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A B S T R A C T

Rapid growth, fixation of carbon dioxide, and little competition with food plus some species possessing high
lipid content make microalgae a suitable feedstock to produce biodiesel. However, high cost related to de-
hydration, lipid extraction and conversion to biodiesel hampers industrialization of biodiesel production from
microalgae. The objective of this study was to develop a biodiesel production procedure directly from wet
microalgae. The system was operated under atmospheric pressure without requiring any specific apparatus.
Wet microalgae (Chlorella vulgaris) was pretreated by radio frequency (RF) heating to disrupt cell walls first,
followed by esterification and transesterification with relatively small amount of methanol and catalyst
(either HCL or NaOH) assisted by RF heating at 55 °C for only 20 min. The fatty acid methyl esters (FAME)
yield reached as high as 79.5 ± 3.0%. The two major factors impacting biodiesel yield are catalyst and
methanol. Also, scanning electron microscope (SEM) was used to investigate morphology of the algae before
and after the RF heating pretreatment. The SEM images visually verified the significant effect of cell dis-
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ruption by the pretreatment. Although this pathway was developed for Chlorella vulgaris, it can be applied to
any other microalgae which are rich in both free fatty acids and triglycerides.

1. Introduction

The limitation of fossil fuel has become a threat of energy security
worldwide, and oil reserves are predicted to be exhausted by 2050. So
there is an urgent need to find sustainable energy resources [1]. Bio-
diesel is one of the most promising alternatives to fossils derived diesel
fuel. It is well known by its high flash point, excellent biodegradability
and renewability. Compared with petroleum diesel, biodiesel is more
eco-friendly [2]. It produces much less greenhouse gas and can be used
in diesel engines without additional modification [3,4].
There is a great variety of algae, which accounts for 40% of global

photosynthesis [5]. Algae grows rapidly under a range of environ-
mental conditions. Some species have high lipid content and unique
lipid composition [6]. Thus, they have been recognized as promising
feedstocks for biodiesel production [7]. In early 2010s, studies started
to report biodiesel production from dried microalgae using in situ/direct
transesterification. Velasquez-Orta et al. optimized the fatty acid me-
thyl ester (FAME, biodiesel) production conditions from Chlorella vul-
garis microalgae by using alkali-catalyzed in situ transesterification [8].
The catalyst (NaOH) to lipid molar ratios was 0.15:1, and the methanol
to lipid ratio was 600:1. Carvalho Júnior et al. spray-dried microalgae
first, then produced biodiesel via in situ methanolysis with a solvent to
sample ratio of 204mL: 2 g [9]. Although these studies have reported
high FAME yields, they required dried algae and large amounts of
solvent and catalyst.
Regardless of the drying methods, such as hot air, spray dry, or

freeze dry, the drying process consumes a huge amount of energy.
Therefore, direct biodiesel production from wet algae attracts more and
more attention in recent years [2,10–12]. However, the presence of
water has a significant negative impact on transesterification reaction
[2,13]. Studies have been carried out under high temperature and
pressure with special container to overcome this challenge. [14–16].
Macías-Sánchez et al. investigated the production of FAME from wet
microalgae (25 wt% dry biomass) in a 5 L thermostatic stirred pressure
proof reactor and found the optimized reaction conditions were at
100 °C for 105min with a pressure of 2.5 atm [10]. Pan et al. enhanced
the lipid extraction efficiency from wet Chlorella sp. (33–35 wt% dry
biomass) by using deep eutectic solvent in an autoclave reactor [17]. In
Im et al.’s study, the reactions were carried out in a 14mL pressure
proof Teflon-seal tube [18]. However, these critical conditions and
special apparatus limited the upscale potential for the commercial
production, especially for the continuous process.
Electromagnetic radiation could assist a variety of chemical and

