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Abstract
The main objective of this study was to assess the kinetics of the deterioration of blends of babassu and castor biodiesel. 
The biodiesel samples were synthesized by catalytic transesterification and characterized for their main physical proper-
ties such as kinematic viscosity, density, acid number, ester content, and oxidation stability. Thermal profiles were carried 
out using the Differential Scanning Calorimetry technique as presented in the American Society for Testing and Materi-
als (ASTM) E537 standard. Kinetic parameters were obtained using ASTM E2041 standard (Borchardt–Daniels method), 
following a statistical treatment from the ASTM E1970 standard. Among all samples, the pure castor biodiesel sample 
showed the highest extrapolated onset temperature  (Ts), 214.92 °C, and lowest reaction rate [k(T)], 1.02 × 10−3 min−1, 
indicating that this sample is more resistant to oxidation. On the other hand, the blend with the babassu/castor biodiesel 
mass ratio of 75/25 was the most prone to oxidize. Thus, castor biodiesel may be used as an additive to improve the 
oxidative stability of other sources of biodiesel, including babassu biodiesel.
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1 Introduction

Renewable energy sources have been intensely studied in 
Brazil and overseas. Focusing on sustainable development, 
researchers have been investigating new sources of clean 
energy, which may contribute to decreasing environmen-
tal impacts [1–3]. According to data from the 2017 Brazil-
ian Energy Balance, 41.5% of all energy produced in Brazil 
come from renewable resources, namely biomass (25.0%) 
and hydroelectric plants (11.1%). The other sources are 
petroleum (44.2%), natural gas (12.8%) and mineral coal 
(0.9%) [4].

In this context, biodiesel becomes an important bio-
fuel option. The production of biodiesel provides new job 
opportunities for both the rural workforce and specialized 
workers in the industrial sector. The use of this biofuel also 
contributes to the reduction of environmental pollution 
levels, since it does not contain sulfur or aromatic com-
pounds. Particulates and gas emissions, such as HC, CO, 
and  CO2, are also lower. Additionally, biodiesel is non-toxic, 
biodegradable, and produced using renewable sources 
[1–3, 5–7].

However, biodiesel presents some disadvantages 
compared to mineral diesel. The major problem is the 
cost of production: biodiesel is, by far, more expensive 

Received: 13 May 2019 / Accepted: 11 July 2019 / Published online: 20 July 2019

 * Maria A. S. Rios, alexsandrarios@ufc.br | 1Departamento de Engenharia Química, Grupo de Pesquisa em Separações por Adsorção, 
Núcleo de Pesquisas em Lubrificantes, Universidade Federal do Ceará, Campus do Pici, Bl. 709, Fortaleza, CE 60.455-900, Brazil. 2Instituto 
Federal de Educação, Ciência e Tecnologia do Ceará, Campus Tabuleiro do Norte, Rodovia CE 377, Km 2- Sítio Taperinha, Tabuleiro do Norte, 
CE 62960-000, Brazil. 3Departamento de Engenharia Mecânica, Grupo de Inovações Tecnológicas e Especialidades Químicas, Universidade 
Federal do Ceará, Campus do Pici, Bl. 714, Fortaleza, CE 60.440-554, Brazil.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-019-0917-2&domain=pdf
http://orcid.org/0000-0002-3145-0456


Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:884 | https://doi.org/10.1007/s42452-019-0917-2

than mineral diesel, mainly because of the high cost of 
raw materials (about 60–75% of the final biofuels price) 
[2, 3]. The use of new routes and technology may become 
this process cheaper than nowadays. For instance, Hajilari 
et  al. [3] reported the use of membrane processes to 
improve the quality of the biofuels, adding value to the 
final products.

Biodiesel is formed by long-chain alkyl esters of car-
boxylic acids, produced through transesterification and/
or esterification of a fatty substance from vegetable oils or 
animal fats. This biofuel may be produced from a variety of 
sources, including castor oil, soy oil, sunflower oil, babassu 
oil, beef tallow, fish oil, and others [8, 9]. Since it is obtained 
from organic matter and includes polyunsaturated esters 
in its chemical structure, biodiesel is susceptible to oxida-
tion at temperatures as low as 110 °C [10]. In the current 
study, we assessed the thermal deterioration of biodiesel 
blends derived from castor and babassu oils in various 
blending ratios (0–100%) using the Differential Scanning 
Calorimetry (DSC) technique.

