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In the present paper, the corrosion behavior of 1020 carbon steel in commercial
gasoline-ethanol blends was investigated. The composition of each gasoline-ethanol
blend was evaluated by infrared spectroscopy, and the ethanol content was determined by
the ABNT 13992 reference method. Electrochemical Impedance Spectroscopy (EIS) and
polarization methods were employed to evaluate corrosion resistance and penetration
rates. Statistical analyses revealed that the gasoline’s solution resistance governs the corrosion process, the RON (Research Octane Number) and MON (Motor Octane Number)
numbers as well as the olefin content being more related to the corrosion rates. The polarization resistance had minor impact on the corrosion process.
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Introduction
Fossil fuel vehicles figure amongst the greatest
emitters of air pollutants in urban areas1. In line
with global efforts to reduce CO2 emissions and
gaseous pollutants, as well as the search for renewable fuels, the automotive sector has experienced a
growth in the use of biofuels over the past few
years2–4. It is worth mentioning that the use of
bioethanol in blends with gasoline is responsible for
performance improvements on the automotive ignition system, reduction in pollutant emissions, increasing of the octane number5, and fuel economy
(1.5–5 %) when compared to pure gasoline6. Blends
containing 20 % to 30 % of ethanol have common
use due to low emission of pollutants7.
The growing use of bioethanol for transport has
resulted in discussions about possible corrosive
mechanisms that could affect components and pose
serious risks to user safety8. Despite recent developments on ethanol-compatible fuel systems (such as
flex-fuel vehicles), gasoline and alcohol blends are
customarily used in ordinary vehicles, which are
then exposed to corrosion on some autoparts4,9. The
corrosive mechanisms in these blends occurs due to
the increased conductivity of ethanol in relation to
Corresponding author: e-mail address: rafaelamfons@gmail.com

*

R. M. Fonseca et al., Electrochemical Behavior of AISI 1020 Steel…
221–227

gasoline10, favoring electrochemical reactions; due
to aging of biofuels producing acetic acid from ethanol2; or even due to the presence of trace elements
with corrosive potential in fuel blends, such as aldehydes, peroxides, ketones, esters, among others9.
The presence of water in the fuel can occur in situations of inadequate storage of the fuel, given the
hygroscopic nature of ethanol, leading to phase separation.
As one of the largest producers and consumers
of ethanol around the globe, Brazil has adopted regulations regarding the maximum ethanol content in
commercial gasoline11. The Brazilian National
Agency of Petroleum, Natural Gas and Biofuels
(ANP, Brazilian Ministry of Mines and Energy),
regulates the maximum ethanol content in commercial gasoline as 27 % by volume12. Adulteration of
gasoline by surpassing the legal ethanol content is
the biggest cause of noncompliance in gasoline
samples in Brazil13.
This work aimed to determine the corrosion behavior of SAE 1020 carbon steel in commercial
gasoline-ethanol blends available in Brazil. The investigations were carried out by determining the
chemical composition of fuel samples, and using
Electrochemical Impedance Spectroscopy (EIS) and
polarization methods to evaluate the corrosion behavior of steel in gasoline.
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Material and methods
Materials and specimens

The corrosion tests were performed on SAE
(Society of Automotive Engineers) 1020 carbon
steel samples. Specimens of 1 cm x 1 cm were
welded to a copper wire in order to generate electrical contact. The set was embedded in epoxy resin
(Akasel – Aka-Cure) to expose only the metal surface to the gasoline medium.
The surface of the working electrode was mechanically polished using a standard polishing machine with silicon carbide papers with 500, 600,
800 and 1200 grits prior to the electrochemical
tests. The electrodes were then cleaned with distilled water, and dried in blowing air.
The corrosion medium used in this study was
commercial gasoline purchased from three automotive fuel retail brands available in Brazil (herein
named as “A”, “B” and “C”), encompassing nine
different gas stations (three from each brand) in
Belo Horizonte city, Brazil. Accordingly, the samples regarding each fuel retail brand and the respective gas station were named as follows: A1, A2, A3,
B1, B2, B3, C1, C2, and C3.
Determination of anhydrous ethanol in gasoline

The anhydrous ethanol content in gasoline was
determined by the reference method according to
the ABNT-NBR1399214 standard. The ethanol content (EC, %v/v) was calculated according to Eq. (1),
in which “A” is the final volume of the aqueous
phase (in milliliters).
EC =

( A − 50 ) ⋅ 2 + 1

(1)

Gasoline composition

In this work, the gasoline composition was assessed with respect to the following parameters: Research Octane Number (RON), Motor Octane Number (MON), Antiknock Index (AKI, estimated as
(MON+RON)/2) and the percentages (in %v/v) of
olefins, saturated hydrocarbons, aromatics, and benzene (ASTM D6277)16. These parameters were determined using a Petrospec portable analyzer, model
GS 1000 PLUS with spectral range of 400–4000
cm–1.
EIS measurements