physical processes. To improve production efficiency of biodiesel from
wet algae, microwave heating has been investigated [2]. It was effective
on pretreatment/disruption of cell [19], lipid extraction and transes-
terification [20,21], and could accelerate direct/one-step biodiesel
production [2,22–24].
Radio frequency (RF) heating is another popular technique utilizing

electromagnetic radiation. Both RF and microwave heating are cate-
gorized as dielectric heating which can efficiently heat up liquid, solid
and semi-solid materials with ions and/or dipoles [25]. Although they
have similar mechanism, RF heating overmatches microwave heating
on the following four aspects: RF has greater penetration depth because
of its longer wavelength than microwave, which results more uniform
heating and is more suitable for large amount of material. The config-
uration of RF heater is relatively simple and loading cavity is big, so it is
easy to operate and can process objects with large size [26–28]. RF
heater also has a higher efficiency on converting electricity to electro-
magnetic power, and metal can be used in it. Since its first application

by Cathcart and Park to thawing frozen food in 1946, RF heating has
been wildly used in various industries for heating and drying. Recently,
its usage has been expanded to assist turning sustainable biomass and
industrial, agricultural and forestry by-products into biofuels and bio-
materials [29]. Our group has successfully used RF heating to accelerate
biodiesel production from canola oil, beef tallow and waste cooking oil
[28,30,31]. It has also been used to pretreat various biomaterials in-
cluding switchgrass and sweetgum to enhance productions of glucan,
acetone–butanol–ethanol (ABE) and polyhydroxybutyrate (PHB)
[32–34].
In the current work, biodiesel production directly from wet algae

assisted by RF heating was investigated. Chlorella vulgaris microalgae
was chosen as the feedstock because of its high lipid and carbohydrate
contents [1,35]. RF heating was used for both cell wall destruction and
reaction acceleration. Acid or alkali-catalyzed esterification and alkali-
catalyzed transesterification were carried out with various RF heating
time and methanol/hexane/catalyst ratios. All steps involved in this
study including cell destruction, esterification and transesterification
were carried out under normal temperature and pressure without any
specific apparatus, which makes continuous and large-scale production
possible in the future. The objectives of this study were to develop a RF
assisted process for direct biodiesel production from wet microalgae,
and investigate the effects of different reaction factors including cata-
lyst, methanol, hexane and RF heating time on biodiesel yield.

2. Materials and methods

2.1. Biomass and chemicals

Chlorella vulgaris was cultivated at Arizona State University’s
Arizona Center for Algae Technology and Innovation (AzCATI) in a 640
L acrylic vertical flat panel with a 2 in. light path. The photobioreactor
(PBR) was grown in BG-11 culture medium and maintained at a pH
value of 8.08. All culture medium chemicals were analytical grade and
purchased from VWR International. The PBR was inoculated on April 3,
2015 at a density of 0.57 g/L with 67.8mg/L NO3. The biomass was
harvested on April 13, 2015 at a density of 2.96 g/L upon NO3 deple-
tion (0.01mg/L NO3). Harvested biomass was dewatered in a Lavine
centrifuge to approx. 20% solids, immediately placed into airtight bags
and frozen at −10 °C.

2.2. Determination of moisture and neutral lipid contents in algae

The algae moisture content was measured by a moisture analyzer
(MF-50, A&D Company, Limited, Japan) in triplicates. The neutral lipid
content of 7.50 ± 0.20wt% (based on dry mass) was determined with
Nile Red assay [36–38]. Briefly, 1.5mL of Folch solvent (2:1 chloro-
form/methanol) was added into 20mg of freeze-dried algal biomass to
extract lipid. Then, 80 µL of the lipid extracts, 30 µL of isopropyl al-
cohol, 200 µL of Nile Red solution (1 µg/mL) and 20 µL of 50% bleach
solution (mixing 6% hypochlorite with deionized water) were added
into a microplate well. Fluorescence of the samples at 530 nm excita-
tion/575 nm emission with auto cutoff of 570 nm was measured by
using a SpectraMax Seried microplate reader (Model M2, Molecular
Devices, LLC, CA, USA) and was used for quantification. The mea-
surement was carried out in triplicates.

