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Abstract - In this study, research was performed on the interesterification reaction of cotton oil with methyl 
acetate, using potassium methoxide as catalyst, in the presence of ultrasonic waves. In order to obtain a better 
understanding of the process variables behavior, a response surface methodology was used along with statistical 
methods. The experiments were performed with molar ratio varying from 1:8 to 1:24, catalyst percentage of 
0.1 to 1.3% (weight), ultrasonic nozzle amplitude varying from 30% to 90% (180 to 540 W) and vibration 
pulse varying from 50% to 90%. Process variables were optimized with the optimal molar ratio of 1:14.87, 
catalyst concentration of 1.17%, ultrasonic probe amplitude of 67.64% and vibration pulse of 67.30%. The 
average conversion of triglycerides was found to be 98.12% at the optimal conditions. The experimental data 
were adjusted to the second-order irreversible reaction approximation model, under optimized conditions, with 
temperatures of 30, 40 and 50 ºC. Lastly, in comparison to the conventional methodology, a significant increase 
of 14% of triglycerides conversion utilizing ultrasonic waves was observed.
Keywords: Esters, Gossypium hirsutum L., Sonicator, Experimental Planning, Kinetics.

INTRODUCTION

The information on renewable and clean energy 
production has largely increased in the last decades. 
The necessity of alternatives to fossil fuels resulted 
in extensive researches over the last years, drawing 
attention to the use of biodiesel, which is produced 
by animal or vegetable sources, and one of its greater 
advantages is a lower greenhouse gas emission when 
compared to regular diesel (Behçet et al., 2015).

The main procedures for biodiesel production are 
esterification and transesterification, with both being 
the most performed procedures by industries. The 

transesterification reaction consists of a reaction of 
a triglyceride and an alcohol, producing biodiesel, 
which is an ester, and glycerol as a sub-product. 
(Sánchez-Cantú et al., 2014). However, the amount 
of glycerol produced is higher than the acceptable, 
resulting in an unwanted sub-product, because 
of its low market value (Bonet et al., 2009). As an 
alternative to transesterification, interesterification 
is a new biodiesel production process, free of 
glycerol, which has been developed over the last 
few years (Casas et al., 2011a; Galia et al., 2014; 
Maddikeri et al., 2013). This new process consists 
of a reaction of triglyceride with three molecules 
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of acetate, producing three molecules of esters 
(biodiesel) and one molecule of triacetin. This reaction 
has as intermediate products monoacyldiglycerol 
and diacylmonoglycerol (Maddikeri et al., 2013), 
as shown in Figure 1. Triacetin is mainly used in 
pharmaceutical and cosmetics industries, and also 
used as a plastifier and an additive in tobacco. Recent 
studies have demonstrated that triacetin can be added 
to the formulation of biodiesel (up to 10% in weight) 
without impairing its performance, as it continues to 
satisfy the quality standards established by ASTM 
D6451 and EM 14214, due to its mutual solubility 
(Casas et al., 2010).

Biodiesel production by the acetate route is a reaction 
that presents as its main characteristic a shorter reaction 
time when compared to other processes (Casas et al., 
2011a). The product purification is simpler, reaching 
high performance and generating a sub-product that 
has good market value and can be used as an additive 
to biodiesel. As a consequence of the high applicability 
of triacetin, biodiesel production by interesterification 
is a promising alternative to transesterification and its 
excessive glycerol production (Casas et al., 2010).

Interesterification has been mainly studied in the 
presence of enzymes (Du et al., 2004; Usai et al., 
2010) or under supercritical conditions (Saka and 
Isayama, 2009; Tan et al., 2010, 2011). Supercritical 

and enzymatic methods have their advantages and 
disadvantages. The main disadvantages include very 
high pressure (20-50 MPa) and high temperatures 
(350-400 ºC), resulting in higher heating that increases 
costs, as well as higher costs for the unreacted methyl 
acetate evaporation (Campanelli et al., 2010). The 
enzymatic route of interesterification generates an 
elevated production cost (Meher et al., 2006). Besides 
that, it is difficult to manufacture on larger scale, due 
to the necessity of a careful control of the reaction 
parameters and the slow reaction (Cerveró et al., 
2008). Studies conducted show that the operational 
conditions for biodiesel production by the acetate 
route are close to ambient conditions; therefore, the 
process costs are lower than in supercritical conditions. 
Reaction time is relatively low, presenting a major 
advantage over the enzymatic catalysis (Maddikeri et 
al., 2013). As a consequence, it becomes interesting to 
study the production of biodiesel via the acetate route 
with chemical catalysts. Recently, some catalysts, such 
as methoxide, potassium hydroxide and polyethylene 
glycolate were studied (Casas et al., 2011a, 2011b, 
2013). Casas et al. (2013) worked with sunflower oil 
interesterification catalyzed by methanolic potassium 
methoxide and found that this catalyst provided a yield 
of 77.0% of methyl esters and 12.1% of triacetin using 
a molar ratio of 1:48 and 0.1% of catalyst, concluding 

Figure 1. Interesterification reaction.
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that this catalyst provides better yields among the 
others.

