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A simple methodology for producing biodiesel is presented. The noncatalytic transesterification was carried out via the
thermochemical process because the main driving force of biodiesel conversion was temperature rather than pressure.
Noncatalytic transformation of rapeseed oil into fatty acid ethyl ester (FAEE) was performed in a continuous flow system
under ambient pressure in the presence of activated alumina, charcoal, and carbon dioxide (CO,). The biodiesel conversion
methodology introduced in this work enables the esterification of fatty acids (FFAs), and transesterification of triglycerides
to be combined into a single process and leads to a 97.5 (+0.5)% conversion efficiency of biodiesel within 1 min at 420—
500°C. The new process has high potential to achieve a breakthrough in minimizing the cost of biodiesel production owing
to its simplicity and technical advantages. © 2012 American Institute of Chemical Engineers AICKE J, 59: 1468—1471, 2013
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Introduction

Approximately 85% of all petroleum-derived oil is used as
fuel in the transportation sector.' This intensifies the impor-
tance and urgency of developing renewable energy alterna-
tives to satisfy community needs, diversify energy sources,
obtain a secure energy supply, and reduce environmental
impacts.l’2 Thus, among biofuels, biodiesel has been
regarded as an attractive alternative, because it is relatively
easy to adapt current engine technology and distribution net-
works to biodiesel.> Controversially, the high cost associated
with lipid feedstocks for biodiesel has been considered a
major impediment to the widespread use of biodiesel world-
wide.*> The same analogy has been put forward in regard to
the bioethanol industry. Moreover, the ethical dilemma of
using biodiesel feedstocks that compete with food resources
has to be considered in a fully transparent manner when pro-
posing this technology as an alternative energy source on a
large scale.® These considerations have prompted the devel-
opment of second- and third-generation biodiesels.”"*

In general, methanol (MeOH) has been commonly and
commercially used to produce the biodiesel known as fatty
acid methyl ester (FAME) via the transesterification process
using homogeneous catalysts (i.e., KOH, NaOH, and
H2$O4).6’15 ~17 However, some recent studies have highlighted
the use of ethanol (EtOH) instead of MeOH to transform vari-
ous lipid feedstocks into biodiesel (i.e., fatty acid ethyl ester
(FAEE)) because of the potential toxicity of MeOH and its
typical production by the petroleum industry.'®!' In contrast
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to MeOH, EtOH is a major renewable energy source, because
bioethanol can be produced globally from starch- or sucrose-
based feedstocks.??> Thus, using EtOH would enhance the
sustainability of biodiesel and minimize its environmental
impact.3’23’24 Furthermore, our promising and long-standing
efforts to produce bioethanol from lignocellulosic biomass
will likely achieve success in the near future, which would
expedite the use of EtOH to produce biodiesel (i.e., FAEE). In
addition, performing the transformation to biodiesel in the
presence of conventional homogeneous catalysts is not desira-
ble in terms of environmental impact, because of the sequence
of transesterification and washing processes involved.” >’ For
example, the washing process leads not only to the generation
of wastewater, but also to the inevitable loss of biodiesel.>?®

Thus, alternative methods of biodiesel production via
transesterification with heterogeneous catalysts under subcrit-
ical conditions, and via noncatalytic synthesis under super-
critical conditions, have been examined to resolve the
problematic aspects of the conventional biodiesel conversion
process.””*? Noncatalytic conversion under supercritical con-
ditions is usually carried out at temperatures and pressures
higher than 250°C and 100 bars, respectively.zg’31 Under
these conditions, the reactions nearly reach completion; yet,
despite these advantages, high-processing costs have been
considered the main obstacle to use of this prospective tech-
nology. For this reason, economically viable biodiesel trans-
formation technology must be developed and implemented.
Thus, the main objective of this work is to describe the pro-
duction of FAEE via the newly developed noncatalytic trans-
esterification process under ambient pressure (i.e., 1 bar). In
addition, this work aimed to clarify the optimal operational
conditions such as temperature, pressure, and feeding rates of
raw materials for noncatalytic FAEE conversion.
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Materials and Methods
Sample preparation

For the experiment, rapeseed oil was obtained from a local
supermarket. Crude fatty acids (Daejung Chemical & Metals
Co., Ltd., Incheon, Korea) contain various fatty acids, but
the most abundant are in the C;¢_;g range, such as hexadeca-
noic acid and oleic acid. Among them, oleic acid is domi-
nant (~70%).

