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Abstract. In this study the activation energy (Ea) for the  volatilization processs of biodiesel and diesel was determined by thermogravimetry (TG). The importance of determining activation energy is due to its direct correlation with ignition delay, i.e.,  the better the ignition process, the shorter the ignition delay and consequently the lower the activation energy of combustion reaction.  Thermogravimetric experiments were performed  for both biodiesel (B100) and Diesel. The TG curves showed that for each fuel there was a loss of mass, however in different regions of temperature.  For biodiesel the region was between 135 and 540°C, while for diesel it was between 25 and 300 °C. The activation energies were determined as a function of the conversion degree (() and temperature (T), following the procedure named Model-Free Kinetcs. Transient experiments were performed from room temperature up to 600°C at heating rates (() of 5.0, 10.0 and  20.0°C min-1. Samples of 25.0 ( 1.0 mg were heated inside an aluminum crucible. The reacting atmosphere was synthetic air, which was constinuously blown over the samples, throughout the analyzer furnace, at a volumetric rate of 100mL min-1. ln(/T(2 versus 1/T(  was plotted providing a series of straight lines with slope of  -Ea /R. Concerning the activation energy of  the  volatilization step, the medium value was considered for  conversion degrees between 1% and 90%. The activation energy values are 57.2  kJ mol-1 for diesel   and  53.9 kJ mol-1 for  biodiesel. Although the Ea values of the vaporization step are close, the difference indicates that the performance of biodiesel in CI engine may be slightly higher, mainly concerning the rate of vaporization and consequently the formation of a homogeneous fuel-oxygen mixture.
Keywords: activation energy, biodiesel, diesel, thermogravimetry, ignition delay
1. INTRODUCTION
In diesel engine, also known as compression ignition engine (CI engine), the air enters into the cylinder, is compressed and raised to a high temperature, when the fuel is injected under high speed resulting in spontaneous ignition or auto-ignition. The time involved in the combustion process is controlled to provide low pollutant emissions and optimize the fuel efficiency [Heywood, 1988; Knothe et al., 2006]. 
During the combustion process the air/fuel relation contributes to forming smoke particles. These particles are formed in the combustion chamber, where temperatures are high and the air/fuel relation is characteristic of a rich mixture of fuels, which consists basically of carbon with a small quantity of hydrogen and inorganic compounds [Knothe et al., 2006]. It is supposed that biodiesel reduces the quantity of smoke, which seems to be associated with its oxygen content [McCormick et al., 1997]. 
Another important property of a fuel is its auto-ignition characteristic in the temperature and pressure of the cylinder, as the ignition process of the fuel affects the ignition delay. Ignition delay is the period between the start of the fuel injection into the combustion chamber and the beginning of combustion [Heywood, 1988; Knothe et al., 2006].
The ease of ignition of the fuel oil in the engine by autoignition is called ignition quality. The ignition quality of a fuel in CI engine is defined by its cetane number, which is linked to the chemical composition: n-paraffins have high ignition quality, whereas aromatic and naphtenic compounds have low ignition quality. A hydrocarbon-like n-hexadecane (C16H34) represents the top of the scale with a cetane number of 100. The isocetane, heptamethylnonane, represents the bottom of the scale with a cetane number of 15. A larger cetane number indicates higher fuel efficiency and obviously decreases the delay [Heywood, 1988].

As mentioned by Heywood [Heywood, 1988], Hardenberg and Hase (1979) developed an empirical formula to predict the duration of the ignition delay period in CI engines and correlated this parameter with activation energy. The authors concluded that the fuel cetane number increases with the decrease in the activation energy.

It is possible to establish a direct relation between activation energy (Ea) and ignition delay by means of an equation expressed by the Arrhenius relation [Heywood, 1988;  Lichty,1967; Kowalewicz, 1984]: 
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is the ignition delay, Ea is the activation energy, R is the universal gas constant and A and n are constants dependent on the fuel.

From this principle, the better the ignition process, the shorter the ignition delay and, consequently, the lower the activation energy of the combustion reaction.

The activation energy can be obtained from an experimental attempt and the thermal analysis is an efficient tool for such a determination.

