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Abstract This study aims to analyze thermal stability and

make a rheological assessment of sunflower oil produced in

the Northeast of Brazil, resulting from the pyrolysis process.

Oil samples were submitted to thermal degradation and the

reaction was evaluated by the thermogravimetric technique,

at temperatures between 30 and 900 �C. Apparent activation

energy was determined using the model-free kinetics theory.

The coaxial cylinder system at operating temperature of

40 �C was used to obtain rheological parameters. Oil was

characterized by gas chromatography. The lipid profile of

the oil exhibited good quality. The activation energy of the

sunflower oil was 201.2 kJ mol-1. Results showed the

influence of physical–chemical characteristics of vegetable

oil on the thermal decomposition process. Rheological

analyses confirmed Newtonian rheological behavior. The

high potential of the ‘‘Catissol’’ variety produced in

Northeast Brazil as raw material for biofuel production

using pyrolysis was also demonstrated.

Keywords Sunflower � Thermogravimetry � Rheology �
Pyrolysis

Introduction

The use of fossil fuels is a major contributor to climate

change provoked by the greenhouse effect. In light of

growing concern about environmental questions and

reduced oil reserves, exploiting vegetable oils for biofuel

production is a promising alternative to fossil fuels, in

addition to promoting social inclusion and regional devel-

opment through agribusiness.

Oils and fats of plant, animal, or microbiological origin

are practically insoluble in water. Fatty acids contain from

8 to 24 carbons along the chain, with different degrees of

unsaturation [1]. Vegetable oils have emerged as an

alternative source for biofuel production. Several vegeta-

ble oils obtained from soybean, castor, sunflower, cotton,

corn, palm and others, are widely applied on biodiesel

production [2]. The most traditional method of producing

biodiesel is by tryglyceride transesterification with meth-

anol or ethanol, obtaining a mixture of fatty acid methyl

or ethyl esters. The transesterification reaction is com-

posed of three consecutive reversible reactions, in which

diglycerides and monoglycerides are formed as interme-

diates [3].

However, several other techniques to convert plant oils

into biofuels are being studied, including pyrolysis. It

consists of macromolecular material degradation by heat-

ing in the absence of oxygen [4, 5]. Conversion of plant

oils or animal fats composed predominantly of triglycer-

ides using the pyrolysis reaction represents a potential

option for the production of renewable fuels [6].

The sunflower (Helianthus annus L., famı́ly Composi-

tae) is a plant that adapts to different climatic conditions

and can be grown in any region. It is currently grown on all

continents, in areas encompassing approximately 18 mil-

lion hectares. It ranks fourth in grain production and fifth in
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cultivated area worldwide [7]. However, the plant is little

exploited in Northeast Brazil owing to unfavorable climatic

conditions.

In the state of Rio Grande do Norte, the Agrienergy

Program was launched in February 2008. Under this pro-

gram 13,000 hectares of sunflower and 15,000 of cotton are

destined to biodiesel production. Investments total

approximately 5 million dollars, benefitting around 12,500

small farmers [8]. In addition to promoting oleaginous seed

production, such as sunflower and cotton, the program

stimulates complementary industries. For example, plume

cotton can be used by the textile industry and sunflower

seed cake can be used for fish and animal feed [9]. The goal

of the program is to promote oleaginous plant cultivation

by small farmers, aimed at biodiesel production, as well as

ensuring financial sustainability of producers and compet-

itive production costs. As a preliminary step, pilot studies

were conducted to evaluate sunflower in Rio Grande do

Norte [10]. Productive behavior of different cultivars were

evaluated for grain production, oil content and other

agronomic characteristics, identifying the most promising

types for oil production and biofuel manufacture. Of those

available, we found that the Catissol-01 variety exhibited

high-potential productivity, with mean grain yield of

2245 kg/ha.

The thermal analysis technique considers several sci-

entific applications and is an efficient tool to measure

thermodynamic properties such as enthalpy, heating

capacity, and phase change temperature of substances.

Thermal analysis has been successfully used to determine

certain properties, study chemical reactions, and investi-

gate oil stability [11]. Thermal analysis is a well estab-

lished analytical method for investigation of temperature-

dependent properties and thermal decomposition [12].The

thermogravimetry (TG) is a thermal analysis technique

based on the study of sample mass variation, as function

either of time as of temperature. The most important

parameters of TG analysis are initial decomposition tem-

perature, the maximum temperature of conversion and final

decomposition temperature [2]. The shape of the thermo-

gravimetric curve is a function of the reaction kinetics and

can hence be used to evaluate kinetic parameters for

reactions involving mass changes [13].The DTG curve is

defined as the differentiate curve from TG, in which the

sample mass loss is proportional to the area under the

derivative peak [2].

