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A B S T R A C T

Due to the increased use of environmentally friendly fuels, it becomes imperative to evaluate the impact of
biofuels on the performance of materials used in auto parts. The corrosive effects of biofuels are important in
terms of durability of auto-parts since there is an evidence of the increasing deterioration in automobile parts with
the long-term use of biofuels. In this research, the behavior of metals, used in the manufacturing of auto parts, in
pure bioethanol (E100) and bioethanol-gasoline blends with 30% (E30), 50% (E50), and 85% (E85) of ethanol
content were evaluated. Electrochemical impedance Spectroscopy (EIS) curves were done under static conditions
at 45 �C. The metallic materials evaluated were stainless steel, tin, carbon steel and copper. The EIS diagrams
showed two capacitive arcs for all materials. The high frequency arc was related to the dielectric response of the
fuel blends, while the second one shows the characteristics and activity of the metal/fuel interface. According to
the transfer resistance (Rt) obtained from the second arc of the EIS measurements, copper and carbon steel
exhibited corrosion susceptibility in all fuel blends, while stainless steel and tin showed good anticorrosion
behavior by showing high Rt values. The highest charge transfer resistance was showed by tin, followed by
stainless steel, carbon steel and copper. Except for carbon steel and copper, the other set samples were compatible
with the evaluated blends.
1. Introduction

One of the main biofuel used to replace gasoline in the transport
sector is bioethanol. The use of biofuels brings some benefits such as
reduced demand for oil and polluting emissions, vehicle engine perfor-
mance and development of rural sectors [1]. Also, have a huge source of
production and manufacturing processes simple. However, these biofuels
have a major disadvantage associated with materials compatibility. The
introduction of alternative fuels often creates corrosion problems; their
physicochemical properties are different from conventional fuel [2]. The
corrosiveness of ethanol may be associated with its affinity with the
water, which is oxidized to acetic acid which lowers the pH of the fuel as
opposed to the electrical conductivity gas present [3]. The miscibility of
alcohol with water and its subsequent separation can also accelerate
corrosion problems. In addition to the increased probability of attack due
to the presence of water, there is also the presence of organic acids
related to the alcohol combustion process. Metallic and non-metallic
materials can suffer deterioration due to the use of fuels mixed with
ethanol, among these we can mention steel, aluminum, zinc, copper,
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rubber, and polymeric components [2]. In general, the impact of metallic
corrosion on components of the fuel system in vehicles because of
oxygenated fuels, causes malfunction and premature failure, since
corrosion on electrical connections reduces electrical conductivity and
acts as a source of wear and abrasion among auto parts, leading to sig-
nificant financial repercussions. Different studies have been carried out
to address the issue related to the compatibility of metals in ethanol
media, such as pitting [4], stress corrosion [5, 6], electrochemical tests
[7], immersion tests of long duration static [3], etc. It has been reported
that ethanol percentages of 30, 85, and 100% do not cause corrosion in
stainless steel AISI 304 [8]. To prevent these problems of corrosion of
metallic materials in contact with ethanol, have been proposed some
anti-corrosion coatings and corrosion inhibitors [9]. In general, the rec-
ommended upper limit of ethanol in gasoline blends is up to 10% [10].
An increase the ethanol concentration to 20% or more can cause corro-
sive effects unpredictable aluminum and its alloys [11]. In addition, the
high temperature conditions in the engines idling vehicles can change
some characteristics of blends gasoline-ethanol and cause corrosion in
metallic materials [12].
y 2021
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Table 1. Review table including corrosion type, corrosion mechanism, aggressive agent, control method, and corrosion assessment technique for pipelines in carbon steel and some carbon, magnesium, lead and aluminum
auto parts in contact with gasoline-ethanol blends.