Maddikeri et al. (2013) studied biodiesel 
production using a sonicator (ultrasonic probe) and 
verified a significant increase in yield in comparison 
to conventional techniques. Moreover, the synthesized 
biodiesel properties were highly satisfactory. The 
excess of reagents needed was also inferior, compared 
to conventional techniques. According to Mostafaei et 
al. (2015) this increase in yield and reaction speed in the 
biodiesel production is directly related to the contact 
between the reactive molecules. The use of ultrasonic 
technology provides the formation of an emulsion 
between the oil and the acetate, resulting in high 
quality biodiesel in a short time span. This emulsion 
is caused by an event called cavitation. Subhedar and 
Gogate (2016) affirmed that cavitational effects can 
improve the mass transfer at mild reaction conditions 
in terms of temperature and pressure resulting in a 
faster reaction rate, higher product yield and possibly 
the requirement of lower acetate to oil molar ratio 
and catalyst loading. Experimental results showed 
that these collapsing cavities reach temperatures of 
up to 5000 ºC and pressures of up to 1000 bar, with 
a life span of a few microseconds (Bang and Suslick, 
2010; Suslick, 1990). An extensive study of cavitation 
technique is presented by Gogate and Kabadi (2009), 
who report that cavitation promotes the generation of 
hot spots, highly reactive free radicals, and turbulence 
associated with liquid circulation currents, which 
can result in the intensification of various physical/
chemical operations.

Ultrasound was used as well by Subhedar and 
Gogate (2016) in the production of biodiesel by 
enzymatic interesterification from waste cooking oil. 
Although the increase in yield was only 6.7% (when 
compared to a conventional technique), the authors 
say that the use of ultrasound results in a significant 
reduction in the reaction time with higher yields and 
lower requirement of enzyme loading. The results 
obtained have clearly established that ultrasound-
assisted interesterification was a fast and efficient 
approach for biodiesel production, giving significant 
benefits, which can help in reducing the costs of 
production. Gole and Gogate (2013) report that 
transesterification using microwaves and ultrasound 
requires a lower amount of energy compared to the 
conventional approach, and also that the maximum 
energy requirement for ultrasound is for preheating 
of oil, in order to avoid the attenuation effect of 
ultrasound (it has been observed that about 50% of 
the energy is required for preheating of oil). Gole and 

Gogate (2012) report that, in general, it can be said 
that ultrasonic reactors offer a promising future for the 
intensification of biodiesel production from sustainable 
raw materials. In addition, important parameters to be 
optimized include equipment operating parameters 
(irradiance frequency, irradiation intensity and energy 
dissipation per unit volume) and geometric parameters 
(reactor configuration and number and location of 
transducers).

Based on this analysis, the objective of this paper 
was to evaluate the behavior of cotton oil (Gossypium 
hirsutum L) when subjected to interesterification under 
the effect of ultrasonic waves, analyzing the effect of 
the main process variables on the conversion to esters. 
The study includes the optimization of independent 
variables of the process, the determination of kinetic 
parameters using the second-order irreversible reaction 
approximation model, and a comparison between the 
biodiesel production assisted by ultrasound and the 
conventional technique.

MATERIALS AND METHODS

Materials

Refined cotton oil was obtained directly from 
Icofort, a Brazilian company. Methyl acetate (99.5% 
purity), potassium methoxide in methanol (25% in 
mass) and phosphoric acid (ORTHO) were obtained 
from Sigma-Aldrich, as well as the analytical standards 
for the esters and the triacetin (chromatography grade): 
methyl heptadecanoate (99.0% purity) and F.A.M.E. 
mix (C8 - C24).

Experimental

Figure 2 shows the experimental apparatus used 
to perform the interesterification reactions. A 150 
mL cylindrical reactor was equipped with a reflux 
condenser (to avoid methyl acetate loss), thermocouple, 
thermostatic bath (TE-18 - Tecnal, Brazil) and an 
ultrasound with a probe (VCX 600 Sonics & Materials, 
USA) to promote the emulsification of the solution.

The experiments were performed following the 
methodology used by other authors (Casas et al., 
2013; Maddikeri et al., 2013), with the reactor being 
operated in batches, then fed with 100 g of reactional 
mixture, composed of cotton oil and methyl acetate 
in proportions described by Table 1. The solution 
was heated up to the desired temperature (50 ºC) and, 
after stabilization, the catalyst (potassium methoxide 
in methanol) was added to the reactor, this being the 
zero point of the reaction. After 30 minutes of reaction, 
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a 10 mL sample of the solution was collected and an 
equimolar solution of phosphoric acid was immediately 
added to the aliquot, in order to stop the reaction.