According to Jafari et al.16, the use of two electrodes for EIS measurements in gasoline is considered optimum, due to its high electrical resistance.
The electrochemical studies were carried out using
a two-electrode glass cell with a capacity of 100
mL. The gasoline samples were used as electrolytes,

and no supporting electrolyte was added to the fuel
solution in order to avoid the interference of other
possible corrosive interferers.
EIS measurement was performed using a Princeton Applied Research model Versa Stat 3 potentiostat controlled with Versa Studio software, with the
SAE 1020 steel specimens as the working electrode,
and platinum as auxiliary electrode. The distance
between working and auxiliary/reference electrodes
was kept to a minimum, in order to achieve more
reliable results. Impedance diagrams were recorded
in a frequency range from 100 to 0.007 Hz, and an
amplitude of 20 mV within the range of corrosion
potential (Ecorr) was applied. The tests were carried
out in triplicate and, afterwards, EIS data were
modelled to an electrical equivalent circuit by fitting with the Zview2.0 software.
Polarization measurements

Polarization tests were performed using the
Autolab PGSTAT 100N potentiostat connected to
an electrochemical cell consisting of the carbon
steel as working electrode, a platinum counter-electrode, and an Ag/AgCl reference electrode. The
open circuit potential (OCP) was monitored for 900
s before polarization. The potential sweep was performed at a scan rate of 1.0 mV s–1. The polarization range was ± 250 mV in relation to the stabilized OCP. The corrosion rates were estimated from
Tafel extrapolation according to Eq. (2) and Eq. (3)
as the metal weight loss rate (r) and the metal penetration rate (r’). In the equations, “M” is the metal
molar mass (55.76 g mol–1), “j” is the corrosion current density (A cm–2), “n” is the number of exchanged electrons (n = 2), “F” is the Faraday constant (96,500 C mol–1), and “ρ” is the metal density
(0.00786 g mm–3).
Mj
nF
−4 r

=
r 8.64 ⋅ 108
=
r' 3.65 ⋅ 10

ρ

(2)
(3)

Results and discussion
Gasoline composition

The anhydrous ethanol content in each gasoline
sample is shown in Fig. 1. All samples indicated
conformity with the previously mentioned regulation12, and their average anhydrous ethanol content
was equal to 27 % v/v at a confidence level of 95 %.
Table 1 shows the results in terms of compositions for the various samples. Apart from the benzene content, where all samples failed the specified
values, the regulatory limits were fulfilled in every
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Ta b l e 1 – Composition of gasoline from different automotive fuel retail brands
Sample (%v/v)
Parameter

Reference value
(%v/v)

A1

A2

A3

B1

B2

B3

C1

C2

C3

RON

Not specified

100.0

100.5

100.0

100.0

99.8

100.2

100.5

96.9

97.0

MON (min)

82.0

102.3

108.1

105.9

99.3

99.4

102.9

92.2

91.1

91.5

AKI (min)

87.0

101.2

104.3

103.0

99.7

99.6

101.6

96.3

94.0

94.3

Olefins (max)

25.0

0.0

0.0

0.0

0.0

0.0

0.0

5.2

0.7

0.7

Saturated
hydrocarbons

Not specified

62.3

64.5

63.9

60.3

60.4

60.1

50.6

62.8

63.0

Aromatics (max)

35.0

4.5

1.8

2.5

6.1

5.7

4.1

9.9

5.6

5.6

Benzene (max)

1.00

2.14

2.60

2.46

1.86

1.88

2.23

1.41

1.13

1.19

20

F i g . 1 – Results of anhydrous ethanol content using a 95 %
confidence interval for the mean measurements

characteristic. For the specimen C1, unusual results
were found for the olefins, as well as the saturated
hydrocarbons contents. Amongst all samples, C1
showed the highest olefins and aromatic content in
addition to the lowest saturated hydrocarbon content.
Olefins (carbon compounds with two or more
double bonds) are suggested to enhance the gasoline reactivity in combustion processes, the octane
number, and the anti-knock performance17. It has
been reported that a high content of olefins in fuels
may increase ozone emissions and form gum deposits in automotive fuel systems17,18. Unlike the olefins, saturated hydrocarbons figure as the most stable constituents of gasoline18.
EIS measurements

Fig. 2 represents the Bode plots for the SAE
1020 carbon steel in gasoline for each of the three
automotive fuel retail brands evaluated.