Lipids feedstocks of biodiesel were characterized in terms
of acid value (AV). AV is expressed as the amount of KOH
in mg necessary to titrate all of the FFAs contained in 1 g of
oil. The AV is determined by the following equation: where
V is the volume of KOH solution used to titrate the sample
(mL), ¢ is the concentration of the KOH solution (M), and m
is the mass of the sample.

Activated alumina (Daejung Chemical & Metals Co., Ltd.,
Incheon, Korea) and charcoal were used for the experiment.
The activated alumina and charcoal were characterized in
terms of surface area and pore distribution using a BEL-
SORP-mini II (BEL Japan Co., Ltd.). The surface area and
pore distribution of activated alumina and charcoal were
297.350 and 0.2527 m? g’l, and 5.4112 and 31.7249 nm,
respectively.

Noncatalytic biodiesel conversion via the
thermochemical process

A tubular reactor (TR) made of 1-inch outer diameter (OD)
quartz tubing (Chemglass® CGQ-0800T-13), and a l-inch
Stainless Ultra-Torr™ Vacuum Fitting (Swagelok SS-4-UT-6-
400) was used. Charcoal or activated alumina was packed into
the reactor with a volume of 120 mL. The required experimen-
tal temperature, which was in the range 250-500°C, was
achieved using a split-hinged tubular-type furnace (AsOne®,
Japan); the temperature was simultaneously monitored by an
S-type thermocouple to ensure that the target temperature had
been met. An insulation collar (high-temperature Duraboard
insulation) at the end of the furnace was used to block heat
transfer during operation and to protect the quartz tubing. Oil
feedstock and primary alcohol (MeOH and/or EtOH) were
continuously introduced into the tubular reactor using a gear
pump (microannular gear pump MZR®-2905, Germany), and a
high-performance liquid chromatography (HPLC) pump (Lab
Alliance™ PN#F40SFX01, USA).

All gases used in the experiments were of ultrahigh purity
and obtained from Daesung Industrial Gases Co., Ltd. All gas
flow rates were set using Brooks® mass flow controllers
(Brooks SLAS5800 Series). A computer-aided control system
with LabVIEW® (National Instruments, USA) was employed.

After the reaction, the mixture was allowed to settle for 2 h
before the glycerin layer and top layer, which included the bio-
diesel (FAME or FAEE) fraction, were separated, then removed
into separate bottles, and weighed and analyzed via gas chroma-
tography-mass  spectrometry (GC/MS; HP-7890A/5975C
MSD). The GC/MS and GC/flame ionization detector (FID)
instruments were calibrated with the Supelco® FAME Mix (Lot
# LB-80557). DB-WAX (J&W 127-7012) and HP-5MS
(19091S-413E) GC columns were employed. The EN14103
method was used for the FAME and FAEE conversion.

Results and Discussion

We reported that the main driving force of noncatalytic
biodiesel conversion in our previous work was not pressure,
but tempera‘[ure.”’33 For example, noncatalytic transforma-
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Figure 1. Representative chromatogram of biodiesel
generated from rapeseed oil.
Experimental conditions: Temperature: 380°C. Molar
ratio of MeOH to EtOH: 1:3. Volumetric feeding ratio
of rapeseed oil to alcohol: 10:4. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

tion of the biodiesel lipid feedstocks into FAME was
achieved in the presence of porous materials, in which case
the transformation can be enhanced by the presence of car-
bon dioxide (CO5).***? Thus, the thermal energy enables the
activation energy of the transesterification reaction to be
reached without catalysts, which directly leads to the nonca-
talytic biodiesel conversion in the continuous flow system.
In addition, CO, not only enhanced the bond dissociation in
the alcoholysis reaction, but also blocked the reversible
transesterification reaction.’* Considering the average size
of triglycerides (i.e., 2 nm), porous materials with numerous
meso- and macropores were suitable for the noncatalytic
conversion to biodiesel.**** For example, by means of
adsorption and/or absorption, numerous pores provide space
for the reaction between the liquid phase of the biodiesel
lipid feedstock (i.e., free fatty acids (FFAs) and triglycer-
ides), and the gas phase of MeOH to occur.’>33 Therefore,
in order to investigate the noncatalytic conversion to FAEE
on a fundamental level, the reactivities for conversion to
FAME and FAEE were compared for various molar ratios of
MeOH and EtOH (i.e., 0:1, 1:1, 1:2, and 1:3) at 380°C.

