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This study describes the use of microwaves (MW) for enhanced extractive-transesterification of algal lip-
ids 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 cata-
lyst; and (2) with ethanol as reactant and hexane as solvent (sodium hydroxide catalyst). Biodiesel (fatty-
acid-ethyl-esters, 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 the
FAEE conversion of the algal lipids were 96.2%, 94.3%, and 78.1%, respectively. The algae-biomass:ethanol
molar ratio of 1:250–500 and 2.0–2.5% catalyst with reaction times around 6 min 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.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Microalgae are identified by many researchers as an ideal feed-
stock for biodiesel production due to their high-oil yielding capac-
ity and environmental-friendly nature (Chisti, 2007; Gude et al.,
2013a). Algal biodiesel production essentially involves two main
steps: (1) extraction of oils from the biomass, and (2) conversion
(transesterification) of oils (fatty acids) to biodiesel (alkyl esters).
To date, biodiesel production from algae biomass is generally per-
formed by one of the following three methods: (1) A two-step pro-
tocol in which algae oil is extracted with organic solvent and then
converted to biodiesel using a catalyst, such as an acid, a base, or an
enzyme; (2) direct production of biodiesel from algae biomass

http://crossmark.crossref.org/dialog/?doi=10.1016/j.biortech.2014.01.026&domain=pdf
http://dx.doi.org/10.1016/j.biortech.2014.01.026
mailto:gude@cee.msstate.edu
http://dx.doi.org/10.1016/j.biortech.2014.01.026
http://www.sciencedirect.com/science/journal/09608524
http://www.elsevier.com/locate/biortech


E. Martinez-Guerra et al. / Bioresource Technology 156 (2014) 240–247 241
using an acid catalyst at atmospheric pressure and ambient tem-
perature; and (3) one-step, single pot conversion to biodiesel at
high pressure and high temperature in the absence of a catalyst
(Chen et al., 2012). But combining the oil extraction step with
transesterification improves the economics of overall biodiesel
production. This process is also known as in situ transesterification
(Haas and Wagner, 2011). The in situ transesterification method
has the potential to simplify the conversion process, reducing the
number of unit operations and consequently the overall process
costs and final biodiesel product costs (Haas and Wagner, 2011).
The in situ transesterification methods have been evaluated for bio-
diesel production from various raw materials, such as vegetable oil
(Haas et al., 2004), wastewater sludges (Mondala et al., 2009), rice
bran oil (Shiu et al., 2010), cotton seed oil (Qian et al., 2008) and
microalgae (Li et al., 2011). Many researchers have recently evalu-
ated acid or base catalyzed in situ transesterification of microalgae.
To name a few, Johnson and Wen (2009) tested biodiesel produc-
tion from algae Schizochyrtium limacinum SR21 using different
solvents (methanol, chloroform, hexane and petroleum ether).
They obtained a maximum 68% yield of FAMEs (Fatty-Acid-
Methyl-Esters) when chloroform or hexane were added to metha-
nol using 1.5 mol of sulfuric acid and 132:1 mol of methanol and
solvent at 90 �C for 40 min. Ehimen et al. (2010) tested Chlorella
sp. at different temperatures, alcohol molar ratios, reaction times
and moisture contents in the production of biodiesel. Their study
showed a maximum lipid to FAME conversion of around 88% after
a reaction time of 2 h,using 0.04 mol of sulfuric acid, 500:1 mol of
methanol and a temperature of 90 �C. Xu and Mi (2011) conducted
alkaline in situ transesterification of Spirulina sp. in order to test
different types of co-solvents. Similarly, Velasquez-Orta et al.
(2012) reported on alkaline in situ transesterification of Chlorella
vulgaris and the results were compared with an acid catalyst (sul-
furic acid). All these studies utilized methanol as a solvent for
extraction and transesterification steps. Currently, methanol is a
commonly used reagent for transesterification, but ethanol is
attractive for long term sustainability since it can be derived from
renewable sources, is less toxic than methanol, and is generally
considered safe (Demirbas, 2009). Fatty acid ethyl esters (FAEE)
typically demonstrate slightly higher cetane numbers, improved
low temperature operability, and greater oxidative stability when
compared to fatty acid methyl esters (FAME) (Knothe, 2005;
Demirbas, 2009). Apart from this, the majority of the world meth-
anol production is based on natural gas. This is one of the reasons
behind the dependence of the methanol cost on the price of crude
oil. The higher toxicity of methanol relative to ethanol also raises
additional concerns regarding its transportation and storage (Zanin
et al., 2013).