2.3. Scanning electron microscope (SEM)

The SEM was used to investigate morphology of the algae before
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and after RF pretreatment. Scanning electron images were obtained
using a Zeiss EVO 50VP SEM (Carl Zeiss AG, Jena, Germany). The
wet algae samples were placed on aluminum support stubs. The os-
mium tetroxide was used to fix liquid for 6 h. Then the samples were air
dried in fume hood overnight. After gold coating, the SEM images of
samples were taken at 20.00 kV at a magnification of 12.00 k×.

2.4. Experimental design of biodiesel conversion

The biodiesel production through esterification and transesterifica-
tion with methanol is based on simple chemical principles. However, in
practice, the conversion was significantly affected by multiple factors,
including moisture content of algae, type of catalysts and solvents,
order of reactions, reaction time and temperature, mixing ratio of
biomass (algae to methanol in this study), etc.
According to literature review, our past studies [28,30,31] and

preliminary experiments, a processing flow chart was composed
(Fig. 1). Wet algae were first pretreated by RF heating to disrupt cell
walls (details in Section 2.4.1). Then, a first stage of conversion was
carried out, in which the wet algae was directly mixed with methanol
and catalyst to react (details in Section 2.4.2). It is referred as “direct
transesterification” [2,10,13,39] or “in situ transesterification”
[15,16,18,23] in some previous studies. Immediately after that, a
second stage of conversion was carried out to mainly transesterify re-
mained triacylglycerols (TAGs, details in Section 2.4.3).

2.4.1. Cell disruption with RF heating
An aliquot of 120 g of wet algae was placed in a 150mL glass beaker

and heated in a RF heater (SO6B; Strayfield, Berkshire, England) at
90 °C for 30min. The RF heater has a frequency of 27.12MHz and
maximum power output of 6 kW. The beaker with algae was covered
with a plastic sheet to reduce water loss. A fiber-optic sensor (Neoptix,
Inc., Quebec City, Quebec, Canada) were employed to monitor the
temperature during the heating process. After reaching 90 °C, the RF
heater was switched on and off to maintain the temperature.

2.4.2. First stage of conversion
In this stage of the conversion, there were two sets of experiments:

alkali catalyzed (up right of Fig. 1) and acid catalyzed conversions (up
left of Fig. 1). Under each set, mixture of wet algae, methanol, catalyst
with or without the presence of hexane was heated by the RF heater.

Therefore, there were four tests in the first stage of conversion. In the
alkali catalyzed set, 4.0 mL of NaOH-MeOH solution (NaOH to MeOH,
w/v, 0.5:100), and 6mL of MeOH were added into 5.0 g of pretreated
algal sample in a 125mL Erlenmeyer flask with or without addition of

Fig. 1. Flow chart of experimental design.

Fig. 2. Schematic diagram of RF heating apparatus.

Table 1
Detailed reaction parameters in the first stage of conversion.

Trial HCL-MeOH
(mL)

MeOH (mL) Hexane (mL) RF time
(min)

Base A 4 6 10 20
Double catalyst B 8 2 10 20
Double MeOH C 4 16 10 20
Double hexane D 4 6 20 20
Double RF time E 4 6 10 40
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10mL of hexane. The mixture was stirred for 5min with a magnetic
stirring bar, and then heated with RF for 20min. A condenser was used
to reduce evaporation of MeOH during the RF heating. The schematic
diagram of the RF heating apparatus is shown in Fig. 2. The mixture
with/without hexane reached ca. 50 °C and 55 °C, respectively, during
the RF heating. After the RF heating stopped, the stir continued for
additional 5min to fully utilize the heat. For the mixture without ad-
dition of hexane, 10mL of hexane was added into the flask. The flask