Some studies have described the use of DSC equipment 
and the Borchardt–Daniels method to assess the oxidation 
reaction of different samples [11, 12]. Fryer and Taylor [11] 
evaluated the reaction kinetics of whey proteins using that 
method. However, due to whey protein characteristics, 
the Borchardt–Daniels method was inappropriate for this 
case. On the other hand, Kok et al. [12] used P-DSC (DSC 
with controlled pressure) to evaluate the kinetic behavior 
of two crude oils, varying the pressure in a programmed 
temperature range. In this case, the Borchardt–Daniels 
method provided suitable results.

In addition, the determination of kinetic parameters of 
the oxidation reaction of the vegetable oils has already 
been reported in some studies, such as Thurgood et al. 
[13] and Micic et al. [14]. Both studies reported that the 
reaction rate, k(T), is the main kinetic parameter to evalu-
ate the oxidation reaction. In other words, if one sample 

presents higher k(T) values than others, that sample is 
more prone to oxidize.

The current study aims to assess the kinetic deterio-
ration of biodiesel samples produced by two important 
oleaginous plants of the Brazilian Northeast region, cas-
tor (Ricinus communis L.) and babassu (Orbignya sp.) oils. 
Babassu and castor biodiesel samples (BB and CB, respec-
tively) were blended in mass ratios of 0/100, 25/75, 50/50, 
75/25 and 100/0 (CB/BB). The kinetic deterioration was 
then assessed using the DSC technique (ASTM E537 stand-
ard and Borchardt–Daniels method) in an oxidizing atmos-
phere in order to map their oxidation stabilities [15, 16].

2  Experimental section

2.1  Materials

The pure biodiesel samples (BB and CB) were synthesized 
by alkaline catalytic transesterification [5, 9, 17–20] and 
their main physicochemical properties (ester content, 
kinematic viscosity, density, acid number, and oxidation 
stability) are presented in Table 1. The BB/CB blends were 
prepared in mass ratios of 0/100, 25/75, 50/50, 75/25, and 
100/0.

As mentioned before, biodiesel is obtained from a mix-
ture of fatty acids. In this way, the castor oil biodiesel (CB) 
is mainly formed from ricinoleic acid, while the babassu oil 
biodiesel (BB) is mainly formed by saturated esters, espe-
cially the one from lauric acid. The different compositions 
and chemical structures of those fatty acids promote dis-
tinct physicochemical properties in the resulting biodiesel, 
including the oxidative stability [27, 28]. The chemical 
structures of these fatty acids are presented in Fig. 1.

The hydroxyl group (–OH) in the chemical structure of 
ricinoleic acid is (highlighted in Fig. 1) is the main factor for 
the high oxidation stability, kinematic viscosity, and cold 

Table 1  Physicochemical properties of castor (CB) and babassu (BB) biodiesel samples

a Resolution ANP (Brazilian National Agency of Petroleum, Natural Gas and Biofuels) No. 45, of August 25, 2014 [26]

Sample Property Result Specificationa Methods

Babassu biodiesel (BB) Ester content 96.5% 96.5% min EN 14103 [21]
Kinematic viscosity (40 °C) 2.8 3.0–6.0 mm2 s−1 ASTM D7042 [22]
Density (20 °C) 873 850–900 kg m−3 ASTM D445 [23]
Acid number 0.23 0.50 mg KOH g−1 max. EN 14104 [24]
Oxidation stability, induction period (110 °C) 5.43 8 h min EN 14112 [25]

Castor biodiesel (CB) Ester content 98.3% 96.5% min EN 14103 [21]
Kinematic viscosity (40 °C) 15.0 3.0–6.0 mm2 s−1 ASTM D7042 [22]
Density (20 °C) 926 850–900 kg m−3 ASTM D445 [23]
Acid number 0.30 0.50 mg KOH g−1 max. EN 14104 [24]
Oxidation stability, induction period (110 °C) 14.74 8 h min EN 14112 [25]
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flow properties [29] of the biodiesel sample obtained from 
castor oil (CB).

2.2  Measurements

Samples of 5 ± 0.1 mg were evaluated using a DSC 1, with a 
Gas Controller GC 200 (both from Mettler Toledo; Columbus, 
Ohio, USA), in aluminum crucibles with synthetic air flow-
ing at 50 mL min−1. The temperature was increased from 
30 to 500 °C at a heating rate, β, of 5 °C min−1. Calibration 
was performed using indium  (TMelting Temperature = 429.75 K, 
ΔHfusion = 28.54 J g−1) and zinc  (TMelting Temperature = 692.75 K, 
ΔHfusion = 108.09 J g−1) [30, 31]. The STARe Evaluation Soft-
ware, provided by Mettler Toledo (Columbus, Ohio, USA), 
was used for the curves manipulation.

