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Abstract

This work presents the transesterification process of vegetable oils with bioethanol in the presence of sodium hydroxide as catalyst, because it leads to better conversion and smaller reaction time. A computer-aided tool of this system to model the kinetic of biodiesel production was developed to explore the impact of each strategy on the process behaviour which is an important issue to lead the process to be operated at high level of performance. An analysis was made of the temperature effects on the reaction rates, and it was determined the reaction rate constants and the activation energies derived from experimental observation. The kinetic data showed to be satisfactory for a wide range of operating conditions. The assessment of possible implementation difficulties are carefully considered and discussed.
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1. Introduction
Biodiesel is a clean burning fuel derived from a renewable feedstock such as vegetable oil or animal fat. It is biodegradable, non-inflammable, non-toxic and produces lesser CO2, sulfur dioxide and unburned hydrocarbons than petroleum-based fuel. Biodiesel is a fuel made from fat. Either virgin vegetable oil or waste vegetable oil can be used to make quality fuel. Fats are converted to biodiesel through a chemical reaction involving alcohol and catalyst. Nowadays, due to the price of virgin oil such as canola, soybean oil, the use of low-cost feedstock, such as waste frying oils in an acid-catalyzed process, should help make biodiesel competitive in price with petroleum diesel, beyond being a suitable way to reuse waste materials. Alternatively, it is a good strategy to find out some vegetable oils that is not used in the food chain so that they tend to be a cheaper feedstock, as is the case for castor oil. Bioethanol (ethanol from biomass) is an alternative to methanol, because it allows production of entirely renewable fuel [1]. For both feedstocks, the transesterification reaction takes place in the biodiesel process production. This reaction can be carried out in the presence of alkaline, acid, and enzyme catalysts or using supercritical alcohol [2].

Another issue in transesterification processes is the influence of temperature on the kinetics. Thus, a description of the influence of temperature on kinetics of the biodiesel production is essential for a reliable mathematical modeling to be used in process design, optimization, control and operation. During the last years, several studies of the transesterification process mathematical modeling involving various types of vegetable oil have been carried out [3-5]. Hence, the difficulty in modeling transesterification processes is essentially on the precise description of the kinetics and robust modeling can only be achieved by incorporating reliable computer-aided procedures.

Bearing this in mind, in this work the modeling of transesterification process of vegetable oils is studied with focus on developing a systematic method that can be used whenever an estimation of reaction rate constants is necessary.

2. Experimental Procedure
2.1. Materials

The castor oil was obtained from Aboissa (São Paulo, Brazil) and the frying vegetable oil was colleted from a local Brazilian restaurant. The castor oil had 1.2 % of free fatty acid (FFA) and the frying oil had 3.2% of free fatty acids ( determined according to the AOCS official method Ca 5a-40 as oleic acid). The sodium hydroxide and the anhydrous ethanol were obtained from Synth (São Paulo, Brazil). All the standards were supplied by Sigma-Aldrish Chemical Company, Inc. (St. Louis, Mo).

2.2. Equipment

The experiments were carried out in a batch stirred tank reaction (BSTR) of a 1 liter reactor, equipped with a reflux condenser, a mechanical stirred, and a stopper to remove samples.

2.3. Method of analysis

Gel-permeation chromatography (Waters, USA) also called high-performance size-exclusion chromatography (HPSEC) was used for the triglycerides, diglycerides, monoglycerides, ethyl esters and glycerol analysis according to Shoenfelder [6]. The mobile phase was HPLC-grade tetrahydrofuran (JT Baker, USA). The relative percentage of each component (xi) was give by HPSEC and it was determined by Eq. 1, where xi was calculated dividing the peak area of the ester by sum of the peak area of all components.
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The molar concentration was calculated using Eq. 2. Mi was determined by dividing the product of the density (di) by the relative percentage xi by the molecular weight of each component (Mwi).
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2.4.   Experimental conditions

The system was maintained at atmospheric pressure and the experiments were carried out at constant temperature. The agitation was kept constant at 400 rpm. The reaction time was about 25 minutes. The experiments were carried out with 1% wt of sodium hydroxide, molar ratio ethanol: vegetable oil of 6:1. To examine the temperature dependency of the reaction rate constants, reactions at 30, 40 and 50°C were studied.

