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The purpose of this research was to evaluate the influence of metallic alloys and copper in the
degradation of biodiesel in mixture with blackberry extract. Biodiesel is formed by unsaturated
esters highly susceptible to the oxidation reaction. The initial induction period (IP) of the control
sample was 9.53 h and, after 208 days, the IP reduced to 5.74 h. However, with the addition of the
antioxidant, the final IP was 6.27 h. The assays involving carbon steel, stainless steel, silver steel
and copper showed final IP of 3.78, 4.43, 1.59 and 0.09 h, respectively. This behavior indicates
that the reaction was catalyzed in the presence of metal. The addition of the blackberries extract
favored the increase of the induction period and the decrease of the reaction rate constant values,
aside from the carbon steel that presented a final IP of 1.22 h. The highest rate constant was 7.41 h
obtained for biodiesel in contact with copper, as well as the highest IP. The acid number ranged
from 0.34 to 0.60 mgKOH g-1. It was possible to observe in the oxidation reactions the presence of
the linearity deviation proposed by Arrhenius.
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Introduction
Currently, among the renewable energies of interest
are the biofuels. These materials are fuels derived from
renewable raw materials. Biodiesel, ethanol and biogas are
the most used, with ethanol being a substitute for gasoline,
and biodiesel an alternative to petrodiesel.1
Biodiesel obtained from vegetable oils and animal fats
are less stable compared with petrodiesel.2,3 This biofuel
has lower stability to oxidation because it has higher levels
of unsaturated esters, especially polyunsaturated carbon
chains,4-7 and there is the formation of different organic
compounds such as organic acids, aldehydes, esters,
ketones, alcohols and peroxides, increasing the acidity as
the degradation progresses.8,9 The degradation of biodiesel
during storage is caused by oxidation. The oxidation
process can occur in contact with air, ultraviolet radiation,
thermal decomposition, by hydrolysis in contact with water
*e-mail: dborsato@uel.br

or moisture in storage containers and also it occurs due to
biological or metallic contamination.10-14
Cazarolli et al. 15 cited that microbiological
contamination compromises the quality of biodiesel.
The results of fungal growth showed that stored biodiesel
was susceptible to microbial degradation. Zimmer et al.16
cited that the use of biocides is effective in solving this
storage problem.
Fazal et al.17 showed that biodiesel is more corrosive
than diesel. This fact is crucial because of the transfer
of metallic ions to biodiesel, compromising quality and
oxidative stability.17,18 The metal contaminants can be
derived from a variety of sources, such as the copper
heat exchangers used in the production of biodiesel,19
the storage or transport containers where contamination
occurs through direct contact with the surface of the
container or even by metallic sediments of the oxidation
process.10,11
As mentioned by Yaakob et al.,20 some of the materials
used in the manufacture of storage container can accelerate
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the oxidation of biodiesel and result in the formation of
insoluble sediments. Kumar21 evaluated different aspects
of biodiesel oxidation and affirmed that biodiesel in
contact with metallic materials such as copper, zinc, lead,
tin and brass, increases the rate of oxidative degradation
catalyzed by metals. Only trace metals are sufficient
for catalysis, whereas antioxidants inhibit or retard the
oxidation reaction.
Recent researches showed that the use of natural
and synthetic antioxidants reduces the rate constant of
the oxidation reaction and, consequently, decreases the
degradation. Plant extracts such as rosemary, oregano, basil,
blackberries, hibiscus, sage, as well as agricultural residues
as pistachio hull, contain phenolic compounds, behaving
as antioxidants.18,22-24
In the structures of most antioxidants, there are
aromatic rings or structures with double conjugated bonds
that allow electronic delocalization. This fact produces
radicals less reactive and prevents radical reaction.8 The
hydroxyl group provide protons which inhibit the formation
of free radicals or disrupt the propagation of these radicals
by reducing the reaction rate.25,26
Thus, for the oxidation reaction to occur, it is necessary
that the available energy reaches the activation energy (Ea).
Ea is defined by the energy difference between the
transition state and the reagents, with no dependence of
the temperature.27 The study of the activation energy of the
oxidation reaction promotes the understanding of how the
degradation occurs and how to avoid it with the addition
of antioxidants in order to increase the Ea.18,22 This concept
is used only for elementary reactions and it does not fit for
complex reactions. In some cases, there is a dependence on
temperature.27-29 Thus, the concept of apparent activation
energy (Eaa) was established, which shows that some
temperature-dependent reactions can only be determined
from the experimental data.27
The present research aims to evaluate the effect of
metallic alloys and their metallic ions on the oxidation
reaction of biodiesel in mixture with blackberries extract.

