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a b s t r a c t

The synthesis of biodiesel from crude castor oil in a catalyst-free process using supercritical methanol in
a batch reactor was investigated, studying the evolution of intermediate products as well as the con-
version of triglycerides and the yield of FAMEs (fatty acid methyl esters) (biodiesel). Experiments were
carried out in a temperature range of 250e350 �C (10e43 MPa) at reaction times of 15e90 min for a
methanol-to-oil molar ratio of 43:1. Maintaining thermal stability of biodiesel is one of the most
important concerns in high-yield supercritical biodiesel production. Hence, thermal decomposition
degree of FAMEs was also investigated in different reaction conditions. The maximum yield of FAMEs
(96.5%) was obtained at 300 �C (21 MPa) and 90 min. Under these conditions, the conversion of tri-
glycerides was complete, the yield of intermediate products was low (3.29 and 1.41% for monoglycerides
and diglycerides, respectively), and thermal decomposition of FAMEs did not occur. The maximum de-
gree of thermal decomposition (80.9%) was produced at 350 �C (43 MPa) and 90 min. Methyl ricinoleate,
whose fatty acid chain was the most abundant (88.09 mol%) in castor oil, was very unstable above 300 �C
and 60 min, leading to low yields of FAMEs under these conditions.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Biodiesel and other renewable fuels have garnered great interest
in recent decades as a solution to various problems related to the
use of fossil fuels (e.g. shortages of oil reserves, environmental
consequences due to emissions of carbon dioxide and other
greenhouse gases and energy dependence that some countries
present on imports of these fuels [1,2]). Biodiesel and bioethanol
fuels have clear advantages over fossil fuels because they are
biodegradable and non-toxic and made from organic sources [3].
Bioethanol is obtained from simple sugars, starch and cellulose
compounds [4], while animal fats and vegetable oils are the main
raw materials used in the production of biodiesel, which are pri-
marily composed of triglycerides [5].

Nowadays, 95% of the world biodiesel is produced from edible
vegetable oils [6,7]. Themain rawmaterials used for the production
of biodiesel are palm, soybean, rapeseed and sunflower oils [4],
species belonging to the first generation of biofuels. These feed-
stocks have major drawbacks due to negative externalities arising
from its use [8]. Current levels of production of vegetable oils and
animal fats for energy purposes would not be enough to replace all
the liquid fossil fuels consumed today. Thus, biodiesel made from
these raw materials could replace up to 25% of total diesel demand
[9].

The traditional method for the production of biodiesel is the
transesterification of triglycerides, a process where the oil reacts
with a short-chain alcohol (such as ethanol or methanol), and
glycerin and alkyl esters are obtained. This conventional method
needs to use a homogeneous catalyst [3,5]: alkalis, such as sodium
hydroxide (NaOH) and potassium hydroxide (KOH) or sodium and
potassium alkoxides; acids, for example sulfuric acid and hydro-
chloric acid; and enzymes such as lipases [3,7]. The price of NaOH
and KOH are lower and the reaction is faster than when acids
and enzyme catalysts are used, because of this, alkaline
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transesterification is the most widely used industrially [7]. The
main disadvantages of the traditional production process using
homogeneous alkaline catalysts are directly related to the use of
these catalysts: the need of using refined [FFA (free fatty acids) and
water contents lower than 0.5 and 0.06%, respectively] vegetable
oils or fats [3,10,11], and the neutralization and removal of the
catalyst after the process.

Supercritical transesterification has been proposed as a solution
to avoid the problems arising from the alkaline transesterification
and the characteristics of the rawmaterials used for the reaction. In
supercritical transesterification the water and FFA content of the oil
or fat do not have a significant effect on the reaction; thus, trans-
esterification of triglycerides and methyl esterification of FFA occur
simultaneously [12,13]. Furthermore, the use of a catalyst is not
necessary, since the mixture of alcohol and oil under supercritical
conditions becomes a single homogeneous phase, reducing the
mass transfer limitations [9]. Moreover, according toMedeiros et al.
[14] and Mendoça et al. [15] the transesterification reaction with
supercritical alcohols need less energy in the overall process. The
high capital cost related to the high pressure and temperature
operation of the supercritical process can be compensated by rapid
reactions that implies in smaller reactors to obtain the same pro-
ductivity [16].

Other advantages of the supercritical transesterification are that
the separation of the biodiesel product and glycerol byproduct is
simpler because the products are not miscible at ambient tem-
perature, there is no catalyst in the mixture to be removed [2,9] and
the reaction times are shorter (5 and 60 min, depending on the
reaction temperature and pressure, the type of reactor and the fatty
acid composition of the oil) [2,17] compared to alkaline trans-
esterification (around 1 h) [2].