2.5.  Procedures

Initially, the reactor was loaded with 400g of either castor oil or frying oil, preheated to desired temperature and the agitation started. The sodium hydroxide was dissolved in ethanol and the reaction starts when the alcoholic solution was added to the vegetable oil. During the reaction, samples were prepared by dilution of 0,1g of the reaction in 10ml of THF. After dilution the samples were filtered and analyzed in the HPSEC (high-performance size-exclusion chromatography). Twelve samples were collected during the course of each reaction.

3. CAPE tool for Biodiesel Production (Transesterification)

Specifically, a step-by-step optimization procedure for the calculation of the reaction rate constants as a function of temperature used in this work is described below:

3.1. Determining the appropriate forms of rate expressions 

A system of differential equations based on kinetic model presented by Noureddini and Zhu [1] and Bambase et al. [2], shown in Eqs. 3-8, were used to model the stepwise transesterification reaction.
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where [TG], [DG], [MG], [EE], [A] and [GL] are the respective concentrations of triglyceride, diglyceride, monoglyceride, ethyl ester, alcohol, and glycerol expressed in mol/L. Kinetic rate constants have units L/mol(min.

3.2. Estimating a set of temperature dependent kinetic rate constants for each temperature considered in the experiments 

Temperature dependent kinetic rate constants of the three consecutive and reversible reactions were established based upon the kinetic scheme presented in Eqs. 3-8. Let ( specify the parameters vector, which contains all the kinetic rate constants. The objective of the mathematical estimation of model parameters is to find out ( by minimizing the objective function, min E(():
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where [TG]en, [DG]en, [MG]en, [GL]en and [EE]en are the molar concentrations of triglyceride, diglyceride, monoglyceride, glycerol and ethyl ester at the sampling time n. [TG]n, [DG]n, [MG]n, [GL]n and [EE]n are the concentrations computed by the model at the sampling time n. [TG]emax, [DG]emax, [MG]emax, [GL]emax and [EE]emax are the maximum measured concentrations and the term np is the number of sampling points. Here, (n(() is the error in the output due to the nth sample.

The determination of the feasible region of the total search space in the multiparameter optimization of the deterministic model is complex. For that reason, in this work, the optimization procedure to minimize Eq. 9 is based on the combination of two optimization techniques. Initially, the potential of global searching of real-coded genetic algorithm (RGA) was explored for simultaneous estimation of the initial guesses for each kinetic rate constants in the model. Subsequently, the quasi-Newton algorithm (QN), which converges much more quickly than RGA to the optimal, was used to continue the optimization of the kinetic rate constants near to the global optimum region, as the initial values were already determined by the RGA global-searching algorithm. 

3.3. Applying an equation based on Arrhenius form to describe the influence of temperature and fit it to the optimized values obtained for each temperature 

From the k-values obtained at different temperatures, the activation energy for each ethanolysis step was estimated using the integrated form of the Arrhenius equation:
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where k is the reaction rate constant, L/mol(min; A is the frequency factor; is the activation energy, cal/mol; R is the universal gas constant, R=1.9872 cal/mol(K and T is the absolute temperature, K.

4. Results and Discussion
4.1. Transesterification reaction

The frying oil had a free fat acid (FFA) content higher than 1%; then the alkaline catalyst would be destroyed because the FFA reacted with the sodium hydroxide to produce soaps and water, hence, reducing the ester conversion. Figures 1 (A and B) show the effect of the time on the frying oil and on the castor oil transesterifications. The castor oil transesterification is very rapid because the ethyl ester concentration is 2 mol/L, (conversion of 72%) after 2 minutes, while that the higher conversion for frying oil (72%)  is achieved after 20 minutes, at the same temperature (50oC). 
In the transesterification reaction, the reactants initially form a two-phase liquid system, because the TG and alcohol phases are not miscible [3]. This fact decreases the contact between the reactants and consequently, the reaction conversion.
The castor oil and its derivatives are completely soluble in alcohols [7]. This fact leads to increase the mass transfer in the first stage of the reaction, and hence the ester conversion. Thus, the kinetic constant of the castor oil reaction (TG (DG) is higher than of other vegetable oils, for the same process temperature.
4.2. Reaction kinetic modeling

Experimental observations at three temperatures (30, 40 and 50oC) are used to estimate the kinetic rate constants and its predictions at 50oC are shown in typical kinetic plots in Figures 1A and 2B for frying and castor oils, respectively.

