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8. Anexos 

 
Tabela A.1. Resultados com a média dos resultados de ICP OES das amostras 
estudadas no tempo inicial (t0) e final (t24). 

 
 

 
Figura A.1. Gráfico da temperatura e umidade do termohigrômetro em função do tempo. 
No intervalo entre 22-out-15 a 11-nov-15 a bateria do termohigrômetro acabou e ficou 
sem realizar as medidas. 

Resultados 
ICP OES       
(mg kg-1) 

Sn Cd Zn Cu Pb P Ni Na Mg K Fe Cr Ca

B100 - t0 < 0.03 < 0.001 < 0.003 < 0.006 < 0.02 < 0 .1 < 0.005 0.82 0.015 < 0.1 < 0.002 < 0.001 0.11
B100 - t24 < 0.03 < 0.001 < 0.003 < 0.006 < 0.02 < 0 .1 < 0.005 0.93 < 0.003 < 0.1 < 0.002 < 0.001 < 0.02

B20 S10 - t0 < 0.03 < 0.001 < 0.003 < 0.006 < 0.02 < 0 .1 < 0.005 1.6 0.034 < 0.1 < 0.002 < 0.001 0.10
B20 S10 - t24 < 0.03 < 0.001 < 0.003 < 0.006 < 0.02 < 0 .1 < 0.005 0.89 0.011 < 0.1 < 0.002 < 0.001 0.12
B20 S500 - t0 < 0.03 < 0.001 < 0.003 < 0.006 < 0.02 < 0.03 < 0.005 < 0.1 < 0.003 < 0.1 < 0.002 < 0.001 0.14
B20 S500 - t24 < 0.03 < 0.001 < 0.003 < 0.006 < 0.02 < 0.03 < 0.005 < 0.1 < 0.003 < 0.1 < 0.002 < 0.001 < 0.02

B7 S10 - t0 < 0.03 < 0.001 < 0.003 < 0.006 < 0.02 < 0 .1 < 0.005 1.01 0.027 < 0.1 < 0.002 < 0.001 0.040
B7 S10 - t24 < 0.03 < 0.001 < 0.003 < 0.006 < 0.02 < 0 .1 < 0.005 1.88 0.031 < 0.1 < 0.002 < 0.001 0.31
B7 S500 - t0 < 0.03 < 0.001 < 0.003 < 0.006 < 0.02 < 0.03 < 0.005 < 0.1 < 0.003 < 0.1 < 0.002 < 0.001 0.13
B7 S500 - t24 < 0.03 < 0.001 < 0.003 < 0.006 < 0.02 < 0.03 < 0.005 < 0.1 < 0.003 < 0.1 < 0.002 < 0.001 0.12
B0 S10 - t0 < 0.03 < 0.001 < 0.003 < 0.006 < 0.02 < 0 .1 < 0.005 0.56 < 0.003 < 0.1 < 0.002 < 0.001 < 0.02
B0 S10 - t24 < 0.03 < 0.001 < 0.003 < 0.006 < 0.02 < 0 .1 < 0.005 0.68 < 0.003 < 0.1 < 0.002 < 0.001 < 0.02
B0 S50 - t0 < 0.03 < 0.001 < 0.003 < 0.006 < 0.02 < 0 .1 < 0.005 1.1 0.022 < 0.1 < 0.002 < 0.001 0.48

B0 S500 - t24 < 0.03 < 0.001 < 0.003 < 0.006 < 0.02 < 0 .1 < 0.005 < 0.1 < 0.003 < 0.1 < 0.002 < 0.001 0.06
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Figura A.2. Exemplos dos perfis das curvas do Rancimat® de condutividade elétrica 
versus tempo para os quatro tipos de misturas B7 S10, B20 S10, B7 S500 e B20 S500 em 
diferentes tempos. 

 
Figura A.3. Espectros comparativos de FTIR-HATR da mistura B0 S10 (replicatas x) 
nos tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 
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Figura A.4. Espectros comparativos de FTIR-HATR da mistura B0 S10 (replicatas y) 
nos tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 
 

 
Figura A.5. Espectros comparativos de FTIR-HATR da mistura B7 S10 (replicatas x) 
nos tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 
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Figura A.6. Espectros comparativos de FTIR-HATR da mistura B7 S10 (replicatas y) 
nos tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 

 
Figura A.7. Espectros comparativos de FTIR-HATR da mistura B7 S500 (replicatas y) 
nos tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 
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Figura A.8. Espectros comparativos de FTIR-HATR da mistura B20 S10 (replicatas x) 
nos tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 
 

 
Figura A.9. Espectros comparativos de FTIR-HATR da mistura B20 S10 (replicatas y) 
nos tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 
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Figura A.10. Espectros comparativos de FTIR-HATR da mistura B20 S500 (replicatas x) 
nos tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 

 
Figura A.11. Espectros comparativos de FTIR-HATR da mistura B20 S500 (replicatas y) 
nos tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 
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Figura A.12. Espectros comparativos de FTIR-HATR da mistura B100 (replicatas y) nos 
tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 

 
Figura A.13. Espectros comparativos de FTIR-HATR dos resíduos da mistura B100 
formados após o ensaio de Rancimat (replicatas x e y) nos tempos 4, 6, 8, 13 e 18 
semanas de envelhecimento a 43 °C. 
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Figura A.14. Espectros comparativos de FTIR-HATR dos resíduos da mistura B20 S10 
formados após o ensaio de Rancimat® (replicatas x e y) nos tempos 4, 6, 8, 13 e 18 
semanas de envelhecimento a 43 °C. 