Based on the Bode plots, an electrical equivalent circuit was proposed to represent the corrosion
process of the SAE 1020 carbon steel in commercial gasoline, as shown in Fig. 2. The proposed
equivalent circuit was also used by Jafari et al.16
and Deyab3, and consisted of a solution resistance
(RS), a polarization resistance (RP), and a constant
phase element (CPE), instead of an ideal capacitor,
in order to take into account surface heterogeneities19. EIS data was fitted to the proposed model.
The simulated parameters are shown in Table 2.
The high impedance observed in all the samples was due to the high resistivity of the gasoline,
which hindered the development of the electrical
double layer on the interface with the steel electrode20.
The solution resistance (Fig. 3) seemed to vary
considerably inside each test group (automotive
fuel retail brand). In general, brand C presented
higher polarization resistances in comparison to the
other groups. Brand B seemed to present the lowest
variation amongst samples. As expected from the
composition results, sample C1 presented the lowest solution resistance, which may be attributed to
the higher aromatic content. The lowest electrochemical resistance of aromatic components was
due to a negative charge density induced by the aromatic ring21 that allowed for increased conductivities. The RP results showed higher variation, in general, when compared to the RS results, and samples
C2 and C3 presented much higher RP values, comparatively. This again may be related to low RON
and MON values. Despite the samples differing
with respect to RS and RP values, there was insufficient statistical evidence to conclude that the mean
values for both parameters in each fuel retail brand
differed at the 0.05 level of significance.
Samples C2 and C3 presented the lowest values for RON and MON numbers. These parameters
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(a)

(b)

F i g . 3 – Calculated RS and RP for the different samples

(c)

F i g . 2 – Bode diagrams for 1020 carbon steel in commercial
gasoline from automotive fuel retail brands A (a),
B (b) and C (c)

indicate the fuel’s tendency to auto-ignite, and are
influenced by reactive components in the fuel, such
as ethanol content5,17,22. Accordingly, since ethanol
has been used also as an important modifier of octane number in gasoline, variations regarding MON
and RON numbers could be related to the ethanol
content in the gasoline samples, which is an important component responsible for gasoline corrosiveness. According to Matějovský et al.21 the presence
of ethanol in the fuel composition can increase the
conductivity of the solution and alter its compatibility with metallic materials kept in contact with the
gasoline in vehicle fuel system components. These
authors have mentioned that the presence of bioethanol in ethanol-gasoline blends, for instance, leads
to an increase in oxidation susceptibility of the fuel,
which causes the formation of corrosive byproducts. Since the ethanol content in the examined
samples did not significantly vary individually nor
among the brand groups, the slight decrease in the
octane number parameters in samples C2 and C3
might have arisen from the influence of other fuel

Ta b l e 2 – Estimated impedance parameters
Sample

RS (MΩ cm2)

RP (MΩ cm2)

CPE (μΩ–1 cm–2 sn)

χ2

A1

1.6363 ± 0.0023

0.4646 ± 0.0632

11.898 ± 0.449

0.0007

A2

1.2318 ± 0.0024

0.3805 ± 0.0436

13.675 ± 0.412

0.0007

A3

2.0958 ± 0.0042

0.3276 ± 0.0483

16.465 ± 1.668

0.0029

B1

1.2516 ± 0.0020

0.1630 ± 0.0108

14.835 ± 0.879

0.0010

B2

1.5273 ± 0.0015

0.3560 ± 0.0632

13.766 ± 0.422

0.0005

B3

1.0099 ± 0.0015

0.3169 ± 0.0252

19.513 ± 0.856

0.0012

C1

0.8594 ± 0.0016

0.3955 ± 0.0649

26.428 ± 1.467

0.0012

C2

2.4718 ± 0.0042

5.3167 ± 1.0124

13.511 ± 0.752

0.0019

C3

2.0681 ± 0.0029

2.1792 ± 0.5441

12.940 ± 0.521

0.0012
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components, like olefins, which are known to impact MON and RON values. Thus, the high solution
resistance presented by these two samples may be
attributed to the fuel’s lower reactivity due to small(a)

(b)

Ta b l e 3 – Calculated penetration and corrosion rates of gasoline from different automotive fuel retail brands
Sample

Penetration rate, r’
(mm year–1)

Corrosion rate, r
(g m–2 day–1)

A1

1.46 · 10–4

3.15 · 10–3

A2

8.45 · 10–4

1.82 · 10–2

A3

2.39 · 10–4

5.14 · 10–3

B1

3.60 · 10–4

7.76 · 10–3

B2

2.47 · 10–4

5.33 · 10–3

B3

7.88 · 10–4

1.70 · 10–2

C1

8.18 · 10–4

1.76 · 10–2

C2

9.08 · 10–5

1.96 · 10–3

C3

9.58 · 10–5

2.06 · 10–3

er RON and MON numbers. In addition, the C2 and
C3 samples showed olefin contents lower than C1
sample, and this fact could have contributed to the
lowest polarization resistance value of C1 sample.
Polarization measurements

