºC/min; and
finally maintained at 240 ºC for 40 min. The detector temperature was set at 260 ºC. The
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carrier gas used was helium (14 psi) at a flow rate of 45.0 mL/min, while the sample
injection volume was 1.0 µl with a split ratio of 100:1. The internal standard used was 1,
3-dichlorobenzene (Fisher Scientific, Pittsburgh, PA, USA). Calibration curves between
peak area and concentration were established by injecting reference FAME samples of
known concentrations into the GC–FID.
3.4

Scanning Electron Microscope Analysis
The residual wet algae from the extracted samples were analyzed under scanning

electron microscope (SEM). The samples were air dried for a week and then mounted on
aluminum stubs using a conductive adhesive and coated with 20 nm Pt. The samples
were examined with JEOL JSM-6500F equipment operated at 5 kv. SEM results are
described under Results and Discussion section in chapters IV and V.
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CHAPTER IV
ULTRASOUND AND MICROWAVE EXTRACTIVE-TRANSESTERIFICATION: A
COMPARATIVE STUDY

4.1

Abstract
The use of non-conventional methods namely microwaves and ultrasound for

extractive-transesterification of algal lipids using ethanol as a solvent was investigated.
Microwaves and ultrasound possess unique enhancing (physical and electrical)
mechanisms that can assist in successful extraction and transesterification of algal lipids
in a very short reaction time. This paper presents a comparative study of microwave and
ultrasound effects on the algal biodiesel production. The following conditions were
determined as optimum through optimization studies: 1) microwaves – 1:12 algae to
ethanol (wt/vol) or 1:500 (molar) ratio; 2 wt% catalyst; 5-6 minutes reaction time at 350
W microwave power; and 2) ultrasound -1:6-9 algae to ethanol (wt/vol) or 1:250-375
(molar) ratio; 2 wt% catalyst; 6 minutes reaction time at 490 W ultrasound power. The
highest FAEE yields ad conversions for microwave and ultrasound methods were 18.8 %;
18.5 % and 96.2%; 95.0% respectively. In comparison, ultrasound method resulted in
higher FAEE yield and conversion at low solvent ratios while microwave are able to
produce better results at lower power levels compared to ultrasound. The two methods
performed better than the conventional bench-top Bligh and Dyer method which followed
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two-step extraction and transesterification method with FAEE yields and conversions of
13.9 % and 78.1 % respectively
4.2

Introduction
Considering current world finite fossil fuel resources and escalating demands for

the same, quickly replenishing renewable fuel resources such as oils from microalage are
being actively sought. Algae represent a renewable energy resource which help capture
atmospheric carbon dioxide (CO2) photosynthetically and produce lipids that can be
transesterified to biodiesel. Some algae, like Nannochloropsis and others, can be grown
in saline waters and do not compete with food crops or consume fresh water resources.
Algal biodiesel production poses significant economic and bioprocessing challenges,
including cost effective harvesting of the algae and the recovery of the lipids, which are
intracellularly located. Effective means to recover microalgae and extract their
intracellular lipids remains a practical and economic bottleneck in algal biodiesel
production (Harvey et al., 2012).
The intracellular location of the lipids requires algal cell wall breakage for oil
recovery. Extraction of intracellular lipids from intact algae is difficult as the lipids are
bound within cell membranes and cell disruption is required to maximize lipid recovery.
For this reason, conventional oil extraction methods such as physical straining,
mechanical pressing, and solvent extraction are not suitable for algae oil extraction.
Mechanical pressing involves high specific energy consumption due to high mechanical
strength of algal cell walls which may exceed the extractable energy in algae lipids.
Supercritical fluid extraction using dry CO2 is another well-known technique. This
technique requires high temperatures and high pressures but relatively lower chemical
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solvents and reduced reaction times. However, high capital costs and process safety are
the major concerns with this technique. Novel techniques with ability to enhance both the
diffusive (diffusion of solvent into the cells) and disruptive (disrupt the cell walls to
force-release the lipids) mechanisms are essential for efficient algal oil extraction.
The key to algal lipid extraction is an effective solvent which can firstly penetrate
the solid matrix enclosing the lipid, secondly physically contact the lipid and thirdly
solvate the lipid (Cooney et al., 2009). Since the microalgae are protected by a cell wall
that limits the solvents’ access to the lipid, non-conventional extraction techniques such
as microwaves and ultrasound may play an important role to enhance both disruptive and
diffusive mechanisms. Microwaves and ultrasound have been utilized in the extraction of
various valuable bioproducts from fruits, herbals, leaves and crop seeds (Pan et al., 2003;
Hong et al., 2001; Guo et al., 2001; Zigoneanu et al., 2008; Rostagno et al., 2007; Terigar
et al., 2010; Eskilsson et al., 2000; Cravotto et al., 2008; Mata et al., 2010; Echevarria,
2011). Apart from that microalgae biodiesel has been produced from extracted lipids via
a traditional extraction-conversion approach (Krohn et al., 2011; Miao et al., 2006; Umdu
et al., 2009). However, the microalgae biodiesel production via the extraction and
transesterification (conversion) route heavily relies on organic solvent extraction
efficiency, which has been identified as a major drawback in several recent reports due to
incomplete extraction of oils by this method (Johnson et al., 2009; McNichol et al.,
2012). One of the alternatives to overcome this limitation is to conduct ‘in situ’
transesterification” of algal lipids. In this method, algal lipids are simultaneously
extracted and converted to FAME. Since the in situ approach integrates the extraction and
conversion in one step, it eliminates the need to first isolate and refine the lipid before
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converting it into biodiesel which could lead to a reduction in product cost. Moreover,
besides serving as a reactant in the in situ process, the alcohol may weaken the cellular
and lipid body membranes to facilitate the FAME conversion (Haas et al., 2011).
Recently, the in situ process has been applied to prepare biodiesel from various
microalgal species (biomass) with H2SO4 (Johnson et al., 2009; Haas et al., 2011; Ehimen
et al., 2010; Wahlen et al., 2011), KOH (Patil et al., 2011; Ruoyu et at., 2011), and SrO
(Koberg et al., 2011) as catalyst using conventional, microwave and supercritical
methods (Dong et al., 2013).
In this research, we studied the effects of microwaves and ultrasound in
extractive-transesterification of algal lipids from Chlorella sp using ethanol as a solvent
(for lipid extraction) and reactant (for transesterification reaction). The premise for the
proposed microwave enhanced extractive-transesterification lies in the fact that ionic
conduction and dipole moment caused by microwaves increase the oil extractive ability
and simultaneously converts the oils to FAEE due to localized superheating. On the other
hand, ultrasound induces intense mixing due to continuous compression and rarefaction
cycles which cause the cavitational bubbles to generate with super high local
temperatures and pressures. This phenomena automatically increases the temperature of
the bulk of the sample medium with disruption of the microbubbles and promote the
desired chemical reactions. By use of ultrasonics, chemical synthesis limitations
attributed to mass transfer limitations due to heterogeneous conditions existing during the
transesterification reaction are eliminated. This paper presents a comparative study of
microwave and ultrasound enhanced extractive-transesterification of algal biomass using
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ethanol with a discussion on process improvements. Energy analysis and a comparison
with other studies are also presented.
4.3
4.3.1

Reaction mechanism
Base catalysis mechanism
The base catalysis mechanism for triglycerides using alkali hydroxide as catalyst

is shown in Figure 4.1 (Schuchardt et al., 1998; Lotero et al., 2005). The mechanism can
be assumed to follow the commonly reported route since microwaves or ultrasounds do
not have the capability to cause chemical alteration at molecular levels. The microwaves
may cause electron excitation but do not possess the energy required to break the
chemical bonds. However, localized superheating created by microwaves (due to dipole
moment and ionic conduction) will allow for expedited reactions. Similarly, ultrasonic
waves can cause rarefaction cycles (expansion and contraction) which cause intense
mixing increasing mass/heat transfer among the reaction compounds enormously to result
in quick desired reactions. Therefore, the reactions enhanced by these novel techniques
would be similar to the route followed by the conventional method except that the
reaction speed increased tremendously due to aforementioned special effects. The basecatalyzed transesterification mechanism follows essentially four important steps; first
step (1) is a catalytic reaction with alcohol, producing an alkoxide. The nucleophilic
attack of the alkoxide to the carbonyl group of the triglyceride generates a tetrahedral
intermediate compound (2) from which the alkyl ester is formed and the corresponding
anion of triglyceride (3). Finally, the catalyst is deionized, resulting in the regeneration of
the active compound (4), which allows that it can react with a new molecule of alcohol,
beginning a new catalytic cycle. In the notation used, B is the base catalyst, R1, R2 and R3
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are the carbonyl groups of fatty acids and R is the functional group of alcohol. The role of
microwaves and ultrasound in the extractive-transesterification reaction can be explained
as follows:

