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Nesse estudo um planejamento experimental de misturas de biodieseis é utilizado para avaliar 
e otimizar a estabilidade oxidativa de amostras de biodiesel de soja contendo diferentes teores 
de biodiesel de sebo e de mamona. As misturas de biodieseis foram preparadas com teores que 
variaram entre 80-86% (v/v) para a soja, 5-15% (v/v) para o sebo e 1-10% (v/v) para a mamona. 
O período de indução da amostra de biodiesel de soja puro serviu de base para a comparação com 
a estabilidade das misturas. A estratégia de planejamento experimental de misturas mostrou-se 
adequada para a formulação de misturas de biodiesel com ótima estabilidade oxidativa. O modelo 
quadrático obtido na etapa de otimização ajustou-se adequadamente aos dados experimentais, sendo 
capaz de prever as proporções ótimas para misturas com maior estabilidade oxidativa. O melhor 
período de indução foi obtido com as seguintes proporções: 82,5% (v/v) de soja, 7,5% (v/v) de 
sebo e 10,0% (v/v) de mamona.

This study proposes an experimental design of biodiesel constrained mixtures to evaluate and 
optimize the oxidative stability of soybean biodiesel mixed with different amounts of tallow and 
castor bean biodiesels. To prepare the biodiesel blends, the proportions of each type of biodiesel 
were varied, producing mixtures that contained 80-86% (v/v) soybean, 5-15% (v/v) tallow, and 
1-10% (v/v) castor bean biodiesel. The induction period of pure soybean biodiesel served as 
the baseline for comparing the stability of the mixtures. The experimental design strategy was 
capable of producing the best oxidative stability for biodiesel mixtures. The quadratic model 
obtained in the optimization stage fits the experimental data well. The higher induction period 
occurred at the following composition: 82.5% (v/v) soybean, 7.5% (v/v) tallow and 10.0% (v/v)  
castor bean.
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Introduction

Biodiesel is an alternative fuel to petrodiesel with 
potential to change the worldwide energy matrix  and 
decrease the impact of fossil fuels on the environment. 

It is composed of mono-alkyl esters from fatty acids 
derived from vegetable oil, which may help reduce 
greenhouse gas emissions and promote the inclusion of 
rural communities in the biofuel economy.1,2 In addition, 
biodiesel is biodegradable, functions as a lubricant in its 
pure form and has comparable fuel properties to those 
from petrodiesel.2,3
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Biodiesel has been marketed as a substitute for 
petrodiesel  and as an additive to fossil fuels. However, 
biodiesels inherently possess low oxidative stability, which 
must be taken into account in any practical application.4 
Factors such as humidity, temperature and light exposures, 
as well as contact with oxygen in the atmosphere, 
unsaturated compounds and metals, all affect the oxidative 
stability and quality of the biodiesels. Biodiesels are less 
resistant to oxidation than typical fossil fuels. Therefore, 
the presence of biodiesels in petrodiesel may significantly 
affect the stability of the mixture.5 As a result, it is important 
to conduct evaluation studies and develop technologies that 
increase the biodiesel resistance to oxidation during long 
storage periods.6,7

The physicochemical properties of biodiesels depend 
on the raw materials that are used. Therefore, one way 
to increase the resistance to degradation  and improve 
the final product quality is to use a mixture of biodiesels 
derived from different forms of biomass.8 Depending on the 
raw material, biodiesels will contain varying amounts of 
unsaturated compounds. These compounds are susceptible 
to oxidation reactions, which are accelerated by exposure to 
oxygen and high temperatures, and may result in polymeric 
compounds that are harmful to internal combustion 
engines.4,9 Biodiesel mixtures have been employed to 
improve important fuel properties, such as the specific mass, 
viscosity, flash point, cold filter plugging point (CFPP) and  
oxidative stability.10-12

Biodiesel from soybean was blended with palm and 
rapeseed biodiesels having higher oxidation stability, 
improving the quality of the final blend.13 Biodiesels from 
jatropha  and pongamia oils,  and palm biodiesel were 
blended with different ratios and a close relationship was 
observed between oxidation stability  and the fatty acid 
methyl ester (FAME) composition.14 Blends of biodiesel 
from palm, sacha-inchi, jatropha  and castor oils were 
prepared as a strategy to obtain a biodiesel with a better 
oxidative stability and the best biodiesel blend was made 
of 75% jatropha and 25% castor.15 Sarin et al.16 examined 
blends of jatropha and palm biodiesel in order to achieve 
an optimal blend in terms of oxidative stability. Single, 
binary, ternary and quaternary mixtures of canola, palm, 
soybean and sunflower oil methyl esters were prepared, and 
fuel properties were measured, including stability.17

