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a b s t r a c t

Model-free kinetic studies for volatilization of Brazilian sunflower oil and its respective biodiesel were
carried out. The biodiesel was obtained by the methylic route using potassium hydroxide as catalyst.
Both sunflower oil and biodiesel were characterized by physicochemical analyses, gas chromatography,
simulated distillation and thermogravimetry. The physicochemical properties indicated that the oil and
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biodiesel samples are in accordance with the specifications of the Brazilian National Agency of Petroleum,
Natural Gas and Biofuels (ANP). Gas chromatography indicated that the biodiesel was obtained with a
content of ester of ca. 97.35 wt%. The TG curves indicated that the temperatures for volatilization of
biodiesel are lower than for sunflower oil, which is explained by their different compositions and prop-
erties. The value of the apparent activation energy for the volatilization process, as determinated by the

ighe
inetics
odel-free kinetics

Vyazovkin Method, was h

. Introduction

The major part of all energy consumed worldwide comes from
ossil sources. Diesel fuels have an essential function in the indus-
rial economy of a developing country. Economic growth is always
ccompanied by commensurate increase in the transport. The huge
nergy demand in the industrialized world and the pollution prob-
ems caused due to the widespread use of fossil fuels has made it
ncreasingly necessary to develop alternative sources of energy to
esolve these questions. Alternative diesel fuels must be acceptable,
conomically competitive, environmental acceptable and easily
vailable [1–3]. Vegetable oils, animal fats after their transforma-
ion to fatty acid esters (biodiesels) can be alternative sources to
ubstitute the diesel oil in compression ignition engines [4].

Oils and fats derived from vegetable, animal or from micro-
ial origin are practically insoluble in water. Fatty acid contains

–24 carbon atoms long chains, with different degrees of unsatu-
ation [5]. The fatty acid composition of a determined vegetable oil
s important since it influences the physical properties. Vegetable
ils are composed primarily of triacylglycerides, diacylglycerides
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r for sunflower oil than for biodiesel.
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and monoacylglycerides, in decreasing order, respectively. Differ-
ent types of oleaginous plants result in oils with different degree
of unsaturation and chemical composition [6,7]. Vegetable oils
present higher viscosity than diesel, normally 25 times, as also
8–10 times greater that the corresponding methyl biodiesel. This
problem is solved by the transesterification reaction, decreasing the
molecular mass of the oils, consequently decreasing the viscosity
[2].

The commonly used method for biodiesel production is trans-
esterification of vegetable oils. This process, also called alcoholysis,
is the reaction of triglycerides with alcohols to produce methyl
or ethyl esters and glycerol as a by-product. A catalyst is usually
used to improve the reaction rate and yield. The transesterification
reaction consists in three equivalents, consecutive and reversible
reactions. The triglyceride is converted stepwise to diglyceride,
monoglyceride and finally glycerol. According the stoichiometry,
at each reaction step, one molecule of methyl or ethyl ester is pro-
duced for each molecule of methanol or ethanol consumed [8,9].
The advantages of use of biodiesel include renew ability, biodegrad-
ability, higher flash point, inherent lubricity, reduction of most
regulated exhaust emissions, as well as miscibility with petrodiesel.

Various specifications that a biodiesel fuel must have are contained
in biodiesel standards, such as American Society for Testing and Mate-
rials (ASTM) and EN 14214 in Europe.

Thermal analysis is concerned with a lot of scientific appli-
cations. It provides efficient tools for measuring thermodynamic

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:anne_gabriela@hotmail.com
mailto:asa-ufrn@usa.net
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Table 1
Physicochemical analysis of sunflower oil and its biodiesel obtained by the methylic route.

Property Methods Sunflower oil Sunflower biodiesel Limitsa (ANP)

Kinematic viscosity, mm2 s−1 ASTM D 445 33.2 4.3 3.0–6.0
Specific mass, kg m−3 ASTM D 4052 918.8 883.6 850–900
Flash point, ◦C ASTM D 93 314.0 178.0 ≥100
Combustion point, ◦C – 320.0 182.0 –
Total sulfur, mg kg−1 ASTM D 5453 0.2 0.4 50
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to the inaccuracy of the method.
The obtained biodiesel was analyzed by gas chromatography,

in order to assess the conversion of the triglycerides into their
methyl esters. Table 2 presents the main methyl ester of sunflower
biodiesel. The results, as expected by the sunflower oil composi-

Table 2
Chromatographic data of sunflower biodiesel.