Figure 4.1

4.3.2

Mechanism of basic transesterification reaction

Microwave heating mechanism
Microwaves transfer energy into materials by dipolar polarization, ionic

conduction and interfacial polarization mechanisms to cause localized and rapid
superheating of the reaction materials. Ethanol molecule possesses a dipole moment,
therefore, when it is exposed to microwave irradiation, the dipole tries to align with the
applied electric field. Since the electric field is oscillating, the dipoles constantly try to
realign to follow this movement. At 2.45 GHz, molecules have time to align with the
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electric field but not to follow the oscillating field exactly. This continual reorientation of
the molecules results in friction and thus heat. If a molecule is charged, then the electric
field component of the microwave irradiation moves the ions back and forth through the
sample while also colliding them into each other. This movement again generates heat. In
addition, because the energy is interacting with the molecules at a very fast rate, the
molecules do not have time to relax and the heat generated can be, for short times, much
greater than the overall recorded temperature of the bulk reaction mixture. In essence,
there will be instantaneous localized superheating. Thus, the bulk temperature may not be
an accurate measure of the temperature at which the actual reaction is taking place. The
interfacial polarization method can be considered as a combination of the conduction and
dipolar polarization mechanisms. It is important for heating systems that comprise a
conducting material dispersed in a non-conducting material such as metal oxides in polar
solvents (Taylor et al., 2005; Chemat-Djenni et al., 2007; Refaat et al., 2010; Groisman et
al., 2008).
4.3.3

Ultrasonic heating mechanism
The application of ultrasound to microalgae in water, also known as sonication,

utilizes the process of cavitation to disrupt the cell wall. Cavitation involves nucleation,
growth and transient impulsive collapse of tiny bubbles in the liquid driven by bulk
pressure variation due to ultrasound wave (Ranjan et al., 2010). Cavitation results in the
physical effects of micro-turbulence and velocity/pressure shockwaves. Micro-turbulence
provides intense mixing, while shockwaves cause disruption of the cell walls (Ranjan et
al., 2010).
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Ultrasonic irradiation differs from traditional energy sources (such as heat, light,
or ionizingradiation) in duration, pressure, and energy per molecule. The immense local
temperatures and pressures and the extraordinary heating and cooling rates generated by
cavitation bubble collapse provide an unusual mechanism for generating high-energy
chemistry. Similar to photochemistry, very large amounts of energy are introduced in a
short period of time, but it is thermal, not electronic, excitation. As in flash pyrolysis,
high thermal temperatures are reached,but the duration is very much shorter (by >104)
andthe temperatures are even higher (by five- toten-fold) in sonication (Kappe, 2006; Li
et al., 2008).
4.4
4.4.1

Results
Optimization of microwave extractive-transesterification method
Figure 4.2 shows the temperature profiles for microwave enhanced

transesterification reaction at different power levels. It can be noticed that the reaction
mixture temperature quickly rises to 75ºC within a short period of time, i.e. 1.5 minutes.
The effect of reaction time on the extractive-transesterification reaction is shown in
Figure 4.3a. a reaction time of around 5 minutes has resulted in the highest FAEE yield
and conversion. The FAEE conversion of 96.17% was measured. However, the lipid
yield was higher at 6 minutes reaction time. The presence of catalyst had significant
effect on the FAEE conversion and a 2 wt% of dry algae has produced 95.17% FAEE
conversion (Figure 4.3b). The effect of microwave power is shown in Figure 4.3c. The
FAEE conversion of 95.17% was observed at 350 W recommending that higher power
did not necessarily yield higher conversions rather decreased the conversion, probably
due to formation of by-products. Figure 4.3d shows the effect of solvent volume on the
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FAEE conversion. Oil to ethanol ratio of 12:1 resulted in a FAEE conversion of 96.13%
and higher ratio (15:1) resulted in lower FAEE conversion. Higher ethanol ratios may
have reduced the effect of catalyst and used the microwave power not affecting the algae
biomass.

Figure 4.2

Temperature profiles of extractive-transesterification reaction by
microwaves (a) and ultrasound (b).
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The Bligh and dyer method (following the steps described in section 3.2) has
resulted in 13.88 % lipid/FAEE yield and about 78.1% of FAEE conversion through
various separate extraction and transesterification steps involving use of solvents in large
quantities. The separate extraction and transesterification steps may result in product loss
during separation of the reaction products. The direct, in-situ extractive transesterification
process may help extract the lipids and convert them into lipids simultaneously in a single
pot without loss of reaction products and thus may result in higher process yields.
4.4.2

Optimization of ultrasound extractive-transesterification method
Figure 4.2b shows the temperature profiles for microwave enhanced

transesterification reaction at different power levels. It can be noticed that the reaction
temperatures were lower than the microwave irradiation. The effect of different process
parameters on the ultrasound extractive-transesterification are shown in Figure 4.4a-4.4
d. The experimental conditions are shown The FAEE conversion increased with
increasing reaction time (Figure 4.4a). This proves that longer reaction times provide for
more interaction between the ultrasound and the reaction mixture. Six minutes of reaction
time was found to provide the highest FAEE conversion. The effect of catalyst amount
shows that higher catalyst concentrations provide better FAEE yield and conversion
(Figure 4.4b). The oil to ethanol ratio effect is shown in Figure 4.4 c. The FAEE
conversion was higher at lower dry algae to ethanol ratios. 24 mL ethanol volume has
extracted the algal lipids and converted them into FAEE better than other solvent
volumes. The effect of ultrasound power (Figure 4.4d) shows that lower ultrasound
power levels have improved the extraction and transesterification efficiencies. The
lipid/FAEE yields as well as the FAEE conversions were higher at a power level of 490
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W. For ultrasound method, the lipid/FAEE yields and the FAEE conversions have
followed similar trends Figure 4.4a- 4.4.
Based on the above experimental analysis, the optimal conditions for microwave
process are reported as: dry algae/ethanol (wt./vol.) ratio of around 1:9 (oil to ethanol
ratio of 1:500), reaction temperature and time of about 75-80 ºC, and 6 minutes
respectively with a catalyst concentration of 2 % (wt). For ultrasound enhanced
simultaneous extraction and transesterification reaction, optimal conditions are: dry algae
to ethanol (wt./vol.) ratio of 1:6 (oil to ethanol ratio of 1:250), NaOH concentration of 2%
(wt.%) and the reaction time of 5–6 minutes at a reaction temperature well below the
boiling temperature of ethanol. The maximum FAME yield obtained from microwave
and ultrasound processes are 96.2% and 94.5% (based on total lipid content)
respectively.Microwave irradiation is more effective in the destruction of the cells and
accelerates better the transesterification reaction in a shorter reaction time.
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Figure 4.3

Lipid/FAEE Yields and FAEE Conversions (%) for Microwave Extractive
Transesterification

(a) Effect of ethanol (Process Conditions: 4 g dry algae; 2% catalyst and 5 minutes
reaction time); (b) Effect of catalyst concentration (Process Conditions: 4 g dry algae; 48
mL ethanol and 5 minutes reaction time); (c) Effect of reaction time (Process Conditions:
4 g dry algae; 2% catalyst and 48 mL ethanol); (d) Effect of microwave power (Process
Conditions: 4 g dry algae; 2% catalyst; 48 mL ethanol and 5 minutes reaction time)
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Figure 4.4

Lipid/FAEE Yields and FAEE Conversions (%) for Ultrasound Extractive
Transesterification

(a) Effect of ethanol (Process Conditions: 4 g dry algae; 2% catalyst and 5 minutes
reaction time); (b) Effect of catalyst concentration (Process Conditions: 4 g dry algae; 48
mL ethanol and 5 minutes reaction time); (c) Effect of reaction time (Process Conditions:
4 g dry algae; 2% catalyst and 48 mL ethanol); (d) Effect of microwave power (Process
Conditions: 4 g dry algae; 2% catalyst; 48 mL ethanol and 5 minutes reaction time)
4.4.3

FAEE Composition Analysis
FAEE analysis for algal biodiesel has shown the following major long chain fatty

acid compounds: Decanoic (C10:0); Lauric (C12:0); Myristic (C14:0); Palmitic (C16:0);
Palmitoleic (C16:1); Stearic (C18:0); Oleic (C18:1); Linoleic (C18:2); Linolenic (C18:3);
Archidic (C20:0); Behenic (C22:0); Erucic (C22:1); and Lignoceric (C24:0). The
composition of these compounds as percentages for different reaction conditions are
48

shown in Table 4.1 and Table 4.2. Figure 4.5a and Figure 4.5b show the compositions of
saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs) and polyunsaturated
fatty acids (PUFAs). Microwave extraction has extracted more polyunsaturated fatty
acids (PUFAs) in the range of 45%-75% whereas the extraction with ultrasound has
shown a considerable portion (50-79%) of saturated fatty acids (SFAs). The fatty acid
composition has shown a small percentage of C20, C21 and C22 carbon chain
compounds which are typically found in algal lipids and not in other vegetable and seed
oils (Chisti, 2007). High percentage of polyunsaturated compounds with microwave
irradiation can be attributed to higher reaction temperatures (70-80ºC) compared to the
reaction mixture with ultrasound (32-50 ºC). Although the measured temperatures (bulk
reaction mixture) in microwave extraction do not seem to be that high, the localized
superheating at microscales (molecular levels) with ethanol cause the reaction products to
have higher composition of monounsaturated and polyunsaturated fatty acids.
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Figure 4.5