 
Figura A.15. Espectros comparativos de FTIR-HATR dos resíduos da mistura B20 S500 
formados após o ensaio de Rancimat® (replicatas x e y) nos tempos 4, 6, 8, 13 e 18 
semanas de envelhecimento a 43 °C. 
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Figura A.16. Espectros comparativos de FTIR-HATR dos resíduos da mistura B7 S10 
formados após o ensaio de Rancimat® (replicatas x e y) nos tempos 4, 6, 8, 13 e 18 
semanas de envelhecimento a 43 °C. 
 

 
Figura A.17. Espectros comparativos de FTIR-HATR dos resíduos da mistura B7 S500 
formados após o ensaio de Rancimat® (replicatas x e y) nos tempos 4, 6, 8, 13 e 18 
semanas de envelhecimento a 43 °C. 
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Figura A.18. Espectros comparativos de Raman da mistura B0 S10 (replicatas x) nos 
tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 

 
Figura A.19. Espectros comparativos de Raman da mistura B0 S10 (replicatas y) nos 
tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 
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Figura A.20. Espectros comparativos de Raman da mistura B0 S500 (replicatas x) nos 
tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 

 
Figura A.21. Espectros comparativos de Raman da mistura B0 S500 (replicatas y) nos 
tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 
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Figura A.22. Espectros comparativos de Raman da mistura B7 S10 (replicatas x) nos 
tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C.  

 
Figura A.23. Espectros comparativos de Raman da mistura B7 S10 (replicatas y) nos 
tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 
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Figura A.24. Espectros comparativos de Raman da mistura B7 S500 (replicatas x) nos 
tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 
 

 
Figura A.25. Espectros comparativos de Raman da mistura B7 S500 (replicatas y) nos 
tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 
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Figura A.26 Espectros comparativos de Raman da mistura B20 S10 (replicatas y) nos 
tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 

 
Figura A.27. Espectros comparativos de Raman da mistura B20 S500 (replicatas y) nos 
tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 
 

DBD
PUC-Rio - Certificação Digital Nº 1221711/CA



118 
 

 
Figura A.28. Espectros comparativos de Raman da mistura B100 (replicatas x) nos 
tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 

 
Figura A.29. Espectros comparativos de Raman da mistura B100 (replicatas y) nos 
tempos 0, 2, 4, 6, 8, 13, 18 e 24 semanas de envelhecimento a 43 °C. 
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Figura A.30. Perfis das curvas de titulação do índice de acidez das misturas B0 S10, B0 
S500, B7 S10 e B7 S500 no tempo inicial do experimento (t0). 

 
Figura A.31. Perfis das curvas de titulação do índice de acidez das misturas B20 S10, 
B20 S500 e B100 no tempo inicial do experimento (t0). 
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ABSTRACT: A series of physicochemical studies performed on Brazilian commercial Bx (0%, 7%, 20%, and 100% soybean/
tallow biodiesel) mixtures in S10 and S500 oil diesel, as well as the performance of two rapid and still underexplored techniques,
namely, FTIR-HATR and Raman spectroscopies, to evaluate the hydrolysis and oxidative stability of these blends are reported.
The addition of biodiesel to diesel affects negatively the aging resistance of the resulting blends. S500 blends are more acidic than
S10 blends, in accordance with the higher water content of the former. Rancimat accelerated oxidative stability tests showed that,
as expected, the induction times of B7 and B20 samples are greater than that of B100, independent of the sulfur content of the
diesel. The practical use of FTIR-HATR to characterize the mixtures’ degradation stage is conditioned by the fact that there are
two chemical contributions for the studied band. On the other hand, Raman spectroscopy represents a very suitable
spectroscopic probe for unsaturations in the fatty acids chains of biodiesel. Since FTIR-HATR and Raman spectroscopies do not
require any sample preparation, are fast and quite low cost techniques, and cause low impact to the environment, further
attention must be paid to their use in the analysis of biodiesel-containing fuels degradation.

1. INTRODUCTION

The global energy crisis, as well as environmental preservation,
have directed the companies to look at the renewable energy
sources. Among these is biodiesel, which is usually obtained by
the catalytic transesterification reaction between a vegetable oil
or an animal fat and short chain alcohols. Biodiesel comprises a
blend of fatty acid esters having similar properties to those of
fossil fuel, making it possible to use it as a substituent for
petroleum diesel, or even to employ biodiesel/diesel mixtures.1

Although Brazil has a diversity of vegetable oils, soybean is
the most used raw material in biodiesel production. According
to ANP (Brazilian National Agency of Petroleum, Natural Gas
and Biofuels), in December 2015, this oil source accounted for
91.47% of the biodiesel produced in Brazil, followed by animal
fat (5.58%), cottonseed oil (2.88%), and other fatty materials
(0.06%).2 Soybean oil is also an essential raw material in the
United States, with 519 million pounds consumed by June
2016.3 On the other hand, in Germany, rapeseed oil is the
preferred source for biodiesel production.4

Unlike fossil fuels, that are relatively inert and retain their
essential characteristics during storage, biodiesel degrades with
time. Oxidation of biodiesel is a very complex process that can
be affected by many factors such as composition of the fuel and
storage conditions.5 The fatty acid profile of biodiesel
corresponds to that of parent oil or fat and is a major factor
influencing its properties. However, the biodiesel and its blends
have been found to be more prone to oxidation than the
vegetable oils themselves.