Methyl ester (%, m/m) Biodiesel

Palmitate (C16:0) 8.40
Oleate (C18:1) 26.96
Acid value, mg KOH g−1 EN 14104
Iodine value, g I2 100 g−1 EN 14111 13

a Specifications according to the ANP Brazilian agency.

roperties such as enthalpies, heat capacities and temperature
f phase transitions [2]. From thermogravimetry (TG) it is possi-
le to follow the kinetics of thermally stimulated processes, like
olatilization, decomposition, oxidation, reduction, crystallization,
olymerization and combustion.

Isoconversional methods require experiments with different
eating rates in order to calculation of the activation energy as a

unction of conversion. The potential applications of the isoconver-
ional methods have been studied by Vyazovkin showing that it can
e used to explore reaction mechanisms and process kinetics pre-
iction. These two features make a foundation of isoconversional
inetic analysis or so-called “model-free kinetics” [10].

The purpose of this work is the kinetic study of the thermal
olatilization of Brazilian sunflower oil and its biodiesel obtained
rom the methylic route. The model-free kinetics method proposed
y Vyazovkin [11–13] has been previously applied to determine
he kinetic parameters of some chemical reactions, such as the
pparent activation energy (Ea) and conversion rates.

. Experimental

A sample of Brazilian sunflower oil was converted to biodiesel
sing alkaline transesterification. The sample of biodiesel was pre-
ared in 1:6 molar ratio of oil/methanol. In this reaction 1 wt% of
atalyst (potassium hydroxide) in relation to oil was dissolved in
ethanol, and then added to the oil being stirred at a constant tem-

erature for 2 h. After the decantation process, the glycerine was
emoved and the biodiesel was purified with the addition of water,
hen the biodiesel was dried and characterized.

The analyses of the pure biodiesel (B100) were performed in
ccordance with the standards of the American Society for Testing
nd Materials (ASTM) and Brazilian Association of Technical Stan-
ards (ABNT), as indicated by the Resolution No. 7 of ANP, the
razilian National Agency of Petroleum, Natural Gas and Biofu-
ls [14]. The obtained sunflower biodiesel was analyzed by gas
hromatography (GC) with a flame ionization detector, in order to
etermine the conversion of triacylglyceride to methyl esters of the
orresponding fatty acids upon the transesterification reaction. A
hermo Trace GC-FID gas chromatograph was used. The FID detec-
or temperature was 250 ◦C. The oven program to carry out the
nalysis of ester content has initial temperature 150 ◦C for 6 min,
ext, the first heating rate was 10 ◦C min−1 up to 210 ◦C for 5 min,
nally a second heating rate was 5 ◦C min−1 up to 240 ◦C for 2 min.

Also, the SIMmulate DIStillation (SIMDIS) gas chromatography
nalysis for sunflower oil and biodiesel was performed accord-
ng to ASTM D 2887. An equipment Varian 450-GC with CP-8400
utosampler, FID detector, operating at temperature of 390 ◦C with
column Varian CP-SimDist was used. The temperature range used
as from 35 to 390 ◦C with a heating rate of 10 ◦C min−1. The carrier
as was helium and the total analysis time was 39 min.
The thermogravimetry (TG) experiments were carried out using

thermobalance Mettler-STGA 851 model, in the temperature
ange of 30–600 ◦C, under nitrogen atmosphere flowing in a rate
f 25 mL min−1, and heating rates of 5; 10 and 20 ◦C min−1. To each
0.032 ≤0.5
125.2 –

experiment, a mass of ca. 70 mg of sample was used. For this amount
of oil and biodiesel a pan with capacity of 100 mg was used in order
to avoid the gradient of temperature on the sample.