This parameter was previously determined by Leiva et al 2006 at NETeF (Núcleo de Engenharia Térmica e Fluidos – EESC-USP. The authors applied Model–free kinetics and thermogravimetric analysis to characterize different Brazilian oils. The results showed that there is a peculiar behavior for each fuel mainly regarding the quality of combustion. They concluded that the activation energy was presented as a complementary parameter to the cetane number to determine the quality of a fuel.
Concerning biodiesel, Crnkovic et al 2006 studied the thermal behavior of biodiesel, diesel and B10 mixture applying thermogravimetric analysis and differencial thermal analysis. They observed that the biodiesel is thermally stable until 135°C, diesel presents mass loss since 35°C and mixture B20 presents intermediate behavior, as presented in Figure 1. The TG curve of biodiesel showed basically three steps of decomposition: the first starts around 135°C with mass loss of 94% related to ethyl esters; the second step has a mass loss of 3% between 314°C and 350°C related to mono, di and triacylglycerols and the last presents a mass loss of 3% between 350 and around 500°C, attributed to carbonization. Regarding thermal analysis, the similar behavior of mixture B20 and Diesel indicates that the mixture is a good option to be utilized as an alternative fuel without modifications in the operational system of the engine.
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Figura 1. TG Curves of Diesel, Biodiesel and B10 (Crnkovic et al, 2006)

In recent years the application of thermal analysis techniques to study the combustion and pyrolysis kinetics of fossil fuels has gained a wide acceptance [Burnham and Braun,1999; Drici and Vassoughi, 1985; Verkoczy and Jha, 1986; Kok, 1993; Kok et al., 1996; Kok and Okandan, 1997; Kok and Karacan, 1998; Ali et al.1998]. Although most of the studies of thermal analysis of crude oils have focused on the elucidation of the thermal behavior of the samples and kinetics, they have not correlated kinetic studies with the quality of the fuel. Besides, the activation energy could be applied to characterization as a complementary parameter to the cetane number.


This study presents the determination of the activation energy for both diesel and biodiesel applying Model-Free kinetics and thermogravimetric analysis. Based on the direct relation with ignition delay, the activation energy is determined to characterize the fuels related to their efficiency in IC engine.
2. EXPERIMENTAL
In our experiments two fuels were evaluated: diesel (PCS = 45.0 J g-1) and biodiesel (PCS = 39.5 J g-1). The biodiesel was supplied by Soyminas-biodiesel company and produced from soy bean.
The thermogravimetric experiments were performed in a Shimazdu TGA-51H analyzer. The experiment procedure evolved from room temperature to 600(C, at three heating rates of 5.0, 10.0, and 20.0 min-1. Samples of 20.0 ± 0.5 mg and aluminum crucibles were used. The reacting atmosphere was synthetic air, which was continuously blown over the samples through the furnace of the analyzer at a flow rate of 100 mL min-1.

DTA analyses were studied qualitatively. The heating rate was 10°C min-1 and the other experimental conditions were the same as those applied to TG experiments.

The kinetic parameter Ea was obtained through Model-Free Kinetics, which requires at least three dynamic curves with different heating rates. 
2.1 Kinetic study

The Model-free kinetics method is based on  Vyazovkin theory [Vyazovkin, et al. 1996; Vyazovkin, 1996] and applies the iso-conversional technique to calculate the effective activation energy (Ea) as a function of the conversion level (() of a chemical reaction, Ea=(((). The experiments performed in nonisothermal conditions are considered more convenient than isothermal runs, as no sudden temperature leaps are necessary at the beginning of the event.

The approach follows all points of conversion from multiple experiments, avoiding an uncertainty that may result from a single experiment. The theory is based on the assumption that
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where d(/dt is the reaction rate, f(() is the reaction model and k(T) is the Arrhenius rate constant, which substituting in Equation (2), gives
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where R is the universal gas constant and A is the Arrhenius parameter, also called preexponential factor. Arrhenius parameters (Ea and A), together with the reaction model, f(α), are called kinetic triplet [21].

Dividing Equation (3) by the heating rate (=dT/dt and rearranging it, one obtains
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Integrating such an equation up to conversion ( (at temperature T), one has
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Since E/2RT(( 1, the temperature integral can be approximated by
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Substituting the temperature integral, rearranging Equation 7 and applying the logarithm, one obtains
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Although the determination of function g(() in a complex process is very difficult to be obtained, one of the main advantages of this method is the possibility of isolating this  function in the linear coefficient. From this principle, the method is suitable to obtain activation energy of combustion reactions since these processes are highly complex. 