Comparison of FAEE composition for: a) Microwave and; b) Ultrasound
extractions
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Name

0.5

5
2.44

6.84
3.71

1.38

3.02

0.56

0.64

60.21

12.25

0.42
1.08

1.57

18.01

0.42

0.13

0.25

0.07

2

0.77

1.42

0.55

0.48

3

64.37

11.31

0.62
1.03

1.45

17.42

0.33

0.09

0.12

0.05

2.5

1.43

2.61

0.57

0.61

57.57

12.99

0.79
1.17

1.64

19.83

0.31

0.14

0.29

0.06

24

1.6

3.02

0.64

0.65

59.7

4

12.07

0.51
1.14

1.61

18.09

0.45

0.15

0.29

0.06

36

1.38

3.02

0.56

0.64

60.21

12.25

0.42
1.08

1.57

18.01

0.42

0.13

0.25

0.07

48

Ethanol (mL)

1.34

3.54

1.04

0.88

5

53.53

12.81

1.25
4.94

1.58

18.03

0.56

0.17

0.23

0.09

60

1.04

2.62

0.68

0.68

62.61

11.47

0.27
1.16

1.48

1.15

2.48

0.39

0.48

6

59.44

12.36

0.56
1.08

1.58

18.62

1.52

0.12

0.18

0.05

4

1.38

3.02

0.56

0.64

60.21

12.25

0.42
1.08

1.57

18.01

0.42

0.13

0.25

0.07

5

1.53

2.92

0.73

0.7

7

59.52

12.3

0.42
1.1

1.59

18.3

0.46

0.12

0.24

0.06

6

0.51

0.14

0.25

0.07

7

1.51

3.19

0.8

0.72

59.38

12.22

0.41
1.14

1.58

18.09

Reaction Time (minutes)

17.14

0.43

0.11

0.22

0.07

3

Conditions (4g of
dry algae powder 2% catalyst, 4
2% catalyst, 5
were used for each min, 350 W, and min, 350 W, and
sample)
48 mL ethanol 48 mL ethanol

2% catalyst,
6min, 350 W,
and 48 mL
ethanol

2% catalyst,
7min, 350 W,
and 48 mL
ethanol

2% catalyst, 5
min, 70 W, and
48 mL ethanol

8

0.98

2.68

0.98

0.65

59.07

12.32

0.65
1.22

1.56

18.09

1.47

0.09

0.18

0.06

210

2% catalyst,
5min, 350 W,
and 48 mL
ethanol
18

0.52

1.42

0.61

0.4

64.88

11.84

0.86
0.89

1.43

15.79

1.17

0.04

0.12

0.03

70

9

1.08

2.93

0.81

0.66

59.44

12.29

1.08
1.16

1.94

17.75

0.5

0.13

0.18

0.06

1.33

3.28

0.89

0.65

54.11

12.73

1.17
5.08

1.6

18.37

0.37

0.15

0.21

0.08

630

10

1.25

3.09

0.85

0.63

57.31

11.74

1.06
4.7

1.49

17.1

0.37

0.14

0.2

0.06

700

2% catalyst,
2% catalyst, 3 min,
5min, 350 W, and 350 W, and 48mL
60 mL ethanol ethanol
19
20

1.38

3.02

0.56

0.64

60.21

12.25

0.42
1.08

1.57

18.01

0.42

0.13

0.25

0.07

490

Power (W)

350

2% catalyst, 5 2% catalyst, 5
2% catalyst, 5 2% catalyst, 5
2% catalyst, 5 min,
min, 210 W, and min, 350 W, and min, 490 W, and min, 630 W, and 700 W, and 48 mL
48 mL ethanol 48 mL ethanol 48 mL ethanol 48 mL ethanol ethanol

Conditions (4g of
dry algae powder 0.5% catalyst, 5 1.0% catalyst,
1.5% catalyst, 5 2% catalyst, 5 2.5% catalyst,
2% catalyst, 5 2% catalyst, 5
were used for each min, 350 W, and 5min, 350 W, and min, 350 W, and min, 350 W, and 5min, 350 W, and min, 350 W, and min, 350 W, and
sample)
48 mL ethanol 48 mL ethanol 48 mL ethanol 48 mL ethanol 48 mL ethanol 24 mL ethanol 36 mL ethanol
Run number
11
12
13
14
15
16
17

2

1.04

0.55
1.25

0.55
1.24

1.36

1.73

2.31

0.99

18.48

16.86

1.05

0.75

0.86

54.6

0.2

0.26

52.37

0.35

0.4

12.52

0.09

0.13

12.08

1.5

1

Catalyst (%)

FAEE Composition for Microwave Enhanced Extractive-Transesterification Method

Octanoic
7.51 C8:0
0.25
Decanoic
19 C10:0
0.76
Lauric
13.34 C12:0
0.57
Myristic
15.63 C14:0
3.03
Palmitic
17.67 C16:0
10.03
Palmitoleic
17.91 C16:1
1.15
Stearic
19.15 C18:0
2.06
19.38 Oleic C18:1 1.59
Linoleic
19.95 C18:2
8.19
Linolenic
20.56 C18:3
37.21
Arachidic
20.96 C20:0
2.27
Behenic
22.49 C22:0
3.33
Erucic
22.75 C22:1
20.03
Lignoceric
24.29 C24:0
9.54
Run number
1

Time

Table 4.1
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28.1
22.4

4.3
5.4
2.4
3.0
ND

23.1

18.0

6.8

8.0

4.9

3.2

4.2

1.9

20.63 Stearic C18:0

20.88 Oleic C18:1
Linoleic
21.34 C18:2
Linolenic
21.92 C18:3
Arachidic
22.37 C20:0
Behenic
24.41 C22:0

11
1.0% catalyst,
5min, 350 W,
and 48 mL
ethanol

Run number
Conditions (4g of
dry algae powder
were used for each
sample)

ND

1.5

1
2% catalyst, 3
min, 350 W,
and 48 mL
ethanol

ND

1.5

Run number
Conditions (4g of
dry algae powder
were used for each
sample)

24.92 Erucic C22:1
Lignoceric
27.17 C24:0

13.1

10.5

ND

1.9

17.5

14.2

1.3

1.8

1.2

14.69 Lauric C12:0
Myristic
17.03 C14:0
Palmitic
18.9 C16:0
Palmitoleic
19.05 C16:1

4

3

5.4

2.2

5.0

0.6

6

2.1

0.4

1.4

9.2

3.9

4.5

4.1

7.1

5.5

1.5

0.4

1.0

7.4

3.8

4.5

5.1

7.7

6.8

51.0

2.4

2.5

5.4

0.6

7

13
2% catalyst,
5 min, 350
W, and 48
mL ethanol

3
2% catalyst,
5 min, 350
W, and 48
mL ethanol

48.6

12
1.5% catalyst,
5 min, 350 W,
and 48 mL
ethanol

2
2% catalyst, 4
min, 350 W,
and 48 mL
ethanol

2.8

1.1

1.5

7.4

3.2

4.9

4.5

7.1

10.1

41.7

6.9

1.8

6.2

0.8

5

Reaction Time (minutes)

1.1

1.9

3.8

6.3

4.4

4.1

5.4

ND

6.6

2.8

1.1

1.5

7.4

3.2

4.9

4.5

7.1

10.1

41.7

6.9

1.8

6.2

0.8

48

14
2.5% catalyst,
5min, 350 W, and
48 mL ethanol

4
2% catalyst, 6
min, 350 W, and
48 mL ethanol

0.1

0.7

1.7

7.8

3.9

3.9

3.4

7.7

5.9

52.5

5.7

1.8

4.3

0.6

36

0.8

0.8

60

1.4

5.3

2.3

10.7

8.7

7.8

7.3

ND

2.8

30.6

13.0

6.5

2.2

1.5

0.5

15
2% catalyst,
5 min, 70 W,
and 48 mL
ethanol

5
2% catalyst,
7 min, 350
W, and 48
mL ethanol

ND

1.7

2.3

18.2

9.7

6.0

7.6

5.5

12.2

19.2

1.8

14.3

Ethanol Ratio (mL)