After the phosphoric acid treatment, the sample 
was washed with 10 mL of distilled water, and then 
centrifuged to remove the potassium phosphate salts 
formed. Then, it was put in an air circulation oven (MA 
035 Marconi, Brazil) at 40 ºC for 24 hours to remove 
the methyl acetate and any remaining water. The 
samples were refrigerated and stored at temperatures 
less than 15 ºC until posterior analysis.

The use of response surface methodology along 
with statistical techniques can be applied to study 
complex processes, being used to evaluate the 
importance of independent variables. The statistical 
study is important to achieve a better comprehension 
of the process, reducing the amount of stock and capital 
investment (Oasmaa et al., 2009). Therefore, a central 
composite planning was used to optimize experimental 
conditions of the cotton oil interesterification reaction. 
The evaluated parameters were the molar ratio of oil/
acetate, mass percentage of catalyst in relation to the 
oil, ultrasound amplitude percentage and vibration 
pulse percentage with 1 second cycle. The variation 
range and their codified values are shown in Table 1.

Based on previous papers (Maddikeri et al., 2013; 
Mostafaei et al., 2015), the temperature was set to 50 

ºC, the reaction time to 30 minutes and the ultrasonic 
probe diameter to 28 mm. Other variables used in the 
study are shown in Table 1, in which the values were 
set based on the studies of Maddikeri et al. (2013) and 
Mostafaei et al. (2015).

The software Statistic 8.0 was used to predict the 
model that describes the influence of each parameter 
on the conversion of triglycerides to esters, as well 
as their optimized variables. Then, experiments were 
performed under optimized conditions (molar ratio of 
1:14.87; catalyst concentration of 1.17%; ultrasonic 
probe amplitude of 67.6% and; vibration pulse of 
70%), to verify the model's consistency. In the kinetic 
study, aliquots of 2 mL were removed after 0.25, 0.5, 
0.75, 1, 1.25, 1.5, 3, 4, 5, 6, 7, 8, 9, 10, 12.5, 15, 17.5, 
20 and 30 minutes, and the samples were treated and 
analyzed in a similar way to the previously mentioned. 
Finally, experiments with a similar methodology using 
a conventional approach of mechanical agitation were 
performed to verify the influence of the cavitation on 
biodiesel production.

Analytical Method

The adopted methodology was similar to that 
used by other authors (Jesus et al., 2013; Trentin 
et al., 2011; Yin et al., 2008), in which the level of 
esters in the reaction mixture was quantified by gas 
chromatography. A sample of 100 mg was transferred 
to a 10 mL flask and the volume was completed 
with n-heptane. Methyl heptadecanoate was used 
as the internal standard of the injected solution for 
chromatographic analysis. The gas chromatrograph 
was equipped with a Shimadzu 2010 DIC flame 
ionization detector and a DB Waxetr Carbowax (J & 
W Scientific - USA) capillary column (30 m x 0.25 
mm). The column temperature was kept at 170 ºC for 
1 minute, and then was raised to 230 ºC at a rate of 5 
ºC min-1, maintaining this temperature for 30 minutes. 
The analysis was performed with the injector and the 
detector at 230 ºC.

Figure 2. Experimental apparatus. 1. Temperature controller 
2. Ultrasonic wave generator. 3. Shaft. 4. Ultrasonic probe. 5. 
Condenser. 6. Reactor.

Table 1. Real and codified values of the studied variables.

Variables Label
Codified values

-2 (-α) -1 0 1 +2 (+α)

Molar ratio oil/acetate (mol/mol) A 1:8 1:12 1:16 1:20 1:24

Catalyst concentration (%) B 0.1 0.4 0.7 1.0 1.3

Ultrasonic amplitude (%) C 30 45 60 75 90

Vibration pulse (%) D 50 60 70 80 90
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The conversion of triglycerides was calculated 
from the ratio of the triglyceride concentration in the 
sample (CTG) and its concentration at the beginning of 
the reaction CTG0

, according to equation (1):

							       (1)

Kinetic parameters - Second-order irreversible 
reaction approximation

The literature presents two approaches related 
to the kinetic study of the interaction reaction with 
methyl acetate: the first model, which considers only 
the kinetics of triglyceride conversion, indicating 
a second-order reaction and requiring a minimum 
amount of catalyst to initiate the reaction; the second 
theoretical model, obtained by considering the main and 
secondary reactions, adjusted the experimental results 
well (Casas et al., 2011a). In this paper, the kinetic 
parameters (rate constant and activation energy) were 
evaluated considering the second-order irreversible 
reaction approximation (first model). In other words, 
the global interesterification was considered to follow 
the reaction according to the methodology used in the 
literature (Casas et al., 2011a; Maddikeri et al., 2013; 
Narváez et al., 2007).