The use of such degraded biofuel in engines causes
operational problems like fuel filter plugging, injector fouling,
and deposit formation in the engine combustion chamber and
in various components of the fuel system, affecting the engine’s
performance severely.6,7 The low quality of fuel can be
characterized by a series of indicators, such as the appearance
of color and the presence of soluble gums and insolubles in the
fuel, which are important stability characteristics.7,8 Changes in
the quality of biodiesel as increasing in its acidity (through
hydrolysis), oxidation, and the formation of undesirable
products (e.g., polymers and deposits) have been studied by
several research groups.5,9−15

The resistance of biodiesel to oxidative degradation during
storage is an important issue concerning both the viability and
sustainability of such a class of alternative fuels. Storage stability
is the capacity of liquid fuel to resist to changes in its physical
and chemical characteristics brought about by its interaction
with environment.16 Various authors have carried out long-term
storage tests on biodiesel quality and investigated the effect on
the physical properties of the fuel with respect to time.16−18

According to the results obtained by Das et al.16 for 180 days
storage of biodiesel produced from Karanja oil, the peroxide
value and viscosity increased with the increase in the storage
time, meaning that the oxidative stability was decreased.
Bondioli et al.17 reported that, after one year of storage,
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peroxide values increase, but the most significant changes were
recorded in oxidation stability, evaluated by Rancimat tests.
Bouaid et al.18 conducted a study for a period of 30 months and
observed that the acid value, peroxide value, viscosity, and
insoluble impurities increased, while the iodine value decreased,
by increasing the storage time of biodiesel samples.
The tendency of adding certain biodiesel content to diesel is

growing gradually in Brazil. Currently, the Brazilian commercial
diesel corresponds to a B7 (7% biodiesel added to diesel)
blend. The law no. 13263 (March 23, 2016)19 states that,
within 12 months, the fraction of biodiesel added to diesel will
be 8% (B8), within 24 months, 9% (B9), and within 36 months,
10% (B10). After this period and conducting tests on engines
to validate the use of the biodiesel−diesel mixtures, the
proportion of biodiesel added to the diesel sold to the Brazilian
consumer will be 15% (B15). Recently, the Brazilian govern-
ment introduced in the national market the low sulfur content
diesel (S10). Therefore, the products S500 and S10 (containing
not more than 500 mg kg−1 and 10 mg kg−1 of sulfur,
respectively) coexist currently for the road segment.
Infrared spectroscopy (FTIR) is an analytical technique

widely used to monitoring the quality of biodiesel/diesel
blends, including the checking of fuel adulteration. FTIR has
many advantages: it is a nondestructive technique, which allows
direct and rapid determination of various properties, without
the need of sample pretreatment. The literature reports the use
of FTIR to monitoring the transesterification of vegetable oils
with methanol20,21 and ethanol.22 Several studies have been
reported using FTIR for the analysis of free fatty acid.23−26 This
technique has also been used in the determination of the
anisidine value.24,27 Various authors28−30 have also employed
FTIR to determine the degree of unsaturation from mixtures of
fatty acids. The progress of the transesterification involving
different mixtures of animal fat and soybean oil was monitored
by the FTIR absorbance bands at 1465 and 1436 cm−1 by
Canoira et al.31

As diesel and biodiesel have different chemical groups, the
infrared spectra of these fuels contain specific characteristic
bands; thus, this technique may also be used to quantify the
percentage of biodiesel in biodiesel/diesel combinations.32 The
ABNT NBR 15568 standards,33 ASTM D7371,34 and DIN EN
1407835 establish conditions for the quantification of biodiesel
in diesel by spectroscopy in the mid-infrared region employing
a multivariate calibration model based on the PLSR (partial
least squares regression) mathematical algorithm. Hence, this
technique represents a quite conventional method to evaluate
the percentage of biodiesel in Bx blends.
On the other hand, an attenuated total reflectance (ATR)

accessory in FTIR spectroscopy and Raman spectroscopy itself
are less used tools considering these determinations, although
they allow for fast quantitative analyses and do not require
sample preparation, nor the use of any solvent.36,37 This is
completely in line with environmentally friendly Green
Chemistry precepts.
In summary, there are abundant publications on the storage

and oxidative stability of vegetable oils and biodiesel, although
there is still scarce literature available concerning biodiesel/
diesel mixtures, mainly about the particular biodiesel Brazilian
matrixes (i.e., soybean/tallow). However, maintaining the
quality of biodiesel in Bx blends is mandatory with the aim
of spreading its use as an alternative source of energy. The
degradation of these blends during long storage periods should
therefore be the object of study and research, especially in

Brazil, taking into account the new national laws regarding the
use of low sulfur content S10 diesel in those mixtures. In this
context, the present work reports a series of physicochemical
studies performed on commercial Bx mixtures constituted of
80/20% soybean/tallow biodiesel in S10 and S500 oil diesel
and investigates the performance of two rapid and still
underexplored techniques, namely, mid-infrared using a
horizontal ATR (HATR) accessory and Raman spectroscopies,
to evaluate the hydrolysis and oxidative stability of these blends.

2. MATERIALS AND METHODS
Samples of type A, i.e., biodiesel-free diesel having not more than 500
mg kg−1 (S500) and 10 mg kg−1 (S10) of sulfur, were provided by
Ipiranga Produtos de Petroĺeo S.A. (Caxias Distribution Center), as
characterized by the manufacturer. The product was specified
according to the parameters listed in the ANP Technical Regulations
50/2013,38 69/2014,39 and 13/2015,40 without the addition of any
antioxidant agent. The S500 diesel marketed in Brazil receives the
addition of an azo dye, namely, Sudan III, to differentiate it from the
low sulfur diesel S10, which is colorless to pale yellowish.