Experimental
Biodiesel

The company BS-BIOS (Marialva, Paraná) provided
the biodiesel (B100) in agreement with ANP Technical
Regulation No. 3/2014.30 Table 1 shows the speciﬁcations
of the commercial biodiesel. The biodiesel used consists
of approximately 60.8 and 39% of unsaturated and
saturated esters, respectively. The iodine value result
was 107.00.
Alcoholic extract preparation

Blackberries were kiln dried at 60 °C for three days. They
showed water content of 88.20%. For 10 g of blackberries
in natura, approximately 1 g of dried blackberries were
obtained. The alcoholic extract of the natural antioxidant
was produced according to the methodology described
by Romagnoli et al. 22 The total phenol compounds
were determined by spectrophotometry according to the
methodology described by Kumazawa et al.38 The total
phenol content was of 17.7 mgGAE g-1 dry mass.
Sample preparation and analyses

Different commercial metal alloys were used to
simulate the storage. For this study, samples of carbon
steel (Carbon S.), silver steel (Silver S.), copper (Cu)
and stainless steel 304 (Stainless S.) were utilized. The
different metal alloys were cleaned with hexane to remove
any residues. Also, it was performed a chemical stripping
process in acid solution at 80 °C for the removal of oxides.
The mixtures (Table 2) containing 320 g of biodiesel,
metal alloys with a surface area of approximately 52.5 cm2,
blackberries extract and the control were placed in 500 mL
beaker and stored at room temperature in the absence of
light. The extract concentration of 0.8% (v/v) was added in
each sample, after the ethyl alcohol evaporation.

Table 1. Commercial biodiesel (B100) speciﬁcations
Parameter

Method

Speciﬁcation

Unit

Result
879.90

Density (20 °C)

ASTM D4052

850 to 900

kg m

Kinematic viscosity (40 °C)

ASTM D44532

3.0 to 6.0

mm2 s-1

4.44

Water content

ASTM D6304

max. 200

mg kg

191.10

Flash point

ASTM D93

31

33

-3

-1

min. 100.0

°C

151.50

Ester content

EN 1410335

96.5

% mass

99.80

Iodine value

EN 14111

36

–

% mass

107.00

Induction period (IP)

EN 14112

37

min. 8 h

hour

9.50

34
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values in a short period of time. This fact indicates that the
reaction was catalyzed in contact of metal. The oxidative
degradation occurred quickly in relation to the control
sample, even with the addition of the blackberries extract
in these assays. Among the metallic alloys used, the sample
of silver steel is the one that caused the fastest degradation
of biodiesel.
The results obtained are in accordance with the research
done by Jain and Sharma,40 which evaluated the catalytic
effect of copper, iron, nickel, manganese and cobalt ions
on biodiesel produced with Jatropha curcas. The copper
ions presented higher rate of catalysis, followed by cobalt,
manganese, nickel and iron, whereas aluminum did not
modify significantly the rate constant.
Sarin et al.12,41 evaluated the degradation of biodiesel
caused by metallic naphthenates of cobalt, manganese,
iron, copper and nickel, simulating possible metallic
contaminations. Among the salts listed, copper showed
the highest rate of degradation, justified by its strong prooxidant effect. Knothe and Dunn13 also observed that the
diameter of metallic copper particles influences biodiesel
degradation.
The presence of blackberries extract (assay 2) delayed
the oxidation reaction. The phenolic compounds present in
the blackberries extract decrease the reaction rate, agreeing
with recent researches.18,23 This behavior happens because
molecules of phenolic compounds act as antioxidants,
providing a radical hydrogen, restoring the fatty acid ester
molecule. The radical of the antioxidant molecule formed
does not propagate the reaction and the aromatic ring
present in the phenolic compounds provides stability due
to electronic delocalization.
Jacques and Zambiazi 42 cite that the antioxidant
action of blackberries extract is attributed to inhibition
of oxidation by the presence of phenolic compounds,
flavonoids as anthocyanins and other compounds such as

Table 2. Composition of the mixtures containing biodiesel (B100),
metallic alloys and natural antioxidant (ant.)
Assay
Composition
Assay
Composition
1
B100 (control)
6
B100 + ant.
2
B100 + Cu
7
B100 + Cu + ant.
3
B100 + Silver S.
8
B100 + Silver S. + ant.
4
B100 + Carbon S.
9
B100 + Carbon S. + ant.
5
B100 + Stainless S.
10
B100 + Stainless S. + ant.
Silver S.: silver steel; Carbon S.: carbon steel; Stainless S.: stainless
steel 304.