Soybean oil is an important raw material for biodiesel 
production. In Brazil, soybean oil constitutes approximately 
85% of the raw material used in biodiesel production.18 
However, 75% of the triacylglycerides in soybean oil are 
formed from unsaturated fatty acids, which are comprised 
of more than 50% linoleic acid (C18:2).19 Unsaturated fatty 
acids are incorporated into biofuels and reduce the stability 

of the fuel. As a result, soybean biodiesel requires additives 
to allow the product to meet certain specifications.18

In contrast to soybean oil, animal fat contains a large 
amount of saturated compounds, which results in greater 
product stability.20 Castor bean biodiesel is composed 
of approximately 90% ricinoleic acid, which increases 
the oxidative stability of this biodiesel.21 Because of the 
stability issues with soybean biodiesel  and the favorable 
characteristics of castor bean and tallow biodiesels, the use of 
blends of these fuels may be a suitable method to improve the 
stability of mixtures that contain mostly soybean biodiesel. 
In this way, experimental design methods can provide a 
convenient approach to identify an ideal mixture composition 
to yield a product with increased oxidative stability.

Experimental mixture design is used in various 
fields of science and industry, especially in the chemical 
industry, to obtain models used to estimate parameters and 
optimize various processes.22,23 In addition, experimental 
design methods save time  and resources because fewer 
samples and experiments are necessary than with univariate 
assessments.24 In studies on biodiesel, although experimental 
design has been used for formulations purposes,25 the main 
application of this strategy is to investigate the influence of 
process variables on the biodiesel production.26-28

Experimental designs, such as mixture designs, are 
efficient processes for discovering relationships between 
the response variables and various parameters that influence 
these responses.29 In the mixture design approach, the 
sample properties are determined by the proportion 
of the components (xi) in the mixture, which are not 
independent.30 The sum of the fractions of the mixture 
components always added to 100%, and if the percentage 
of one component in the mixture was altered, then the 
percentage of one or more of the other components also 
varies.31 Another relevant characteristic of the independent 
variables is that their relative proportions, as opposed to 
their absolute quantities, affected the product properties. 
The graphical representation of a ternary mixture is an 
equilateral triangle, and the vertices correspond to the pure 
components, the sides correspond to binary mixtures, and 
the internal points correspond to ternary mixtures.32

The present study proposes the use of a constrained 
mixture design to evaluate the influence of each type of 
biodiesel component (soybean, tallow and castor bean) on 
the oxidative stability of biodiesel blends. This study also 
determined the composition with the greatest stability.

Experiment

Biodiesel samples of soybean  and tallow biodiesels 
were kindly supplied by Petrobras Biocombustíveis 
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(Candeias, Brazil)  and Comanche Biocombustíveis da 
Bahia (Simões Filho, Brazil). It is worth emphasizing that 
soybean biodiesel was a commercial sample with synthetic 
antioxidants. The castor bean oil was supplied by Bom 
Brasil (Salvador, Brasil) and the biodiesel was prepared in a 
batch laboratory-scale transesterification process, according 
to the procedure by Berman and Wiesman.33 All biodiesel 
samples were obtained from transesterification reactions 
through methylic route.

Experimental design

In the present study, the induction period (IP) of 
biodiesel mixtures (y) was determined using the following 
generalized quadratic model:34

	 (1)

In equation 1, the first summation contains terms 
representing the linear terms of all components  and 
describes effects related to IP of the pure components in 
the mixture. In contrast, the second summation describes 
the binary interactions between biodiesel sample pairs 
with respect to IP. The constrained mixture design used 
in this study allowed for the evaluation of the model and 
interactions between variables.24 Statistica  version  7.0 
software was used to analyze the experimental data.

Normally, the mixture designs consider only a subregion 
or a smaller space within the experimental region. This 
situation occurs when additional constraints in the form 
of upper and/or lower limits are placed on the component 
proportions. These types of mixture designs are named 

pseudocomponent design and the sum of the values of the 
pseudocomponents is equal to 1.29

Samples were prepared with different proportions of 
biodiesel from soybean (the major component), castor 
bean and tallow, which are shown in Table 1. It was used 
a constrained mixture design because soybean biodiesel 
must be present in the greatest proportion in the blends. 
In this design, the maximum concentration of 86, 15 and 
10% (v/v) was established for soybean, tallow, and castor 
bean biodiesels, respectively. The minimum concentration 
of soybean, tallow  and castor bean biodiesels was 80, 
5 and 1% (v/v), respectively. The pseudocomponents were 
calculated as:

	 (2)

where xi
’: pseudocomponent, xi: real concentration of 

component and Ci: lower limit of the component. Table 1 
shows the volume percent proportions of the mixtures along 
with their pseudocomponent values.