100% soybean [50.6% wt linoleic acid (C18:2), 25.3% wt oleic acid
(C18:1), 11.4% wt palmitic acid (C16:0), 8.2% wt linolenic acid
(C18:3), 4.2% wt stearic acid (C18:0)] biodiesel and 100% bovine/
suine tallow [42.2% wt oleic acid (C18:1), 24.6% wt palmitic acid
(C16:0), 19.2% wt stearic acid (C18:0), 5.6% wt palmitoleic acid
(C16:1), 3.5% wt miristic acid (C14:0)] biodiesel were produced by
the methyl route through basic transesterification, without the addition
of antioxidants. Characterizations were made by the producing plants,
according to the ANP Technical Regulation 45/2014.41 The biodiesel
matrix used in this work was prepared by mixing 80% soybean
biodiesel and 20% tallow biodiesel by volume. Biodiesel/diesel blends,
on the other hand, were constituted from this biodiesel matrix and S10
or S500 diesel oil in the ratios 0%, 7%, 20%, and 100% of biodiesel by
volume. All of the samples were prepared in duplicate and identified as
B0 S10 (0% biodiesel by volume in S10 diesel), B0 S500 (0% biodiesel
by volume in S500 diesel), B7 S10 (7% biodiesel by volume in S10
diesel), and B7 S500 (7% biodiesel by volume in S500 diesel), B20 S10
(20% biodiesel by volume in S10 diesel), B20 S500 (20% biodiesel by
volume in S500 diesel), and B100 (100% soybean/tallow biodiesel).
The blends were vigorously homogenized, and volumes of 100 mL
were transferred to proper glass vials (borosilicate) with an aperture of
5 mm diameter on its cover to allow the entrance of atmospheric
oxygen and oxidation of the samples. A total of 112 flasks representing
the seven studied blends were analyzed in duplicate at eight different
times (namely, 0, 2, 4, 6, 8, 13, 18, and 24 weeks).

The samples were stored during 24 weeks in an oven set at (43 ± 2)
°C42 and with free air circulation. Periodically, at 2, 4, 6, 8, 13, 18, and
24 weeks, vials were removed and placed in the dark for 30 min to
reach room temperature, preventing photolytic reactions, and some
stability parameters were evaluated. The homogeneity of the oven
temperature and internal moisture were verified through a calibrated
thermos hygrometer installed inside the oven, which was programmed
to automatically record temperature and moisture once a day for 24
weeks. The 43 °C temperature and storage time of 24 weeks were
chosen based on ASTM D4625,42 which simulates a less stressful fuel
storage. A more stressful condition, on the other hand, would be at the
temperature of 90 °C, suitable to simulate situations of interest to the
automotive industry.43

The following analyses were carried out in the studied mixtures at
all times, in order to evaluate the degree of sample degradation:
oxidative stability by Rancimat (DIN EN 1575144), water content by
Karl Fischer (ASTM D630445), and Raman and HATR mid-infrared
spectroscopies. On the other hand, the acid value tests (ASTM
D66446), biodiesel content (DIN EN 1407835), and elemental analysis
by ICP-AES (ASTM D711147 and NBR 1555348) were only analyzed
at the beginning and end of the experiments (points 0 and 24 weeks,
respectively).
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3. INSTRUMENTATION
Water Content. For the determination of water content in the

samples, automatic coulometric titrations were carried out, by using a
Metrohm KFC apparatus, model 756, coupled to an oven sample
processor, following the standard ASTM D6304.45

Biodiesel Content. The biodiesel content in diesel was analyzed at
the beginning and end of the experiment (t0 and t24) according to the
standard indicated in ANP Technical Regulation 50/2013,38 which is
based on DIN EN 1407835 (by regular FTIR spectroscopy). The
equipment used was a Spectrum 100 mid-infrared PerkinElmer
spectrophotometer. The samples B20 and B100 were diluted,
respectively, 4 and 20 times in cyclohexane, in order to quantify
them in the same analytical curve used for the other samples.
Acid Value. The acid value of fuel samples was determined at the

beginning and at the end of the experiments (t0 and t24) in an
automatic 836 titrando equipment (Metrohm, Switzerland), with a
combined glass membrane pH electrode saturated with lithium
chloride (in ethanol). The acid values of the biodiesel/diesel blends
were obtained by the standard test method for acid number
determination, based on potentiometric titration, ASTM D664.46

ICP-AES. The metals act as catalysts for the decomposition of
hydroperoxides, accelerating autoxidation.49 In this sense, the
multielemental content of all the studied blends at t0 and t24 was
analyzed by inductively coupled plasma atomic emission spectrometry,
ICP-AES, in a Plasma P1000 PerkinElmer apparatus, following ASTM
D711147 for pure diesel and its blends and ABNT NBR 1555348 for
the B100 samples.
The procedures are based on dilution of samples in a suitable

solvent; in this study was used high purity kerosene, from Sigma-
Aldrich. The dilution factor used for diesel samples was 2× and 4× for

the biodiesel ones, so that the solutions had not much different
viscosities and reached the optical detection limit of the method.
Yttrium was added as an internal standard, and a standard certificate
was used to validate the method, NIST 1084a, which showed the
expected recovery.

Oxidative Stability. The oxidative stability was determined using
the Rancimat equipment (Metrohm, model 892), according to the
European Standard DIN EN 15751.44 The minimum limit of biodiesel
to meet the criteria of this method is 2% by volume, as amounts
containing less than this percentage of biodiesel make the test
inaccurate due to increased vaporization of the sample, which ends up
degrading and evaporating before the period induction can be
determined.

Infrared Absorption Spectroscopy. Each sample was evaluated
by its infrared absorption spectrum, obtained on a Spectrum 100 FTIR
spectrophotometer (PerkinElmer) having a HATR accessory and
processed by the 6−1.0 Spectrum software package (PerkinElmer).
The spectra were collected at a resolution of 4 cm−1, using a four scan
accumulation (recorded from 4000 to 650 cm−1). The ZnSe cell was
cleaned two times with small amounts of n-heptane before each sample
be placed in it, without any kind of pretreatment, as a thin film.