Conventional, thermochemical liquefaction and supercritical al-
gal oil extraction processes require long extraction times and se-
vere process conditions making biodiesel production an energy-
intensive and expensive process (Aresta et al., 2005). For example,
the well-established soxhlet process requires long extraction times
in the range of 6–48 h. As described earlier, ethanol is a more
sustainable 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 novel
extraction methods such as microwaves and ultrasound can bene-
fit from shorter extraction and transesterification times and low
solvent requirements (Gude et al., 2013b). In this study, the effect
of microwave irradiation on extractive-transesterification of algal
lipids directly from algal biomass using ethanol as reactant/solvent
was evaluated. Additionally, the combined use of hexane as a sol-
vent with ethanol as reactant to improve the algal lipid yields was
evaluated. Finally, the two methods were compared with the con-
ventional Bligh and Dyer method (Bligh and Dyer, 1959) which
included two separate extraction and transesterification steps.
The following sections present the experimental studies and opti-
mized process conditions for microwave enhanced extractive-
transesterification of algal lipids using ethanol with and without
the solvent hexane.
2. Methods

2.1. Materials

Process steps involved in the extractive-transesterification pro-
cess include preparation of dry algal biomass, addition of reactant/
solvent and catalysts for extractive-transesterification under micro-
wave irradiation, separation and purification of the reaction prod-
ucts 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.
2.2. Experimental Procedures

Four samples of algae powder were tested using the Bligh and
Dyer method. 0.2 g of algae powder was washed with 5 mL of deion-
ized water. Methanol, chloroform, and deionized water (12.5, 12.5,
6.25 mL, respectively) were added to the washed algae in series
and 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 min at 3000 rotations per minute to separate the layers. The bot-
tom layer containing lipophilic material was drawn off with a pas-
ture pipette and run through a glass wool filled pipette into a pre-
weighed 40 mL vial. 12.5 mL of chloroform were added to the con-
tent left in the test tube and then vortexed. The bottom layer con-
taining 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
weighed, and the percentage of lipids concentration was calculated.
For the ease of chromatographic analysis, the triglycerides were bro-
ken down into fatty acids. Therefore, to identify the triglycerides,
2 mL of 2% sulfuric acid was added to methanol in a 40 mL vial con-
taining the lipid residue and vortexed. After the addition of sulfuric
acid, the samples were placed in a water bath maintained at 60 �C for
2 h and then cooled at room temperature. Once the mixture had re-
acted for 2 h, 5 mL of 3% NaHCO3/5% NaCl and 2 mL of the standard
(100 ppm butylated hydroxyl toluene (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. This process resulted in the production of
fatty acid ethyl esters (FAEE) which were analyzed in the GC–FID.

The extractive-transesterification experiments were conducted
in a MW reactor with temperature and power control functions
manufactured by Columbia International Technologies�, USA.
Microwave-transparent, three-neck custom-fabricated reaction
vessels made of borosilicate glass (provided by Columbia Interna-
tional Technologies) were used as sample vessels. Averages of test
results obtained for three repetitive tests were analyzed to evalu-
ate the reproducibility of microwave effect. After each test, the
microwave reactor was allowed to cool and return to original
conditions with adequate cooling (by using a fan) and reaction
interval. The MW reactor was equipped with a reflux condenser
to provide for condensation of evaporating solvent mixture. A
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magnetic stirrer was used to ensure uniform mixing with a
constant mixing speed for all the experiments.

Four grams of dry algae powder were added to the premixed
homogeneous solution of ethanol and sodium hydroxide catalyst.
The mixture was then subjected to MW irradiation with exiting
power of 700 W (at a power dissipation level of 50% = 350 W) un-
der a matrix of conditions: reaction times of 3–7 min; catalyst con-
centrations in the range of 0.5–2.5 wt.% of dry biomass at 0.5%
intervals; and dry algae to ethanol (wt./vol) ratios of 1:6–1:15
(24, 36, 48 and 60 mL of ethanol volumes to result in approxi-
mately algal oil to ethanol molar ratios of 1:250; 1:375; 1:500;
and 1:625) and power output rates of 10–100%. The reflux con-
denser played an important role to condense, return and maintain
the solvent volume in the reaction mixture throughout the exper-
iments. Similar experiments were conducted with reaction mix-
ture containing 24 mL of ethanol and 24 mL of hexane for the
above mentioned process conditions to study the effect of hexane
in the extractive-transesterification reaction. The samples were
cooled using a fan and immediately placed in a freezer before the
separation/purification steps and analysis by GC–FID.