The potential of vegetable oil pyrolysis for biofuel

production has been shown in a number of literature studies

[14–16], ranging from type of raw material and reactor

used. Thermoanalytical methods (including thermogravi-

metry) has several advantages, since they are accurate,

sensitive, rapid and use a small amount of sample [17, 18].

Isoconversion processing of thermoanalytical data requires

different heating rates to calculate activation energy as a

function of conversion. Isoconversion application showed

that the method can be used to explore the reaction

mechanism and predict process kinetics. These two char-

acteristics form the basis of isoconversion kinetic analysis

or model-free kinetics [19].

Pyrolysis thermogravimetric kinetics of sunflower oil

was evaluated in a study carried out under helium atmo-

sphere at different heating ratios [17, 18]. Thermogravi-

metric curves (TG) and the kinetic method proposed in the

literature [20] were used to estimate activation energy,

conversion rates, and degradation time as a function of

temperature. Oil produced in the pyrolysis of sunflower

bagasse was characterized in a fixed-bed reactor [21]. The

effects of particle diameter (0.42–1.8 mm), reaction tem-

perature (400–700 �C) and heating rate (7–40 �C/min)

were evaluated. The pyrolysis product was characterized

by chromatography and spectroscopy. Results showed that

the best output was obtained with particle pyrolysis of

0.425–0.850 mm, with a heating rate of 7 �C/min and

nitrogen at a rate of 100 cm3/min.

Production and characterization of the product obtained

from pyrolysis of sunflower press bagasse were also

analyzed [22]. Experiments were conducted in a fixed-bed

tubular reactor under nitrogen atmosphere at a tempera-

ture range of 400–700 �C and heating rate of 5 �C/s.

Chemical characterization of the oil obtained (using

gas chromatography) for different gas flow levels

(25–400 ml/min) showed that this material can be

potentially used as fuel.

A thermoanalytical and kinetic study of sunflower oil

with and without antioxidant (citric acid) was carried out

using thermogravimetry [23]. Thermal analyses were

conducted in air (20 mL/min), with heating rates of 2, 5,

10, and 20 �C/min. It was found that the mean activation

energy of sunflower oil was higher with antioxidant than

without it, indicating that the antioxidant (citric acid)

provokes an increase in thermal stability of the oil under

study. Thermogravimetric analysis of the thermal stability

of comestible oil was conducted using samples of corn oil,

sunflower, rice, canola, and olive oil, under air atmosphere

at 20 mL/min and heating rate of 10 �C/min until reaching

800 �C [24]. Thermal stability was measured as a function

of initial decomposition temperature. Results indicate that

the thermal stability of oil depends on the percentage of

fatty acids in its composition and the presence of

antioxidants.

Considering the growing use of vegetable oils to obtain

biodiesel and the need to evaluate the quality of sunflower

oil produced in Northeast Brazil (Catissol), this study

aimed to assess the thermal degradation and rheology of

this important raw material in the production of biofuels

derived from the pyrolysis process.
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Materials and methods

Raw material and sample characterization

‘‘Catissol’’ sunflower seeds were obtained from the EM-

PARN (Agricultural Research Institute of Rio Grande do

Norte) Experimental Station in the municipality of Ipa-

nguaçu. BUNGE� refined sunflower oil (lot 0908) was

used in this study.

Sunflower seeds were characterized for moisture [25]

and apparent density [26, 27].

Oil extraction

Crude sunflower oil (CSO) was obtained by the cold

extraction process using a helicoidal mini press (ECIRTEC

MPE-40- Brazil, with capacity for 40 kg/h), adjusted by

means of spacers placed between the 12 disks that make up

the compression chamber. After pressing, the oil was left

standing for 5 days to remove residue by decantation,

which was followed by filtration.

Thermogravimetry

Pyrolysis study was conducted by microscale thermo-

gravimetry (TG), using a thermogravimetric analyzer as

reactor. A Mettler—TGA 851 thermobalance was used at a

temperature range of 30–900 �C, under helium atmosphere,

flow rate of 25 mL min-1 and heating rates of 5, 10, and

20 �C min-1. 60 mg of oil sample mass was used for each

experiment. An aluminum crucible (100 mg capacity) was

used to allow better distribution of the temperature gradient

in the sample. All thermal conversion data were recorded

in a computer coupled to the thermoanalytical equipment

and evaluated by Mettler STAR software.