Raman Spectroscopy. Raman scattering spectra were obtained
with a FT-Raman spectrometer model Station 400 (PerkinElmer).
Samples were placed directly into a quartz cuvette (10 mm optical
path length), and the spectra were collected in the wavenumber range
(3300−200) cm−1 with a resolution of 4 cm−1 (four scan
accumulation). The laser excitation frequency was 780 nm (red
light), its intensity, 100%, and the camera’s position in the horizontal
CCD detector at −49 °C were as follows: back/forward to 20 mm,
left/right to 71 mm, up/down to 0 mm. The spectra were processed

Figure 1.Water content for biofuel (B100) and biofuel/fuel blends (S10 and S500) for the 24 weeks experiment: A: 100% biodiesel (B100); B: 20%
biodiesel (B20); C: 7% biodiesel (B7) and D: 0% biodiesel (B0). Error bars are calculated from the standard deviation.
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by the Spectrum 6.3.5 software package (PerkinElmer). The n-heptane
and acetone, used in very small quantities in order to clean and dry the
cell, respectively, were purchased from Vetec (Brazil).

4. RESULTS AND DISCUSSION

Water Content. Figure 1 shows the water content
measured during the course of experiments. As can be seen,
biodiesel samples absorb a great quantity of water. This can be
attributed to its high hygroscopy.50 In this sense, as expected,
samples with higher biodiesel content had a greater water
increase. At the end of the experiment, the B100 sample
showed a growth of 430% in the content of water in
comparison to the initial value, while the B20 sample increased
its water amount by about 70% and the B7 sample, by only
19%.
As can be observed in Figure 1B, C, and D, the water

contents of the blends containing S500 diesel, as well as that of
pure S500 diesel itself, are greater than those derived from the
S10 fuel, even when comparing samples containing the same
biodiesel percentage. This suggests that the absorption of water
is a process not only associated with the presence of biodiesel,
but to the nature of the diesel used as well. In the process of
sulfur components removal from diesel, also polar olefins and
aromatics, besides phenolic and amine components, are
withdrawn from the fuel, leading to an increase in saturation.
This makes the S10 diesel “less polar” and hence reduces its
ability to incorporate water. Teixeira and Cortaś (unpublished
results) have verified the higher affinity for water of the S500
diesel in relation to S10, being this solvent easier to separate
from S10 blends.
Chemical Characterization of the Samples. The initial

(t0) and final (t24) water and biodiesel contents, as well as TAN
for all of the studied samples, are shown in Table 1.
For the biodiesel content parameter, a paired nonparametric

test (the Wilcoxon test),51 where the samples’ average before
and after aging (t0 and t24) shown in Table 1 were statistically
compared at a 95% level of confidence, resulted in non-
significant differences between both groups since Tcalculated (= 7)
is smaller than Ttabulated (= 8).
There are two main biodiesel degradation pathways:

oxidation and hydrolysis. The acid value is an indicator of the
hydrolysis progress. Water hydrolyzes the biodiesel to form free

carboxylic acids. In our study, no significant variations in the
results of acid value were found between initial and final times
neither in all of the blends considered nor in the pure diesel
samples. However, the B100 samples showed a significant
increase, of about 7 times, in the TAN parameter. These results
are in accordance with the literature. For example, El Boulifi et
al.52 observed that the acid value of corn biodiesel increased
(about 3-fold) after six months of storage at normal
temperature. The difference found in the acidity increment
due to storage in the present work can be attributed to the
altered storing temperatures to which samples were submitted,
as temperature plays a crucial role in biofuel oxidation, and
even to the diverse fatty acids’ content of the samples compared
(corn vs soybean/tallow). It is worth noting that the t0 TAN
values correlate very well with the water content of the samples,
as measured by Karl Fischer. This is also true for the acidity of
the high biodiesel content samples (B100 and B20), regarding
the final, i.e., 24 weeks storage, TAN determinations.
Currently, there is no acidity limit for the use of road diesel

in Brazil. However, considering the limit for biodiesel of 0.50
mg KOH g−1,41 it can be concluded that the acidity values
determined for the blends would not lead to the reduction of
fuel quality, not causing thus problems concerning their use.53

The ICP-AES analysis showed the presence of sodium and
calcium from biodiesel production, but the values found are
lower than the maximum limits for biodiesel stated in ANP
Technical Regulation 45/2014.41 Other metals are present in
ultralow (traces) concentrations, most of them being under the
method’s limit of detection.

Accelerated Oxidative Stability. The accelerated oxida-
tive stability through Rancimat determines the sample’s
antioxidant reservation. The standard method DIN EN
1575144 can be applied to both pure biodiesel (B100) samples
and to biodiesel/diesel blends, provided they contain, at least,
2% biofuel by volume. Due to this reason, we have not made
this analysis to the B0 samples. ANP Technical Regulation 45/
201441 states that the oxidative stability (Rancimat) for pure
biodiesel should be at least 8 h. Meanwhile, ANP Technical
Regulation 2/201154 imposes a minimum of 20 h to the
oxidative stability of B6−B20 mixtures using the standard
method DIN EN 15751.44

Table 1. Basic Chemical Characterization of Samples: Water Content, Biodiesel Content, and TAN, Carried out at the
Beginning (t0) and at the End (t24) of the Experimentsa

assays water content by Karl Fischer (mg kg−1) biodiesel content (% by volume) TAN (mg KOH g−1)