58.3

3.4

3.1

1.3

0.4

24

4.5

0.9

2.5

14.1

7.6

7.2

10.3

13.1

15.6

9.5

3.5

1.1

9.2

1.2

1.5

16
2% catalyst,
5 min, 210
W, and 48
mL ethanol

6
2% catalyst,
5 min, 350
W, and 24
mL ethanol

2.8

2.5

2.8

4.1

3.5

2.2

9.8

ND

3.9

45.2

7.8

3.1

11.6

0.8

1

2.6

1.5

2.7

8.9

4.2

6.5

6.8

6.1

11.3

26.7

4.2

3.0

14.1

1.4

2.5

17
2% catalyst,
5 min, 350
W, and 48
mL ethanol

7
2% catalyst,
5 min, 350
W, and 36
mL ethanol

2.8

1.1

1.5

7.4

3.2

4.9

4.5

7.1

10.1

41.7

6.9

1.8

6.2

0.8

2

Catalyst (wt %)

FAEE composition for ultrasound enhanced extractive-transesterification method

NAME
Octanoic
9.71 C8:0
Decanoic
12.48 C10:0

Time

Table 4.2

52

ND

3.3

4.4

3.9

4.3

9.6

4.5

ND

10.2

20.8

4.4

2.8

26.0

6.0

210

18
2% catalyst,
5 min, 490
W, and 48
mL ethanol

8
2% catalyst,
5 min, 350
W, and 48
mL ethanol

0.8

0.5

0.9

1.5

1.0

1.9

1.7

ND

6.8

68.6

5.5

3.6

6.8

0.6

70

3.2

1.7

1.4

3.1

3.4

3.5

4.3

8.2

8.1

53.2

1.6

1.5

6.1

0.7

19
2% catalyst,
5 min, 630
W, and 48
mL ethanol

9
2% catalyst,
5 min, 350
W, and 60
mL ethanol

2.8

1.1

1.5

7.4

3.2

4.9

4.5

7.1

10.1

41.7

6.9

1.8

6.2

0.8

490

Power (W)
350

5.2

1.0

2.4

11.6

9.0

7.2

9.3

6.8

19.5

10.8

3.6

2.4

10.2

1.2

700

20
2% catalyst, 5
min, 700 W,
and 48 mL
ethanol

10
0.5% catalyst, 5
min, 350 W,
and 48 mL
ethanol

5.8

1.1

3.1

5.2

10.5

7.3

9.7

6.6

21.1

12.4

3.6

1.3

11.2

1.2

630

4.5

SEM analysis
The residual wet algae from the extracted samples were analyzed under scanning

electron microscope (SEM). Figure 4.6. shows the SEM images of the raw algae powder
cell before extraction and after microwave and ultrasound extraction respectively. It can
be noted that the algal cell became smaller, exhausted and notorious cracks are noticed
after extraction due to release of lipids stored in the biological matrix (Chen et al., 2012).
Microwaves selectively extract the lipids from the biological matrix of algae
(Figure 4.6 on page 58) whereas ultrasound damages the cell walls as well as alters the
structure of the cells significantly. It is possible that the ultrasound may extract undesired
products due to dominance of disruptive mechanism while microwaves cause local
superheating of those compounds and selectively extract them. However, higher
temperatures generated by microwaves may cause the extraction products to oxidize.
4.6

Discussion
The conventional approach of extraction and transesterification in two steps

heavily relies on organic solvent extraction and separation efficiencies which have been
reported to have major drawback of incomplete extraction (Krohn et al., 2011; Miao et
al., 2006; Umdu et al., 2009; Johnson et al., 2009; McNichol et al., 2012). In this study,
we tested two non-conventional methods of extractive-transesterification of algal lipids.
In general, microwaves and ultrasound possess the potentials to enhance the chemical
reactions and extractive processes due to thermal and specific non-thermal effects
associated with them. In this study, the key differences between the two methods are that
the ultrasound method requires slightly longer reaction times for extractions while
microwave method has resulted in higher FAEE yields. The highest FAEE yields ad
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conversions for both the methods were 20.1%; 19.5% and 96.2%; 95.0% respectively.
Another key difference between the two processes is that the ultrasound method is able to
extract the lipids with lower solvent requirements. The reaction temperature was lower
for the ultrasound enhanced method compared to the microwave method. The common
issue with the two processes is scalability. Both microwave and ultrasound irradiations
have the limitation of penetrating through the dense medium. As the volume of the
reaction mixture increases the ability of these irradiations to influence the reaction
mixture decreases. For this reason, a plug-flow reactor may result in higher extraction
and transesterification yields with improved energy efficiency.
The rate enhancement in the two methods can be explained as follows: the main
advantage of using microwave accelerated organic synthesis is the shorter reaction time
due to rate enhancement. The rate of reaction can be described by the Arrhenius equation
as: K = Ae-∆G/RT, where ‘A’ is a pre-exponential factor, ‘DG’ is Gibbs free energy of
activation. The rate of chemical reaction can be increased through the pre-exponential
factor A, which is the molecular mobility that depends on the frequency of the vibrations
of the molecules at the reaction interface (Bogdal, 2005) or the pre-exponential factor can
be altered by affecting the free energy of activation which again depends on the
microwave excitation of molecules (Groisman et al., 2008).
Ultrasonics, on the other hand, can be effective even at low reaction temperatures.
At low temperatures the FAEE conversion was also significant with short reaction times
as observed in this study. Longer reaction times have allowed the reaction temperatures
to increase but not very significantly. In reactions with conventional heating, reaction
completion depends on how high the reaction temperature has reached and maintained
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with vigorous mechanical mixing. However, for a non-conventional technique like
ultrasonic mixing, the temperature of the bulk reaction mixture does not exactly represent
the local microscopic temperatures that lead to completion of the extractivetransesterification reaction. Ultrasonic irradiation of liquids can cause high-energy
chemical reactions to occur. The origin of ultrasound based chemistry is acoustic
cavitation: the formation, growth, and implosive collapse of bubbles in liquids irradiated
with high-intensity sound. The collapse of bubbles caused by cavitation produces intense
local heating and high pressures, with very short lifetimes. In clouds of cavitating
bubbles, these hot-spots have equivalent temperatures of roughly 5,000 K, pressures of
about 1,000 atm, and heating/cooling rates above 1010Ks-1. In single bubble cavitation,
conditions may be even more extreme. Thus, sonication can create extraordinary physical
and chemical conditions in otherwise low temperature reaction mixtures (Kappe, 2006).
The energy analysis between various in-situ processes has shown that the
proposed methods have lower specific energy consumption compared to other methods.
Table 4.3 compares the energy consumption between other microwave, ultrasound and
sub-; supercritical in-situ transesterification processes. Supercritical processes require
large quantities of energy due to high temperature and high pressure process conditions.
In comparison, microwave and ultrasound methods result in modest specific energy
requirements. The energy requirements also depend on the total volume of the reactants
as well as the type of the reactants. For example, methanol and ethanol are good
microwave radiation absorption materials (loss factors, tan δ = 0.250 and 0.240
respectively at 2.45 GHz; ethanol being better than methanol) which absorb most of the
microwave effect in its entire spectrum to produce localized superheating in the reactants
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and assists the reaction to complete faster. The amount of solids concentration influences
the effect of microwaves. The higher the solids concentration, the lower will be the
microwave effect. The same is true for the ultrasound effect as well. Ultrasound effect is
also sensitive to the higher reaction temperatures. The ultrasound effect will be reduced at
high temperature due to the interference with the vapor pressure of the solvents on the
rarefaction cycles.
Table 4.3
Method

Energy consumption comparison with different studies
Experimental Conditions

Energy
Consumption
MJ/kg

Reference

Microwave

Inoculum Nannochloropsis sp. (18 mL, 6
min, 400 W, 2 g)

72

Patil et al., 2012

Microwave

Nannochloropsis (5 min, 770 W, 1 g)

231

Koberg et al., 2011

27

Wiyarno et al., 2010

Ultrasonic bath Nannochloropsis (10g, 30 min, 150W)
Ultrasound

Nannochloropsis oculata (100 g-30% DW),
60
1000 W, 30 min)

Adam et al., 2012

Bead Mills

Botryococcus, Chlorella, Scenedesmus (100
504
mL, 5 kg/m3 , 840 W, 5 min)

Lee et al., 2012; Lee
et al., 2010

Hydrodynamic Saccharomyces cerevisiae (50 L, 10 kg/m3,
33
Cavitation
5.5 kW, 50 min)
Microwave

Chlorella sp. (4 g, 48 mL, 6 min, 350 W)

Ultrasound

Chlorella sp. (4 g, 48 mL, 6 min, 490 W)