3. RESULTS
Figures 2a and 2b show the TG/DTG curves for diesel and biodiesel at a heating rate of 10°C min-1. It can be noted that in the TG and DTG curves of diesel (Figure 2a), there is a mass loss up to 300 °C. For biodiesel there is a sequence of mass losses from 130°C up to 600°C (Figure 2b). Such a sequence is better observed in the DTA curve (Figure 3b). 
Comparing Figures 2a, 2b, 3a and 3b, it is possible to note that the mass loss is accompanied by corresponding endothermic and exothermic peaks, due to the evaporation and oxidative degradation.
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Figure 2. a: TG/DTG curves of diesel. b: TG/DTG curves of biodiesel
Under oxidizing environment, the DTA result for diesel indicates that the system involves an endothermic reaction (Figure 3a). For biodiesel (Figure 3b) the DTA curve indicates that there is an endothermic event between 150 and 300°C and from this temperature up to 600°C, a sequence of exothermic events is presented. Comparing Figure 3b with others presented in the literature [Leiva et al. 2006; Yoshiki et al. 1985],  it is possible to establish a correlation between biodiesel and other fuel oils, in which the transition between 390°C and 490°C is designated as fuel deposition (FD) and the final reaction takes place between 490°C and 600°C and is called high temperature oxidation (HTO).
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Figure 3. a: DTA Curve of diesel. b: DTA curve of biodiesel
It is important to realize that the combustion is performed in gaseous phase and, for the oxidation reactions to occur in a sufficient high velocity, the fuel must be firstly converted into vapor and then mixed with air [Jovaj, 1982]. According to this reference, the burn velocity of a liquid fuel is determined by its evaporation velocity.

In an attempt to compare the behavior of both fuels – diesel and biodiesel -, we opted for the study of vaporization, i.e, the activation energies were calculated for diesel from room temperature up to 400°C and for biodiesel from 135°C up to 350°C.
To determine the kinetic parameters, it was firstly necessary to evaluate the conversion degree based on the following relation:
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where m is the sample mass that varies with time, m0 is the initial mass sample and m( is the remaining mass sample. 

Figure 4 shows the conversion curves in function of temperature. The activation energy was calculated by Model-Free kinetics and some decomposition levels were chosen - 10, 20, 30, 40, 50, 60 and 80% - as indicated in Figure 4. ln(/T(2  versus 1/T( was plotted providing a series of straight lines with –E(/R slope. Therefore, the activation energy was obtained as a function of conversion. The results are presented in Table 2.
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Figure 4. Conversion versus Temperature for thermal decomposition for a: diesel b: biodiesel
Table 1: Activation energy for some conversions of volatilization step of diesel and biodiesel.
	Conversion (()
	Ea

	
	diesel
	biodiesel

	10
	48,5
	58,6

	20
	54,7
	56,9

	30
	56,9
	55,9

	40
	57,7
	54,7

	50
	58,2
	54,7

	60
	58,1
	51,6

	80
	59,2
	50,8


Throughout the linear regression it is possible to establish Ea for all conversion levels. Figure 5 shows a group of these Ea obtained for diesel and biodiesel, where one can observe that Ea varies with the conversion. 
The activation energy was determined for ( between 1% and 90% and the results were on average 57.2 kJ mol-1  for diesel and 53.8 kJ mol-1  for biodiesel.
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Figure 5. Activation Energy of vaporization and combustion process of Diesel and Biodiesel

4. CONCLUSIONS
The burn rate of a liquid fuel is determined by its evaporation followed by the formation of a mixture of vapor with air. Therefore, the rate of chemical reactions has a secondary importance in the global process.
It can be seen in Figure 1 that the temperature range of mass loss is wider for diesel than for biodiesel. This characteristic is due to the heterogeneity of the diesel´s chemical composition, which provides an increase in ignition delay. As diesel is a blend of several hydrocarbons, the lighter fractions hamper the ignition process . This is related to the cetane number, which , for diesel,  is about 45 whereas for biodiesel is close to 60 [Ministério da Indústria e Comércio, 1985].

In fact, the presence of lighter hydrocarbons in diesel (Figure 1) was the  cause  of  the higher activation energy observed, but the presence of these compounds  also means that  a smaller fraction of the fuel will ignite (low cetane) soon after the spray is produced, besides requiring energy from the part already ignited.
Engine thermal efficiency is related to the completeness of the burning process and to the angular pressure distribution. The presence of oxygen in the biodiesel composition tends to improve the oxidation process in the core of the fuel spray producing more energy and decreasing soot. On the other hand, as the diesel activation energy related to the vaporization step (Ea = 57.2 kJ mol-1) is slightly higher than for biodiesel (Ea = 53.8 kJ mol-1 ), it is possible to predict that the performance of biodiesel in CI engines will be higher, mainly concerning the rate of vaporization and consequently the formation of fuel-oxygen mixture. 
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