samplesb t0 t24 t0 t24 t0 t24

B100 x 294 ± 13 1671 ± 36 103.6 ± 6.5 106.0 ± 6.7 0.29 ± 0.11 2.29 ± 0.25
B100 y 290 ± 13 1432 ± 33 102.8 ± 6.5 100.6 ± 6.4 0.30 ± 0.11 2.01 ± 0.23
B0 S10 x 51 ± 4 55 ± 5 0.0 ± 0.0 0.0 ± 0.0 0.02 ± 0.04 0.02 ± 0.04
B0 S10 y 51 ± 4 57 ± 5 0.0 ± 0.0 0.0 ± 0.0 0.02 ± 0.04 0.03 ± 0.04
B7 S10 x 72 ± 5 89 ± 6 7.0 ± 0.4 7.5 ± 0.5 0.04 ± 0.05 0.03 ± 0.04
B7 S10 y 73 ± 6 83 ± 6 7.0 ± 0.4 7.5 ± 0.5 0.04 ± 0.05 0.03 ± 0.04
B20 S10 x 86 ± 6 156 ± 9 20.2 ± 1.3 19.6 ± 1.2 0.08 ± 0.06 0.08 ± 0.06
B20 S10 y 86 ± 6 157 ± 9 20.1 ± 1.3 22.4 ± 1.4 0.08 ± 0.06 0.08 ± 0.06
B0 S500 x 63 ± 5 67 ± 5 0.0 ± 0.0 0.0 ± 0.0 0.04 ± 0.05 0.02 ± 0.04
B0 S500 y 61 ± 5 72 ± 6 0.0 ± 0.0 0.0 ± 0.0 0.04 ± 0.05 0.04 ± 0.05
B7 S500 x 79 ± 6 91 ± 6 6.8 ± 0.4 7.3 ± 0.5 0.06 ± 0.06 0.07 ± 0.06
B7 S500 y 78 ± 6 94 ± 6 6.8 ± 0.4 7.5 ± 05 0.06 ± 0.06 0.07 ± 0.06
B20 S500 x 109 ± 7 178 ± 9 19.6 ± 1.2 22.9 ± 1.4 0.10 ± 0.07 0.15 ± 0.08
B20 S500 y 105 ± 7 180 ± 10 19.6 ± 1.2 20.2 ± 1.3 0.10 ± 0.07 0.15 ± 0.08

aThe respective reproducibility of each standard procedure is included in the results. bx and y refer to replicates.
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Figure 2 presents the variation on the oxidation stability of
blends (S10 and S500) and biofuel (B100) at the beginning

(t0) and the end (t24) of the experiments. B7 blends have higher
values than the one specified in ANP Technical Regulation 2/
2011,54 even at the end of the experiment (after 24 weeks of
storage at 43 °C), which indicates that these blends are

completely within specification. On the other hand, the
induction times of the B20 mixtures are smaller than the
minimum specified already in the beginning of the experiments.
B100 samples exhibited, as soon as after 2 weeks of storage,
induction times 27% lower than those at the beginning of the
experiment. These t2 values are below 8 h, being out of ANP
Technical Regulation 45/2014 specification.41 At t8, i.e., after 8
weeks of storage, the induction period reduced to 0.01 h, thus
remaining until the end of the experiments. This may be
attributed to two different reasons. First, biodiesel hygroscopy,
since water absorbed by the blends hydrolyzes the fatty acid
esters in the mixture and therefore contributes to a reduction in
the oxidative stability. Induction time data are in agreement
with the water content in the samples. Second, and perhaps
more important, the greater amount of insaturations in the high
biodiesel content samples, as double bonds constitute points
readily susceptible to oxidation processes.
ASTM D4625 states that each week at 43 °C corresponds to

a month of storage at 70 °F.42 Assuming that we accept this
relationship for the studied blends, only B7 mixtures are an
acceptable fuel according to ANP Technical Regulation 2/
2011.54

Although the ASTM D462542 test condition of 43 °C may be
not suitable for B100 samples (since the test was developed for
assessing the stability of petroleum-derived fuels), reactions that
occur in diesel-containing blends at typical storage temper-
atures are apparently the same as those that occur at 43 °C.
Bondioli et al.55 compared the results from D4625 assays upon

Figure 2. Variation on the oxidation stability of blends (S10 and S500)
and biofuel (B100) at the beginning (t0) and the end (t24) of
experiments, with the minimum values specified in ANP’s Technical
Regulations. Error bars were calculated from the standard deviation.

Figure 3. Overlapped spectra in the mid-infrared (FTIR-HATR) of S10 diesel mixtures containing different percentages of biodiesel at t0. Insets: a
detail of the carbonyl ester band (1746 cm−1), selected for analysis (left) and the analytical curve of band intensity as a function of biodiesel content
in the blend (right). The profile corresponding to S500 blends is quite similar to the one represented in the figure.
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storage for a year in drums at 43 °C and at room conditions.
Their results for the room temperature study showed only
modest degradation, while in the D4625 temperature (43 °C)
experiment the results revealed significant levels of fuel
degradation, indicating that deleterious reactions occurring in
B100 are accelerated much more by increasing the temperature
than those that happen in conventional diesel fuels.
Therefore, the oxidative stability of B7 and B20 blends,

independent of the sulfur content of the diesel, is greater than
that of B100. The B7 blends have a higher oxidative stability
than B20 blends. These results support the clue that biodiesel
stability, and not the diesel properties, is the main factor
affecting the impact of blends stability on fuel systems and
injector deposits and durability.
Infrared HATR Spectroscopy. The mid-infrared spectra of

a series of biodiesel/diesel (S10) blends, prepared in order to
evaluate the quality of the FTIR-HATR-derived analytical
curve, are depicted in Figure 3. All of the measurements were
obtained at t0 (not aging) and constitute the typical biofuel/fuel
vibrational profile before oxidation of the samples.
The correlation coefficient of the analytical curve was 0.9901,

indicating that the FTIR-HATR technique represents a very
good method to quantify esters (and, therefore, biodiesel) in
the blends. S10 blends gave the linear equation y = 0.0139x +
0.0537, while for S500 blends (not shown in Figure 3) the
linear regression was y = 0.0137x + 0.1204.
Differences in chemical composition of biodiesel compared

to diesel directly impact on fuel properties. Diesel is a
petroleum-derived fuel, consisting of paraffinic, naphthenic
hydrocarbons, ranging from 10 to 28 carbons.56 On the other
hand, biodiesel is a biofuel consisting of fatty acids methyl or
ethyl esters, produced from renewable sources (mainly
vegetable oils) using pure alcohol and small amounts of
catalyst.57