The reaction rate of a thermal and catalytic reaction depends
on conversion (˛); temperature (T) and time (t). The methods that
make use of the isoconversional principle which states that at a
constant extent of conversion, the reaction rate is a function only
of the temperature so that:[

d ln(d˛/dt)
dT−1

]
= −Ea

R
(1)

In Eq. (1), Ea is Arrhenius parameters (apparent activation energy),
R is the gas constant, T is the temperature, t is the time, and ˛ is the
extent of conversion, which can be determined from analysis TG as
a fractional mass loss [10].

The model-free kinetics is a program based on the Vya-
zovkin theory for decomposition studies of complex reaction. The
approach follows all points of conversion from multiple experi-
ments instead of a single one. A chemical reaction is measured at
least in three different heating rates (ˇ) [15].

3. Results and discussion

The results of the physicochemical analyses for sunflower bio-
products are displayed in Table 1. The biodiesel samples obtained
by the methyl route are in accordance to the specifications estab-
lished by ANP Brazilian agency [14].

It can be seen that the sulfur content in the biodiesel is negli-
gible; this confers a great advantage to biodiesel, in that no sulfur
bearing compounds are produced upon its combustion in Diesel
engines. For the kinematic viscosity, it is observed a significant
decreasing in the biodiesel when compared to sunflower oil, which
is a positive factor; because the high viscosity of the oil reduces the
fuel atomization and increases fuel spray penetration. The results of
iodine value indicate the unsaturation in the oil and biodiesel. This
unsaturation was coimproved by gas chromatography. The differ-
ence between oil and biodiesel for iodine value can be attributed
Linoleate (C18:2) 49.47
Linolenate (C18:3) 2.64
Docosanoic (C22:0) 1.75
Others 8.130

Total 97.35
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ig. 1. Distillation characteristics of sunflower oil and biodiesel via simulated dis-
illation.

ion, indicated the prevalence of the methyl linoleate and oleate,
espectively. The conversion of 97.35 wt% of sunflower oil in methyl
sters confirms the efficiency of the conversion of the fatty acids
nto esters by the adopted procedure. This value is higher than that
equested by the European standard EN 1403, which is 96.5 wt%. It
s considered that gas chromatography is an efficient technique to
valuate if the conversion into esters was complete and mainly if
he biodiesel production was complete.

By SIMDIS (Fig. 1), one can evaluate the distillation curve of
he studied samples. Sunflower Biodiesel has a range of distilla-
ion temperature of 300–370 ◦C, this result is in agreement with
eported in the literature [16]. Considering the distilled volume, it
an be noted that about 80% of the distillate occurred in the tem-
erature ranging from 361 to 369 ◦C, suggesting that the sunflower
iodiesel consists mainly of methyl esters with 18 carbon atoms.
he results are in agreement with the literature [17]. For sunflower
il, the boiling temperatures were higher than that of biodiesel,
ndicating that it has a higher molecular weight, difficulting the
vaporation and thus needing more energy to volatilization.

In order to have a better understanding of the sunflower oil and

iodiesel, the thermal volatilization behavior of both samples was

nvestigated. In this study, typical TG curves of the volatilization
rocess are shown in Figs. 2 and 3. Experimentally, the thermal
olatilization of samples at heating rates of 5, 10 and 20 ◦C min−1,

Fig. 2. TG curves of sunflower oil at different heating rates.
Fig. 3. TG curves of sunflower oil biodiesel at different heating rates.

occurs in a single well-defined step. The volatilization of sunflower
oil and its biodiesel occurs in the range of 320–490 and 130–320 ◦C;
with mass losses of 98.7 and 98.1 wt% and residue mass of 1.3
and 1.9 wt%, respectively. These mass losses were attributed to the
volatilization of the methyl esters, mainly of the methyl linoleate
(48.5 wt%) and methyl oleate (25.9 wt%), the most abundant com-
ponents in the biodiesel, in agreement with the high concentration
of linoleic and oleic acids in sunflower oil. The volatilization pro-
cess of the sunflower oil initiates and finishes in temperatures
higher than to the respective biodiesel. This is explained by the
fact that sunflower oil presents a higher molecular weight, with
viscosity and intermolecular forces stronger than for its respec-
tive biodiesel. The observed temperatures for biodiesel are closer
to the volatilization of conventional diesel temperatures. Hence,
sunflower oil biodiesel is confirmed as a potential alternative fuel
[10]. The heating rate is a crucial factor affecting the volatilization
results. The higher heating rate may decrease the distribution of
the heat in the biodiesel molecules, thus the volatilization start
at higher temperature. As a consequence, in the shape of the TG
curves, it is observed that the initial volatilization increases with
the heating rates.