56

Lee et al., 2012;
Balansundaram et al.,
2001

26.25

This Work

44.1

This Work

Figure 4.6

Images for algal biomass before (a) and after Extractive-EthylTransesterification with microwave (b) and ultrasound (c)
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CHAPTER V
MICROWAVE AND MICROWAVE-HEXANE EXTRACTIVE
TRANSESTERIFICATION: A COMPARATIVE STUDY

5.1

Abstract
This study describes the use of microwaves (MW) for enhanced extractive-

transesterification of algal lipids from dry algal biomass (Chlorella sp.). Two different
single-step extractive transesterification methods under MW irradiation were evaluated:
(1) with ethanol as solvent/ reactant and sodium hydroxide catalyst; and (2) with ethanol
as reactant and hexane as solvent (sodium hydroxide catalyst). Biodiesel (FAEE) yields
from these two methods were compared with the conventional Bligh and Dyer (BD)
method which followed a two-step extraction-transesterification process. The maximum
lipid yields for MW, MW with hexane and BD methods were 20.1%; 20.1% and 13.9%
respectively; while FAEE conversion of the algal lipids were 96.2%; 94.3%; and 78.1%
respectively. An oil-ethanol molar ratio of 1:500 and 2.5% catalyst with reaction times
around 6 minutes were determined as optimum conditions for both methods. This study
confers that the single-step non-conventional methods can contribute to higher algal lipid
and FAEE yields.
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5.2

Introduction
Conventional and supercritical algal oil extraction processes require long

extraction times and severe process conditions making biodiesel production an expensive
process. For example, well-established soxhlet process requires long extraction times in
the range of 6-48 hours. Bligh and Dyer method uses different combinations of toxic
chemical making the process cost-intensive. As described earlier ethanol is a more
sustaibable reactant/solvent and has been proven to be a better solvent compared to
methanol. Moreover, to date, lipid extraction and transesterification methods with ethanol
are not well-explored especially for microalgae. Apart from this, utilizing the novel
extraction methods such as microwaves and ultrasound can benefit from shorter
extraction and transesterification times and low solvent requirements (Gude et al., 2013).
In this study, we evaluate the effect of microwave irradiation on extractivetransesterification of algal lipids directly from algal biomass using ethanol as
reactant/solvent. Additionally, combined use of hexane as a solvent with ethanol to
improve the algal lipid yields was evaluated. Finally, the two methods were compared
with the conventional Bligh and Dyer method (Bligh et al., 1959) which included two
separate extraction and transesterification steps. The following sections present the
experimental studies and optimized process conditions for microwave enhanced
extractive-transesterification of algal lipids using ethanol with and without the solvent
hexane.
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5.3
5.3.1

Results and Discussion
Comparison with Bligh and Dyer Method
A comparison between the conventional Bligh and Dyer (BD) method and the two

single-step extractive-transesterification methods is shown in Figure 5.1. Microalgae
lipids have higher selectivity towards chloroform-methanol-water system, due to their
polar nature. (Araujo et al., 2013). Solvents used in BD method (especially chloroform)
may cause cell wall disruption, thus contributing toward extraction of oil/lipids from the
microalgae cells. Microwaves (MW) can contribute to both diffusive and disruptive
extraction of algal lipids in the solvent. MW enhanced extraction process has performed
consistently better than the BD method and the method using hexane as co-solvent in
terms of both the lipid extraction (yields) and the fatty acid ethyl ester (FAEE)
conversion. The lipid yield and FAEE conversion rates are shown in Figure 5.1. Hexane
addition reduced the requirement for higher ethanol concentrations and assisted further in
extraction of lipids while resulting in higher FAEE conversion than BD method. The
results show that the non-conventional microwave heating method is able to quickly
extract the lipids and simultaneously convert them into FAEE. More importantly, the
MW process requires one step simple extraction and transesterification compared to BD
method which includes various extraction steps using different solvents requiring long
reaction times. Hexane method (combined with MW) can be viewed superior to BD
method considering the above factors. Lee et al., (2010) also reported that lipid extraction
yield was higher for microwave method compared to autoclaving, bead-beating,
sonication, and a 10% NaCl solution extraction method.
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Figure 5.1

5.3.2
5.3.2.1

Comparison of FAEE yields and conversions for the three extraction and
transesterification methods

Extractive-Ethyl-Transesterification of Algal Lipids under Microwave
Irradiation
Effect of algae oil to ethanol molar ratio
Figure 5.2 shows the effect of different process parameters namely algae oil to

ethanol ratio, catalyst concentration expressed as wt.% of dry algae, reaction time (min),
and the microwave power level on the lipid/fatty acid ethyl esters (FAEE) yield. The
effect of ethanol on extractive-transesterification reaction is significant with increasing
algae oil to ethanol molar ratios up to 1:500. In this reaction, ethanol acts both as a
solvent for extraction of the algal oils/lipids (Mulbry et al., 2009) as well as the reactant
for transesterification of esters (Figure 5.2). The FAEE conversion rates are shown in
Figure 5.3a. Higher ratio of algae to ethanol could shift the reversible reaction forward
(as observed) perhaps due to increased contact area between ethanol and oil/lipid,
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resulting in higher yield of FAEE. However, increased dry algae to ethanol ratios above
1:500 may not favor the extraction and transesterification since much of the microwave
irradiation will be absorbed by the solvent, not affecting the algae cells which could
result in inefficient extraction of algal oils. The lipid yield also did not increase with
higher molar ratios of oil to ethanol as shown in Figure 5.2a. The MW method has
performed consistently better than BD method in terms of both FAEE yield and
conversion.
5.3.2.2

Effect of Catalyst Amount
The effect of catalyst concentration on the lipid yield and the FAEE conversion

are shown in Figure 5.2b and Figure 5.3b respectively. At low concentrations the BD
method performed better than MW method in terms of lipid extraction. Higher catalyst
concentrations show a positive effect on the MW extractive-transesterification reaction
while the lipid yield remained unaffected. As this is two phase reaction mixture, the
oil/lipid concentration in the ethanol phase is low at the start of the reaction leading to
mass transfer limitations. As the reaction continues, the concentration of oil/lipid in the
ethanol phase increases leading to higher transesterification rates with increasing catalyst
concentrations (Boocock et al., 1998). The homogeneous, solvent-catalyst ethoxide
prepared using sodium hydroxide is more susceptible to microwave irradiation as
compared to solid catalysts and yield high biodiesel conversion rates (Patil et al., 2010b;
Refaat, 2010). Lower concentration of the catalyst may not efficiently advance the
reaction as the catalyst effect is hindered by the presence of variety of organic
compounds resulting from algal biomass extraction.
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5.3.2.3

Effect of Reaction Time
The reaction time has significant effect on the FAEE content (Figure 5.2c).

Intuitively, extended reaction times are favored for better yields of extraction and
biodiesel conversion since lower reaction times do not provide sufficient interaction of
the reactant mixture with microwaves. The microwave effect is two-fold in the extraction
and transesterification reaction: first, thermal effect caused by the microwaves increases
the extractive properties of ethanol to extract the oils from the algal biomass in
suspension (diffusive extraction) and next, extended microwave effect causes the
penetration through the cell walls and forces out the oils (from the biological matrix) into
the solvent mixture (disruptive extraction). It was noted that the reaction time around 6
minutes was required to extract the oil lipids while a reaction time around 5 minutes was
adequate to complete extraction and transesterification reaction under microwave
irradiation since higher reaction times did not necessarily result in improved lipid yields
or FAEE conversion (Figure 5.3c). Higher reaction times above 6 min did not result in
higher yields due to overheating of the reaction mixture which results in by-product
formation and solvent and energy losses.
5.3.2.4

Effect of Microwave Power
Efficient utilization of microwave energy is critical to enhanced extractive

transesterification of algal lipids. Tests at different power levels between 10% and 100%
at 20% intervals were conducted. As shown in Figure 5.2d and Figure 5.3d, lower levels
of power supply (about 350 W) resulted in higher lipid yields and FAEE conversion rates
indicating that the energy losses were minimized at low power supply. Also, the
temperature profiles Figure 5.4a show that the boiling temperatures of the bulk medium
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are not required for enhanced extractive-transesterification by MW method. This is
because the microwaves produce localized superheating at molecular levels which
provide for enhanced heat and mass transfer in the extractive-transesterification reaction.
Current commercial microwave ovens (both domestic and industrial) contain large
reaction cavities (chambers) which absorb some of the microwave energy without
affecting the reaction mixture. This means improving the microwave reactor design
would enhance the energy performance which reflects as FAEE conversion efficiency.
5.4