The data obtained for the conversion with time 
were analyzed for the determination of the kinetic 
rate constant. The considered irreversibility of this 
reaction was favored by the excess of methyl acetate, 
which induces low concentrations of triglycerides in 
the equilibrium composition, similar to an irreversible 
reaction. (Maddikeri et al., 2013).

Equation (2) represents the model of second-order 
irreversible reaction approximation, in which it is 
assumed that triglycerides (TG) react irreversibly to 
the products and require only a minimal amount of 
catalyst to initiate the reaction. Thus, if this model is 
valid, a graph of 1/CTG versus t will be a straight line, 
and the slope value will be the rate constant.

							       (2)

where CTG is the molar concentration (mol L-1) 
of the triglycerides, CAC is the molar concentration 
(mol L-1) of acetate, t is the reaction time (minutes), k' 
is the reaction rate constant (L mol-1 min-1) and r TG is 
the reaction rate of the triglycerides.

In order to determine the reaction activation energy 
(Ea) the Arrhenius equation was used, as shown in 
equation (3):

							       (3)

where T represents the temperature (K), R is the 
universal gas constant (J mol-1 K-1) and k0 is the pre-
exponential frequency factor.

RESULTS AND DISCUSSION

Ultrasound experiments - statistical analysis

Table 2 presents the results obtained regarding 
the conversion of esters in the different experimental 
conditions implemented. Through the experimental 
planning used, the variables that had the most 
significant statistical effects on the response variables 
were evaluated, either in the linear part or in the 
quadratic part. The results showed that the catalyst 
concentration (linear part) was the most significant 
variable, followed by the molar ratio (quadratic part), 
catalyst concentration (quadratic part), molar ratio 
(linear part), amplitude (quadratic part) and pulse 
(linear part). The other variables did not have significant 
statistical effects at the 95% confidence interval, but 
their effects were considered in the statistical model to 
obtain a better description of the process.

A quadratic regression model was developed, using 
values coded from the estimated data. The equation for 
the model developed is represented by equation (4).

							       (4)

In this model, all linear and quadratic factors 
were introduced, as well as the interactions between 
two terms. Table 3 shows the analysis of variance for 
the quadratic model developed by the software. The 
model was adjusted for a confidence limit of 95% and 
a coefficient of determination (R2) of 0.964 was found, 
suggesting that the model can explain 96.4% of the 
observed values. The ratio between the F-value and 
Fx,y equal to 10.39 and 0.19 referring to the residuals 
and the lack of adjustment, respectively, imply that the 
model can be considered as significant and predictive, 
for there is no sign of lack of adjustment.
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the interval of 0.1 to 1.3%, in relation to the mass of oil. 
The highest conversion of triglycerides was obtained 
at the catalyst concentration of 1%, where 94.64% 
conversion was achieved. In terms of percentage 
variation, the catalyst concentration (0.1 a 1.3 %), 
caused a percentage variation in the conversion (in 
percentage terms), between 1.42 and 95.3%, depending 
on the other experimental conditions adopted (molar 
ratio, ultrasonic vibration pulse and amplitude). The 
results are presented in Figure 3(b, d). It has been 
verified that the increase in the catalyst concentration 
from 0.1 to 1.17% increased the reaction conversion, 
because low concentrations of potassium methoxide 
result in the incomplete conversion of the triglycerides 
into methyl esters, corresponding to the biodiesel 
(Maddikeri et al., 2013).

In contrast, an additional increase beyond 1.17% in 
the catalyst concentration did not cause a significant 
increase in the conversion of biodiesel. Maddikeri 
et al. (2013) pointed out similar tendencies in the 
interesterification reaction of used cooking oil, where 
the increase in catalyst concentration from 1 to 1.25% 
did not cause an increase in the reaction performance. 
Casas et al. (2011a) worked on the interesterification 
reaction of refined sunflower oil with potassium 
methoxide and optimized their catalyst percentage 
at 0.1%, in relation to the weight of the oil. As 
observed, a small amount of catalyst can result in low 
percentages in the reaction conversion. However, high 
concentrations can cause resistance to mass transfer, 
slowing down the reaction rate, therefore decreasing 
the percentage conversion of biodiesel (El-Gendy et 
al., 2015). Other authors reported that, in biodiesel 
production by transesterification, an excess of catalyst 
originates the formation of emulsion, that leads to the 
formation of gels, which cause a decrease in the ester 
percentage in the final mixture (Suppalakpanya et al., 
2010).