Determination of kinetic parameters

Thermogravimetric analyses were carried out to determine

conversion values (a) from the difference between initial

and final sample mass (TG curves). Initial mass was

defined as the mass at ambient temperature and final mass

by the DTG (derived thermogravimetric) curve.

This study used model-free kinetics to determine pyro-

lysis kinetic parameters of the reaction. In this method, the

kinetic model assumes that the variation of a given con-

version with temperature and apparent activation energy is

constant. Starting from the basic equation for non-iso-

thermal kinetics, we have:

da
dT
¼ k

b
� f að Þ ð1Þ

where k is the velocity constant (s-1); b is the heating rate

(�C s-1); a is the degree of conversion (%) and f(a) is the

expression of the reaction rate equation expressed in terms

of conversion a. Expressing k as a function of the

Arrhenius equation and considering that E/RT �1:

ln
b
T2

a

¼ ln
R:k0

Eag að Þ

� �
� Ea

R

1

Ta
ð2Þ

One of the significant advantages of this model is that

for each conversion (a), ln(b/Ta
2) is plotted against 1/TBa,

generating a straight line whose slope corresponds to a -

Ea/R. Thus, activation energy can be calculated by the

angular coefficient, isolating function g (a) in the linear

coefficient, given that this function is difficult to determine,

especially in complex events [28]. The mathematical

equations of this model were inserted as algorithms into

Star software developed by Mettler. Thus, we could obtain

isoconversion and apparent activation energy data from the

pyrolysis reaction of the oils under study.

Rheology

Absolute or dynamic viscosity was determined in a HA-

AKE MARS oscillation rheometer (Modular Advanced

Rheometer System Thermo Electron Corporation) at a

temperature of 40 �C. The coaxial cylinder system was

used to obtain rheological parameters (shearing rate and

shear stress), where 12 mL of sample is sheared between

the cylinder walls. Shearing rates and shear stress were

calculated as a function of the radii of the rotor and the

body. Haake RheWin 3 software was used to analyze

experimental data.

Sample behavior was assessed by applying the Ostwald

de Waale model, Eq. 3, fit to stress and shearing rate data.

s ¼ jcm ð3Þ

In which s is shear stress (Pa), j is the fluid consistency

index (Pa.sn), c is deformation or shear rate (s-1), and m is

the fluid behavior index. The Newtonian model was tested,

where the behavior index has a unitary value. Equation 4

can therefore be simplified to Eq. 4, in which j is now the

fluid viscosity value (g).

s ¼ gc ð4Þ

Chromatographic analyses

Sunflower oil samples were esterified in accordance with

the AOAC 963-33 method [29]. The fatty acid profile of
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the samples was determined from gas chromatography

conducted in a gas chromatograph with a Varian CP-3800

flame ionization detector, equipped with a Perkin Elmer

Elite—225 capillary column (50% cyanopropylphenyl–

methylpolysiloxane, 30 m 9 0.25 mm 9 0.25 lm). The

following chromatographic conditions were used: (i) oven

temperature gradient: initial temperature of 60� C for 1 min,

increasing from 60 to 180� C at a heating rate of 20 �C

min-1 and from 180 to 215 �C t a rate of 3 �C min-1,

remaining for 70 min; (ii) injector and detector temperature

was 250 and 280 �C, respectively; (iii) entrainment gas used

was argon (at flow rate of 1 ml min-1) and an injected

sample volume of 1 lL. Data were collected and analyzed

with Varian Star Chromatography Workstation. Fatty acids

in the samples were identified by comparing the spectra

of the standards (Sigma) determined under the same

conditions.

Results and discussion

Sunflower seed characterization

Sunflower seed was characterized for moisture and appar-

ent density. Results are presented in Table 1. Values

obtained represent the mean of three determinations.

Moisture content ranged between 6.65 and 6.70%. These

results are compatible with moisture values of Catissol

sunflower seeds obtained in the literature, which ranged

from 5.7 to 7.1% [30], and 6 to 7% [31]. The result

obtained in the apparent density test showed a mean value

of 0.40 g/cm3, in accordance with the value obtained by

[32] for the same variety of sunflower seed (0.41 g cm-3).

Figure 1 shows rheological behavior of sunflower oil

press-extracted at 40 �C, where the shear stress (Pa) dia-

gram is presented as a function of shearing rate or defor-

mation (1/s). For comparison purposes, Fig. 2 exhibits

rheological behavior for refined sunflower oil (with the

addition of antioxidant).