The enthalpy variation (ΔH), onset temperature  (To), 
extrapolated onset temperature  (Ts) and peak tempera-
ture  (Tp) were obtained following ASTM E537: The Thermal 
Stability of Chemicals by Differential Scanning Calorimetry 
[15]. The reaction order, activation energy and Arrhenius 
pre-exponential factor were obtained following ASTM 
E2041: Estimating Kinetic Parameters by Differential Scan-
ning Calorimeter Using the Borchardt and Daniels Method 
[16]. The Borchardt and Daniels method is applicable for 
temperatures between 170 and 870 K for exothermic reac-
tions. The sample is heated at a linear rate and the rate of 
heat evolution, due to a chemical reaction, is proportional 
to the reaction rate. Integration of the heat flow as a func-
tion of time yields the total heat of a reaction [16].

2.3  Borchardt and Daniels method

Among several equations that drive kinetic models, the 
Borchardt and Daniels method uses two equations as a 
basis to determine their kinetic parameters. The first one 
is the rate equation to describe the dependence of the 
reaction rate on the amount of material present (Eq. 1).

where dα/dt = reaction rate  (min−1); k(T) = rate constant 
at temperature T  (min−1); T = absolute temperature (K); 

(1)
d�

dt
= k(T )(1 − �)

n

α = fraction reacted (dimensionless); and n = reaction order 
(dimensionless).

Second, the model also uses the Arrhenius equation 
(Eq. 2) to describe how the reaction rate changes as a 
function of temperature [15, 16].

where Z = Arrhenius pre-exponential factor  (min−1); 
E = activation energy (J  mol−1); and R = gas constant 
(= 8.314 J mol−1 K−1).

The experimental parameters are then evaluated 
using Eq. 3, which represents a combination between 
the logarithm forms of Eqs. 1 and  2.

Equation 3 has the form of z = a + bx + cy,
Where z ≡  ln[dα/dt]; a ≡  ln[Z]; b ≡  n; x ≡  ln[1 − α]; 

c ≡ – E/T; and y ≡ 1/T.
Multiple linear regression data treatment, ASTM E1970 

[32], is used to solve Eq. 3. This standard requires the dα/
dt, [1 − α] and T values, which may be easily estimated 
from the exothermic reactions using a DSC experiment, 
as depicted in Fig. 2.

According to the Method “A” of the Borchardt and 
Daniels procedure, the total peak area (ΔH) was divided 
into 20 equal intervals between the temperature that 
corresponds to 10% of the peak area and the temper-
ature correspondent to 90% of the peak area, named 
 T10% and  T90%. For each one of the 21 points (including 
extremes), the values of dH/dt and ΔHT (corresponding 
to reaction rate and remaining heat of reaction, respec-
tively), were estimated. Then, these values were used 
in Eqs. 4 and 5 to derive each dα/dt and [1 − α] values, 

(2)ln
[

k(T )
]

= ln [Z] −
E

RT

(3)ln

[

d�

dt

]

= ln [Z] + n ln [1 − �] −
E

RT

Fig. 1  Predominant fatty acids present in babassu oil (lauric) and 
castor oil (ricinoleic)

Fig. 2  Experimental data used to obtain kinetic parameters by the 
Borchardt and Daniels method
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which are the input data for the multiple linear regres-
sion data treatment (as described in ASTM E1970 [32]).

The kinetic parameters, such as activation energy, 
Arrhenius pre-exponential factor, and reaction order, 
were then estimated using the data treatment proposed 
in the method ASTM E1970 [32]. Finally, from the plotting 
of Eq. 2, a straight line should be obtained using the recip-
rocal of absolute temperature (1/T), in the x-axis, versus 
the logarithm of the reaction rate constant (ln[k(T)]), in 
the y-axis. The slope of the straight line is equal to − E/R 
and the intercept is equal to ln[Z]. In addition, this plot 
also provides r and  R2, which means the repeatability 
and reproducibility values, respectively. If both values are 
higher than 0.95 is an indication that the Borchardt and 
Daniels method is suitable for a given situation [16].