was sealed with parafilm and shaken at 200 rpm for 1 h to extract
FAMEs, TAGs and remained free fatty acids (FFAs). In the acid cata-
lyzed set, 4 mL of HCl-MeOH solution (36% HCl to MeOH, v/v, 5:95)
replaced the 4mL of NaOH-MeOH solution while keeping other con-
ditions unchanged.
After the extraction, 10 µL of internal standard (methyl tride-

canoate) and 30mL deionized water were added to the mixture. Then,
the sample was centrifuged at 9900 rpm for 10min. The upper liquid
phase was separated and washed with deionized water twice using a
separatory funnel. The liquid phase was used for FAME analysis and the
second stage conversion. The algal residuals (solid phase in Fig. 1)
could be used as carbohydrate sources for hydrolysis and fermentation
to produce other bio-products such as bioethanol and PHB.

2.4.3. Second stage of conversion
In this stage of conversion, the upper liquid phase obtained from the

first conversion was evaporated with a rotary evaporator at 45 °C to re-
covery the hexane. Then, 10mL of NaOH-MeOH solution (NaOH to MeOH,
w/v, 0.5:100) was added into the flask, and followed by the RF heating at
55 °C for 20min. Finally, another 10mL of hexane was added to extract the
FAMEs. The upper hexane phase was sampled for FAME analysis.

2.5. Effects of major factors on conversion rate

Based on the results of the four types of experiments described
above (alkali catalyzed with or without hexane during RF heating, and
acid catalyzed with or without hexane during RF heating), the acid
catalyzed conversion without hexane was selected as the base trials.
Then, four more trials were performed to investigate the effects of four
major factors (i.e., catalyst, methanol, hexane and RF heating time) by
doubling the amount of each factor, respectively, in the first stage. The
second stage were kept unchanged. The reaction conditions of these
trials are summarized in Table 1.

2.6. FAME analysis

The FAME content was analyzed based on the method described by
Van et al. [40,41] with minor modification. An Agilent 7890 GC (Santa
Clara, CA, USA), equipped with a flame ionization detector (FID) and a
DB-WAXetr capillary column (30m×0.25mm×0.25 µm; Agilent,
Santa Clara, CA) was employed. The flow rate of helium was 1mL/min.
The temperature of FID detector and injector was 260 °C and the oven
temperature was programmed from 100 °C (held for 1min) to 240 °C
(held for 15min) at a rate of 4 °C/min. The inlet split ratio was 5:1. Both
of the hexane phases after the first and the second stages were analyzed.
Based on Yao et al.’s study, the dominating lipid components, which
could be converted into biodiesel, in Chlorella vulgaris were neutral li-
pids [7]. So the FAME yield was calculated by Eq. (1):

= ×FAME g
Total Neutral lipid g

FAME yield (%) ( )
( )

100%
(1)

3. Results and discussion

3.1. Moisture contents

The algae moisture content was 80.3 ± 0.4wt% before pretreat-
ment, and 78.5 ± 0.7wt% after Cell disruption with RF heating. It
indicated that there was little water loss during the RF heating pre-
treatment.

3.2. Effect of RF pretreatment

Fig. 3 illustrates the changes of Chlorella vulgaris cells before and
after the pretreatment by RF heating. Before the pretreatment, the cells

Fig. 3. (a). SEM image of algae raw material (Chlorella vulgaris). (b). SEM image
of algae after RF pretreatment.

Fig. 3. (continued)
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were clear and intact in general (Fig. 3(a)). After RF pretreatment, the
cells became very blurred and a lot of dents were observed on the cell
walls, indicating damages. In addition, a large amount of extracellular
substances appeared, which might come from inside the cells, con-
firming the damage of the cell wall. The results visually verified the cell
disruption effect of RF pretreatment, which indicate that the pretreat-
ment broke the cell walls and exposed the substances originally inside
the cells. With the breakage of algae cell wall, lipids inside algae cells
could be more easily reached by solvent and catalyst, thus increasing
FAME conversion rate.