Medium or fluid Metallic structure
or material

Corrosion
morphotype

Corrosion
mechanisms

Aggressive agent Control method Evaluation technique Ref

Oil and gas Pipelines
(carbon steel)

� General corrosion
� Localized corrosion

� Feþ CO2 þ H2O → FeCO3 þ H2

� 2Hþ þ 2e� → H2

� 2H2CO3 þ 2e� → H2 þ 2HCO3
-

� ð2HCO3Þ� þ 2e� → H2 þ 2CO3
�2

CO2 Inhibitors corrosion:
� Amides, imidazoline.
� Salts of nitrogen

(molecules
with carboxylic acids)

� Amines, amides.

� Visual examination.
� Rate of penetration

statically (the depth of
the deepest pit on the
surface of a metal is the
upper tail of the
distribution of depths
of all pits on that
metal).

Extreme value statistics
(EVS) for characterization
of the well depth
distribution.
� Electrochemical

methods.
� Use of metal coupons

(Uniform corrosion:
determination of mass
loss and corrosion rate
calculation. Corrosion
pitting: measure of the
depth of the deepest
well).

[13, 15, 16, 17, 18,
19, 20, 21]

� Acid corrosion � Feþ H2S → FeSþ H2

� FeðOHÞþ þ Hþ þ OH� → FeSþ 2H2O
H2S [13, 17, 20, 21, 22]

� Top of line corrosion
(TOLC)

� Feþ H2S → FeSþ H2

� Feþ CO2 þ H2O → FeCO3 þ H2

� Feþ 2HAc → Fe2þ þ H2 þ 2Ac�

� 2Feþ O2 þ 4Hþ → 2Fe2þ þ H2 þ 2H2O

� Flow regime
� Gas flow rate
� Acid gasses
� Temperature
� CO2 partial pressure in

gas

[13, 14, 20, 21]

� Microbiologically
influenced corrosi�on
(MIC)

� (IOB):4FeCO3 þ O2 þ 6H2O → 4FeðOHÞ3 þ 4CO2

� (SRB):4Feþ SO�2
4 þ 4H2O → FeSþ 3FeðOHÞ2 þ 2OH�

� Sulfates
� Bacteria
� Ph
� Flow rate
� Temperature
� Salinity

� Physical cleaning
� Mechanical

modifications.
� Use of biocides
� Creation of a diffusion

barrier to
corrosion products that
prevent the
dissolution of the metal
and the
consumption of oxygen
due to the
presence of aerobic
microorganisms
inside the biofilm.

[20, 21, 23, 24]

Gasoline-Bioethanol
blends

Magnesium,
lead and
aluminum

� Dry corrosion � Ethanol belongs to the protonic solvents (they have a
high tendency to receive or give up protons) and its
dissociation is represented according to the following
equilibrium:

2CH3CH2OH↔CH3CH2OH2
þ þ CH3CH2O�

� Cathodic reduction of ethanol in the presence of adsorbed
oxygen and a metal:

1
2
O2 þ C2H5OH þ 2e� → OHads

� þ C2H5Oads
�

� The two electrons are supplied by the anodic solution
of the metal:

M → M2þ þ 2e�

� The surface of the metal is quickly covered by ethoxide, thus
giving the following anodic reaction:

MMðOC2H5Þ�ads → MðMOC2H5Þads þ e�

� The intermediate species (MOC2H5) ads is more stable than its
analog species MeOH ads. The oxidation of (MOC2H5) ads and
the activation of the metal surface in ethanol proceeds according
to the following reaction:

MðMOC2H5Þads → MðOC2H5Þads þM2þ
sol þ 2e�

� Ethanol
� Water

Inhibitors corrosion:
� Ethanolamine
� Diethanolamine
� Triethanolamine

[20, 21, 25, 26, 27,
28, 29, 30]

Fuel tank
(Carbon steel)

� General Corrosion
� Corrosion pitting

� xM þ yH2O → MxOy þ yH2

� xM þ 1=2yO2 → MXOY

� MXOY þ H2O → MXðOHÞY þ OH�

The aqueous phase
undergoes a
change in its structure
that depends on:
� Atmospheric pressure

[20, 21, 28, 31, 32]
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L.M
.Baena

et
al.