Castor (Ricinus communis) is considered as one of the most
promising non-edible crops for biodiesel production due to its high
annual seed production, high oil productivity of the seeds, high
tolerance to drought and easy to grow on marginal lands and in
semiarid climate [18]. The optimum average temperature for its
development is between 24 and 27 �C [19], even though it is
registered in zones with maximum temperatures of 30 �C (un-
published work). In the Northeast of Brazil, the soil planted with
castor was increased in 180,000 ha between the years 2005 and
2011 [20], the production being increased by 122.8% between 2014
and 2015 [21]. The most important producers in the world (rep-
resenting more than 90% of the international market) are India
(54.0%), China (23.4%), Brazil (11.9%) and Mozambique (4.3%) [22].

The seeds of castor have an average of 48% oil by weight, but
there are some varieties that can reach 55% [23]. Castor oil can be
extracted from the seeds by mechanical pressing or using organic
solvents, the most common method used being the cold or warm
mechanical pressing [24,25]. Although the seeds could be shelled in
order to optimize the process, the conventional method uses the
whole seeds [25]. One of the disadvantages of mechanical pressing
is that only around 45% of the oil is extracted and, hence, the
remainder oil in the seeds needs to be extracted with organic sol-
vents [24]. The main drawbacks of the solvent extraction process
are its long duration and the large volume of solvent used [26].
Supercritical carbon dioxide extraction can also be used as an
alternative method for oil extraction, leading to a lower environ-
mental impact [25,26].

Castor oil, which is toxic for human and animal consumption
because it contains ricin and ricinine (two highly toxic proteins
[18,24]), has a wide range of applications due to its particular
characteristics. It is primarily used in the chemical industry as a raw
material for the manufacture of paints, varnishes, inks and lubri-
cants [24]. However, its use as rawmaterial for biodiesel production
has been increasing over time. The kinematic viscosity of castor oil

biodiesel is higher than that required by international standards,
ASTM (American Society for Testing and Materials) D6751 and EN
(European Norm) 14214 [1,18], while its cloud point and cold flow
properties are highly positive [18,27].

Vieitez et al. [28] demonstrated that for the supercritical etha-
nolysis of castor oil, the production of ethyl esters was not affected
by the presence of water in the oil, and that the ethyl esters pro-
duction was boosted even with 5e10% water content. The content
of water also favored the thermal stability of the fatty acid ethyl
esters. Therefore, they concluded that water does not affect nega-
tively the supercritical transesterification process; instead, the yield
of ethyl esters increases steadily with increasing amount of water
content [28].

The main parameters influencing the supercritical reaction are
the temperature, the pressure, the methanol-to-oil molar ratio, the
reaction time and the agitation speed of the medium. The optimum
temperature and reaction time to reach maximum yields of bio-
diesel are in the ranges of 290e400 �C and 5e60 min, respectively,
depending on the type of reactor and the oil used [29,30]. However,
most of the authors reported an optimal methanol-to-oil molar
ratio ranging from 40:1 to 45:1 [31e34] regardless of the kind of oil
used. Focusing on the supercritical methanol and ethanol trans-
esterification of castor oil to biodiesel in a batch reactor, Varma and
Madras [17] and Rodríguez-Guerrero et al. [16] also obtained the
highest conversion of TG (triglycerides) to esters for molar ratios
between 40:1 and 45:1 (optimal value).

The effect of pressure on the supercritical methanol reaction
depends largely on the kind of feedstock [35], the reaction tem-
perature [36], the type of reactor (batch-type or flow-type) and the
agitation speed of the medium [37]. Although the reaction pressure
positively affected the yield of biodiesel, the effect of pressure was
in general lower than that of temperature and reaction time [38]. In
supercritical methanol reactions conducted without agitation and
regardless of both the kind of reactor and feedstock, the pressure
leading to the highest yield of biodiesel ranged from 30 to 35 MPa
[32,39,40]. However, when the reaction was carried out in a batch-
type reactor at optimal agitation speeds of 200e500 rpm and
temperatures of 300e350 �C, the optimal operating pressure
ranged from 18 to 21 MPa regardless of the kind of feedstock
[35,37,38], the yield of biodiesel being hardly affected at higher
operating pressures.

There are very few studies to date on the supercritical methanol
transesterification of castor oil [17] to biodiesel and most of the
existing investigations were conducted using supercritical ethanol
[16,28]. In fact, methanol is the most used alcohol in the world for
biodiesel production because it is cheaper and more reactive than
ethanol. Therefore, in order to delve into this supercritical process
from castor oil, the aim of the present study is to evaluate the
synthesis of biodiesel from this crude oil in supercritical methanol
in a batch reactor and without using catalyst. The variables tested
were the reaction temperature (250e350 �C) and the reaction time
(15e90 min) at endogenous pressures and a methanol-to-oil molar
ratio of 43:1 (optimal value). The influence of these variables on the
conversion of TG, the yield of individual and total FAMEs (fatty acid
methyl esters) and the yield of intermediate products [MG
(monoglycerides) and DG (diglycerides)] was studied. The degree of
thermal decomposition of FAMEs was also evaluated under the
conditions tested.

2. Materials and methods

2.1. Materials

Castor seeds were collected in Maipú, Regi�on Metropolitana,
Chile (latitude 33�290S, longitude 070�400O and altitude 240 m).
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