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Abstract

In this study, the corrosion behavior of pure aluminum in methyl esters with different
degrees of unsaturation and chain lengths, as found in biodiesel, was investigated using
electrochemical techniques. The methyl esters evaluated included methyl acrylate (C4HgO»)
and methyl linoleate (C19H340,), which were added to methyl propionate (C4HgO,) and
methyl oleate (C19H3¢O3), respectively. The electrochemical techniques employed were
electrochemical impedance spectroscopy (EIS) and electrochemical noise (EN), comple-
mented by detailed scanning electron microscopy (SEM) analyses. The results indicated
that both the corrosion rate and the susceptibility to localized corrosion, such as pitting,
increased with higher degrees of unsaturation and longer alkyl chain lengths. The corrosion
process remained under charge transfer control and was not directly influenced by these
factors. However, the charge transfer resistance decreased with increasing unsaturation
and chain length, consistent with the observed increase in corrosion rate.

Keywords: Al; corrosion; biodiesel; methyl esters

1. Introduction

Biodiesel has gained considerable attention as an alternative to petroleum diesel be-
cause of its renewable nature, lower toxicity, reduced exhaust emissions, and enhanced
physical and chemical properties compared to conventional diesel fuels [1-4]. The rapid
depletion of fossil fuel resources has led to a growing demand for biodiesel, highlighting
the importance of research in this area due to the non-renewable nature of traditional
fuels [5]. Despite these advantages, biodiesel is not entirely suitable for direct use in diesel
engines, as it exhibits several disadvantages when compared to petroleum diesel. One
of the most significant limitations is its poor oxidative stability when exposed to atmo-
spheric conditions [6,7]. The oxidation process results in the formation of highly volatile
compounds such as ketones, aldehydes, and carboxylic acids, which can adversely affect
diesel engine performance depending on the extent of oxidation. A high degree of un-
saturation further increases the susceptibility of biodiesel to oxidative degradation [8-10].
Additionally, biodiesel exhibits a great corrosive behavior due to the presence of free fatty
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acids and moisture content [11-13]. Alves et al. [14] investigated the corrosion behavior
of 316 stainless steel in biodiesel produced from soybean oil via two different processes:
methanolysis and ethanolysis, yielding fatty acid methyl esters and fatty acid ethyl esters,
respectively. The corrosion rate of stainless steel was low and comparable to that exhibited
in both methyl and ethyl esters; however, the steel showed a slight susceptibility to pitting-
type corrosion. In a separate study, Kugelmeier et al. [15] assessed the corrosion resistance
of aluminum, copper, carbon steel, and 304 stainless steel in soybean biodiesel. Copper
and carbon steel exhibited the highest corrosion rates, followed by stainless steel, whereas
aluminum showed no evidence of corrosion. Kaul et al. [16] investigated the corrosion
behavior of aluminum in various biodiesels derived from Jatropha curcas, Karanja, Mahua,
and Salvadora. Their results showed that biodiesel produced from Jatropha curcas exhibited
the highest corrosivity, while biodiesel obtained from Salvadora was the least aggressive.
Likewise, different metallic materials may display distinct corrosion behaviors when ex-
posed to the same biodiesel. For instance, in a study examining the corrosion of several
metals in palm biodiesel, aluminum exhibited a lower corrosion rate compared to copper
and brass [17]. In a similar study, Hu et al. [18] assessed the corrosion performance of
common automotive metals, including aluminum (Al), copper (Cu), 304 stainless steel (304
SS), and 1018 carbon steel (1018 CS), in biodiesel produced from rapeseed oil and methanol.
The authors reported that copper showed the highest corrosion rate, followed by 1018 CS,
whereas 304 SS demonstrated the greatest resistance to corrosion. Despite its advantages
over conventional diesel, biodiesel is considerably more prone to degradation, which often
results in higher corrosivity than that of petroleum diesel [19,20]. Biodiesel degradation
primarily occurs through auto-oxidation reactions, moisture uptake, and microbial activity
during storage and use [21,22]. The extent of degradation may vary depending on the
feedstock, due to differences in chemical composition, particularly in terms of the degree
of unsaturation. The oxidation rate of biodiesel is influenced more strongly by the com-
position of its alkyl esters than by external factors such as temperature, exposure to air or
light, and the presence of metals [23]. Lower oxidative stability is associated with a higher
number of double bonds in the methyl esters. Furthermore, increasing the ester alkyl chain
length promotes greater adsorption and aggregation on metal surfaces, thereby enhancing
corrosive behavior [24]. In another study, Liu et al. [25] evaluated five imidazolium-based
ionic liquids with different alkyl chain lengths (C8-C16) and demonstrated that the inhi-
bition efficiency increased with increasing chain length, owing to enhanced adsorption
and the formation of a protective film on Q235 steel. Similarly, Singh et al. [26] investi-
gated the relationship between alkyl chain length and the corrosion inhibition efficiency
of N-acylated chitosans on mild steel in an acidic medium, highlighting the importance
of the interaction between the hydrophobic chain and the metal surface. Numin et al. [27]
examined the effect of alkyl chain length (C10, C12, C14, C16, and C18) of a quaternary
ammonium surfactant corrosion inhibitor on Fe (110) in acetic acid, and found that the most
favorable adsorption occurred for the C12 chain. Zamindar et al. [28] presented a recent
review on ionic liquid-based corrosion inhibitors, reporting that the inhibition properties
depend on the length and nature of the alkyl group, which influences adsorption on metal
surfaces such as steel. Similar findings were reported by Feng et al. [29], who observed that
the inhibition efficiency of imidazolium-type ionic liquids increased with increasing alkyl
chain length attached to the imidazolium ring.