The samples for each mixture were submitted to the
accelerated heating at 110, 115, 120 and 125 °C using
the Rancimat equipment (brand: Metrohm; model: 873),
according to the methodology described in the standard
EN14112. 37 The acid number of the biodiesel were
performed according to D664-11.39
X-ray ﬂuorescence technique analysis were conducted
with Shimadzu 7000 energy dispersive X-ray spectroscopy
(EDX). A calibration curve with concentrations of
Fe3+ ions (FeCl3· 6H2O, Synth) of 2.0 × 10-4, 4.0 × 10-4,
6.0 × 10-4, 8.0 × 10-4 mol L -1 was performed. All analyzes
were performed in triplicate. The analysis of the kinetic
parameters and the apparent activation energy calculations
(Eaa) were performed according to Chendynski et al.18

Results and Discussion
Table 3 shows the results of the biodiesel induction
period (IP) analyzes during the period evaluated for the
assays described in Table 2. The samples containing
silver steel and copper are in the right part of Table 3 with
different analysis intervals from the other samples because
the degradation was fast.
The oxidation reaction in the presence of copper
(assays 2 and 7) showed the lowest induction period
Table 3. Induction period (IP) at 110 °C during the storage period analyzed
IP / h
Period /
Carbon S. +
days
Control B100 + ant. Carbon S.
Stainless S.
ant.

Stainless S.
+ ant.

IP / h

Period /
days

Silver S.

Silver S.+
ant.

IP / h

Period /
days

Cu

Cu + ant.

1

9.53

10.76

9.53

10.76

9.53

10.76

1

9.53

10.76

1

9.53

10.76

48

8.94

10.27

7.47

4.90

7.34

9.06

48

3.12

3.92

2

0.09

4.71

70

8.78

9.40

6.93

3.14

7.10

8.66

61

2.67

3.36

7

–

1.94

100

8.35

9.70

6.28

2.49

6.69

8.17

70

2.46

2.83

14

–

1.68

139

7.55

8.25

5.60

2.05

5.63

7.09

82

2.20

2.61

31

–

1.58

180

6.48

6.99

4.43

1.67

4.95

5.74

100

1.90

2.16

38

–

1.53

208

5.74

6.27

3.78

1.22

4.43

5.06

139

1.71

1.59

B100: biodiesel; ant.: antioxidant; Carbon S.: carbon steel; Stainless S.: stainless steel 304; Silver S.: silver steel.

56

–

1.36

95

–

0.56
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kampferol, quercetin, gallic acid, hydroxybenzoic acid,
caffeic acid, coumaric acid, tocopherols (vitamin E),
ascorbic acid and carotenoids.
It is possible to observe that, among the alloys used,
stainless steel did not accelerate the degradation of biodiesel
in comparison to the control sample. The stainless steel
is one of the materials that is compatible with biodiesel,
presenting no degradation in the biofuel, as mentioned by
Yaakob et al.20 All the metal alloys used interact in different
ways with the biodiesel sample, allowing catalysis of the
oxidation reaction.
This biofuel, in contact with the carbon steel alloy,
presented high induction periods when compared to the
other samples. It is noted that biodiesel in the presence of
the carbon steel and antioxidant provided a negative effect,
degrading more rapidly than the assay containing only the
carbon steel sample. One hypotheses for this behavior is
the corrosion caused by the sedimentation of the particles
present in the blackberries extract, because this assay,
different from the other alloys, showed visible corrosion.
For the determination of ions present in the biodiesel, an
EDX analysis was performed according to the methodology.
Assay 9 with biodiesel and carbon steel with antioxidant
extract presented a final concentration of iron ions of
2.7 × 10-4 mol L-1. This fact indicates that a transfer of
metallic ions from carbon steel to the biodiesel occurred.
Also, there was an increase in the catalysis of the oxidation
reaction. Therefore, the use of blackberries extract with
this metal alloy is not recommended for biodiesel storage.
None of the other samples have iron ions.

The oxidation reaction of biodiesel is of first order23
and the determination of all rate constants was performed
as described in the methodology. Table 4 shows the rate
constants (k) at 110 °C according to the metal alloy used
and the storage period analyzed. The data from all the
tests showed that the longer the storage period, the higher
the rate constant (k). The reason for the reaction to occur
more rapidly is due to the increase in the number of free
radicals that propagate the reaction.18 It is also noted that
in higher temperatures, there are the increase of the rate
constants because more energy is supplied to the reaction
system. The lower rate constants were observed in the
stainless steel assays, when analyzed in the same storage
period, and higher rate constants for samples containing
copper.
Figure 1 shows the graphs of ln k versus temperature (T)‑1
for the assays with deviations in the linearity of the
Arrhenius equation showing the need of a second degree
polynomial fit. The dashed line corresponds to the linear
fit, the full line corresponds to the polynomial fit and the
points represent the experimental data. This deviation can
be sub or super-Arrhenius, depending on the behavior of
the concave or convex curve, respectively. For the subArrhenius behavior, the activation energy increases with
temperature increasing and, in the case of super-Arrhenius,
it decreases with temperature increasing.27
It can be observed in Figure 1 that the assays with a nonlinear super-Arrhenius behavior are: the control sample at
day 139 (Figure 1a); the assays with biodiesel and stainless
steel at day 208 (Figure 1d); biodiesel and silver steel at

Table 4. The rate constants (k) in the respective days of storage at 110 °C

Assay

Days
48

70

100

139

180

208

Control

0.36

0.30

0.32

0.41

0.43

0.50

B100 + ant.