H
eliyon

7
(2021)

e07585

2



Ta
bl
e
1
(c
on

tin
ue
d
)

M
ed

iu
m

or
fl
ui
d

M
et
al
lic

st
ru
ct
ur
e

or
m
at
er
ia
l

C
or
ro
si
on

m
or
ph

ot
yp

e
C
or
ro
si
on

m
ec
ha

ni
sm

s
A
gg

re
ss
iv
e
ag

en
t

C
on

tr
ol

m
et
ho

d
Ev

al
ua

ti
on

te
ch

ni
qu

e
R
ef

�
Li
qu

id
te
m
pe

ra
tu
re

�
A
m
ou

nt
of

po
la
r

co
m
po

ne
nt
s
in

ga
so
lin

e
(a
ro
m
at
ic

su
bs
ta
nc

es
)

D
ue

to
an

ex
ot
he

rm
ic

in
te
ra
ct
io
ns

w
it
h

w
at
er
,e

th
an

ol
Is

di
st
ri
bu

te
d
in

th
e

aq
ue

ou
s
ph

as
e,

w
hi
ch

be
co
m
es

et
ha

no
l

sa
tu
ra
te
d
w
it
h
w
at
er
,

co
m
po

un
ds

co
nt
am

in
an

ts
an

d
ar
om

at
ic

hy
dr
oc
ar
bo

ns
.

L.M. Baena et al. Heliyon 7 (2021) e07585

3

Similar to the deterioration by corrosion of auto parts in contact with
biofuels, in the oil and gas industry problems due to electrochemical
corrosion have also been evidenced, especially in carbon steel pipes [13].
It has been reported that the most common types of corrosion in gas and
fuel pipes are [13]:

� CO2 corrosion: CO2 corrosion is one of the most frequent in pipelines
producing localized or generalized attack.

� H2S corrosion: the presence of this weak acid gas produces different
corrosion mechanisms in the pipes that transport hydrocarbons and
gases. In the case of carbon steel, the dissociation of H2S in the
aqueous phase produces a greater amount of H þ, in this way it can
increase the speed of anodic dissolution of the steel and the cathodic
reduction by trapping electrons.

� Microbiologically influenced corrosion (MIC): The bacteria that most
promote this type of corrosion are sulfate reducing bacteria (SRB),
acid producing bacteria (APB), iron reducing and oxidizing bacteria
(IRB) and (IOB).

� Top of line corrosion (TOLC): TOLC corrosion is associated with the
condensation of water in the upper part of the interior of the pipes. It
commonly occurs in pipes that transport wet gases with sweet hy-
drocarbons [14].

Table 1 shows the types of corrosion, mechanisms, control methods
and corrosion evaluation techniques for pipelines and some metallic
materials in contact with gasoline-ethanol mixtures. According to the
literature review there is some lack of knowledge about the performance
against corrosion of metals used in auto parts that are in direct contact
with gasoline-ethanol blends with high ethanol content (>12%), which is
the aim of this work. Besides, the use of electrochemical techniques for
the evaluation of the metal corrosion in gasoline-ethanol blends as
electrolyte is very limited because of the low conductivity of the gasoline-
ethanol blends, which can mask corrosion processes at the metal/elec-
trolyte interface. So, in this work, the use of EIS measurements to eval-
uation of the corrosion susceptibility of metals immersed in gasoline-
ethanol blends is also explored.

2. Experimental procedure

2.1. Metal specimens

Metallic samples studied were prepared according to the procedures
described by ASTM G1-90 and ASTM G31-72 standards. The area of each
specimen was measured before exposure to test fluids, providing a
benchmark for comparison. The most representative materials of vehicle
metal auto-parts were chosen, including stainless steel 314 (SS), AISI SAE
1005 carbon steel (CS), electrolytic copper 99% (Cu) and pure tin (99%).
Before the exposure, samples were polished with sandpaper 600 grit.
Then, they were washed and degreased in water and ethanol.