The volumetric flow rates of biodiesel feedstock (i.e.,
rapeseed oil) and primary alcohol (i.e., MeOH, EtOH, and
mixture of MeOH and EtOH) were 10 mL min~ ' and 4 mL
min~', respectively. In addition, CO, was continuously fed
into the TR at a flow rate of 100 mL min~'. A representa-
tive chromatogram of the biodiesel derived from rapeseed
oil is given in Figure 1.

The noncatalytic conversion of rapeseed oil to biodiesel
was successfully carried out (i.e., ~98% of conversion effi-
ciency), and representative major peaks, such as those of
Cie-1s-tange FAME and FAEE, are labeled in Figure 1,
which was well consistent with the literature review.* Other
minor peaks identified as FAME and FAEE are left unlabeled
for convenience, to make the chromatogram more visible.

One interesting observation is that the concentrations of
FAMEs and FAEEs were similar for various molar ratios of
MeOH to EtOH. Indeed, the area under the FAEE peaks had
a marginal increase proportional to the molar ratio of MeOH
and EtOH. However, as shown in Figure 1, no discernible
increase of the FAEE peak area was observed even though
the molar ratio of MeOH to EtOH was 1:3. This observation
implies that MeOH has a relatively high reactivity in the non-
catalytic transesterification reaction compared to EtOH in the
noncatalytic transesterification reaction. Another interesting
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Figure 2. Biodiesel conversion of rapeseed oil at vari-
ous temperatures, porous materials, and size
of porous materials.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

observation is that the conversion efficiency of FAEE in the
presence of pure EtOH decreased discernibly (i.e., ~83%
conversion efficiency). This observation clarifies that the non-
catalytic transformation of rapeseed oil into FAEE was
enhanced by the simultaneous presence of both MeOH and
EtOH. Thus, the reactivity for conversion to FAEE via the
noncatalytic transesterification was relatively lower as com-
pared to the case of FAME. Transforming rapeseed oil into
FAEE would require more reaction time (i.e., retention time)
in the TR. Thus, it is imperative to establish the optimal oper-
ation conditions such as the temperature and volumetric flow
rate ratios of biodiesel lipid feedstock to EtOH.

The following experimental work was carried out to inves-
tigate the effect of the temperature on the conversion of
rapeseed oil to biodiesel, as depicted in Figure 2. The other
experimental conditions, including the volumetric flow rates
of biodiesel lipid feedstock, primary alcohols, and CO,,
were the same as those given in Figure 1. As can be seen in
Figure 2, the conversion efficiency of FAME was noticeably
higher than that of FAEE at the lower temperature regime.
For example, the conversion efficiencies of FAME and
FAEE derived from rapeseed oil at 250°C were ~83% and
~60%, respectively. However, the conversion efficiencies of
FAME and FAEE were approximately similar in the high-
temperature regime, above 420°C.

The observed conversion efficiency of FAEE in the pres-
ence of charcoal is interesting. For example, in previous
work done by the authors reported that the conversion effi-
ciency of FAME was nearly the same whether activated alu-
mina or charcoal was used. However, as shown in Figure 2,
the conversion efficiency of FAEE was discernibly higher
when charcoal was used instead of activated alumina. This
observation was consistent with the discussion in Figure 1.
For example, transforming rapeseed oil into FAEE required
a relatively longer retention time as compared to the case of
FAME due to the low reactivity identified in Figure 1. Thus,
the authors postulated that the pellet size of the porous mate-
rials affects the conversion efficiency of biodiesel. Thus, the
following experimental work was carried out with crushed
activated alumina in which the average pellet size was
significantly reduced (i.e., 2 mm). The conversion efficiency
of FAEE was significantly enhanced, as shown in Figure 2,
which validates the authors’ hypothesis. For example, the
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conversion efficiency of FAEE was enhanced approximately
18% when we employed 2 mm size of activated alumina.
This enhancement was clearly shown in Figure 2. This ob-
servation validates that transforming rapeseed oil into FAEE
need more retention time, as compare to the case of FAME.
Thus, the average pore size and pellet size of the porous ma-
terial could be crucial factors in the conversion to FAEE.