A variation in viscosity values can be observed for low

shearing rates (\10 s-1), indicating non-Newtonian

behavior and Bingham plastic fluid, where oil shows a

linear relationship between shear stress and deformation

rate, but only from the moment of initial or minimum shear

stress is reached. This behavior was also found in [33] in a

study to determine the viscosity of different vegetable oils.

Newtonian behavior is observed for shearing rates above

10 s-1, given that viscosity tends towards a constant value

for any shearing rate. The Newtonian model fit the two

cases perfectly, exhibiting linear correlation coefficients of

0.9999 and 0.9998 for crude (CSO) and refined (RSO)

sunflower oil, respectively.

Table 2 gives dynamic viscosity results of crude and

refined sunflower oil. Vegetable oil viscosity increases with

the length of triglyceride fatty acid chains, as a function of

molecule dimensions and orientation [34]. The values in

Table 2 suggest that crude oil contains a higher percentage

of unsaturated fatty acids, since its viscosity is lower than

that of refined oil.

Table 1 Sunflower seed characteristics

Property Results

content moisture/% 6.6716 ± 0.0298

Apparent density/g cm-3 0.40 ± 0.0045
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Fig. 2 Rheological behavior of RSO at 40 �C

Table 2 Dynamic viscosity of sunflower oil

Property Refined sunflower

oil

Crude sunflower

oil

Dynamic viscosity at

40 �C/cP

34.52 31.67
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Table 3 shows chromatographic results for fatty acid

composition of crude and refined oils, respectively.

According to the literature [35], the percentage of linoleic

and oleic acids is approximately 90% of total fatty acids in

sunflower oil, values confirmed by chromatographic anal-

yses of the two types of oil studied (92.08 and 94.37% for

refined and crude oil, respectively).

Table 3 shows that oleic acid was the predominant fatty

acid in crude sunflower oil. There may be an inverse

relationship between the main fatty acids in sunflower oil

that is strongly influenced by environmental conditions,

especially temperature, during the seed development phase.

At high temperatures, for example, oleic acid levels

increase while linoleic acid decreases [36].

Analyses revealed that crude oil extracted from sun-

flower seeds cultivated in the state of Rio Grande do Norte

had a relatively high oleic acid index (49.02%), when

compared to oil from seeds produced in other parts of the

country. This is likely due to climatic differences among

regions (for example 14.6% oleic acid in oil obtained from

IAC-Iarama sunflower seeds cultivated in the state of São

Paulo-Brazil) [37].

Thermogravimetric analyses

The thermal decomposition process of both samples (crude

and refined oil) were investigated at a temperature range

between 25 and 900 �C, in order to have a better under-

standing of sunflower oil pyrolysis. Thermogravimetric

curves of the decomposition process are shown in Figs. 3 and 4.

Experimentally, the thermal decomposition reaction of

oils at heating rates of 5, 10, and 20 �C min-1 occurs at a

single well-defined stage, with less than 1% residue

remaining at around 600 �C. DTG curves (Figs. 5, 6)

depict peak profiles that confirm this single decomposition

stage. These results may be related to the presence of

artificial antioxidant (citric acid) in the composition of

refined sunflower oil, which may provide greater stability

and in turn higher activation energy for the decomposition

to occur.

The TG curves indicate that crude sunflower oil (CSO)

requires lower temperatures for pyrolysis, that is, CSO was

degraded/volatilized more rapidly than refined sunflower

oil under the same conditions. This can be confirmed by the

significant decomposition event that occurs between 270

and 500 �C for crude oil and from 320 to 590 �C for

refined oil, even though they exhibit similar total mass loss

profiles.

Triglycerides, which constitute 96–98% of vegetable

oils, produce volatile compounds during heating, which are

removed by the resulting steam formed. These products are

primarily created by thermal reactions of unsaturated fatty

acids [17]. Vegetable oil pyrolysis initiates at 350 �C,

where triglycerides decompose, leading to the formation of

carboxylic acid, acrolein and ketenes [3]. Since ketenes and

acrolein are less stable than carboxylic acid, they are easily

decomposed, resulting in the formation of esters, carbox-

ylic acid, and hydrocarbons. Decarbonylation or decar-

boxylation may then occur after thermal decomposition of

carboxylic acids. Water, CO, and a hydrocarbon with new

Table 3 Lipid profile of sunflower oil

Fatty acids Crude sunflower

oil (CSO)/%

Refined sunflower

oil (RSO)/%

(C16:0) Palmitic 4 5.92

(C18:0) Stearic 1.47 2

(C18:1) Oleic 49.02 21.27

(C18:2) Linoleic 45.35 70.81

Others 0.11 –
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terminal unsaturation are formed during decarbonylation.