2.2. Test fuels

The fuel used for the tests were pure bioethanol (E100) and gasoline-
ethanol blends as 30% ethanol and 70% gasoline (E30), 50% ethanol and
50% gasoline (E50) and 85% ethanol and 15% gasoline (E85). Chemical
composition of bioethanol (from sugar-cane) used was: 99% ethanol,
0.002% acetic acid, 0.5% moisture, 0.5% diethylphthalate, and 0.1%
cyclohexane.

2.3. Electrochemical tests

In order to evaluate the corrosion resistance properties of the metal
under study and the corrositivity of the bioethanol-gasoline blends, EIS
measurements at different immersion times were carried out in an
electrochemical cell of two identical working electrodes. Gasoline-
ethanol blends are media with high resistivity, which makes it



Figure 1. Electrochemical cell used in the EIS measurements to evaluate the corrosiveness of the ethanol-gasoline blends. (A) working electrodes; (B) 3D drawing of
the electrochemical cell; (C) drawing of the electrochemical cell; (D) electrochemical cell assembly with working electrodes and gasoline-ethanol blends as electrolyte.
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significantly difficult to obtain electrochemical measurements [33]. For
that reason, in this work the cell configuration with two identical
working electrodes positioned one in front of the other was used, which
is usually useful to evaluate the electrochemical response of the met-
al/electrolyte interface in highly resistive media [33]. For the manu-
facture of the working electrodes, circular metal samples were taken
with an exposed area of 2.0 cm2, see Figure 1A. Then, electrodes were
welded to a conductive wire and finally they were embedded in epoxy
resin as an insulating material. The surface of the working electrodes
was polished with SiC paper to grade 1000 and then degreased with
ethanol and acetone. An acrylic box with internal guides, where plates
with a circular opening of 4 cm2 were inserted, was used as electro-
chemical cell. The electrodes were placed into the circular openings, in
this way a separation of 1 mm between the electrodes was guaranteed
(see details of cell assembly in Figure 1 B-D).
4

The resistance of the first capacitive arc of the Nyquist diagrams of EIS
measurements of the metallic materials under study follows Ohm's law,
i.e., the resistance is directly proportional to the separation between the
working electrodes, that because the first capacitive loop observed in the
EIS diagrams is associated with the dielectric response of the gasoline-
bioethanol blends [34]. Therefore, the distance of 1 mm between elec-
trodes allowed to overcome problems with the data acquisition and with
the reliability of the EIS measurements, due to the low conductivity of the
gasoline-ethanol blends as electrolyte [8, 9]. Figure 1D shows a real
photo of the cell and the arrangement of the electrodes for electro-
chemical impedance measurements. In said cell scheme, the loss due to
ohmic drop is eliminated since a reference electrode is not used as the
third element of the circuit. In this way, the output of the potentiostat for
the working electrode and the reference electrode are short-circuited at
one of the electrodes and the output of the counter-potentiostat electrode



Figure 2. Impedance diagrams obtained of Copper at 30 days of immersion in (A) E30, (B) E50, (C) E85, (D) E100. Experimental values (dots) and fitted profile (lines)
with goodness of Fit value (GOF).
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is connected to the other working electrode. In this way the impedance
response of the system is the impedance of two identical surfaces. The
response signal must be divided by 2 to obtain the conventional elec-
trochemical impedance measurement. E30, E50, E85 and E100 blends
was used as electrolyte at 45 �C. EIS measurements were performed at
immersion times of 0, 2, 8, 15 and 30 days, using a 302 Auto lab PGSTAT
Potentiostat controlled by NOVA software. EIS measurements were car-
ried out at open circuit potential in a frequency range between 100 kHz
to 0.5 mHz with a sinusoidal perturbation amplitude of 50 mV. Before all
measurements, several EIS measurements were performed at different
perturbation amplitudes: 10mV, 15mV, 20mV, 30mV and 50 mV and all
EIS curves overlapped (Nyquist plots were the same), indicating that the
electrochemical system was lineal at the OCP. Due to the low conduc-
tivity of the electrolytes, which were bioethanol and gasoline-bioethanol
blends, the highest amplitude perturbation (50 mV) was necessary in
order to obtain the lowest signal-to-noise (S/N) ratio during the mea-
surements and to achieve low dispersion in the EIS plots.