3.3. The first stage conversion

3.3.1. Alkali catalyzed first stage conversion
Alkali has been widely used as an effective catalyst to accelerate the

transesterification reaction between TAGs and methanol to produce bio-
diesel [28,31,42,43]. However, the total FAME yield of the alkali catalyzed
conversion (without hexane during RF heating) was only 19.0% after the
second stage, and was even much lower for the one with hexane during RF
heating. There are possibly two major reasons causing such low FAME
yields. Firstly, there was a large amount of water present in the reactants.
The moisture content of the Chlorella vulgaris after the RF pretreatment
was 78.5 ± 0.7%, which means there was 30% of water in the reactants
including wet algae and methanol. With alkali catalyst, water would sig-
nificantly accelerate the saponification reaction and, subsequently, en-
courage FAME hydrolysis, resulting in low FAME yield. Secondly, the FFA
content of Chlorella vulgaris was high. Neutral lipids are the major feed-
stock in algae to produce biodiesel (FAMEs). Within the neutral lipid class,
FFAs account for about 53.5%, while TAGs only account for about 46.5%
in Chlorella vulgaris [7]. The FFAs would react with alkali catalyst to
generate soap (saponification) and water, which would further compro-
mise the yield of FAME [44]. Our previous study has found that notable
saponification would occur with alkaline catalyst if FFA accounted for
more than 2% in waster cooking oil (from fast food restaurants), which
would result in very low conversion rate or even failure of the reaction
[31]. Naik et al. reported similar observation in their study on biodiesel
production from high free fatty acid Karanja oil [45]: once the FFAs
content increased from 0.3wt% to 5.3wt% in the oil, the yield of biodiesel
decreased dramatically from 97% to 6% with alkali catalyst. Due to the
very low FAME yield, further study on alkali catalyzed first stage con-
version was discontinued.

3.3.2. Acid catalyzed first stage conversion
Acid can catalyze esterification between FFAs and methanol as well

as transesterification between TAGs and methanol to produce biodiesel.
Since it does not react with FFAs to form soap, acid catalyst is much less
affected by FFAs and/or water, which is acid catalyst’s major advantage
over alkali catalyst, although it catalyzes transesterification evidently
slower than alkali one does. Thus, acid catalyst is often used to convert

FFAs to FAMEs for biodiesel production [46,47]. The FAME yield for
the acid catalyzed conversion (without hexane during RF heating) after
the first stage was 30.0 ± 0.7% (Sample A in Fig. 4), which was al-
ready higher than that of the alkali catalyzed one (19.0%) after two
stages. The results confirm that acid catalyst (HCl in this study) was less
suppressed by water and FFAs in the reactants and was more suitable
for the first stage. In this stage, HCl was mainly catalyzed the conver-
sion of FFAs and might help TAGs to convert, if any. Lotero et al. also
reported that acid catalyst showed much higher efficiency in converting
FFAs through esterification [48].
It has been reported that hexane could be added to perform an in situ

extraction of FAMEs and/or TAGs during the reaction and improve the
conversion rate [13,15]. However, the FAME yield of sample A with
hexane during the RF heating was only 2.4 ± 0.1% for the acid cata-
lyst, which were significantly lower than the one without hexane during
RF heating (Fig. 4). Similar result was also found in the other four
samples. The results show that the presence of hexane during RF
heating hampered biodiesel production in this study. A slower increase
in temperature during the RF heating was observed with the presence of
hexane, which suggests that hexane probably lowered the RF heating
efficiency and, subsequently, reduced the FAME yield. Moreover, the
hexane created a new phase in the reactant mixture, which might re-
duce the mixing efficiency and cause a lower reaction rate. Since the
addition of hexane during the RF heating has evident negative effect, no
additional tests were further attempted.
Since FFAs possess about 53.5% of the neutral lipids in Chlorella