Effects of the Ultrasound Amplitude

The percentage of the ultrasonic probe amplitude 
determines the amount of energy that will be 
provided to the system, deciding the extension of the 

Table 2. Experimental planning matrix with results.

Experiment A B C D Conversion(%)

1 1:16 0.7 90 70 66.63

2 1:12 1.0 45 60 94.64

3 1:20 1.0 75 80 88.57

4 1:20 0.4 75 60 24.40

5 1:12 0.4 45 60 38.91

6 1:16 0.1 60 70 4.37

7 1:12 1.0 75 80 92.00

8 1:20 1.0 75 60 93.49

9 1:16 0.7 60 50 74.44

10 1:20 0.4 45 60 34.32

11 1:20 1.0 45 80 58.34

12 1:16 0.7 60 90 63.66

13 1:16 0.7 60 70 93.57

14 1:12 1.0 75 60 89.44

15 1:16 1.3 60 70 92.24

16 1:8 0.7 60 70 66.33

17 1:20 1.0 45 60 86.02

18 1:20 0.4 75 80 19.12

19 1:12 0.4 75 60 35.18

20 1:16 0.7 30 70 60.15

21 1:20 0.4 45 80 20.01

22 1:16 0.7 60 70 85.15

23 1:12 0.4 45 80 23.14

24 1:16 0.7 60 70 79.56

25 1:12 0.4 75 80 28.30

26 1:24 0.7 60 70 26.60

Table 3. Analysis of variance (ANOVA) in the quadratic model.
Source Sum of Squares Degree of Freedom Mean Square F-value Prob>F

Regression 23935.79 14 1709.70
26.48

<0.05

Residual 839.20 13 64.55 10.39

Lack of fit 711.05 10 71.11
1.66 0.19

Pure error 128.15 3 42.72

Total 24774.99 27      

Effects of the Process Variables

In order to analyze the 3D response surface effect 
of the process variables for the production of cotton 
oil biodiesel by interesterification, in the presence of 
ultrasonic waves, variables for the optimal condition 
were set. The variables of interest, in the current study, 
were used according to the experimental interval. The 
response surface of the process variables effects is 
presented in Figure 3(a-d).

Effects of the Catalyst Concentration

The potassium methoxide concentration in methanol 
was investigated in the interesterification reaction in 
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cavitation activity in the reactor, influencing the final 
conversion of the biodiesel production in the reaction 
of interesterification. The effect of the percentage of 
the amplitude of the ultrasonic probe varied from 30 
to 90%, corresponding to the interval of 180 to 540 
W, respectively. In terms of percentage variation, the 
ultrasound amplitude (30 to 90%) caused a variation 
in the conversion (in percentage terms) between 4.44 
and 35.7%, depending on the other experimental 
conditions adopted (molar ratio, pulse and catalyst 
concentration). The response surface results are 
presented in Figure 3(a, c), where an increase in the 
reaction conversion can be observed with the increase 
of the amplitude up to a percentage of 67.64% (405.84 
W). An additional increase beyond this percentage 
did not provide any relevant increase in conversion. 

The increase in the reaction conversion with the 
increase in the amplitude of the ultrasound may be 
attributed to the cavitation effects. A higher level 
of these effects ensures an emulsification between 
layers of the mixture, that is to say, results in greater 
contact between the reagent molecules. For additional 
amplitude percentages beyond the optimal percentage, 
cavitation effects may result in a cushioning of the 
cavity collapse, resulting in a decrease in the energy 
transfer throughout the system, giving less cavitation 
activity and, consequently, lower reaction conversion 
(Maddikeri et al., 2013). Maddikeri et al. (2013) 
reported tendencies similar to the ones obtained in the 
present study. They used percentage amplitudes of the 
ultrasonic probe of 40, 50, 60 and 70%, corresponding 
to 300, 375, 450 and 525 W, respectively, and found 
the optimal condition at 450 W.

Figure 3. 3D response surface that represents the process variables effects over the process of biodiesel production.
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Effects of the Ultrasonic Vibration Pulse

The ultrasonic vibration pulse determines the 
emission time of the ultrasonic waves in a given 
cycle. In the experiments, cycles of 1 second and 
pulse percentages of 50, 60, 70, 80 and 90% were 
used, that is, when the experiment used a pulse of 
60% the ultrasound would emit waves for 0.6 seconds 
and rest for 0.4 seconds. The vibration pulse is an 
important factor, because it creates the possibility to 
save energy in the process. In terms of percentage 
variation, an ultrasonic vibration pulse (50 to 90 %) 
caused a variation in the conversion (in precentage 
terms), between 2.8 and 41.7%, depending on the 
other experimental conditions adopted (molar ratio, 
ultrasound amplitude and catalyst concentration). 
The response surface referring to the vibration pulse 
is shown in Figure 3(c, d), where it can be observed 
that there is an increase in the reaction conversion 
with the increase of the vibration pulse up to a value of 
67.30%. An additional increase in the pulse does not 
provide a significant increase in conversion. Mostafaei 
et al. (2015) performed a study in the production of 
biodiesel by the transesterification of used cooking 
oil in the presence of ultrasonic waves, varying the 
ultrasonic vibration pulse from 20 to 100% and found 
optimal conditions with a pulse of 62%.

