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h i g h l i g h t s

� A novel transesterification method with microalgae lipids was developed and optimized.
� The conversion efficiency increased to 97% after adding co-solvent into the reaction system.
� Both algal polar lipids and neutral lipids could be converted into biodiesel.
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a b s t r a c t

Although microalgae represent a promising alternative feedstock for biofuels, the current solvent-based
lipid conversion systems and processes are neither cost-effective nor energy-efficient due to the bad
quality of algal crude lipids. In the present study, a novel lipase-catalyzed transesterification method with
crude Chlorella lipids was systematically investigated and optimized. A highly efficient conversion proto-
col with 97% of fatty acid methyl esters (FAME) yield was obtained after the introduction of co-solvent.
Then several crucial parameters including the reaction time, molar ratio of algae oils to methanol, ratio of
algae oils to co-solvent, ratio of algae oils to lipase and reaction temperature and intensively studied and
selected at 12 h, 1:12, 1:1 (m/v), 20:1 (m/m) and 40 �C, respectively. In addition, the reusability of the
immobilized lipase was also investigated with crude algal lipids. The immobilized lipase could maintain
84% of its original activities even after five recycles. Polar lipid standards along with the polar lipids iso-
lated from crude algal lipids were also tested and results indicated that they could also be converted into
biodiesel very efficiently. This study provides an important insight into further decreasing the down-
stream processing costs in algae-based biofuel production.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Continued use of fossil fuels is now increasingly recognized as
unsustainable due to the depleting supplies and their significant
contributions to the emission and accumulation of greenhouse
gas carbon dioxide in the atmosphere and global climate changes
[1–3]. Investigations concerning the exploration of renewable
and environment-friendly energy resources have been widely car-
ried out in the past decades [4]. In which, microalgal biomass
derived biofuels have been recognized as one of the most attractive
alternative biofuel sources due to its high-efficiency, low-poison,
bio-degradable and renewable characters [5–8]. However, there

is still a long way to scale the laboratory cultures up to the com-
mercial production of biofuel feedstock due to the high cost from
both up-stream biomass production, and the down-stream oil
extraction/biofuel conversion processes as well [9].

At present, most studies associated with the development of
algae-based biofuels were still focused on the up-stream processes,
such as microalgal strain selection, algae cultivation, photobioreac-
tor design and operation, prevention of contamination, biomass
harvesting, etc [10–12]. Although there are some information
about production of biodiesel from microalgae oil in recent years
[13,14]. In some literatures, these processes were simply consid-
ered same as biodiesel production with the oil plant seeds as the
feedstock, and algal oils could be easily extracted and converted
into biodiesel by traditional chemical catalyzed transesterification
protocols [14–16]. Also, there are several other articles reporting
the conversion process by using the conventional hydrothermal
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treatment process derived from petrochemical industries [17,18].
However, the current downstream hydrothermal and solvent-
based lipid extraction and conversion systems and processes are
energy intensive [19]. The traditional protocol for biodiesel pro-
duction is alkaline-catalyzed transesterification. It requires high-
quality oils as the feedstock (usually refined oils with very low acid
values and low-concentration of polar lipids) even having advan-
tages of less reaction time and high biodiesel yields [20–22]. Unfor-
tunately, crude microalgae oils contain high-concentration of free
fatty acids and polar lipid contaminations up to 70–80% of total
lipid content [6]. Prior to the alkaline catalyzed transesterification
process, the complicated unknown refining protocols will be
needed to obtain the high quality oil feedstock. This process will
unavoidably lead to the significant enhancement of energy con-
sumptions and total cost of algae-based biofuels [23,24]. In addi-
tion, the alkaline catalyzed transesterification reaction will also
unavoidably lead to oxidation of high valued products, such as
astaxanthin, lutein, polyunsaturated fatty acids, etc, and genera-
tion of large amount of alkaline wastewater containing both cata-
lyst and glycerol [25–27]. Thus, it is essential to develop the
conversation technologies for algae-based biofuel productions.

In recent studies, immobilized lipase have been employed as a
potential efficient and low-cost method to convert higher plant oils
to biodiesel due to its mild reaction conditions and the simple
recycle protocols of its immobilized biocatalysts [28,29]. The pur-
pose of this study was to test the possibility of using lipase cat-
alyzed method in the conversion of bad-quality crude algae oils
and optimization of reaction conditions, and finally establish a
cost-effective protocol for converting algal oils into biodiesel.

2. Materials and methods

2.1. Organisms and culture conditions

The algae strain of Chlorella vulgaris was obtained from Fresh-
water Algae Culture Collection at the Institute of Hydrobiology,
FACHB-collection. Chlorella vulgaris was maintained in BG-11
growth medium in a panel photo-bioreactor at 25 �C, and exposed
to a continuous fluorescent lamp illumination at a light intensity of
200 lmol�m�2�s�1. Culture mixing was provided by bubbling air
containing 1% CO2 (v/v).