2.3. Biodiesel analysis

2.3.1. Overall FAEE conversion
The FAEE (biodiesel) conversion 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 biodie-
sel analysis using the gas chromatography is as follows: a sample
size of 1 lL 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. He-
lium was used as a carrier gas and the internal standards were pre-
pared by following the procedures described in ASTM-D 6584 B-
100 Biodiesel method (ASTM-D 6584).

2.3.2. FAEE composition
The FAEE composition in ethanol and hexane phases (before sep-

aration) 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 Supe-
lco SP 2380 capillary column (Supelco, Bellefonte, PA, USA) with
stabilized poly (90% biscyanopropyl/10% cyanopropylphenyl) silox-
ane as the stationary phase. The column temperature was pro-
grammed to increase from 110 to 140 �C at 10 �C/min;
maintained at 140 �C for 4 min; then ramped from 140 to 240 �C
at 2 �C/min; and finally maintained at 240 �C for 40 min. The detec-
tor temperature was set at 260 �C. Helium was used as carrier gas
(14 psi) at a flow rate of 45.0 mL/min, while the sample injection
volume was 1.0 lL with a split ratio of 100:1. The internal standard
used was 1,3-dichlorobenzene (Fisher Scientific, Pittsburgh, PA,
USA) (Mondala et al., 2009). Calibration curves between peak area
and concentration were established by injecting reference FAME
samples of known concentrations into the GC–FID.
3. Results and discussion

3.1. 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 Fig. S1. Microalgae lipids have higher selectiv-
ity towards chloroform–methanol–water system, due to their polar
nature and excellent solvent characteristics of chloroform (Araujo
et al., 2013). Solvents used in BD method (especially chloroform)
may cause cell wall disruption, thus contributing toward extrac-
tion 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 hex-
ane 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 Fig. S1. The lipid yields were
13.88%, 20.13% and 20.1% for BD, MW and MW-Hexane methods,
respectively while the FAEE conversions were 78.09%, 96.17%,
and 94.31% for the three methods in the same order. Hexane addi-
tion 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 methods.

3.2. Extractive-ethyl-transesterification of algal Lipids under
microwave irradiation

3.2.1. Effect of algae oil to ethanol molar ratio (algal biomass to
ethanol ratio)

Fig. 1 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 at a
fixed catalyst concentration (2% wt.). 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
(Fig. 1a; Process Conditions: 4 g dry algae; 2% catalyst and 5 min
reaction time). The lipid yield did not increase with higher molar
ratios of oil to ethanol (algae biomass to ethanol) as shown in
Fig. 1a. The FAEE conversion rates are shown in Fig. 2a (Process
Conditions: 4 g dry algae; 2% catalyst and 5 min reaction time).
Higher ratios of algae to ethanol could shift the reversible reaction
forward (as observed) perhaps due to increased contact area be-
tween ethanol and oil/lipid, resulting in higher yield of FAEE. How-
ever, 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 affect-
ing the algae cells which could result in inefficient extraction of al-
gal oils. The MW method has performed consistently better than
BD method in terms of both FAEE yield and conversion.

3.2.2. Effect of catalyst amount
The effect of catalyst concentration on the lipid yield and the

FAEE conversion are shown in Fig. 1b (Process Conditions: 4 g
dry algae; 48 mL ethanol and 5 min reaction time) and Fig. 2b (Pro-
cess Conditions: 4 g dry algae; 48 mL ethanol and 5 min reaction
time), respectively. At low concentrations the BD method per-
formed better than MW method in terms of lipid extraction. Higher
catalyst concentrations show a positive effect on the MW extrac-
tive-transesterification reaction while the lipid yield remained
unaffected. As this is two phase reaction mixture, the oil/lipid con-
centration in the ethanol phase is low at the start of the reaction
leading to mass transfer limitations. As the reaction continues,
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the concentration of oil/lipid in the ethanol phase increases leading
to higher transesterification rates with increasing catalyst concen-
trations (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., 2011; Refaat, 2010).
Lower concentrations of the catalyst may not efficiently advance
the reaction as the catalyst effect can be hindered by the presence
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of other organic compounds resulting from algal biomass
extraction.

3.2.3. Effect of reaction time
The reaction time has significant effect on the FAEE content

(Fig. 1c; Process Conditions: 4 g dry algae; 2% catalyst and 48 mL
ethanol). 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 extrac-
tive-transesterification reaction: first, a 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, an extended microwave effect causes the
penetration through the cell walls and forces out the oils (from
the biological matrix) into the solvent mixture (disruptive extrac-
tion). It was noted that the reaction time around 6 min was re-
quired to extract the algal lipids while a reaction time around
5 min 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 conver-
sion (Fig. 2c; Process Conditions: 4 g dry algae; 2% catalyst and
48 mL ethanol). Higher reaction times above 6 min did not result
in higher FAEE yields due to overheating of the reaction mixture
which results in by-product formation and solvent and energy
losses. This can also be explained as increase in conversion but a
reduction in selectivity of the solvent.