Process Optimization

Optimal reaction conditions were calculated 
through the experimental planning model presented 
in Table 1 and with the help of the software Statistic 
8.0. The molar ratio was optimized at 1:14.87, catalyst 
concentration at 1.17%, ultrasonic probe amplitude at 
67.64% and vibration pulse at 67.30%. The amplitude 
of the probe and the vibration pulse were rounded up 
to 68 and 70% respectively, because of operational 
limitations. Under these conditions, the model 
represented by equation (4) predicts that the reaction 
conversion will be 100%. Three experiments were 
performed under optimal conditions and the results 
are shown in Table 4. With a conversion average of 
98.12%, this result fit well the predictions of the model 
that has 95% of reliability.

The conversion obtained in the interesterification 
reaction under optimal conditions of the process 
(over 98%) is highly satisfactory in comparison to the 
literature. Maddikeri et al. (2013) achieved an ester 
yield of 90% using cooking oil with a molar ratio 
of 1:12, temperature of 40 ºC, catalyst concentration 
of 1% and ultrasonic probe amplitude of 60%, these 
conditions being close to those optimized in the 
process. Casas et al. (2013) presented a 77% yield of 
esters in the interesterification reaction of sunflower oil 
with a conventional approach, using 0.1% of catalyst, 
temperature of 50 ºC and a molar ratio of 1:48. Since 
ultrasonic waves propagate in the form of a longitudinal 
wave with serial compressions and expansions, this 
oscillatory movement originates an intense "micro 
mixture", capable of producing a stronger emulsion 
than the one produced by mechanical agitation, 
increasing the conversion of triglycerides significantly 
(Choudhury et al., 2014a, 2014b; Mostafaei et al., 
2015).

In order to complement the analysis, the yield of 
esters under optimized conditions was also evaluated, 
the yield being defined as the ratio of the mass of the 
produced esters to the mass of oil (TG) in the initial 
sample (Tan et al., 2011; Doná et al., 2013). The ester 
yield varied from 52.75% (50 ºC, 1 min) to 98.51% 
(50 ºC and 30 min), where increasing the temperature 
and reaction time resulted in an increase in ester yield.

Kinetic Parameters Study

To conduct the kinetic study, the experiments 
were performed under optimal conditions by the 
process model. Figure 4 shows the conversion of the 
triglycerides in the reaction at different temperatures.

The interesterification reaction is a fast reaction, with 
conversions of 50% in just 1 minute. As expected, the 
temperature influenced the final reaction conversion, 
because the activation energy needs to be overcome 
so that the reaction can occur, and the increase 
in temperature increases the molecular agitation, 
causing higher conversions at higher temperatures. 
The data presented in Figure 4 were analyzed using 
the second order kinetic model, equation (2), to 
determine the reaction rate constants at different 

Table 4. Experiments under optimal conditions of the model. [Reaction conditions: molar ratio of 1:14.87; catalyst concentration of 1.17%; 
ultrasonic probe amplitude of 68%; vibration pulse of 70% and; temperature of 50ºC]

Experiment A B C D Conversion (%)

1 14.87 1.17 68.00 70.00 97.29

2 14.87 1.17 68.00 70.00 100.00

3 14.87 1.17 68.00 70.00 97.07
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temperatures. The assumptions of irreversibility of the 
reaction is favored with the excess of methyl acetate, 
inducing a lower concentration of triglycerides when 
balance is achieved in the reaction medium, similar to 
an irreversible reaction (Maddikeri et al., 2013). Data 
referring to the behavior of a second order reaction at 
different reaction temperatures (30, 40 and 50 ºC) are 
presented in Figure 5. According to equation (3), the 
angular coefficient of each line in Figure 5 represents 
the reaction rate constant at each temperature. The 
constants and their respective correlation coefficients 
are shown in Table 5. The correlation coefficient values 
indicate that the experiment at 50 ºC resulted in a better 
model fitting. However, experiments performed at 
different temperatures achieved satisfactory correlation 
coefficients, according to the second order reaction 
assumption for the interesterification (R2= 0.997).