CO2 and a hydrocarbon are generated in decarboxylation,

without the formation of new unsaturations [3, 38].

It was observed that an increase in heating rate led to a

temperature shift at higher values. This occurs because of

less uniform heat distribution in the sample, causing the

temperature gradient to increase. Heating rate is an

important factor that directly affects the thermal decom-

position of oil. A higher heating rate can decrease the

distribution of heat from oil molecules, which may initiate

decomposition at higher temperatures. As a consequence,

initial decomposition on the TG curves increases with

heating rate.

Determination of kinetic parameters

Figure 7 depicts the relationship between apparent energy

activation as a function of conversion. Refined oil exhibited

activation energy of 237 kJ mol-1, while for crude sun-

flower oil it was 210 kJ mol-1. These results may be related

to the presence of antioxidant in refined sunflower oil (citric

acid), which could provide it with more stability and in

turn higher activation energy to allow the decomposition

process to occur. The activation energy value obtained

(207.7 kJ mol-1) is compatible with that found in the lit-

erature for commercial sunflower oil without antioxidants

[24].

Table 4 shows isoconversion data of refined and crude

sunflower oil samples. For example, to degrade 70% of

refined sunflower oil in 60 min requires a temperature of

approximately 365 �C. Under the same time and conver-

sion conditions, the temperature needed to degrade crude

sunflower oil is about 357 �C. Thus, isoconversion data are

a powerful tool for estimating the temperature required to

degrade a given amount of oil as a function of time and

may also serve as starting parameters for designing pyro-

lytic reactors.
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Table 4 Isoconversion parameters for CSO and RSO

Time/min Conversion/%

10 30 60 90 99

CSO

10 332.41 359.12 378.57 403.62 435.22

30 313.75 340.89 361.3 386.69 418.75

60 302.56 329.92 350.86 376.44 408.75

90 296.21 323.69 344.92 370.59 403.03

120 291.79 319.34 340.77 366.50 399.03

RSO

10 340.96 364.77 383.91 409.29 438.2

30 323.80 349.16 368.53 392.92 419.6

60 313.46 339.69 359.19 383.00 408.36

90 307.58 334.28 353.85 377.32 401.95

120 303.47 330.51 350.11 373.36 397.47
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A comparative assessment of the different oils deter-

mines which of these displays better potential as raw

material. To that end, it is essential to know thermal

behavior and kinetic parameters of the biomass evaluated

during the thermal conversion process. Thermal analysis

techniques, particularly thermogravimetric analysis (TG)

and derived thermogravimetric analysis (DTG) provides

this information simply and rapidly [39].

Conclusions

Thermogravimetry is a technique that can be used to

monitor the thermal decomposition reaction of vegetable

oils, showing the influence of oil characteristics on the

pyrolysis reaction. The results obtained by thermogravi-

metry clearly demonstrated the thermal behavior of the oil

under study. Results obtained in pyrolysis tests exhibited a

main thermal decomposition stage initiating at 350 �C,

which may be related to the onset of triglyceride decom-

position for the formation of fatty acids and fatty acids in

hydrocarbons.

With this method, it is possible to determine activation

energy for the thermal decomposition reaction of sunflower

oil that occurs at this temperature range. The sunflower oil

under study (CSO) obtained lower activation energy than

that of refined sunflower oil (RSO), that is, in the pyrolysis

process CSO requires less energy than RSO to reach the

same conversion rate. Application of model-free kinetics

involving decomposition of this oil proved to be a reliable

method. Results were consistent, demonstrating that veg-

etable oil with more antioxidant requires a greater amount

of energy to decompose. CSO needs lower temperatures to

decompose to a good conversion level compared to RSO.

The results confirm the high potential of Catissol sun-

flower produced in Rio Grande do Norte for vegetable oil

production, with favorable characteristics for use as raw

material in biofuel production via pyrolysis.
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Oleaginosas, Óleos, Gorduras e Biodiesel, 2, Anais do Con-

gresso,Varginha, 2005,582–586.
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Óleo Bruto. Dissertação de mestrado em Ciências dos Alimentos.

Universidade Federal de Santa Catarina, Florianópolis, 2006.
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