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 10% intervals were con-
ducted. As shown in Fig. 1d (Process Conditions: 4 g dry algae;
2% catalyst; 48 mL ethanol and 5 min reaction time) and Fig. 2d
(Process Conditions: 4 g dry algae; 2% catalyst; 48 mL ethanol
and 5 min reaction time), 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 and a balance between conversion and selectivity. Also,
the temperature profiles (Fig. 3a) at different microwave power
levels between 10% and 100% at 10% intervals show that the boiling
temperatures of the bulk medium are not required for the en-
hanced extractive-transesterification by MW method. This is be-
cause the microwaves produce localized superheating at
molecular levels which provide for enhanced heat and mass trans-
fer in the extractive-transesterification reaction. Current commer-
cial 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 improv-
ing the microwave reactor design would enhance the energy per-
formance which reflects as FAEE conversion efficiency.

3.3. 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. Here, hexane was introduced as a solvent and as a med-
ium to increase the mass transfer rate (extraction) of lipids into the
reaction mixture to evaluate its effect on the extractive-transeste-
rification reaction. The premise behind this concept is that hexane
and ethanol are miscible and hexane as co-solvent 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 by this method, cost reductions may
be achieved with reduced ethanol usage and with hexane recycling
to the reaction mixture for successive extractive-transesterifica-
tion cycles.
3.3.1. Effect of hexane as co-reactant and solvent
Further, the effect of solvent n-hexane along with ethanol on

extractive-transesterification of algal lipids was investigated.
Fig. 3b shows the temperature profiles for this method where differ-
ent volumetric ratios (mL) of ethanol and hexane were added. As it
can be seen the reaction temperatures are in the range of
60–70 �C which is lower than the MW method with ethanol alone
(70–80 �C). This is due to the non-polarity of n-hexane which does
not allow n-hexane to heat up under the microwave effect. As a re-
sult, the overall temperature of the reaction mixture is maintained
low during the reaction. This suggests that addition of n-hexane as
co-solvent will reduce the reaction condition severities under
microwave effect. Fig. 1a (Process Conditions: 4 g dry algae; 2% cat-
alyst and 5 min reaction time) shows the effect of ethanol to hexane
ratio on the lipid/FAEE yield and Fig. 2a (Process Conditions: 4 g dry
algae; 2% catalyst and 5 min reaction time) shows the FAEE conver-
sion rates. 24 ml of ethanol (approximately 1:250 oil to ethanol mo-
lar 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 ethanol:hexane volumetric ratios, respectively).
It was observed that 1:1 ratio of ethanol and hexane resulted in high-
er FAEE yields and conversion. This will result in 50% ethanol savings
since hexane can be recycled for repetitive use when separated by
distillation method. Also, the effect of hexane on FAEE yield was
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not significant at lower volumetric ratios; however, its effect ap-
pears to be significant at higher volumetric ratios.

3.3.2. 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 Fig. 1b (Process Conditions: 4 g
dry algae; 24–24 mL ethanol–hexane and 5 min reaction time)
and Fig. 2b (Process Conditions: 4 g dry algae; 24–24 mL etha-
nol–hexane and 5 min reaction time). The yield and conversion
rates are higher than the 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 reac-
tion. In another study, the presence of hexane as a solvent in
transesterification reaction was reported to have no effect on the
in situ transesterification reaction of marine macroalgae 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 re-
ported in that study. While hexane may not affect the transesteri-
fication reaction, its presence may provide for improved mass
transfer between the oils and ethanol due to its miscibility with
ethanol (Sanchez et al., 2012).

3.3.3. 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 hexane, a solvent. Similar to the MW extrac-
tive transesterification reaction, a reaction time of 6 min was found
to be sufficient for this reaction (Fig. 1c; Process Conditions: 4 g dry
algae; 2% catalyst and 24–24 mL ethanol–hexane and Fig. 2c; Pro-
cess Conditions: 4 g dry algae; 2% catalyst and 24–24 mL ethanol–
hexane). 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 70 �C in
this reaction (Fig. 3b). 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 perma-
nent dipole moment. On the other hand, when exposed to micro-
waves, 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 assisted extraction if mass/heat transfer con-
trolled reactions need to be achieved. This is the main concern cur-
rently when using microwave irradiation as a heat source due to
rapid heating of solvent mixtures which may cause product degra-
dation and byproduct formation. However, it is yet to be verified if
the presence of hexane has caused any undesired product forma-
tion. It can be noted from Figs. 1c and 2c 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.