Figure 4 shows the mid-infrared spectra of pure S500 diesel
(B0 S500) and pure biodiesel (B100) before aging of the
samples. A band present at approximately 3009 cm−1 in the
B100 spectrum can be assigned to the CH stretching vibrations
of cis unsaturations in the esterified fatty acids chains of
biodiesel. The asymmetric stretching (2923 cm−1) and the
symmetric stretching (2855 cm−1) bands of the methylene
groups, as well as a shoulder in the former absorption (2954

cm−1) corresponding to asymmetrical stretchings of the
terminal methyl groups can be easily identified in both spectra.
The stretching vibration of the ester triglycerides, only present,
as expected, in the B100 spectrum, is observed at 1741 cm−1. A
low-intensity band is detected at 1655 cm−1 and could be
attributed to the stretching vibration of CC bonds of the acyl
groups of oleic and linoleic acids present in B100. There is, in
B100 and B0 S500 spectra, an asymmetric band at
approximately 1436 cm−1, which can be assigned to bending
movements of the scissoring type involving methylene groups
of the chains. On the other hand, the 1377 cm−1 band can be
associated with the symmetric bending of methyl groups. The
bands at 1246, 1168, 1119, and 1017 cm−1, which are absent in
the B0 S500 spectrum, can be assigned to the stretching
vibrations of the different esters C−O bonds.58−61

As stated above, there are two main biodiesel degradation
pathways: oxidation and hydrolysis. The vulnerability of this
fuel to oxidation during storage is related to the presence of
unsaturations in its fatty acids chains. The kinetics of biodiesel
oxidation is highly reliant on both the number of CC double
bonds and their relative positions within the molecule
(dioxygen readily reacts with bis-allylic methylene groups,
after homolytic scission of a C−H bond, initiating an
autoxidation radical chain reaction sequence that leads to
hydroperoxides as the first stable products). The overall
oxidation stability could also be affected by cis/trans isomer-
ization.62,63 On the other hand, absorbed water hydrolyzes the
biodiesel to form free carboxylic acids, which, in turn, impact on
TAN values. In this context, the hygroscopy of biodiesel is a
point to be considered.
Bands in the fingerprint region should not be used as a

parameter in the evaluation of stability toward degradation, as
they are usually overlapped, preventing their isolation in order
to quantitatively determine their area or intensity. Con-
sequently, the high intensity band at 1746 cm−1 was chosen
to evaluate the extension of hydrolysis, even though some
bands observed in the fingerprint region have suffered a great
variation upon time degradation.
Biofuel samples contain a mixture of several different

components, and specific, completely free of interferences,
absorptions related to individual constituents/groups are very
difficult to find. For this reason, in the present study, the ratio

Figure 4. Comparative FTIR-HATR spectra, with main distinctive bands highlighted, of pure biodiesel (B100) and biodiesel-free diesel fuel (B0
S500) before the aging process.
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between the intensities of a reference peak and that of the peak
of interest at a given time, i.e., (Iν1/Iν2)tx, were used to
monitory sample stability, since this approach minimizes
natural variations between replicates and allows for comparison
of data recorded on different times. Other authors had already
used specific spectral intensity ratios to monitor fuel
stability.64−67 The band at 2854 cm−1 was chosen as a
reference (ν1), since it is narrow, relatively symmetrical, and
assigned to symmetric stretching of methylene groups, which
are expected not to undergo major variations during the aging
process.
The band related to the carbonyl stretching of esterified fatty

acids, at 1746 cm−1, undergoes noticeable aging-related
changes. Figure 5 displays the I2854/I1746 ratios over time,
along with the respective error bars associated, for the samples
B7 (S10 and S500), B20 (S10 and S500), and B100 during the
aging experiments. The combined standard deviation for the
values of this quotient produced a coefficient of variation of
0.03%.51

The I2854/I1746, or I2854/I1741 in the case of B100, ratio
decreases along aging for all the analyzed samples, meaning that
CO “concentration” is progressively increasing. The effect is
definitively larger for B7 blends and is virtually the same for
B20 and B100 samples. Secondary oxidation products, such as
aldehydes and ketones, absorb near ester carbonyls and may be
contributing to an increase in the intensity of this band.
Therefore, the decrease in the I2854/I1746 (1741) ratio can be

indicative of the production of secondary oxidation products,
which seems to overcome the expected decrease of CO
bonds due to hydrolysis. At the end of the experiments, a
reduction of 15.7% was found for the B7 S10 I2854/I1746 ratio,
while for the B7 S500 sample the reduction was only 10.5%.
For the blends with higher biodiesel content, reduction was
7.7% (B20 S10) and 6.2% (B20 S500). As shown by the data
above, the relative increase in the CO band intensity is larger
for the blends derived from the low sulfur content diesel. The
results obtained for the B7 samples could be rationalized on the
basis of both a higher oxidation rate of the B7 S10 blend, since
the Rancimat analyses indicated that, in this case, the induction
time for B7 S10 is shorter than that of B7 S500, and a reduced
rate of hydrolysis, as the S10 diesel is less hygroscopic than
S500. On the other hand, for the B20 samples, there is no
statistically significant difference between the induction times of
B20 S10 and B20 S500, which implies that the dissimilarities
observed between these blends are mainly due to hydrolysis
(B20 S10 is less hygroscopic and exhibits a diminished
hydrolysis rate). This also explains why the impact on the
carbonyl band is larger for the B7 blends.
The data can mainly be interpreted as resulting from larger

secondary oxidation products formation in the samples. Two
concurrent processes, oxidation and hydrolysis, make it
unsuitable the use of carbonyl band intensity, measured in
the mid-infrared region, as a parameter to accurately quantify
fuel degradation.