Extractive-Ethyl-Transesterification with Hexane under Microwave
Irradiation
Extraction of lipids from microalgae is basically a mass transfer operation which

depends on the nature of the solute and solvent, the selectivity of the solvent and the level
of convection in the medium. We have introduced hexane as a solvent and as a medium
to increase the mass transfer rate (extraction) of lipids into the reaction mixture to
evaluate its effect on the extractive-transesterification reaction. The premise behind this
concept is that hexane and ethanol are miscible and hexane as co-reactant may enhance
the extractive ability for free fatty acids and eventually improve the transesterification
reaction yields. The assumption is that if higher FAEE can be obtained this method, cost
reductions can be achieved with reduced ethanol usage and hexane recycling to the
reaction mixture for successive extractive-transesterification cycles.
5.4.1

Effect of Hexane as Co-reactant and Solvent
We have investigated the effect of solvent n-hexane along with ethanol on

extractive-transesterification of algal lipids. Figure 5.4b shows the temperature profiles
for this method. As it can be seen the reaction temperatures are in the range of 60-70ºC
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which is lower than the MW method with ethanol alone (70-80ºC). This is due to the nonpolarity of n-hexane which does not allow n-hexane to heat up under microwave effect.
As a result, the overall temperature of the reaction mixture is maintained low during the
reaction. This suggests that addition of n-hexane as co-reactant will reduce the reaction
condition severities under microwave effect. Figure 5.2a shows the effect of ethanol to
hexane ratio on the lipid/FAEE yield and Figure 5.3a shows the FAEE conversion rates.
24 ml of ethanol (approximately 1:250 oil to ethanol molar ratio) was mixed with
different volumes of hexane to create solvent mixtures of 3:1, 1.5:1, 1:1 and 1:1.25 ratios
(24:08; 24:16; 24:24; and 24:30 volumetric ratios respectively). It was observed that 1:1
ratio of ethanol and hexane resulted in higher FAEE yields and conversion. This will
result in 50% ethanol saving since hexane can be recycled for repetitive use. Also, the
effect of hexane on FAEE yield was not significant at lower volumetric ratios; however,
its effect appears to be significant at higher volumetric ratios.
5.4.2

Effect of Hexane on Catalyst Amount
Similar to the MW extractive transesterification reaction, 2.5% catalyst

concentration resulted in the highest lipid/FAEE yield and FAEE conversion shown in
Figure 5.2b and Figure 5.3b. The yield and conversion rates are higher than BD method
but slightly lower than the MW extractive transesterification reaction with ethanol alone.
In MW extractive-transesterification reaction, ethanol served as the solvent for lipid
extraction while in this method hexane acted as mediator to provide for improved mass
transfer between the catalyst and ethanol which enhances the transesterification reaction.
In another study, the presence of hexane as solvent in transesterification reaction was
reported to have no effect on the in-situ transestrification reaction of marine macroalgae
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lipids. Optimum reaction conditions of 300:1 methanol-to-oil molar ratio, 1% catalyst
concentration, 60 °C reaction temperature and 11 h reaction time, resulting in a methyl
esters yield of 17.1% were reported in that study. While hexane may not affect the
transestrification reaction, its presence may provide for improved mass transfer between
the oils and ethanol due to its miscibility with ethanol (Sanchez et al., 2012).
5.4.3

Effect of Hexane on Reaction Time
The two described (in section 3.2.3) extractive mechanisms take place in this

reaction but dominated by diffusive extraction due to the presence of solvent hexane.
Similar to the MW extractive transesterification reaction, a reaction time of 6 minutes
was found to be sufficient for this reaction (Figure 5.2c and Figure 5.3c). The presence of
hexane did show a significant effect on the lipid/FAEE yields at lower reaction times.
The lipid/FAEE yield was lower than BD method at lower reaction times. This can be
attributed to the lower available heat transfer as well as mass transfer rates at low solvent
temperatures. Unlike the ethanol only reaction, the reaction temperature was maintained
below 70ºC in this reaction (Figure 5.4b). It is important to select a solvent with high
extracting power and strong interaction with the microwaves and the analyte (oils). Polar
molecules and ionic solutions (typically acids) strongly absorb microwave energy
because of the permanent dipole moment. On the other hand, when exposed to
microwaves, non-polar solvents such as hexane will not heat up but they will contribute
to mass transfer of analytes. Solvents that are transparent to microwaves do not heat up
under irradiation. Hexane is an example of microwave-transparent solvent whereas
ethanol is an excellent microwave-absorbing solvent. Therefore a combination of these
two (polar and non-polar solvents) can be used in microwave extractive69

transesterification if mass/heat transfer controlled reactions need to be achieved. This is
the main concern currently when using microwave irradiation as a heat source due to
rapid heating of solvent mixtures which may cause product degradation and byproduct
formation. However, it is yet to be verified if the presence of hexane has caused any
undesired product formation. It can be noted from Figure 5.2c and Figure 5.3c that the
lipid/FAEE yield and conversion rate for MW-hexane method are slightly lower than
MW only method, however, the amount of ethanol used in this method was only 50% of
MW only method.
5.4.4

Effect of Hexane on Microwave Power
The microwave power effect was significant on the FAEE conversion since lower

microwave power was not able to overcome the effect of non-polarity of hexane and
complete the transesterification reaction. A portion of the microwave power is utilized to
raise the temperature of solvent hexane which is actually caused by convective heat
transfer from ethanol. The lipid yield was affected by the power levels but the FAEE
conversion rates were not affected similar to microwave only method (Figure 5.2 d and
Figure 5.3d).
From these experimental studies, it can be concluded that the optimum process
conditions for microwave enhanced extractive-transesterification reaction are: dry algae
to ethanol ratio of 1: 500 (oil to ethanol molar ratio), NaOH concentration of 2.0 % (wt.)
and the reaction time of 6 min at a reaction temperature around 78ºC. For the method
with hexane as solvent, the optimum conditions are: dry algae to ethanol ratio of 1:250
(oil to ethanol molar ratio) and 1:1 ethanol to hexane volumetric ratios, NaOH
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concentration of 2.5 % (wt.) and the reaction time of 6 minutes at a reaction temperature
of 60ºC.

Figure 5.2

FAEE Conversion for Extractive-Ethyl-Transesterification with Microwave
and Microwave-Hexane

(a) Effect of ethanol and hexane in lipid extraction (Process Conditions: 4 g dry algae;
2% catalyst and 5 minutes reaction time); (b) Effect of catalyst concentration (Process
Conditions: 4 g dry algae; 48 mL ethanol or 24-24 mL ethanol-hexane and 5 minutes
reaction time); (c) Effect of reaction time (Process Conditions: 4 g dry algae; 2% catalyst
and 48 mL ethanol or 24-24 mL ethanol-hexane); (d) Effect of microwave power
(Process Conditions: 4 g dry algae; 2% catalyst; 48 mL ethanol or 24-24 mL ethanolhexane and 5 minutes reaction time)
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Figure 5.3

Lipid Yield for Microwave and Microwave-Hexane Extractive
Transesterification

(a) Effect of ethanol and hexane in lipid extraction (Process Conditions: 4 g dry algae;
2% catalyst and 5 minutes reaction time); (b) Effect of catalyst concentration (Process
Conditions: 4 g dry algae; 48 mL ethanol or 24-24 mL ethanol-hexane and 5 minutes
reaction time); (c) Effect of reaction time (Process Conditions: 4 g dry algae; 2% catalyst
and 48 mL ethanol or 24-24 mL ethanol-hexane); (d) Effect of microwave power
(Process Conditions: 4 g dry algae; 2% catalyst; 48 mL ethanol or 24-24 mL ethanolhexane and 5 minutes reaction time)
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Figure 5.4

Temperature profiles for MW power effect and Ethanol/Hexane mixtures

a) Temperature profiles for MW power effect (Process Conditions: 4 g dry algae; 2%
catalyst; 48 mL ethanol and 5 minutes reaction time); b) Temperature Profiles for Ethanol
and Hexane mixtures (mL) (Process Conditions: 4 g dry algae; 2% catalyst and 5 minutes
reaction time)
5.5

FAEE Analysis
FAEE analysis for algal biodiesel has shown the following major long chain fatty

acid compounds: Lauric (C12:0); Myristic (C14:0); Palmitic (C16:0); Palmitoleic
(C16:1); Stearic (C18:0); Oleic (C18:1); Linoleic (C18:2); Linolenic (C18:3); Archidic
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(C20:0); Behenic (C22:0); Erucic (C22:1); and Lignoceric (C24:0). The composition of
these compounds as percentages for different reaction conditions are shown in Tables 5.1
and 5.2. Figures 5.5a and Figure 5.5b show the compositions of saturated fatty acids
(SFAs), monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs).
Microwave extraction without hexane has extracted more polyunsaturated fatty acids
(PUFAs) in the range of 45%-75% whereas the extraction with hexane has shown a
considerable portion (50-68%) of saturated fatty acids (SFAs). The fatty acid
composition has a high percentage of C20, C21 and C22 carbon chain compounds which
are typically found in algal lipids and not in other vegetable and seed oils (Chisti, 2007).
High percentage of polyunsaturated compounds with microwave irradiation can be
attributed to higher reaction temperatures (70 °C-80 °C) compared to the reaction mixture
with hexane as solvent (57-65 °C). Although the measured temperatures (bulk reaction
mixture) are not that high, the localized superheating at microscale (molecular levels)
with ethanol cause the reaction products to have higher composition of monounsaturated
and polyunsaturated fatty acids.
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Figure 5.5

5.6

Comparison of FAEE composition for: a) microwave and; b) microwavehexane extraction

SEM Analysis
The residual wet algae from the extracted samples were analyzed under scanning

electron microscope (SEM). Figure 5.6 shows the SEM images of the raw algae powder
cell before extraction and after microwave extraction with and without hexane,
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respectively. It can be noted that the algal cell became smaller, exhausted and notorious
cracks are noticed after extraction due to release of lipids stored in the biological matrix
(Chen et al., 2012).