As can be seen, all of these research studies have been conducted either on complex
compounds such as biodiesel or corrosion inhibitors, including different alkyl esters with
varying chain lengths and degrees of unsaturation. However, to evaluate two specific
compounds rather than a complex biodiesel mixture, the objective of this study is to assess
the influence of the alkyl chain length and degree of unsaturation on the corrosion behavior
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of pure aluminum. We have chosen Al because many automotive engine components
made of aluminum—such as pistons, piston rings, cylinders, and transmission parts—are
in contact with fuel, either petroleum diesel or biodiesel, and thus are attacked by the latter
since it is more corrosive than the former.

2. Experimental Produce
2.1. Testing Material

Although pure aluminum is not commonly used in practical engineering applications,
it was selected in this study to eliminate the influence of second phases, which are invari-
ably present in aluminum alloys. It is well known that second phases can promote the
detachment of protective films and induce micro-galvanic corrosion between the second
phases and the aluminum matrix, leading to localized corrosion. These effects could obscure
the intrinsic influence of alkyl chain length and degree of unsaturation on the corrosion
behavior of pure aluminum to lead a basic understanding of the corrosion characteristics of
this metal in biodiesel by avoiding complications imposed by alloying elements.

2.2. Testing Solution

To evaluate the influence of alkyl chain length, two methyl esters with different chain
lengths were selected: methyl propionate (C4HgO;) and methyl oleate (C19H3¢O7). In
addition to this, to assess the effect of the degree of unsaturation, esters with identical
carbon chain lengths but higher levels of unsaturation were also examined. Specifically,
methyl acrylate (C4HgO;) and methyl linoleate (C19H340,) were included at different
concentrations and compared with methyl propionate and methyl oleate, respectively.
These reagents were obtained from Sigma Aldrich (St. Louis, MO, USA). The chemical
structures of these compounds are presented in Figure 1. Although methyl propionate and
methyl acrylate contain the same number of carbon atoms, the former has a lower degree
of unsaturation than the latter. Similarly, methyl oleate and methyl linoleate possess the
same carbon chain length but differ in their degree of unsaturation, with methyl linoleate
exhibiting a higher number of double bonds. Thus, two solutions were used in this research
work: one solution included pure methyl propionate containing different concentrations,
including 0, 10, 50 and 100 uM, of methyl oleate; another solution consisted of methyl
acrylate with different concentrations, i.e., 0, 10, 50 and 100 uM of methyl linoleate.

0 0
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H3C/ \|/\CH3 HaC e,
0
@

O
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0 O
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Figure 1. Chemical structure of (a) methyl propionate, (b) methyl acrylate, (c) methyl oleate and
(d) methyl linoleate.
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2.3. Electrochemical Measurements