Determination of the oxidative stability

The oxidative stability of the biodiesel samples was 
determined according to the EN 14112 standard,35 using 
a Metrohm Rancimat 743 unit (Herisau, Switzerland). 
During the procedure, 3 g of each sample were placed in 
a Rancimat reaction vial, and the oxidation was induced 
by passing air over the sample (10 L h-1) at a constant 
temperature of 110 °C. These conditions accelerated the 
formation of oxidized compounds, and the resulting gases 
were directed into a measuring cell containing deionized 
water. The conductivity of the water in the measuring cell 

Table 1. Experimental design matrix

Mixture
Component / %, v/v Pseudocomponent 

Soybean Tallow Castor bean Soybean Tallow Castor bean

M01 86.0 5.0 9.0 0.429 0.000 0.571

M02 80.0 15.0 5.0 0.000 0.714 0.286

M03 86.0 13.0 1.0 0.429 0.571 0.000

M04 84.0 15.0 1.0 0.286 0.714 0.000

M05 85.0 5.0 10.0 0.357 0.000 0.643

M06 80.0 10.0 10.0 0.000 0.357 0.643

M07 80.0 12.5 7.5 0.000 0.536 0.464

M08 86.0 9.0 5.0 0.428 0.286 0.286

M09 85.5 5.0 9.5 0.393 0.000 0.607

M10 82.0 15.0 3.0 0.143 0.714 0.143

M11 85.0 14.0 1.0 0.357 0.643 0.000

M12 82.5 7.5 10.0 0.179 0.179 0.642

M13 83.5 10.5 6.0 0.250 0.393 0.357
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was continuously monitored, and a sudden increase in the 
conductivity of the solution (water plus volatile component) 
occurred after the absorption of volatile acidic compounds 
into the water. The time until the sudden increase in 
conductivity was called the induction period (IP). After 
the induction period, the oxidation rate, peroxide index, 
oxygen absorption and formation of volatile compounds, 
all rapidly increased.36 Rancimat analyses of each mixture 
sample were done in duplicate.

Results and Discussion

Analysis of responses

The proportions of soybean, tallow  and castor bean 
biodiesel were varied to optimize the oxidative stability 
within the constrained mixture design. IP of the pure soybean 
biodiesel sample was 9.5 h  and served as the baseline 
to compare the stability of the mixtures. The tallow and 
castor bean biodiesel samples had an IP of 21.0 and 87.6 h, 
respectively. As shown in Table 2, most of the mixtures 
possessed greater IP than the pure soybean biodiesel sample.

Samples M04, M06, M07, M10, M11 and M12 displayed 
the highest IP. These samples contained large proportions of 
tallow or castor bean biodiesel, and M06 and M07 contained 
some of the lowest proportions of soybean biodiesel. These 
findings indicate that tallow and castor bean biodiesels tend 
to increase the oxidative stability and that soybean biodiesel 
tends to decrease the oxidative stability. The latter claim is 
supported by samples M01 and M05, which have the lowest 
IP and greatest proportion of soybean biodiesel.

Samples may behave differently from what is expected 
due to interactions between the components of the mixture, 
which are not necessarily linear or additive in nature. In 

other words, when a response is obtained that is greater than 
expected from the mixture composition, there is a positive 
synergistic effect among the components of the blend. 
When a response is lower than expected, an antagonistic 
effect dominates the mixture.

The significance of the observed effects was verified 
using the analysis of variance (ANOVA) method along 
with the significance levels represented by the p-value. The 
ANOVA results were used to generate a Pareto chart, which 
estimated the effects of individual factors and interactions 
between the concentrations of soybean, tallow and castor 
bean biodiesel components (Figure 1). The lengths of 
the bars are proportional to the absolute values estimated 
for the individual effects and interactions, and the graph 
presents a comparison of the relative importance of each 
of the components in the system.

Figure 1 shows that the tallow biodiesel  and castor 
bean biodiesel exerted significant positive effects on the 
IP of the mixture. This increased as the concentration of 
tallow or castor bean biodiesel was increased. Soybean 
biodiesel also exerted significant effect, however with 
negative influence on IP. Furthermore, Figure 1 also 
demonstrates that the interaction between soybean and 
tallow biodiesel (A × B) affect IP, confirming a synergistic 
effect. Moreover, the interactions between tallow  and 
castor beans (B × C),  and soybeans  and castor beans 
(A × C) were not significant.