Figure 5.6

SEM images for algal biomass before and after extractive-ethyltransesterification and with hexane (2µm)

(a) Raw algae powder before extraction, (b) after Extractive-Ethyl-Transesterification
with microwave (c) and microwave with hexane
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Name

1.36
6.84
3.71

3.33

20.03

9.54
1

1.38

3.02

0.56

0.64

1.0% catalyst,
5min, 350 W,
and 48 mL
ethanol

2.44
2

5

1.04

0.99

60.21

12.25

1.08

0.42

1.57

18.01

0.42

0.13

0.25

0.07

2

3

1.43

2.61

0.57

0.61

57.57

12.99

1.17

0.79

1.64

19.83

0.31

0.14

0.29

0.06

24

1.5% catalyst, 5
min, 350 W, and
48 mL ethanol

0.77

1.42

0.55

0.48

64.37

11.31

1.03

0.62

1.45

17.42

0.33

0.09

0.12

0.05

2.5

4

1.38

3.02

0.56

0.64

60.21

12.25

1.08

0.42

1.57

18.01

0.42

0.13

0.25

0.07

48

1.34

3.54

1.04

0.88

53.53

12.81

4.94

1.25

1.58

18.03

0.56

0.17

0.23

0.09

60

1.04
5

2.62

0.68

0.68

62.61

11.47

1.16

0.27

1.48

17.14

0.43

0.11

0.22

0.07

3

1.15

2.48

0.39

0.48

59.44

12.36

1.08

0.56

1.58

18.62

1.52

0.12

0.18

0.05

4

1.38
6

3.02

0.56

0.64

60.21

12.25

1.08

0.42

1.57

18.01

0.42

0.13

0.25

0.07

5

16
2% catalyst, 5
2% catalyst, 5
min, 210 W,
min, 70 W, and 48
and 48 mL
mL ethanol
ethanol

15

7

1.51

3.19

0.8

0.72

59.38

12.22

1.14

0.41

1.58

18.09

0.51

0.14

0.25

0.07

7

17
2% catalyst, 5
min, 350 W,
and 48 mL
ethanol

2% catalyst, 5
min, 350 W,
and 36 mL
ethanol

1.53

2.92

0.73

0.7

59.52

12.3

1.1

0.42

1.59

18.3

0.46

0.12

0.24

0.06

6

Reaction Time (minutes)

2% catalyst, 5
2% catalyst, 5
2.5% catalyst,
min, 350 W,
min, 350 W, and 5min, 350 W, and
and 24 mL
48 mL ethanol 48 mL ethanol
ethanol

1.6

3.02

0.64

0.65

59.7

12.07

1.14

0.51

1.61

18.09

0.45

0.15

0.29

0.06

36

Ethanol (mL)

Run number
11
12
13
14
Conditions (4g of
2% catalyst,
2% catalyst, 4
2% catalyst, 5
2% catalyst, 6min,
dry algae powder
7min, 350 W,
min, 350 W, and min, 350 W, and 350 W, and 48 mL
were used for each
and 48 mL
48 mL ethanol 48 mL ethanol ethanol
sample)
ethanol

Conditions (4g of
0.5% catalyst, 5
dry algae powder
min, 350 W, and
were used for each
48 mL ethanol
sample)

1.05

54.6

52.37

2.27

12.52

12.08

Arachidic
20.96 C20:0
Behenic
22.49 C22:0
Erucic
22.75 C22:1
Lignoceric
24.29 C24:0
Run number

1.25

1.24

19.37 Oleic C18:1 1.59
Linoleic
19.95 C18:2
8.19
Linolenic
20.56 C18:3
37.21

0.55

1.73

0.55

18.48

0.75

2.06

0.86

3.03

0.2

2.31

0.26

0.57

0.35

1.15

0.4

0.76

0.09

16.86

0.13

0.25

1.5

10.03

1

0.5

Catalyst (%)
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8

0.98

2.68

0.98

0.65

59.07

12.32

1.22

0.65

1.56

18.09

1.47

0.09

0.18

0.06

210

18
2% catalyst, 5
min, 490 W,
and 48 mL
ethanol

2% catalyst,
5min, 350 W,
and 48 mL
ethanol

0.52

1.42

0.61

0.4

64.88

11.84

0.89

0.86

1.43

15.79

1.17

0.04

0.12

0.03

FAEE composition for MW enhanced enhanced extractive-transesterification method

Palmitic
17.67 C16:0
Palmitoleic
17.91 C16:1
Stearic
19.15 C18:0

Octanoic
7.51 C8:0
Decanoic
19 C10:0
Lauric
13.34 C12:0
Myristic
15.63 C14:0

Time

Table 5.1
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9

1.08

2.93

0.81

0.66

59.44

12.29

1.16

1.08

1.94

17.75

0.5

0.13

0.18

0.06

490

1.33

3.28

0.89

0.65

54.11

12.73

5.08

1.17

1.6

18.37

0.37

0.15

0.21

0.08

630

1.25
10

3.09

0.85

0.63

57.31

11.74

4.7

1.06

1.49

17.1

0.37

0.14

0.2

0.06

700

20
2% catalyst, 5
2% catalyst, 5 min,
min, 700 W,
630 W, and 48 mL
and 48 mL
ethanol
ethanol

19

2% catalyst, 3
2% catalyst, 5min,
min, 350 W,
350 W, and 60 mL
and 48mL
ethanol
ethanol

1.38

3.02

0.56

0.64

60.21

12.25

1.08

0.42

1.57

18.01

0.42

0.13

0.25

0.07

350

Power (W)

Name

Conditions (4g of
dry algae powder
were used for
each sample)
12
2% catalyst, 5
min, 350 W,
30:30 ethanol:
hexane

3.2
14.3
1.8

4.1

12

1.1
1

1.8
2

10.5

4.1

34.7

0.5

6.9

5.2

3.7

10.5

10.6

7.9

0.7

2.7

0.4

1.5

2

3

1.7

1.5

4.5

21.5

8.3

7

8.9

6.3

17.4

11.1

7.8

1.5

1.6

0.9

2.5

1.5% catalyst,
5 min, 350 W,
24:24 ethanol:
hexane
15
2% catalyst, 5
min, 350 W,
24:24 ethanol:
hexane

1

8.6

2

29.4

7.3

7.1

4.3

4.7

13.1

10.1

9.3

0.6

2

0.5

1.0% catalyst,
5min,350 W,
24:24 ethanol:
hexane
14
2% catalyst, 5
2% catalyst, 5 min, 210 W,
min, 70W, 24:24 24:24 ethanol:
ethanol: hexane hexane

35

37

3.1

2.1

7.4

5.8

3.5

8.6

6.7

7.3

6.2

7

4.1

5.8

0.5

5.4

6.1

2

3

5.2

0.8

0.8

0.5% catalyst, 5
min, 350 W,
24:24 ethanol:
hexane
13

20.92 Oleic C18:1
Linoleic
21.29 C18:2
Linolenic
21.78 C18:3
Arachidic
22.48 C20:0
Behenic
24.4 C22:0
Erucic
24.76 C22:1
Lignoceric
29.03 C24:0
Run number

1

0.5

Catalysts (%)

4

0.9

15.9

5.9

25.4

9.6

6.5

5.9

4.3

10.8

6.6

5.9

0.4

1.7

0.3

24:16

2% catalyst, 5
min, 350 W,
24:24 ethanol:
hexane
16
2% catalyst, 5
min, 490 W,
24:24 ethanol:
hexane

2.7

8.9

4.8

25.7

7.4

6.6

7.5

5.6

10.9

6.8

7.9

3

2

0.3

24:8

5

5.4

6.1

4.3

23.7

6.5

6.7

8

4.8

14.8

10

4.1

2.6

1

1.9

30:30

2.8
6

10

5

24

7.8

6.2

4.9

7.3

12

9.3

5.5

2.9

1.7

0.7

70

7

1

8.6

2

29.4

7.3

7.1

4.3

4.7

13.1

10.1

9.3

0.6

2

0.5

8

0.8

15.1

5

22.2

8.3

5.1

7

4.3

11.4

7.6

7.3

3.3

2.4

0.3

630

2% catalyst, 5
min, 350 W,
24:8 ethanol:
hexane
20
2% catalyst, 4
min, 350 W,
24:24 ethanol:
hexane