Electrochemical techniques, namely electrochemical noise (EN) analysis and electro-
chemical impedance spectroscopy (EIS), were employed in this study. EN measurements
were conducted using a zero-resistance ammeter (ZRA) from ACM Instruments (Grange-
over-Sands, UK) in a three-electrode electrochemical cell, where graphite served as the
auxiliary electrode, a silver/silver chloride (Ag/AgCl) electrode was used as the reference,
and aluminum (Al) bars acted as the working electrodes. Although the cell was not open
to the air, the entry of oxygen was not avoided. Similarly, the tests were carried out during
the rainy season, so the entry of humidity was not avoided either. The Al specimens were
encapsulated in a polymeric resin, exposing a surface area of 0.32 cm?. Prior to immer-
sion in the corrosive solution, metal surfaces were mirror-polished, washed with water,
and blown with warm air. Before starting the tests, the free corrosion potential value,
Ecorr, was allowed to reach a steady state value during 30 min. EN measurements of both
potential and current were recorded weekly in blocks of 1024 data points at a sampling
rate of 1 read/s. Current noise measurements were obtained using a second, nominally
identical working electrode. Signal trends were removed by applying a least-squares
fitting procedure. The noise resistance parameter (R,) was calculated as the ratio of the
standard deviation of the potential noise (oy) to that of the current noise (oj). Electro-
chemical impedance spectroscopy (EIS) measurements were performed weekly using a
Gamry PCI4-300 potentiostat/galvanostat (Warminster, PA, USA) over a frequency range of
0.05-20,000 Hz, with a perturbation amplitude of 30 mV applied around the free corrosion
potential. Tests lasted 1200 h as recommended in the literature [17,18] and repeated three
times. After testing, the corroded specimens were examined using a low-vacuum LEO
scanning electron microscope (SEM) (LEO Electron Microscope Inc., Thornwood, NY, USA).

3. Results and Discussion
3.1. EIS Measurements

Nyquist plots for pure aluminum immersed in methyl propionate containing different
concentrations of methyl acrylate are presented in Figure 2. As shown, the impedance
spectra consist of a single depressed capacitive semicircle whose center lies on the real
axis, indicating that the corrosion process is predominantly controlled by charge transfer
across the electrochemical double layer. With increasing methyl acrylate concentration, a
progressive decrease in the diameter of the semicircle is observed. The diameter of the
capacitive loop corresponds to the charge transfer resistance (Rct), which is equivalent to the
polarization resistance (Rp) and is inversely proportional to the corrosion current density
(Icorr)- Therefore, the reduction in Rt with increasing methyl acrylate content reflects an
enhancement in the corrosion rate, indicating that a higher degree of unsaturation increases
the corrosive nature of the medium. Thus, with the addition of methyl acrylate, which has
a higher number of double bonds than that of methyl propionate, the corrosion rate of Al
increases, which is in agreement with the results previously published [20-24].

The effect of the addition of different concentrations of methyl linoleate to methyl
oleate on the Nyquist plots for Al, displayed a similar trend to that observed for aluminum
immersed in methyl oleate with varying concentrations of methyl linoleate (Figure 3),
where the impedance response also exhibits capacitive semicircles centered on the real axis.
The semicircle diameter decreased with an increase in the methyl linoleate concentration,
indicating; thus, an increase in the Al corrosion rate.
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Figure 2. Nyquist plots for Al in methyl propionate with the addition of methyl acrylate at
different concentrations.
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Figure 3. Nyquist plots for Al in methyl oleate with the addition of different concentrations of
methyl linoleate.

The shape of the semicircles was not altered in this case, indicating that the corrosion
process is governed by charge transfer, showing that the corrosion process did not change
with the length of the alkyl esters. Thus, by increasing either the alkyl chain length or the
number of double bonds, the corrosion rate of Al was increased. Similar behavior has
been previously reported for pure aluminum exposed to palm oil biodiesel [30]. Vergara-
Juarez et al. [31] evaluated Cu in similar methyl Esther, Methyl Hexanoate (MH) and
Methyl Hexanoate +25% Methyl Trans-3-Hexenoate (MT3H) at 145 and 158 °C during
1000 h. Nyquist diagrams in both cases described one capacitive semicircle at high and
intermediate frequency values, followed by a second capacitive semicircle at the lowest
frequencies [31]. The total impedance for the tests in MH had values of 100,000 ohm cm?
and decreased with the addition of MT3H down to 80,000 ohm cm?. These values are more
or less within the same order of magnitude as the ones obtained in the present work.

In general, the semicircle diameters obtained for aluminum immersed in methyl oleate
containing varying concentrations of methyl linoleate are smaller than those observed for
aluminum in methyl propionate with added methyl acrylate. The increase in the corrosion
rate of metals exposed to compounds containing double bonds has been attributed to
the higher reactivity of m-electrons in unsaturated bonds (C=C, C=0, etc.) compared to
o-bonds. These m-electrons are more susceptible to attack by oxygen, acids, or metal
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surfaces, increasing the likelihood of reactions that destabilize protective oxide films on
metals [32,33].

In addition, double bonds and conjugated systems interact strongly with metal d-
orbitals, enabling their adsorption onto metal surfaces and, in some cases, the formation of
unstable surface complexes. Such interactions can disrupt protective passive layers and,
when the adsorbed film is non-protective, lead to an increase in corrosion. Furthermore,
unsaturated molecules can promote cathodic reactions by acting as electron acceptors and
depolarizers in electrochemical cells. This behavior accelerates cathodic processes such as
oxygen reduction, thereby increasing the overall corrosion rate [34-36].