3  Results and discussion

The thermal profiles of the BB/CB blends are presented 
in Fig. 3. The curves are divided into three regions. The 
first exothermic peaks of each formulation are depicted 
in Region I, the second peaks in Region II and region III 
presents the higher temperature range (T > 378 °C). Since 
biodiesel is obtained from vegetable oils, the oxidative sta-
bility is the property that mostly affects its quality during 
extended storage time. Its thermoxidation may generate 

(4)[1 − �] =
ΔHT

ΔH

(5)
d�

dt
=

dH

dt

/

ΔH

compounds that could compromise the physicochemical 
properties and engine performance [33–36]. Therefore, an 
evaluation of thermal behavior, oxidation kinetic param-
eters, and quality improvement are important factors for 
reliable commercialization of biodiesel.

According to Thurgood et al. [13] and Micic et al. [14] 
the first peak is the main response of the DSC curve to 
evaluate the oxidation of a lipid compound. In other 
words, the hydroperoxide formation occurs in the first 
peak, representing the beginning of the oxidation reac-
tion. The second peak is characterized by the decomposi-
tion of hydroperoxides, and finally, region III corresponds 
to the complete thermal deterioration of the sample. Our 
results are in accordance to Conceição et al. [37], in their 
work the calorimetric curve of castor oil biodiesel pre-
sented exothermic transitions attributed to the process 
of decomposition of esters on temperatures higher than 
200 °C.

In this context, among the DSC curve parameters estab-
lished by the ASTM E537 standard,  Ts of the first peak was 
chosen to determine the beginning of the oxidation reac-
tion. The derivation of the other parameters of this stand-
ard, namely, ΔH,  To and  Tp, are depicted in Fig. 4 [12–14]. 
The ASTM E537 parameters of each formulation are then 
presented in Table 2.

Analyzing only the  Ts of each formulation, it is possible 
to observe its increase with increasing castor content, as 
previously reported by Silva [38] for castor/sunflower and 
castor/soybean biodiesel blends using P-DSC. Indeed, bio-
diesels with similar fatty acids structures present the same 
 Ts [39]. Additionally, Farias et al. [40] reported that castor 
oil enhanced the oxidative stability of the biodiesel blends 
because of the high content of ricinoleic acid.

Fig. 3  Thermal profiles of BB/CB blends
Fig. 4  Evaluation of DSC parameters of the first exothermic peak 
obtained using the ASTM E537 method
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From Fig. 4 and Table 2, the exception of the adding CB 
to the growth in  Ts was the sample containing 25% of cas-
tor biodiesel, which showed a lower  Ts value than the pure 
babassu biodiesel sample. In summary, from the  Ts analysis, 
the pure castor biodiesel sample is the most resistant to oxi-
dation, while the 75/25 BB/CB formulation is more prone to 
oxidize.

Proceeding on the evaluation of the oxidative stabil-
ity of the BB/CB blends, the determination of the kinetic 
parameters by ASTM E2041 may contribute to providing a 
deeper discussion. As mentioned, the data were collected 
from the DSC measurements using the recommendations 
of the ASTM E2041 method, and then statistically treated 
with the ASTM E1970 method. The estimated parameters 
are presented in Table 3.

The highest value of activation energy was observed for 
the pure babassu biodiesel sample (114.03 kJ mol−1), and 
the lowest value was observed for the pure castor biodiesel 
sample (96.15 kJ mol−1). Also, as the content of CB increases 
the activation energy increases, which is an indication that 
the oxidation reaction occurs more easily for CB than for 
BB. However, observing the results for induction periods 
(see Table 1), DSC parameters (Table 2), and the chemical 
structures of ricinoleic acid and lauric acid, CB is clearly more 
resistant to oxidation than BB.

Therefore, as suggested in other studies [13, 14], the reac-
tion rate, k(T), of the kinetic parameters, would be more suit-
able to evaluate the oxidative stability of lipid substances, 
including the BB/CB blends. The chosen temperature to cal-
culate k(T) was 485.15 K (212 °C) since the oxidation reaction 
is in progress for all blends at this temperature, even in differ-
ent stages. The values obtained for k(T) are shown in Table 4.

Observing the k(T) results, pure castor biodiesel is clearly 
more resistant to oxidation with the lowest k(T) value, 
1.02 × 10−3 min−1. As the castor content decreases in the 
blends, the k(T) values increase, indicating that the addi-
tion of CB improves the oxidative stability of the blend. 
Again, the exception is the 75/25 BB/CB blend, with k(T) 
of 1.90 × 10−3 min−1, slightly higher than 1.88 × 10−3 min−1 
of the pure babassu biodiesel. Additionally, it is possible to 
observe a pattern between the  Ts values reported in Table 2 
and the k(T) values shown in Table 4. In other words, the 
pure castor biodiesel sample is the most resistant to oxida-
tion, while the 75/25 BB/CB blend is more prone to oxidize.