An increase in the reaction rate constant was 
observed with the increase in temperature from 0.424 
L mol-1 min-1 (30 ºC) to 2.122 L mol-1 min-1 (50 ºC). 
Similar tendencies treating the interesterification 
reaction as a second order reaction have been reported 
by Maddikeri et al. (2013), where cooking oil was 
utilized in the presence of ultrasonic waves, in 
different temperatures. Casas et al. (2011a) worked in 
the interesterification of sunflower oil in conventional 
conditions and also pointed out that the reaction rate 
increases with the increase of the temperature. This 
happens because the increase in temperature increases 
the molecular agitation, increasing the number of 
effective collisions that favor a faster processing of the 
reaction. The reaction rate is also increased due to a 
higher interfacial area between the triglycerides and 
the methyl acetate resulting from the cavitation effects, 
mainly by the high levels of turbulence generated in 
the reaction mixture. These effects are also responsible 
for the creation of micro emulsions between the 
two reaction phases. Consequently, the interfacial 
area between the reactants increases considerably, 
resulting in higher reaction rates and requiring milder 
temperatures (Deshmane et al., 2009).

Using the reaction rate constants (presented at 
Table 5), and their respective temperatures, it was 
possible to plot the graph of the neperian logarithm 
of the reaction rate as a function of the inverse of 
temperature, as presented at Figure 6.

Figure 4. Kinetic curve of the reaction at various temperatures. 
[Reaction conditions: molar ratio of 1:14.87; catalyst concentration 
of 1.17%; ultrasonic probe amplitude of 68% and; vibration pulse 
of 70%].

Figure 5. Reaction rate constant under various temperatures.

Table 5. Reaction rate constant and activation energy.
T (°C) k’ (L mol-1 min-1) R2 Ea(kJ mol-1)

30 0.424 0.858

65.541 R2= 0.99740 0.966 0.881

50 2.122 0.983

The angular coefficient of this line (Figure 6) 
represents the ratio between the activation energy 
and the universal gas constant (-Ea/R), while the 
linear coefficient represents the naperian logarithm of 
the pre-exponential frequency factor. Therefore, the 
activation energy value obtained was 65.541 kJ mol-1 
and the frequency factor was verified to be 8.37 x 1010 
L mol-1 min-1. The activation energy value found in the 
interesterification reaction with the ultrasound is close 
to the value reported by Maddikeri et al. (2013) of 
58.170 kJ mol-1, where the authors performed a kinetic 
study of the interesterification of used cooking oil with 
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ultrasound. Campanelli et al. (2010) presented a study 
of the synthesis of supercritical biodiesel through the 
interesterification of diverse edible and non-edible oils 
and identified that the activation energy is dependent 
of the nature of the vegetable oils. The Arrhenius 
equation resulting for the interesterification reaction 
of the cotton oil in the presence of ultrasonic waves is 
given by equation (5).

							       (5)

Although the model presented here was the model 
of second-order irreversible reaction approximation, 
the good fit found (R2 = 0.997) indicated that the 
interesterification reaction follows a second-order 
reaction scheme; this is reasonable because, according 
to Casas et al. (2011a), interesterification is similar to 
a pair of coupled transesterification reactions.

. expk RT8 37 10 6554110$ $= -l # &

Figure 6. Kinetic study of the activation energy.

Comparison of ultrasound with the conventional 
method

Conventional experiments with mechanical 
agitation were performed to compare with the 
ultrasound production of biodiesel. Figure 7 shows 
the data of the experiments performed (conversion) 
with mechanical agitation using conditions optimized 
by the model presented in equation (4) and the data 
of the ultrasound experiments at 50 ºC, presented in 
Figure 4. As a complement, the yields of esters under 
the optimized conditions were also evaluated, where 
the highest ester yield in the conventional technique 
was 84.61%, while in the ultrasonic technique the 
yield was 98.51%. Both results occurred at 30 minutes 
reaction and 50 ºC.

It can be noted that the interesterification reaction 
using ultrasound (98% on average, Table 4), is 
more elevated than the production of biodiesel by 
the conventional technique (84%), i.e., the use 
of ultrasound resulted in an increase of 14% of 
conversion. Literature reports also show similar 

Figure 7. Comparative study of the production of biodiesel via 
ultrasound and mechanical agitation. [Reaction conditions: molar 
ratio of 1:14.87; catalyst concentration of 1.17%; ultrasonic probe 
amplitude of 68% and; vibration pulse of 70%].