1.1

6.1

4.5

21.7

7.4

5.1

5.6

3.3

9.8

10.3

19.5

3.1

1.7

0.9

490

Power (W)
350

2% catalyst, 5
min, 350 W,
24:4 ethanol:
hexane
19
2% catalyst, 3
min, 350 W,
24:24 ethanol:
hexane

2.4

14

7.6

21.8

7

6.2

5.9

4.2

11.7

7.7

6

2.7

2.1

0.8

210

2.5% catalyst, 5 2% catalyst, 5
min, 350 W,
min, 350 W,
24:24 ethanol: 12:12 ethanol:
hexane
hexane
17
18
2% catalyst, 5 2% catalyst, 5
min, 630 W,
min, 700 W,
24:24 ethanol: 24:24 ethanol:
hexane
hexane

1

8.6

2

29.4

7.3

7.1

4.3

4.7

13.1

10.1

9.3

0.6

2

0.5

24:24

Ethanol: Hexane Ratio

FAEE composition for MW and hexane extractive-transesterification method

Octanoic
9.89 C8:0
Decanoic
12.37 C10:0
Lauric
14.78 C12:0
Myristic
17.04 C14:0
Palmitic
18.92 C16:0
Palmitoleic
19.18 C16:1
Stearic
20.74 C18:0

Time

Table 5.2
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9

2.7

12.5

4.1

24

7.8

4.5

6.9

4.8

11.8

8.5

6.5

3.2

1.9

1

3

10

1

8.6

2

29.4

7.3

7.1

4.3

4.7

13.1

10.1

9.3

0.6

2

0.5

5

2% catalyst, 5
min, 350 W,
24:16 ethanol:
hexane
22
2% catalyst, 6
min, 350 W,
24:24 ethanol:
hexane

3

11

6

20

8

6

6

7

13

9

6

2

1

1

4

11

2.4

14

4.2

23.1

9.2

6.1

11.7

3.9

9.1

7

5.8

1.7

1.5

0.5

7

2% catalyst, 5
min, 350 W,
24:20 ethanol:
hexane
23
2% catalyst, 7
min, 350 W,
24:24 ethanol:
hexane

2.7

15.4

4.7

25.3

5.3

4.9

6.5

5.5

9.8

9

6

2.9

1.2

0.9

6

Reaction Time (minutes)

2% catalyst, 5
min, 350 W,
24:12 ethanol:
hexane
21
2% catalyst, 5
min, 350 W,
24:24 ethanol:
hexane

2.5

14

4.6

25

7.1

6.6

6.5

4.3

11

6.8

6.5

2.8

2.2

0.3

700

5.7
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CHAPTER VI
CONCLUSION AND FUTURE WORK

6.1

Microwave enhanced extractive-transesterification
This study demonstrated that microwave extractive-transesterification of dry algal

biomass can be performed in lieu of separate extraction and transesterification steps. The
FAEE conversion of the algal lipids were as high as expected; 96.% for microwave
extractive-transesterification using ethanol as a reactant and co-reactant, and 94.3% for
microwave extractive transesterification using ethanol as a reactant and hexane as
solvent. Hexane as a solvent reduced the reaction condition severities but produced
comparable lipid and FAEE yields. The maximum lipid yields for microwave and
microwave using hexane were similar (20.1%) which indicates that the use of hexane
minimizes the amount of ethanol as a reactant. This study concludes that extractivetransesterification with microwave irradiation may provide a sustainable alternative to the
existing two-step extraction and transesterification reactions due to reduced chemical and
energy usage. Taking into account only the energy used from the microwave power
output, the energy used was 26.25MJ/kg which is low when compared to other recent
studies shown in Table 4.3; therefore, another important objective of minimizing energy
consumption for biodiesel production was accomplished.
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6.2

Ultrasound Extractive-Transesterification
Ultrasound extractive transesterification has also been proven to be an efficient

technique to produce biodiesel from dry algal biomass. The maximum observed FAEE
conversion percentage was 95% with a maximum lipid yield of 18.5% . These results
were very similar to those obtained in microwave enhanced extractive-transesterification;
however, longer reaction time and higher power output is required to produce biodiesel
by using ultrasonication. The specific energy consumption for both methods was lower
than other conventional and supercritical methods. Similar to microwave energy
consumption, taking into account only the sonicator power output, the energy consumed
was 44.1 MJ/kg of biodiesel produced. Table 4.3 shows the comparison of energy
consumption for different biodiesel production methods.
6.3

Microwave and Ultrasound Extractive-Transesterification in Comparison
with Bligh and Dyer Method
Both methods have resulted in improved lipid extraction and FAEE conversions

compared to the conventional Bligh and Dyer method. The yields of the microwave
enhanced and ultrasound enhanced extractive-transesterification were higher compared to
the conventional Bligh and Dyer method which indicates the potential for significant
chemical and energy savings in large scale production provided the scalability and
process control issues are resolved for these methods. Notable improvement in the two
methods is that the extraction and transesterification reactions occur simultaneously with
reduced solvent use and reaction times. The yields and conversion rates are observed to
be higher in the extractive-transesterification since losses of reaction products are
eliminated in single-pot conversion processes. The maximum FAEE conversion and lipid
82

yield observed for Bligh and Dyer were 78.1% and 13.9%, respectively. These results are
significantly lower than those from the two novel (microwave and ultrasound)
techniques.
6.4

Future Work
Since microwave and ultrasound irradiations are proven to be effective methods

to produce biodiesel, combine effect of these two novel methods may improve the overall
reaction rates and the process performance in hybrid reactors (Gude et al., 2013). Further
research in the following areas may enhance the benefits of the single-pot microwave and
ultrasound enhanced extractive-transesterification processes in separate or hybrid
configuration:


Developing focused microwave and ultrasonic (in-built and simultaneous)
reactors to minimize the energy loss and to improve the production yields



Developing a hybrid reactor combining microwave and ultrasound
irradiations in a single reactor for enhanced extractive-transesterification
reactions



Improving the algal biomass and biodiesel characterization methods and
quality analysis



Developing process model and evaluate kinetics for microwave/ultrasound
enhanced extractive-transesterification



Developing more chemical and energy efficient biocrude separation and
purification techniques
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Evaluating life cycle analysis of thee individual processes and their
economic feasibility for large scale biodiesel production
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APPENDIX A
TEMPERATURE PROFILES
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A.1

Ultrasound-extractive transesterification temperature profiles

Figure A.1

Temperature profile for ultrasound-extractive transesterification for
different reaction times

Figure A.2

Temperature profile for ultrasound-extractive transesterification for
different power percentages (1000W)
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Figure A.3

Temperature profile for ultrasound-extractive transesterification for
different catalyst percentage (biomass wt. %)

Figure A.4

Temperature profile for ultrasound-extractive transesterification for
different reactant volume
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A.2

Microwave extractive-transesterification temperature profiles

Figure A.5

Temperature profile for microwave extractive transesterification for
different reaction time

Figure A.6

Temperature profile for microwave extractive transesterification for
different power percentages (700W)
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Figure A.7

Temperature profile for microwave extractive transesterification for
different catalyst percentages (biomass wt.%)

Figure A.8

Temperature profile for microwave extractive transesterification for
different reactant volume
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A.3

Microwave extractive-transesterification using hexane as a solvent

Figure A.9

Different reaction time temperature profiles for microwave extractivetransesterification using hexane as a solvent

Figure A.10 Different power percentages (700W) temperature profiles for microwave
extractive-transesterification using hexane as a solvent
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Figure A.11 Different catalyst percentages (biomass wt. %) temperature profiles for
microwave extractive-transesterification using hexane as a solvent

Figure A.12 Different ethanol to hexane ratios temperature profiles for microwave
extractive-transesterification using hexane as a solvent
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APPENDIX B
SCANNING ELECTRON MICROSCOPE IMAGES
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Figure B.1

Raw algae powder before extractive-transesterification (2 µm)

Figure B.2

Algal cell after ultrasound extractive-ethyl-transesterification (2µm)
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Figure B.3

Algal cell after ultrasound extractive-ethyl-transesterification (10µm)

Figure B.4

Algal cell after microwave extractive-ethyl-transesterification (2µm)

94

Figure B.5

Algal cell after microwave extractive-ethyl-transesterification (10µm)

Figure B.6

Algal cell after microwave extractive-ethyl-transesterification with hexane
(2µm)
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Figure B.7

Algal cell after microwave extractive-ethyl-transesterification with hexane
(10µm)
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