The electrochemical impedance curves allow to obtain information
on the electrical conductivity of the mixture and its aggressiveness. These
results will allow us to calculate the charge transfer resistance (Rt), which
is a parameter that corresponds to the oxidation processes in metals, and
it's directly related to the resistance to corrosion of eachmetal. In order to
determine the corrosion current density (Icorr) of the metallic materials
immersed in the fuel blends, the values of charge transfer resistance (Rt)
were taken from the second arc of the EIS diagrams. Icorr was calculated
following Eq. (1) [35]:

Icorr ¼ B
Rt

(1)
Figure 3. Equivalent electrical circuit (RC) (RC) for the impedance response for
all metals immersed in gasoline-ethanol blends.
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where B is the Stern-Geary�s constant and Rt is the charge transfer resis-
tance [36]. B was calculated according to Eq. (2):

B¼ βa βc
2:3ðβa þ βcÞ

(2)

where the βa and βc are anodic and cathodic Tafel slopes, respectively.
The low conductivity of the electrolyte (bioethanol-gasoline blends)
makes difficult to obtain accurate polarization curves and reliable values
of Tafel constants (βa and βc). According to Stern [37], when Tafel con-
stants are unknown the value of 0.1 V for |βa| and |βc| can be used and a
small error that not exceed a factor of 2, comparable to experimental
error, would be assumed. The corrosion rate in millimeters per year
(mm/y) was calculated following Eq. (3) [35]:

CR¼K1
Icorr
ρ

EW (3)

where K1 is a constant equal to 3.27 � 10�3 (mm g/μA cm yr), Icorr is the
corrosion current density calculated according to Eq. (1) and EW is the
equivalent weight of the metal or alloy (atomic weight/n� electrons) and
ρ (g/cm3) is the density of the material.

The surface of metals specimens was characterized by Scanning
Electron Microscopy (SEM) and X-ray dispersive energy spectroscopy
(EDS). The equipment used was a scanning electron microscope JEOL
model JSM 6490 LV, with secondary and backscattered electron detector,
an acceleration voltage of 20 kV and a working distance of 10 mm.

3. Results and discussion

3.1. Electrochemical impedance spectroscopy measurements

Figure 2 presents the impedance diagrams (Nyquist plots) of copper
immersed for 30 days in all the blends. It can be seen that these diagrams
are constituted by two delimited capacitive arcs. It was observed that the
characteristic frequencies of the first arc of the EIS diagrams, for all the
metals evaluated, were ranged from 40 kHz to10 kHz, and evidenced
capacitance values of the order of 10�12 F cm�2. These capacitance
values are not common for the electric double layer; therefore, they
might be related to the dielectric response of the gasoline-bioethanol
blends as electrolytes. The characteristic frequency of the second arc in
all tested metallic materials is ranged between 7 and 0.5 mHz, which
gives capacitances of 40–5 μF cm�2 order. These values of capacitances
are more commonly found for electrical double layer of the metal/



Figure 4. Variation of the Rt of the metals exposed to gasoline-ethanol blends at different immersion times. (A) E30, (B) E50, (C) E85, (D) E100.
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electrolyte interfaces. This result suggests that the second capacitive arc
at low frequencies can be associated with the corrosion processes
happening on the surface of metals immersed in the gasoline-ethanol
blends. The experimental Nyquist plots of the EIS measurements per-
formed to CS, SS, and Sn immersed in the blends at different times of
immersion (not presented in this paper) showed similar characteristics to
those exhibited by copper. According to the observation that the second
capacitive loop displayed in the EIS diagrams is associated with the
Table 2. Electrical parameters of metals extracted from the second loop of impedanc