Table 3 shows the correlation between the properties that are
linked to the process of volatilization of the oil and sunflower
biodiesel. It can be observed that for Flash Point, Combustion Point
and SIMDIS analysis, the obtained values were practically the same,
suggesting a correlation of the data, when compare the ratio values
of oil to biodiesel. The correlation value for the property SIMDIS
obtained was lower than that of other properties. However, the
difference is insignificant and does not compromise the results.
The plots of Ln(ˇ/T2) vs. 1000/T to conversion levels from 0.05 to
0.90 at different heating rates for samples were done and obtained
average correlation coefficients for 0.9998 and 0.9914 to biodiesel
and oil, respectively. It can be seen that there is a considerable
degree of parallelism for the lines obtained for both samples, which

Table 3
Correlation between the properties of volatilization of the oil and sunflower
biodiesel.

Sunflower sample Property

Flash point SIMDISa TGa Combustion
point

Oil 314 616.2 440 320
Biodiesel 178 368.7 250 182
Ratio: oil/biodiesel 1.76 1.67 1.76 1.76

a The heating rate used was 10 ◦C min−1.
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ig. 4. Conversion of sunflower oil as a function of time at different temperatures.

t means that only one phenomenon is happening, in this case,
he volatilization process. The linearity also demonstrates that the

odel-free method can be used to evaluate the thermal behavior
f oil and biodiesel from sunflower.

Figs. 4 and 5 show the conversion curves for sunflower oil and
iodiesel. For both samples were considered four isotherms, oil
378, 418, 459 and 499 ◦C) and biodiesel (200, 251, 302 and 354 ◦C).
t can be observed that in the case of biodiesel, at a temperature
f 251 ◦C there was a complete evaporation in a time of 5.4 min,
ith a conversion of about 90%. As for sunflower oil, for the same
ercentage of conversion, the volatilization time was 1.0 min at
temperature of 459 ◦C. This rapid and complete volatilization

esulted in production of a small residual mass, as seen in data
rom TG. Performing a comparative analysis of sunflower oil and
iodiesel, it can observe the influence of molecular weight during
he process.

The apparent activation energy (Ea) for the thermal volatiliza-
ion process of sunflower oil and biodiesel predicted by the

odel-free kinetics theory is shown in Fig. 6. According to the the-

ry of Vyazovkin, the Ea was estimated by the slope of each straight
ines (0.05 < ˛ < 0.90) the curve Ln(ˇ/T2) vs. 1000/T, as shown in Eq.
1). The values for Ea obtained as a function of the conversion for
he volatilization process are in the ranges of ca. 50–75 kJ mol−1 for

ig. 5. Conversion of sunflower biodiesel as a function of time at different temper-
tures.

[
[
[

Fig. 6. Activation energy as a function of conversion for volatilization of sunflower
oil and biodiesel using the model-free kinetics.

sunflower biodiesel, and ca. 170–210 kJ mol−1. The Ea for sunflower
oil is much higher than for biodiesel, suggesting the high stabil-
ity of sunflower oil for application as raw material for biodiesel
production.

4. Conclusions

The model-free kinetics applied in the research has proven
to be a reliable method for the study of volatilization process of
the sunflower oil and its biodiesel. The values of apparent activa-
tion energies for the volatilization processes of sunflower oil were
higher than those found to the biodiesel. These values are consis-
tent, evidencing that compounds with the higher molecular weight
and viscosity, require high energy to the volatilization. Also, it was
observed that biodiesel requires smaller temperature to volatilize
to a good degree of conversion than that sunflower oil. Signifi-
cant results for the correlation between the methods applied to
the process of volatilization also, it was observed that biodiesel
requires smaller temperature to volatilize to a good degree of
conversion than that oil. Significant results for the correlation
between the methods applied to the process of volatilization were
obtained.
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