tendencies. Maddikeri et al. (2013) compared the 
interesterification of used cooking oil with ultrasound 
with a conventional approach. Using a molar ratio 
of 1:12, catalyst concentration of 1% in weight and 
temperature of 40 ºC, they verified a yield of 90% 
with ultrasound and 70% with the conventional 
method. Subhedar et al. (2015) studied the synthesis 
of biodiesel through enzymatic transesterification 
of sunflower oil, both with the conventional method 
and assisted by ultrasound. The authors performed 
experiments with an enzymatic load of 5% of weight/
volume and temperature of 40 ºC. The results showed 
that the yield of the ultrasound reaction achieved 95% 
in 4 hours, while the conventional method achieved 
a yield of 60% after 24 hours. The use of ultrasonic 
irradiation provides higher conversion levels due 
to the physical effects provided by the cavitation 
phenomenon. This phenomenon causes higher 
conversions due to the intense local turbulence, which 
creates a microcirculation in liquids and the formation 
of micro emulsion, resulting in an increase in the 
interfacial area available between the two phases that 
participate in the reaction, resulting in the increase of 
the reaction rate.

In general, the literature (Mostafaei et al., 
2015; Hingu et al., 2010) states that the ultrasonic 
technique requires lower costs compared to traditional 
(mechanical agitation), and this is due to several 
factors, including because the ultrasonic decreases 
energy use, since it provides a large amount of energy 
for the reaction mixture, and as a consequence, 
the temperature increases easily. As a result, there 
is no requirement for external heating and intense 
mechanical agitation in the production process (Vyas 
et al., 2010; Koh and Ghazi, 2011; Veljković et al., 
2012; Badday et al., 2012).

In this work, the energy requirements of the 
experimental equipment using ultrasonic were reduced 
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to 2/3 in relation to the experiments using mechanical 
agitation (3.6 kJ × 103). Similar behavior was reported 
by Lourinho and Brito (2015), who state that ultrasonic 
works better and with lower energy consumption 
compared to conventional agitation processes (Vyas et 
al., 2010; Banković-Ilić et al., 2012).

In relation to the reaction rate constant, it was 
verified in this paper that, at the temperature of 50 ºC, 
the rate constant for the reaction using mechanical 
agitation was 0.407 L/mol·min. This value is close 
to the value of the constant with ultrasound at the 
temperature of 30 ºC (Table 5), concluding that with 
ultrasound there was an increase of the reaction rate 
and reaction in a shorter time (Figure 7). This means 
the use of milder temperatures and shorter reaction 
times, and consequently lower energy requirements.

Although not discussed in this paper, another 
advantage offered by the use of the ultrasound 
approach is related to the lower excess of methyl 
acetate required to reach a similar or higher level 
of conversions (Maddikeri et al., 2013). A lower 
requirement of excess methyl acetate will certainly 
decrease the overall energy of the process, since 
methyl acetate separation (usually by distillation) is a 
very energy intensive operation.

Ultrasonic technology has acquired attention 
of researchers for its use on a large scale. 
Asgharzadehahmadi et al. (2016) conducted a 
detailed review of the literature on the applicability 
of sonochemical reactors in chemical processes and 
concluded that they are not yet used industrially due 
to unavailability of information on their characteristics 
and performance. Scaling up is hampered by the fact 
that information is required from a variety of fields, such 
as chemical engineering (gas-liquid hydrodynamics 
and other reactor operations), materials science 
(construction of transducers operating efficiently under 
high frequency and high energy dissipation), acoustics 
(for a better understanding of the sound field in the 
reactor). There seem to be considerable technical and 
economic limitations and virtually no industrial scale 
processing is being carried out. Undoubtedly, the 
combined efforts of chemists, physicists, chemical 
engineers, and equipment manufacturers will be 
necessary to enable the use of ultrasonic energy as 
a viable option for the intensification of the process 
(Gogate et al., 2003).

CONCLUSION

The present work intensified the study of biodiesel 
production by interesterification using ultrasonic 
waves, showing it to be a promising alternative to 

transesterification. Through an experimental planning 
and a response surface analysis, it was possible to study 
the variables that influenced the process and develop 
a model capable of accomplishing optimization. The 
model generated optimized the molar ratio to 1:14.87, 
catalyst concentration to 1.17%, ultrasonic probe 
amplitude to 67.64% and vibration pulse to 67.30%. 
Under these conditions, the model predicts complete 
conversion of the triglycerides. The kinetic study 
of the reaction performed at temperatures of 30, 40 
and 50 ºC indicated that it is a second order reaction 
and that the reaction rate constant increases with 
the temperature increase. The highest reaction rate 
constant was verified at 50 ºC (2.122 L mol-1 min-1) 
and the activation energy was quantified at 65.541 
kJ/mol. The experiments performed under optimized 
conditions with a conventional methodology 
(mechanical agitation) were compared to experiments 
using ultrasound. Therefore, the results obtained from 
the use of ultrasonic waves are highly significant, since 
an increase of 14% in the conversion of triglycerides 
with the use of ultrasonic waves was achieved in 
relation to the conventional methodology.
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