vulgaris [7], the conversion rate of the first stage could reach 53.5% or
even higher if all the FFAs could be converted. The actual FAME yield of
30.0 ± 0.7% (without hexane during RF heating) was still notably
lower than that. This might be attributed to the following reasons: 1)
the pretreatment (cell wall disruption) assisted with RF heating was not
strong enough; 2) the reaction conditions were not sufficient to achieve
complete conversion; and 3) although the same species of microalgae
(Chlorella vulgaris) was used in this study, its FFA content might be
lower than that was reported [7].
It has been reported that moisture content of algae has significant

negative effect on FAME yield during direct biodiesel production from
wet microalgae. Cao et al. reported a sharp decrease of the yield from
91.4% to 10.3% if the moisture content of algea increased from 10% to
90% when reacting at 90 °C with 0.5M H2SO4 for 120min [13]. Kim
et al. also reported negative impact of moisture content on biodiesel
production on in situ transesterification from high moisture content
algae using HCl as acid catalyst [15]. In a study of direct biodiesel
production from Chlorella with H2SO4 as catalyst and reacting at 60 °C
for up to 6 h, Ehimen et al. observed that the reaction was almost
stagnant when moisture content of algae reached 72.5% [49]. In con-
trary, several other studies reported high conversion rates even when
the moisture content of wet microalgae reached around 80%. However,
all of these studies employed either harsh pretreatment (mixture of
microalgae sludge with methanol was disrupted by microwave heating
followed by adding double amount of methanol and being dried out), or
high methanol to algae ratio (171.1mL/g), or high catalyst to micro-
algae ratio (1.5 mL of 95% H2SO4/g), or extreme high temperature and
long time (150 °C for 2 h), or super critical method (240–260 °C) to
lower the effect of water in the reactant mixtures [2,10,13,18,39].
Using too much methanol and/or catalyst, or performing the reaction
above the boiling point of methanol (65 °C) with sealed pressure-proof
reactor would significantly increase the operation and equipment costs,
which is not environment-friendly and limits their industry scale ap-
plications. The process proposed in this study might have better eco-
nomic feasibility, and be easier and safer to scale up.

3.4. The second stage conversion

The upper liquid phase gained from the first stage by centrifuge and
separatory funnel contained hexane, FAMEs, TAGs and remained FFAs.
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Before the second stage of the conversion, the hexane in the upper li-
quid phase was recovered by a rotatory evaporator. Only FAMEs, TAGs
and a small amount of FFAs remained. This step can save solvent,
especially when it is scaled up. It also reduces the amounts of methanol
and catalyst needed in the second stage.
To achieve high conversion rate of biodiesel production from algae,

both FFAs and TAGs need to be turned into FAMEs. In the first stage,
acid (HCl) mainly catalyzed esterification of FFAs and further broke
down the algal cells. However, the TAGs in the algae probably had not
been effectively converted. So a second stage of conversion is desired.
In the second stage, water had been removed after a hexane extraction
and centrifuging. Therefore, alkali catalyst (NaOH) could efficiently

convert remained TAGs to FAMEs through transesterification. As shown
in Fig. 5 (Sample A), the total FAME yields significantly increased to
50.1 ± 3.7% after the second stage, indicating the second stage con-
tributes 40.1% of the overall conversion rate. Therefore, the optimum
pathway for direct biodiesel production from wet microalgae in this
study was as follows: cell disruption with RF heating, first stage of
conversion with acid catalyst, centrifuge, separation and evaporation,
and second stage of conversion (Fig. 6).
Dong et al. [46] reported a similar observation on a two-step pro-

duction of biodiesel from freeze dried microalgae (Chlorella sorokiniana,
moisture content: 1.73 wt%). The yield of the pre-esterification (the
first step) was 60.89 ± 2.37% (reaction conditions: H2SO4 of 6.9 wt%,

Fig. 6. The optimum pathway for direct biodiesel production from wet microalgae.
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methanol to biomass ratio of 4mL/g, reacting at 90 °C for 70min) and
the yield of the base-catalyzed transesterification (the second step) was
82.60 ± 2.19% (reaction conditions KOH of 1.8 wt%, methanol to
biomass ratio of 10mL/g, reacting at 90 °C for 10min).