From these results, similarly to what was previously 
reported by Santos et al. [28] in a DFT study, castor biodiesel 
may be used as an additive to improve the oxidative stability 
of biodiesel obtained from other sources, such as babassu. 

Table 2  DSC parameters 
estimated according to the 
ASTM E537 for CB/BB blends

a β—heating rate of DSC method
b To—onset temperature
c  Ts—extrapolated onset temperature
d Tp—peak temperature
e ΔH—enthalpy variation

Sample βa (°C  min−1) Tob (°C) Tsc (°C) Tpd (°C) ∆He (J g−1)

100% babassu 5 192.06 201.00 227.78 209.56
75% babassu 25% castor 193.30 193.46 228.10 275.75
50% babassu 50% castor 201.02 204.64 231.29 293.15
25% babassu 75% castor 200.34 208.30 234.37 327.47
100% castor 211.52 214.92 237.86 323.24

Table 3  Estimated kinetic parameters and  R2 for CB/BB blends 
according to ASTM E2041 and ASTM E1970 standards

a n—reaction order
b E—activation energy
c ln Z—logarithm of Arrhenius pre-exponential factor
d R2—reproducibility value

Sample na Eb (kJ mol−1) ln  Zc (Z,  min−1) R2 d

100% babassu 1 114.03 ± 5.55 21.99 ± 1.33 0.9570
75% babassu 25% 

castor
109.12 ± 1.65 20.79 ± 0.40 0.9957

50% babassu 50% 
castor

102.70 ± 0.72 18.96 ± 0.17 0.9991

25% babassu 75% 
castor

97.62 ± 1.12 17.51 ± 0.26 0.9975

100% castor 96.15 ± 0.63 16.70 ± 0.15 0.9992

Table 4  Values of reaction rate k(T) at 485.15 K for CB/BB blends

Sample 100% babassu 75% babassu 25% castor 50% babassu 50% castor 25% babassu 75% castor 100% castor

k(T), 485.15 K  (min−1) 1.88 × 10−3 1.90 × 10−3 1.51 × 10−3 1.24 × 10−3 1.02 × 10−3
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However, without any supplementary tests, it is not clear the 
reason why the 75/25 BB/CB blend presented higher suscep-
tibility to oxidize than the pure babassu biodiesel sample, 
but this suggests that there is some synergy effect or other 
factors involved in the biodiesel oxidation reactions, promot-
ing this unexpected result.

Finally, the plot of 1/T versus ln[k(T)] is illustrated in 
Fig. 5, as a result of the application of both ASTM E2041 
and ASTM E1970 standards.

From Fig. 5 and Table 4, it is possible to realize that most 
of the samples presented good approximation of a straight 
line, showing  R2 values higher than 0.9900. In general, the 
statistical model offered an accurate fitting of the experi-
mental data with the Arrhenius equation [16].

The DSC results indicate that this technique may be 
used to monitor the thermoxidation of biodiesel since 
they are in agreement with previous reports on biodiesel 
oxidation using the Rancimat method [35–42].

4  Conclusions

Binary blends of babassu and castor biodiesel sam-
ples were prepared, in proportions of babassu/castor 
mass ratios of 0/100, 25/75, 50/50, 75/25, and 100/0, in 
order to evaluate their oxidative behavior. The biodiesel 
properties depend on their esters. Because of this, the 
babassu and castor biodiesel samples, evaluated using 
DSC, showed different thermoxidative stabilities. The 
sample with the highest thermoxidative stability was 
the pure castor biodiesel showing the highest value of 
extrapolated onset temperature  (Ts) and the lowest value 
of k(T), while the 75/25 BB/CB binary blend presented 
the worst oxidative stability behavior. Therefore, we con-
clude that castor biodiesel may improve the oxidative 

stability of babassu biodiesel, and the DSC technique 
may be used for assessing, monitoring, and ascertain-
ing the oxidation kinetic parameters and mapping the 
thermal stability of biodiesel blends prepared from those 
two vegetable oils. In addition, the high  R2 values imply 
that the use of Borchardt–Daniels method is suitable to 
evaluate the oxidation reaction of biodiesel samples, and 
the results indicate that this technique may be used to 
monitor the thermoxidation of biodiesel since it shows 
good agreement with previous reports using the Ranci-
mat method.
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