3.3.4. Effect of hexane on microwave power
The microwave power effect was significant on the FAEE con-

version since lower microwave power was not able to overcome
the effect of non-polarity of hexane and complete the transesteri-
fication 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 af-
fected by the power levels but the FAEE conversion rates were
not affected similar to microwave only method (Fig. 1d; Process
Conditions: 4 g dry algae; 2% catalyst; 24–24 mL ethanol–hexane
and 5 min reaction time and Fig. 2d; Process Conditions: 4 g dry al-
gae; 2% catalyst; 24–24 mL ethanol–hexane and 5 min reaction
time).

3.4. Summary

The significance of various reaction parameters can be ex-
plained as follows. As shown in Figs. 1 and 2, the microwave irra-
diation process produced higher lipid yields (17.8%) at algae
biomass to methanol ratio of 1:12 (wt.:vol); 1% catalyst (17.1%);
6 min reaction time (20.1%); and 350 W power (18.34%) individu-
ally when other reaction parameters were held constant. Similarly,
maximum FAEE conversions were 96.1%, 95.2%, 96.2% and 95.2% at
algae biomass to methanol ratio of 1:12 (wt.:vol); 2% catalyst,
5 min reaction time and at 350 W microwave power, respectively
when other reaction parameters were held constant. The above re-
sults indicate that optimum reaction conditions need to be estab-
lished for maximum lipid recovery and biodiesel conversion. For
example, it can be noticed that 1% catalyst test results in 17.1% li-
pid yield but the FAEE conversion was significantly lower (82.7%).
Therefore, an increase in catalyst percentage (2%) results in higher
FAEE conversion (95.2%). When the algae biomass to methanol ra-
tio is considered, 1:12 resulted in both higher lipid recovery
(17.8%) and FAEE conversion (96.1%). Prolonged reaction times
over 5–6 min did not positively affect the lipid yields or FAEE con-
versions and the same was true for power levels above 350 W. the
amount of power to be supplied will be limited by the volume of
reaction mixture.

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
78 �C. For the method with hexane as solvent, the optimum condi-
tions are: dry algae to ethanol ratio of 1:250 (oil to ethanol molar
ratio) and 1:1 ethanol to hexane volumetric ratios, NaOH concen-
tration of 2.5% (wt.) and the reaction time of 6 min at a reaction
temperature of 60 �C.

3.5. 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 (C20:0);
Behenic (C22:0); Erucic (C22:1); and Lignoceric (C24:0). The com-
position of these compounds as percentages for different reaction
conditions are shown in Tables S1 and S2. Fig. 4a and b show the
compositions of saturated fatty acids (SFAs), monounsaturated
fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs).
Microwave extraction without hexane has extracted more polyun-
saturated 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 com-
pounds which are typically found in algal lipids and not in other
vegetable and seed oils (Chisti, 2007). High percentages of polyun-
saturated compounds with microwave irradiation can be attrib-
uted to higher reaction temperatures (70–80 �C) compared to the



Fig. 4. Comparison of FAEE composition for: (a) Microwave; and (b) microwave-hexane extractions.
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reaction mixture with hexane as solvent (57–65 �C). Although the
measured temperatures (bulk reaction mixture) are not 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. The lipids/
FAEEs contain the pigments and other impurities from algal bio-
mass which can be washed with KCl solution to remove the non-li-
pid components and pigments as explained elsewhere (Makri et al.,
2011; Bellou and Aggelis, 2012).

3.6. SEM analysis

The residual wet algae from the extracted samples were ana-
lyzed 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 sam-
ples were examined with JEOL JSM-6500F equipment operated at
5 kv. Fig. S2 shows the SEM images of the raw algae powder cell
before extraction and after microwave extraction with and without
hexane, respectively. It can be noted that the algal cell became
smaller, exhausted and notorious cracks are noticed after extrac-
tion due to release of lipids stored in the biological matrix (Chen
et al., 2012).

4. Conclusions

This study demonstrated that extractive-transesterification of
dry algal biomass can be performed in lieu of using separate
extraction and transesterification steps. The yields of the micro-
wave enhanced extractive-transesterification were higher com-
pared to the conventional Bligh and Dyer method which
indicates the significant chemical and energy savings that can be
achieved by the novel methods. Hexane as a solvent reduced the
reaction condition severities but produced comparable lipid and
FAEE yields. This study concludes that extractive-transesterifica-
tion with microwave irradiation may provide a sustainable alterna-
tive to the existing two-step extraction and transesterification
reactions due to reduced chemical and energy consumption.
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