However, the conversion efficiency was changed as a
function of pallet size, suggesting there are transport limita-
tions, typically for a catalytic reaction. In order to get more
detailed information, the same experimental work was car-
ried out in the presence of the crushed cordierite honeycomb
ceramic for catalyst support. The conversion efficiency of
FAEE was less than 5%, which is consistent with the previ-
ous work. In addition, the experimental result with the sin-
tered activated alumina (i.e., 1,500°C for 5 h) was similar to
the case of cordierite. This observation suggests that pore
size and retention time to activate the noncatalytic transester-
ification reaction is the crucial factor, which can be an evi-
dence of noncatalytic transesterification reaction.

The effect of the presence of FFAs on the conversion effi-
ciency of FAEE was also considered. As an example, 15 wt
% of crude fatty acid was intentionally added to the biodie-
sel lipid feedstock (i.e., rapeseed oil), which is equivalent to
an acid value of 30. As illustrated in Figure 2, the noncata-
Iytic conversion to FAEE seemed to have a high tolerance to
FFAs in the biodiesel lipid feedstock, which is consistent
with the authors’ previous work. For example, transforming
rapeseed oil having 15 wt % of crude fatty acid into FAEE
under the presence of 2 mm pellet size of activated alumina
showed the similar conversion efficiency.

Finally, the optimal volumetric flow rate ratio of biodiesel
lipid feedstock to EtOH was investigated, as shown in Figure
3. In this experiment, the transformation of biodiesel lipid
feedstock into FAEE was carried out at 420°C under the var-
ious volumetric flow rate ratios of rapeseed oil to EtOH. As
shown in Figure 3, a relatively high ratio of primary alcohol
(i.e., EtOH) was necessary to reach the maximum achievable
conversion to FAEE, as compared to that necessary for
FAME. For example, the optimal volumetric flow rate ratios
of biodiesel lipid feedstock to primary alcohol for conversion
to FAME and FAEE were 0.2 and 0.3, respectively. This
would imply that the conversion to FAEE is more difficult
than that to FAME, which is consistent with the previous
results shown in Figures 1 and 2.

100
90 -

80 |
® FAME/Activated alumina (8 mm)
701 ¥ FAEE/Activated alumina (2 mm)
@ FAEE/Charcoal (4 mm)

Biodiesel Conversion, [%]

0.0 0.2 0.4 0.6 0.8 1.0
Ratio of rapeseed oil to EtOH

Figure 3. Biodiesel conversion of rapeseed oil at 420°C
under various ratios of rapeseed oil to EtOH.
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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The novelty of our work is that transforming rapeseed oil
into biodiesel was done under atmospheric condition and at
a relatively high-temperature regime. For example, compared
to the conventional and commercialized process (i.e., homo-
geneous catalyst, such as KOH and H,SO,), the conversion
cost of biodiesel can be saved nearly 70% when we employ
the heat exchanger. Noncatalytic conversion under supercriti-
cal conditions is usually carried out at temperatures and
pressures higher than 250-350°C and 1045 MPa, respec-
tively, and a MeOH or EtOH-to-oil molar ratio of 42:1 com-
pared to the stoichiometric ratio of 3:1. Thus, the production
of biodiesel using porous materials and CO, presented
here would be an alternative to the supercritical biodiesel
conversion.

Conclusions

In this work, the conversion of FAEE was mechanistically
validated under various experimental conditions, including
various temperatures, volumetric flow rates of biodiesel feed-
stock, and porous materials. The effects of temperature and
the pellet size of the porous material on the conversion of
rapeseed oil to FAEE were crucial. Compared to the conver-
sion to FAME, the noncatalytic conversion to FAEE needs
more rigorous experimental and/or operational control.
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