For the estimation of the kinetic rate constants, Eqs. 3-8 were solved using a Fortran program with integration by an algorithm based on the fourth-order Runge-Kutta method. The rate constants were determined by minimizing Eq. (9) using a hybrid approach, coupling RGA and QN algorithms, which intuitively made the prediction procedure to be significantly quicker.
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	(A)
	(B)

	Fig. 1. Experimental data and kinetic modeling curves for the composition of the reaction mixture during (A) frying oil and (B) castor oil ethanolysis. Temperature=50oC, 1% of NaOH as catalyst, impeller speed=400rpm, molar ratio 6:1. ((, triglyceride; (, diglyceride; (, monoglyceride; (, glycerine; (, ethyl ester; (, alcohol).


By considering the values optimized by RGA as initial guess estimates, the kinetic rate constants were re-estimated by QN. The procedure showed to have  very good performance with a relatively lower computer burden. The rate constants for frying and castor oils ethanolysis are shown in Table 1.
Figures 2A and 2B show the dependence of ln (k) on 1/T, confirming that the Arrhenius equation can be applied for determining the activation energies for the ethanolysis reactions. The values obtained are summarized in Table 2. 
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	(A)
	(B)

	Fig. 2. Arrhenius plot of (A) frying oil ethanolysis and (B) castor oil ((, k1; (, k2; (, k3; (, k4; (, k5; (, k6). 


The experimental results show that the second order models described adequately the reaction conditions. There is an increase in k with the temperature for both raw materials.
Table 1. Values for the kinetic rate constants for castor and frying oils ethanolysis
	
	
	Kinetic rate constants ( mol/L(min)

	
	Temperature (oC)
	k1
	k2
	k3
	k4
	k5
	k6

	Castor oil
	30
	0.2426
	0.0555
	0.9526
	0.6948
	0.0279
	0.0180

	
	40
	0.4110
	0.0561
	1.0949
	0.9920
	0.0300
	0.0355

	
	50
	0.4750
	0.0569
	1.3716
	1.1500
	0.0345
	0.0420

	Frying oil
	30
	0.1811
	0.0257
	0.3216
	0.5317
	0.0751
	0.0167

	
	40
	0.2086
	0.0263
	0.3825
	0.5522
	0.0834
	0.0200

	
	50
	0.2215
	0.0280
	0.3939
	0.7000
	0.0860
	0.0284


Table 2. Activation energies for the ethanolysis reactions

	Reaction
	Ea (cal/mol)

	
	Castor oil
	Frying oil

	TG (DG
	6570
	1918

	DG (TG
	245
	852

	DG (MG
	3534
	1927

	MG (DG
	4921
	2791

	MG (GL
	2042
	1297

	GL (MG
	8309
	5467


5. Concluding Remarks

The performances of a reliable systematic procedure to describe the reaction kinetic of the transesterification process were assessed. The kinetic model presented acceptable fits, in comparison to experimental observations, using the proposed methodology. Values of activation energy for ethanolysis reaction indicated that higher temperatures favor the formation of DG (for the reaction TG↔DG values of Ea for the forward reaction has a magnitude higher than the corresponding backward step), but also favor the consumption of MG and GL (for DG↔MG and MG↔GL values of Ea for the forward reaction has a magnitude lower than the Ea of the inverse reaction).
With the proposed procedure, it was possible to predict the extent of the reaction at any time under particular conditions as well as to define process operating strategies in order to have high performance operation.
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