Figure 5. Variation of the I2854/I1746 ratio for fuel blends (S10 × S500) and I2854/I1741 ratio for pure biofuel maintained at 43 °C. A: 7% biofuel (B7);
B: 20% biofuel (B20) and C: 100% biofuel (B100). Error bars calculated from the combined standard deviations.
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Raman Spectroscopy. Figure 6 displays the Raman spectra
of pure diesel (B0 S10 and B0 S500) and pure biodiesel (B100)

before the aging process (t0). Some characteristic bands, which
differ from one fuel to the other, are highlighted for the sake of
comparison.
The Raman spectrum of pure biodiesel (B100) shows a

profile similar to that already reported in the literature.68

Different from infrared spectroscopy, the carbonyl stretching
band observed at 1746 cm−1 in the Raman spectrum of B100 is
a low-intensity band and, therefore, of limited analytical
interest. For this reason, Raman spectroscopy is not the most
suitable technique for monitoring the biodiesel hydrolysis
reaction.
However, biodiesel has a medium and well-defined band at

1659 cm−1, which is due to the stretching of cis CC double
bonds, molecular point where oxidation takes place. In general,
CC stretching in cis alkenes occurs between (1660 and
1630) cm−1, while CC stretching in trans alkenes is observed
between (1680 and 1665) cm−1. On the other hand, the band
associated with the C−H stretching of cis olefins can be
observed at 3014 cm−1. This absorption is obviously absent in
the diesel spectra.
Figure 7 presents the corresponding calibration plots of the

bands at 1659 and 3014 cm−1 for biodiesel concentrations
ranging from 0% (B0 S10) to 80% by volume, at t0. The
spectrum of pure biodiesel (B100) was not included in order to
not radically change the initial analytical matrix (diesel fuel).
The correlation coefficient (R2) values were 0.9944 (absorption
at 1659 cm−1) and 0.9868 (band at 3014 cm−1), while the linear
regressions afforded, respectively, equations y = 140.2x +
1159.6 and y = 71.355x + 2047.9. On the other hand, S500
blends (not shown in Figure 8) provided the equations y =
28.647x + 6847 (R2 = 0.8674) and y = 17.17x + 3991.8 (R2 =
0.9197) for the absorptions at 1659 and 3014 cm−1,
respectively. Thus, band intensities correlate well with biodiesel
concentrations in the blends, making Raman spectroscopy
especially suitable for monitoring the integrity of unsaturations
present in the biodiesel chain.

Figure 6. Comparative Raman scattering spectra of pure diesel (B0
S10 and B0 S500) and pure biodiesel (B100) samples, before aging
(t0). Some specific bands are highlighted.

Figure 7. Overlapped Raman spectra (special focus is given to the bands at 1659 and 3014 cm−1) of S10 diesel mixtures containing different
percentages of biodiesel, at t0. The corresponding analytical curves of intensities as a function of biodiesel content in the blend are displayed to the
right of each spectrum. The profile corresponding to S500 blends is quite similar to the one represented in the figure.
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Figure 8 shows the I2853/I1659 and I2853/I3014 ratios as
functions of the aging time for the samples B20 S10 and B20
S500, maintained at 43 °C. B7 blends were not included, since
their biodiesel content was too low to allow for accurate
quantitative measurements. For samples containing 20%
biodiesel, results on the band at 3014 cm−1 support the
depletion of cis CC double bonds due to oxidation and/or
isomerization. Concerning the I2853/I1659 quotient, a similar
trend is observed: the increase of the ratio denotes a decrease in
the amount of cis CC double bonds along the aging process.

5. CONCLUSIONS
Biodiesel from sources rich in saturated fatty acids (e.g., tallow)
can increase the shelf life of soybean biodiesel. On the other
hand, the addition of a certain percentage of biodiesel to diesel,
although in line with an environmentally friendly development,
affects negatively the aging resistance of the resulting blends.
S500 blends are more acidic then S10 blends, in accordance

with the higher water content of the former. At t0, the acidity of
pure (B100) biodiesel (0.50 mg KOH g−1) is much higher than
those of S10 (0.02 mg KOH g−1) or S500 (0.04 mg KOH g−1)
blends, as B100 is much more hygroscopic than the B7 and B20
mixtures.
Accelerated oxidative stability tests (by Rancimat) showed

that the induction times of B7 and B20 samples are greater than
that of B100, independent of the sulfur content of the diesel.
Among the biodiesel/diesel blends studied, only B7 mixtures
are an acceptable fuel according to the ANP Technical
Regulation 2/2011.
FTIR-HATR spectroscopy constitute a good analytical tool

in order to survey the band at 1746 cm−1 (CO stretching).
The practical use of this methodology to characterize Brazilian
fuel’s degradation stage, however, is conditioned by the fact that
there are two main chemical contributions for the band:
hydrolysis and oxidation. On the other hand, Raman spectros-
copy is not a good technique to follow carbonyl groups, since
the resulting bands present very low intensity. Bands at 1659
cm−1 (cis alkene CC stretching) and 3014 cm−1 (cis alkene
CH stretching), however, represent a very suitable spectro-
scopic probe for unsaturations in the esterified fatty acids chains
of biodiesel.
Since FTIR-HATR and Raman spectroscopies do not require

sample preparation, are fast and quite low cost techniques, and
cause less impact to the environment than other common
methodologies, further attention may be paid to the
combination of IR/Raman-derived information in order to

separate individual contributions to the main bands, cleaning
the way toward the development of high-quality sustainable
fuels.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: nicoarey@puc-rio.br. Phone number: +55 21 3527-
1813. Fax: +55 21 3527-1801.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
V.S.B. Valente would like to thank Ipiranga Produtos de
Petro ́leo S.A. for support and VRAC/PUC-Rio for the
conceded scholarship. N.A. Rey would like to thank Brazilian
funding agencies FAPERJ (Fundaca̧õ Carlos Chagas Filho de
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