0.28

0.25

0.30

0.36

0.42

0.42

Carbon S.

0.40

0.35

0.46

0.46

0.63

0.69

Carbon S. + ant.

0.53

0.63

0.96

1.14

1.47

1.60

Stainless S.

0.18

0.33

0.44

0.49

0.60

0.65

Stainless S. + ant.

0.19

0.31

0.36

0.40

0.50

0.58

Days
48

61

70

82

100

139

Silver S.

1.05

1

1.10

1.58

1.60

1.21

Silver S. + ant.

0.67

0.72

0.75

1.69

1.11

1.86

Days
2

7

14

31

38

56

95

Cu

7.41

–

–

–

–

–

–

Cu + ant.

0.48

1.27

1.15

1.53

1.23

1.78

2.30

B100: biodiesel; ant.: antioxidant; Carbon S.: carbon steel; Stainless S.: stainless steel 304; Silver S.: silver steel.
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Figure 1. Deviations from the linearity in several samples in their respective days of analysis.

day 1 (Figure 1b); biodiesel with silver steel and antioxidant
on days 61 and 82 (Figure 1b).
The sub-Arrhenius behavior was verified in the tests of
biodiesel and antioxidant on day 100 (Figure 1a); stainless
steel and antioxidant on days 1 and 100 (Figure 1c); and
only biodiesel and stainless steel on day 1 (Figure 1d).
The second order polynomial fit provides an
improvement in the determination coefficient (R2) of
the equations shown in Figure 1. In the other samples,
there is an independence of the activation energy with the
temperature.
Coutinho et al.28 affirmed that processes exhibiting
concave curvature in Arrhenius plots are related to the
effects of quantum-mechanical tunneling, whereas convex
curvature is typically a manifestation of contributions of
classical phenomena.
Aquilanti et al.43 describe that the super-Arrhenius
behavior is manifested by the phenomena treated by the
non-extensive thermodynamics of Tsallis. This model
includes the particle diffusion and constraints on the
proposed microscopic model, requiring that any successful
approach to super-Arrhenius processes should be consistent
with the microcanonical rate constant.
The behavior of the sub-Arrhenius type can be
attributed in most cases to quantum mechanical tunneling

in systems with no observable changes in the chemical
mechanism.43
Hashemi et al.44 cite that reactions with a high Ea
are more sensitive to temperature variations. Therefore,
the reaction temperature change has a significant
effect on temperature-sensitive chemical reaction rates.
Gregório et al.45 affirm that it cannot be considered for the
oxidation reaction of biodiesel as just a simple relationship
between the reagent and the temperature. This reaction
is more complex and may present factors that favor
it differently and independently of each temperature,
modifying the predominant mechanism in each of them.45,46
The determination of the apparent activation energy
of these samples is relevant to a better understanding of
oxidative degradation in biodiesel, since there is an increase
in the percentage of biodiesel added to diesel. With a higher
commercial volume, a higher quality control requirement
is required to meet the minimum of 8 h of induction period
established by the Brazilian legislation.47
Table 5 presents the initial and final acidity of the
assays performed. The increase of acidity is a consequence
of the biodiesel oxidation reaction with the formation of
alcohols, aldehydes, ketones, peroxides and low molecular
weight acids, which are responsible for the alteration of the
biodiesel properties.26
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Acid number / (mgKOH g-1)
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Initial

Final

Control

0.29

0.60

B100 + ant.

0.35

0.53

Cu

0.29

0.40

Cu + ant.

0.35

0.49

Silver S.

0.29

0.34

Silver S. + ant.

0.35

0.47

Stainless S.

0.29

0.43

Stainless S. + ant.

0.35

0.48

3. Knothe, G.; Fuel Process. Technol. 2005, 86, 1059.

Carbon S.

0.29

0.51

4. Borsato, D.; Galvan, D.; Pereira, J. L.; Orives, J. R.; Angilelli,

Carbon + ant.

0.35

0.56

B100: biodiesel; ant.: antioxidant; Silver S.: silver steel; Stainless S.:
stainless steel 304; Carbon S.: carbon steel.
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