2.2. Chemicals and reagents

Lipases, methyl ester standards and lipid standards were pur-
chased from Sigma (USA). Silica gel plates used for thin layer chro-
matography (TLC) was obtained from Merck (Germany). Active
silica gel for column chromatography was obtained from ICN Bio-
medicals GmbH (Germany). All other chemicals were of analytical
grade and purchased from standard sources.

2.3. Oil extraction

The crude algal oils were extracted from dry Chlorella vulgaris
biomass with two solvent systems containing methanol and
DMSO，and hexane and ethyl ether, respectively, according to
our previous publications [30]. The neutral lipids and polar lipids
were isolated from crude algal oil with a column chromatography
according to the method described by Chen et al. [31].

2.4. Chemical- and lipase- catalyzed transesterifications of crude algal
lipids

For chemical-catalyzed transesterification, 50 mg crude algal
oils and 5 mg heptadecanoic acid (as internal standard) were

sampled into 8 ml glass vial with a PTFE septa, then 2 mL methanol
containing 2% H2SO4 (m/m) was added into the vials and mixed
thoroughly. The vials were then maintained at 80 �C for 2.5 h, oscil-
lating the vial every fifteen minutes during the reaction. After
transesterification reactions, 2 mL of saturated sodium chloride
solution and 2 mL of hexane were added and mixed with a vortex
mixer. The hexane layer which contained fatty acid methyl-esters
(FAMEs) was carefully separated and then solvents were evapo-
rated with N2 stream [32]. Finally, FAMEs were re-dissolved in
1 mL hexane for further thin-layer chromatography (TLC) analysis.
For GC–MS analysis, the above samples were diluted fifty time to
obtain the proper concentration for mass detector.

The lipase catalyzed transesterification reactions were also car-
ried out in 8 ml glass vial with PTFE septa in a thermostat shaking
bed at a speed of 250 rpm. The reaction mixtures consisted of
50 mg crude algal oils and different dosage of lipases, solvents
and methanol. After reaction, the samples were centrifuged and
determined by TLC method [32]. Then 10 lL of the supernatant,
50 lL of methyl heptadecanoate standard (1.05 mg/mL) and
440 lL hexane were mixed thoroughly for further fatty acid analy-
sis with GC–MS. The FAME conversion efficiency is calculated
based on comparing the peak areas between lipase- and
chemical-catalyzed transesterification. The FAME conversion effi-
ciency can be calculated by the following equation:

FAME conversion efficiencyð%Þ ¼ YðlipaseÞ=YðchemicalÞ � 100

where Y (lipase) is the yield of FAME generated by lipase catalyzed
transesterification, and Y(chemical) is the yield of FAME generated
by chemical catalyzed transesterification with the same amount
of microalgae oil.

For TLC analysis, samples and standards were loaded onto the
silica gel and developed in a solvent mixture of hexane, diethyl-
ether, and acetic acid (80:20:2, v/v/v). The developed TLC plate
was then visualized by spraying a visualization reagents (a mixture
containing phosphoric acid, 33% acetic acid, sulfuric acid and 0.5%
copper sulfate acid (5:5:0.5:90, v/v/v/v)) and heated at 180 �C for
7 min [32].

For GC–MS analysis, a polar capillary column (HP-88, 60 m) was
used. The oven temperature program consisted of an initial hold at
100 �C for 5 min, increasing to 240 �C at 3.5 min�1, and a final hold
at 240 �C for 5 min. The injector temperature was kept at 260 �C,
the flow rate of carrier gas (helium) was 1.5 mL�min�1 and the
injection volume was 1 lL [32].

2.5. Optimization of different parameters of lipase-catalyzed
transesterification

Biodiesel was produced from crude microalgae lipids through
lipase-catalyzed transesterification. To obtain the optimal reaction
condition, the following seven parameters were investigated sys-
tematically through single-factor experiment: (i) co-solvent, (ii)
lipases, (iii) molar ratio of methanol to oil, (iv) ratio of co-solvent
to oil, (v) ratio of lipase to oil, (vi) reaction temperature and (vii)
reaction time. The effect of each factor was assessed by varying
one of the above parameters while keeping the other constant.
The co-solvent was screened from the following 11 kinds of sol-
vents: hexane, acetone, ether, dichloromethane, 1-butanol, t-
butanol, isopropanol, tetrahydrofuran, pyridine, ethyl acetate,
MTBE. The lipase was selected from five kinds of immobilized
listed as follows and their combinations cocktail: Lipase, immobi-
lized on immobead 150 Candida rugosa; Lipase, immobilized on
immobead 150 from Pseudomonas cepacia; Lipase acrylic resin
from Candida antarctica; Lipase, immobilized on immobead 150
Thermomyces lanuginosus; Lipozyme, immobilized fromMucor mie-
hei. The molar ratio of methanol to oil used were 3:1, 6:1, 9:1, 12:1,
18:1, 24:1, 30:1 (M/M). The ratio of co-solvent to oil tested were
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