(c)

Fig. 4 shows the polarization curves obtained
for SAE 1020 carbon steel in gasoline for each of
the three automotive fuel retail brands evaluated.
Table 3 shows the calculated penetration and
corrosion rates for each of the tested samples. All
calculated rates agreed with other literature results3,9.
Sample C1 was amongst those with the most
significant relation between the solution resistance
and the corrosion rate. Samples C2 and C3 presented lower corrosion rates as a direct relation to their
high solution and polarization resistances.
Carrying out further investigation on the influence of these two resistances on the corrosion process, a linear regression analysis was proposed in
order to minimize the sum of square errors in the
model. The model was expressed according to the
following equation:
Y =β 0 + β1 x1 + β 2 x2

F i g . 4 – Polarization curves for 1020 carbon steel in commercial gasoline from automotive fuel retail brands
A (a), B (b), and C (c)

(4)

where Y is the response variable, βi are the regression coefficients, and xi are the levels of the independent variables.
The penetration rate was set as the dependent
variable or response, Y. The two independent variables were 1/RS (x1) and 1/RP (x2). The results are
summarized in Table 4.
On the basis of the data obtained, an equation
was generated to establish the correlation between
the independent variables and the dependent variable. The model was expressed as follows:
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Y=
−3.84 ⋅ 10−4 + 1.17 ⋅ 103 x1 − 16.80 x2

(5)

Analysis of variance in Table 4 showed that
factor 1/RS, unlike factor 1/RP, had a significant effect on the average penetration rate, at a probability
level of α = 0.05. Therefore, the solution resistance
mainly governed the corrosion process, which corroborates the previous discussions, since RS is a
consequence of solution composition. Thus, the
slight variations in the samples’ composition (mainly towards the ethanol content) reflected equally on
low corrosiveness variations of each sample as a
consequence of quality conformity of the fuel
brands A, B, and C in relation to the parameters
preconized in the specific regulation20 (except for
the benzene concentration).
Given the significant effect of the solution resistance on the corrosion process, the model described in Eq. (6) was proposed to represent the
penetration rate in terms of the inverse of the solution resistance.
Y
= β 0 + β1 x3

(6)

F = 30.26 (> F1,7,0.05 = 5.59) verified that the model
was adequate at a probability level of α = 0.05. The
normal probability plot showed no departure from
the normality assumption, since the points fell
alongside the straight line, as in Fig. 5a. The assumption of constant variance also appeared reasonable, since the residual vs fit plot showed random points distribution (Fig. 5b).

(a)

(b)

where Y is the dependent variable, set as ln(r’); βi
are the regression coefficients; and x3 is independent variable, set as ln(1/RS).
The fitting results are summarized in Table 5.
The equation, generated by the fitting, which establishes the correlation between the corrosion rate and
the solution resistance, is as follows:
 1 
ln=
( r' ) 23.98 + 2.26ln  
 RS 

(7)

Analysis of variance in Table 5 showed that the
solution resistance was significant at the probability
level of α = 0.05. Increasing the solution resistance
should have caused a decrease in the corrosion rate.
The high coefficient of determination, R2= 0.81, and

(c)

Ta b l e 4 – Results of regression analysis for the penetration
rate in response to the inverse of the solution and
polarization resistances
Term

Coefficient

t-value

p-value

intercept

–3.84 · 10

–2.12

0.078

x1

1.17 · 103

4.33

0.005

x2

–16.80

–0.42

0.688

–4

(d)

Ta b l e 5 – Results of regression analysis for the model proposed in Eq. 6
Term

Coefficient

t-value

p-value

intercept

23.98

4.10

0.005

x1

2.26

5.50

0.001

F i g . 5 – Residual plots for the proposed model
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Conclusions
Based on the composition results, the anhydrous ethanol content was very similar for all tested
samples (approximately 27 %v/v). Furthermore,
apart from the benzene content, all the fuel samples
presented composition in agreement with the limits
established in the appropriate regulation.
Amongst all the brands, group C was the one
with the higher polarization resistances. Samples
C2 and C3 possessed the higher Rp values in the
group, which may be associated with their lower
RON and MON values, comparatively. On the other
hand, C1 presented higher aromatic content, possibly due to the negative charge density arising from
the double bonds of the aromatic rings.
Statistically, RS was the most important parameter in the corrosiveness of the samples. However,
the small variations observed in the composition of
the samples (mainly with respect to ethanol content)
reflected low variations of their corrosion rates.
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