Parameter Cdl (μF cm�2) Rt (Mohm cm2)

Metal Cu CS SS Sn Cu CS S

Blend Time (days)

E30 2 0.68 48.56 11.50 2.11 1.97 6.44 7

8 17.5 10.53 5.17 1.33 0.59 5.08 2

15 7.2 5.95 – 0.78 1.67 5.37 –

30 9.43 7.09 9.73 0.86 6.50 10.22 2

E50 2 18.49 30.51 30.39 2.09 1.81 1.02 9

8 6.11 12.61 28.21 2.36 0.93 9.01 8

15 4.37 7.68 22.42 1.55 1.5 10.11 1

30 7.9 3.56 13.96 1.53 2.25 12.52 2

E85 2 6.56 14.64 21.91 2.51 1.3 1.68 0

8 6.11 18.8 15.02 1.59 4.74 0.53 4

15 21.43 9.77 13.31 1.67 2.11 0.58 4

30 51.84 4.19 20.25 1.89 2.04 1.05 5

E100 2 5.88 91.25 90.37 3.52 1.19 0.79 0

8 8.72 19.38 64.78 3.11 2.87 3.76 4

15 8.32 16.94 48.09 5.12 2.98 4.13 6

30 7.43 13.84 48.41 5.59 2.85 4.01 6

6

corrosion processes of the metals, the charge transfer resistance (Rt) of
the corrosion process of each metal could be obtained from the imped-
ance of that loop. Rt values were determined by fitting of the EIS dia-
grams with the equivalent electrical circuit showed in Figure 3. The
impedance response of the electrochemical system for all metals
immersed in blends of gasoline-bioethanol can be the same as the
response of the electric circuit constituted by two parallel RC circuits
linked in series, as shown in Figure 3. According to the results given by
e diagrams.

Corrosion Rate (mm year�1)

S Sn Cu CS SS Sn

.99 28.82 2.55 � 10�4 3.91 � 10�5 2.79 � 10�5 2.00 � 10�5

0.83 47.91 8.53 � 10�4 4.95 � 10�5 1.07 � 10�5 1.20 � 10�5

83.97 3.01 � 10�4 4.69 � 10�5 – 0.69 � 10�5

8.35 73.26 0.77 � 10�4 2.46 � 10�5 0.79 � 10�5 0.79 � 10�5

.2 14.16 2.78 � 10�4 24.70 � 10�5 2.42 � 10�5 4.07 � 10�5

.87 28.81 5.41 � 10�4 2.79 � 10�5 2.51 � 10�5 2.00 � 10�5

2.07 43.45 3.36 � 10�4 2.49 � 10�5 1.85 � 10�5 1.33 � 10�5

1.59 44.51 2.24 � 10�4 2.01 � 10�5 1.03 � 10�5 1.30 � 10�5

.93 2.02 3.87 � 10�4 1.50 � 10�4 24.0 � 10�5 28.6 � 10�5

.02 5.75 1.06 � 10�4 4.75 � 10�4 5.54 � 10�5 10.0 � 10�5

.99 6.8 2.39 � 10�4 4.34 � 10�4 4.47 � 10�5 8.48 � 10�5

.61 10.76 2.47 � 10�4 2.40 � 10�4 3.97 � 10�5 5.36 � 10�5

.36 1.28 4.23 � 10�4 31.8 � 10�5 61.9 � 10�5 45.1 � 10�5

.95 9.05 1.75 � 10�4 6.69 � 10�5 4.50 � 10�5 6.37 � 10�5

.76 12.49 1.69 � 10�4 6.09 � 10�5 3.30 � 10�5 4.62 � 10�5

.53 11.5 1.77 � 10�4 6.27 � 10�5 3.41 � 10�5 5.02 � 10�5



Figure 5. Characterization of the surface of carbon steel immersed in E30 for 90 days at 45 �C. (A–C) SEM images, (D) EDS.

Table 3. EDS quantification of elements on carbon steel surface, immersed in E30 for 90 days at 45 �C.