3.5. Effects of major factors on conversion rate

Since only 50.1% of the neutral lipids in algae was converted to
biodiesel through the above two stages, there is a large potential to
improve the FAME yield by optimizing reaction conditions. Four major
factors, i.e., the amounts of catalyst, methanol and hexane, and RF
heating time, were investigated in this work (Table 1). Compared with
the above mentioned base trial (Sample A, Fig. 5), doubling the catalyst
amount (Sample B) showed significant positive effect. The FAME yields
reached 58.8 ± 1.2% and 79.5 ± 3.0% after the first and second
stages, respectively, which account for 96% increase for the first stage
and 59% increase for the overall conversion rate. Doubling the amount
of methanol (Sample C) also evidently improved the yields to
46.3 ± 1.3% and 69.6 ± 4.3% after the two stages, respectively.
Those are 55% improvement for the first stage, and 39% improvement
for the overall conversion rate. The results suggest that the increase in
catalyst or methanol amount could considerably promote the biodiesel
production, and higher conversion rate might be achieved by further
increasing them.
When the amount of hexane was doubled (Sample D), the FAME

yields decreased to 18.3 ± 5.3% and 32.0 ± 5.1% after the two
stages, respectively. It was expected to improve the extraction effi-
ciency with the extra hexane, but the results suggest evident negative
effect. After the hexane was added, the sample in 125mL Erlenmeyer
flask was shaken at 200 rpm for 1 h to perform the extraction. The
additional hexane notably increased the volume of the sample during
the extraction, which might lower the mixing efficiency and, subse-
quently, lower the extraction efficiency. The FAME concentration of
Sample D in the recovered hexane was only about 40% of that of the
Sample A. Furthermore, based on the concentrations of the internal
standard after the centrifugation, Sample D’s hexane recovery rate was
about 23% lower than that of the Sample A. A larger portion of hexane
would stay with the algal residue in Sample D and was discarded,
causing additional loss of lipids.
Doubling the RF heating time (Sample E) showed moderate positive

effect on the biodiesel production. The yields were 35.1 ± 1.2% and
58.6 ± 4.5% after the two stages, respectively, which account for 17%
increase for both the first stage and overall conversion rates. With the
prolonged heating and reaction time, more FFAs and TAGs were able to
be converted. However, the moderate increase suggests that it was
difficult to convert more with the base trial’s reactant composition
(Sample A). Therefore, the increases in catalyst and/or methanol
amounts were more effective.

In our future work, further optimization of the reaction parameters
will be carried out to achieve higher conversion rate.

3.6. FAME composition

The composition of the resulted FAMEs was determined by the GC
analysis. The major components were C16:0, C18:1, C18:2 and C18:3
for all the samples, although the relative amounts varied slightly from
sample to sample. The FAME composition of the sample with the
highest yield (sample B, Table 1) is shown in Fig. 7 as a representative,
which accounted for 28.1%, 26.3%, 25.8% and 12.0% of C16:0, C18:1,
C18:2 and C18:3, respectively. The profiles were mainly composed of
saturated and unsaturated fatty acids with 16 or 18 carbons, which is in
accordance with previous studies [7,8,49].

4. Conclusions

This study provided an effective biodiesel production procedure
directly from wet microalgae. With the assistant of RF heating, the cell
wall of algae was disrupted, and esterification/transesterification re-
actions were promoted. Compared with other studies, the whole process
in this work avoided high temperature or pressure, saved large quan-
tities of solvents and eliminated the process of drying algae. It is safer
and more economically feasible for industrial application. The highest
FAME yield was 79.5 ± 3.0% in this study. In addition, the carbohy-
drate residual could be used for further production of bio-products.
Although this pathway was developed on Chlorella vulgaris, it can be
applied to any other microalgae which are rich in FFAs and TAGs.
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