The experimental data were fit by the quadratic model 
shown in equation 3:

y = –57.3A + 11.3B + 25.2C + 144.8AB +  
83.7AC + 4.42BC	 (3)

In this expression, y is IP; A, B and C represent the 
concentrations of biodiesel from soybean, tallow  and 

Table 2. Induction period (IP) of the biodiesel samples obtained by the 
Rancimat analysis and quadratic model

Mixture Observed IP / h IP by the equation / h

M01 13.05/13.05 10.34

M02 13.23/13.20 16.19

M03 13.17/13.15 17.37

M04 22.45/22.82 21.27

M05 10.04/9.99 14.96

M06 19.92/19.30 21.27

M07 22.31/22.94 18.87

M08 16.69/16.99 14.22

M09 13.90/12.94 12.76

M10 21.55/21.35 20.44

M11 23.50/22.49 20.06

M12 27.77/24.45 22.73

M13 16.53/17.18 21.44

Figure 1. Pareto chart  and estimation of the effects on the oxidative 
stability of the biodiesel mixtures. A: soybean, % (v/v); B: beef tallow, 
% (v/v); C: castor bean, % (v/v). AB, AC, and BC represent the interactions 
between the variables.
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castor bean, respectively; and AB, AC and BC represent 
the interactions between the variables.

Table 2 compares the experimentally observed IP with 
the value that was calculated using equation 3. Figure 2a 
shows the surface described by the quadratic model, and 
Figure 2b shows the associated contour map. These 
figures show that IP decreased in samples with the greatest 
proportion of soybean biodiesel. In addition, greater 
proportions of tallow  and castor bean biodiesel tend to 
increase IP of the mixtures.

The established restrictions have delimited an 
asymmetrical experimental region  and some predicted 
values may be discordant from that obtained experimentally. 
However, considering the errors inherent to the system and 
the response surface (Figure 2a), it is possible to establish that 
the optimum proportion indicated by the equation has better 
induction period. Figure 2a shows that the response surface 
has the same behavior profile of the experimental results.

The negative value of the first term of the equation 3 
indicates that the increase of the proportion of soybean 

biodiesel decreases the response y (IP). However, the main 
effects of the second and third terms of the equation are 
positive and indicate that the increase of the proportion of 
tallow and castor bean biodiesels contributes to increase 
the IP of the mixture. The high value of AB coefficient 
means that the simultaneous presence of tallow and soybean 
biodiesel results in higher responses than expected; and 
it is possible to infer that the mixture of biodiesel from 
tallow and soybean has a synergistic effect. This synergistic 
effect of soybean and tallow biodiesel is very interesting 
as these two biofuels are the most used ones in Brazil’s 
energetic matrix.

The higher IP occurred at the following composition: 
82.5% (v/v) soybean, 7.5% (v/v) tallow, and 10.0% (v/v) 
castor bean. A biodiesel sample prepared with this proportion 
has been analysed  and its physicochemical parameters 
are shown in Table 3. All results are within Brazilian 
Regulatory Agency for Oil, Gas  and Biofuels (ANP),37 
EN 1421438 and ASTM 675139 quality standards, and as 
shown in Table 3, this mixture possessed good quality.

Figure 2. (a) Response surface of the quadratic model obtained for the ternary biodiesel mixtures. (b) Contour map of the global response from the 
simultaneous optimization of the induction period of the biodiesel samples.

Table 3. Physicochemical properties of 82.5% (v/v) soybean, 7.5% (v/v) tallow and 10.0% (v/v) castor bean biodiesel

Parameter Result ANP specification29 EN 1421430 ASTM 675131

Ester content / % , m/m 97.1 96.5, min. 96.5, min. -
Viscosity / (mm2 s-1), 40 °C 4.5 3.0-6.0 3.5-5.0 1.9-6.0

Density / (kg m-3) 885 850-900 860-900 -
CFPP / °C 6 19, max. - Report

Flash point / °C 174 100, min. 101, min. 93, min.

Free glycerine / % <0.02 0.02, max. 0.02, max. 0.020, max.

Total glycerine / % < 0.10 0.25, max. 0.25, max. 0.240, max.

Monoglyceride / % < 0.1 Report 0.80 -
Diglyceride / % < 0.05 Report 0.20 -
Triglyceride / % < 0.05 Report 0.20 -
Induction period / h 26 6 6 3

Acid value/ (mg KOH g-1) 0.48 0.50, max. 0.50, max. 0.50, max.

Copper corrosion / rating, 3 h, 50 °C 1 1 1 3

Water content / (mg kg-1) 195 500, max. 500, max. -
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Conclusions

Experimental mixture design proved to be an efficient 
method to evaluate the influence of soybean, tallow and 
castor bean biodiesels on the oxidative stability of biodiesel 
blends. This study has shown that the addition of tallow and 
castor bean biodiesel tends to improve the induction period 
of biodiesel samples that mostly consist of soybean biodiesel. 
This finding encourages further studies on the production of 
different biodiesel blends to improve the final product quality. 
In general, the experimental mixture design has proven useful 
in determining the optimal composition of soybean biodiesel 
mixtures with respect to induction period.
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