Element App Intensity Weight% Atomic%

C K 34.33 0.63 24.24 (88) 37.27

O K 99.11 0.97 45.33 (80) 52.32

S K 2.82 0.90 1.39 (12) 0.80

Fe K 54.68 0.84 29.04 (61) 9.60

Figure 6. Characterization of the surface of cooper immersed in E30 for 90 days at 45 �C. (A) SEM images, (B) EDS.

Table 4. EDS quantification of elements on cooper surface, immersed in E30 for 90 days at 45 �C.

Element App Intensity Weight% Atomic%

C K 12.45 0.34 15.39 (120) 43.82

O K 13.57 0.87 6.66 (52) 14.24

Cu K 167.91 0.93 77.94 (120) 41.94

L.M. Baena et al. Heliyon 7 (2021) e07585
EIS in time, the tested metallic materials showed high Rt of the order of
megaohms, and they can be classified according to the susceptibility to
corrosion of those metals in E30 and E50 from the highest to the lowest,
as follows: copper> carbon steel> stainless steel> tin. In E85 as follows:
carbon steel> copper> tin> stainless steel. In E100 as follows: copper>
carbon steel > tin > stainless steel.
7

Figure 4 illustrates the variation of the Rt of the second arc of EIS
measurements as function of the immersion time for all the metallic
material in all fuel blends. It was observed that Rt values for stainless
steel increase during first 30 days of immersion in E30 from 3.8 to 22
MOhm, in E50 from 1.0 to 21.5 MOhm, in E85 from 0.9 to 5.6 MOhm,
and in E100 from 0.3 to 6.5 MOhm. On the other hand, the capacitance
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values of the stainless steel corresponding to the second loop of the EIS
diagrams, decreased significantly after 30 days of immersion in E30
from 45.7 to 14.2 μF cm�2, in E50 from 30.3 to 13.9 μF cm�2, in E85
from 21.9 to 20.2 μF cm�2 and in E100 from 90.3 to 48.4 μF cm�2.
These values are of the order of 1 � 10�5 F, typical values of an elec-
trical double layer capacitance. Tin presented a similar behavior to
stainless steel, the Rt of this material increased during the first 30 days
of immersion in E30 from 6.0 to 73.2 MOhm, in E50 from 2.6 to 44.5, in
E85 from 2.0 to 10.76, and in E100 from 1.2 to 11.5 MOhm. The tin
capacitance values corresponding to the second loop of the EIS diagrams
also decreased after 30 days of immersion in E30 from 2.1 to 0.8 μF
cm�2, in E50 from 2.0 to 1.5 μF cm�2, in E85 from 2.5 to 1.8 μF cm�2,
except in the E100 mix where the capacitance increases slightly from
3.5 to 5.5 μF cm�2. The Rt values observed for copper show slight in-
creases during the first 30 days of immersion in E30 from 0.5 to 6.5
MOhm, in E50 from 0.5 to 2.25, in E85 from 1.3 to 2.0, and in E100
from 1.1 to 2.8 MOhm. The copper capacitance values corresponding to
the second loop observed in the EIS diagrams, increased after 30 days of
immersion in E30 from 0.6 to 9.4 μF cm�2, and in E85 from 6.5 to 51.8
μF cm�2, while in E50 they decreased from 18.4 to 7.9 μF cm�2, and in
E100 from 5.8 to 7.4. μF cm�2. The Rt values for carbon steel increase
during the first 30 days of immersion in E30 from 0.6 to 10.2 MOhm, in
E50 from 0.4 to 12.5, and E100 from 0.7 to 4.0 MOhm while the Rt
decreases slightly in E85 from 1.6 to 1.0. Like stainless steel and tin, the
capacitance values of carbon steel corresponding to the second loop
observed in the EIS diagrams, decreased significantly after 30 days of
immersion in E30 from 48.5 to 7.0 μF cm�2, at E50 from 30.5 to 3.5 μF
cm�2, in E85 from 14.6 to 4.19 μF cm�2 and in E100 from 91.2 to 13.8
μF cm�2. Note that as the ethanol concentration in the mixture in-
creases, the Rt of the metals is lower, given the increase in conductivity
of the medium. The increase in Rt of all the metals under evaluation
during the immersion time (30 days) corresponds to a characteristic
behavior of metallic materials, which form oxide layers on their surface
when interacting with the test media. While the Rt values increased, the
double-layer capacitance values for the metals under evaluation
decreased, a result that can be associated with the creation of protective
films on surface of metals [38]. It has been informed that the adsorption
process on the metal surface it implies a decrease in the capacitance of
the double layer [39]. The electrical parameters of the equivalent
electrical circuit and the corrosion rate calculated using Eq. (3) of all
metals immersed in the blends are presented in Table 2. Copper and
carbon steel are the metals most likely to corrode in all mixtures, so they
are not recommended for use in auto parts that are in contact with the
test blends. Copper is used for electrical contacts in some auto parts,
which when corroded could cause the electric fuel pump to malfunction.
Carbon steel is part of the gas tank, and corroding can cause fuel leaks
and subsequent vehicle failure.

3.2. Characterization of the oxide layers growing on the metallic materials
exposed to blends

The characterization of the corrosion products formed on the surface
of carbon steel and copper was carried out using SEM and analysis by
EDS, in order to determine the chemical composition and quantify the
elements present. Figure 5 shows the analysis of the surface of carbon
steel immersed in E30 for 90 days at 45 �C. Figure 5A-B illustrates the
holes after the eruption of bubbles created on the surface of the carbon
steel, like a kind of “crater”, which means that the creation of corrosion
products began at the place where localized corrosion was evidenced.
Figure 5C illustrates the image of the products formed inside the wells,
which exhibits a cotton-like morphology, corresponding to the typical
semi-crystalline goethite structure [40]. Figure 5C shows a typical
morphology of the goethite, which is also frequently found in corrosion
products of steels. Figure 5D and Table 3 presents the EDS analysis,
where it can be observed that the main elements make up the corrosion
products on surface of carbon steel are oxygen, carbon, and iron. The
8

presence of 45.33% oxygen can be related with the formed of iron oxides,
hydroxides, and oxyhydroxides, likewise, the presence of 24.24 % of C
can be associated with the formation of iron carbonates [41]. The oxygen
that influences the attack of the steel by corrosion and therefore the
creation of iron oxides, is dissolved in the gasoline-bioethanol blends
because these oxygenated fuels absorb water from the environment due
to their high hygroscopic nature. It should be taken into account that
water is an obligatory companion of gasoline-bioethanol blends, due to
affinity that exists between both substances; ethanol is highly hygro-
scopic, that is, it has a high affinity for moisture and is completely soluble
in water [31]. Therefore, open exposure to the environment during
transport or storage tends to increase water content and the likely im-
pacts of corrosion reactions [42]. Figure 6 presents an analysis of the
surface of cooper immersed in E30 for 90 days at 45 �C. Figure 6A pre-
sents the morphology of the copper oxides formed on the metal surface as
consequence of its immersion in the E30 blend. Figure 6B and Table 4
present the EDS analyzes performed on the copper surface to analyze the
chemical composition of the corrosion products formed. This analysis
showed the presence of O, C, and Cu, which may be related to the copper
oxides and carbonates formed on the metal, such as cuprite (Cu2O) and
tenorite (CuO).

4. Conclusions

Based on results of electrochemical impedance spectroscopy, in all
blends of ethanol and gasoline, the most susceptible metals to corrosion
were and carbon steel, therefore those metals are not recommended for
auto-parts in contact with ethanol and gasoline blends. The case of
copper may be less critical than steel because copper is used for electrical
contacts, and not as a structural metal. The stainless steel and tin showed
high values of Rt in all media therefore can be considered compatible
metals blends of ethanol and gasoline, even at high concentrations of
ethanol.
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