On the other hand, longer chains increase adsorption and degradation potential,
strongly promoting oxidation, acid formation, and metal corrosion. They exhibit stronger
adsorption on metal surfaces (not always protective) due to greater van der Waals interac-
tions and higher surface affinity [26]. If the adsorbed film is unstable, discontinuous, or
reactive, it can disrupt passive layers and create localized corrosion sites, thereby promoting
localized forms of corrosion such as pitting. However, the main reason why longer-chain
compounds tend to be more corrosive is related to oxidation, acid formation, and surface
interactions [27]. These compounds readily oxidize and form acidic species by reacting
with oxygen to produce peroxides, aldehydes, and carboxylic acids, which lead to corrosive
attack as illustrated in Figure 4. When long-chain molecules degrade, they break into
multiple smaller acidic fragments that accumulate in the solution, making the environment
more aggressive [31].

Long chain alkyl ester 0
— o
acidic species

Passive film Corrosion attack

Al

Figure 4. Scheme showing how the degradation of alkyl esters produces acidic species that
attacks Al

Closely related to this is the effect of oxygen, which initiates autoxidation reactions,
leading to the formation of peroxides and hydroperoxides, aldehydes, ketones, short-chain
organic acids, and polymerized oxidation products. These compounds increase the acidity,
polarity, and overall aggressiveness of the medium, thereby enhancing its corrosivity
toward metals such as aluminum. When water is present—as was the case in this study
due to humidity from rainfall—it increases the electrical conductivity of the ester phase,
providing an electrolytic medium that enables anodic and cathodic reactions and facilitates
metal dissolution. In addition, water promotes the hydrolysis of fatty acid methyl esters,
producing fatty acids and methanol. The resulting free fatty acids further increase acidity
and corrosiveness, particularly toward steel, copper, and aluminum.

The EIS data were interpreted using equivalent electrical circuits composed of resistive
and capacitive elements, as illustrated in Figure 5. In these circuits, the solution resistance
is denoted by R, the charge transfer resistance by R, and the double-layer capacitance by
Cg1- The resistance and capacitance associated with any film formed on the metal surface
are represented by R¢ and Cg, respectively [31]. To account for surface heterogeneities and
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deviations from ideal capacitive behavior, a constant phase element (CPE) was introduced
in place of an ideal capacitor. The impedance of the CPE is expressed as:

Zepe =Y ! (lw) ™" (1)

where Y is a proportionality constant, i is \/—1, w = 27f is the angular frequency, f is the
frequency, and 7 is a parameter related to surface characteristics such as roughness [31].
The fitted EIS parameters corresponding to the first and last days of exposure to biodiesel
are summarized in Table 1.

R, CPE,
— "\ >>
R, CPE,
LN
rdrd
Rcl

Figure 5. Electric circuit used to fit EIS data.

Table 1. Electrochemical parameters used to fit EIS data.

. g Re CPEg Ret CPE; R¢ LE.
Solution Conc., uM Chi-Sqr ohm cm? Fcm—2 nal ohm cm? Fcem-—2 ng ohm cm? (%)
0 327 x 1073 1348 1.6 x 104 0.71 9.9 x 10* 13 x107° 0.98 6.4 x 10° .
Methyl 5 4 4 -5 5
propionate 10 6.73 x 10 957 24 %10 0.99 49 x 10 5.2 %107 0.49 5.8 x 10 50
+methyl 50 421 x10* 836 8.7 x 10* 0.78 3.3 x 10* 2.7 %1074 0.99 3.9 x 10° 66
acrylate
100 3.54 x 1073 794 32 %1073 0.99 2.4 x 10 8.4 x 107 0.35 1.2 x 105 75
0 337 x 1073 1147 8.5 % 107* 0.52 7.4 x 103 1.0 x 10~ 0.98 5.0 x 10* .
Methyl
oloate s 10 573 x 1075 901 38 %107 0.99 6.7 % 10° 2.6 x 10~ 0.20 2.8 x 10* 10
.. X - A X - . D X 1 X a . /X
methyl 50 6.21 x 10~* 845 5.1 x 10~3 0.42 5.5 x 10° 21x1073 0.99 1.7 x 10 20
linoleate
100 454 x 1073 749 8.7 x 1073 0.99 3.4 % 10° 51x107° 0.25 8.2 x 10° 52

Table 1 shows that R has high values, which is due to their low conductivity, simi-
lar to those reported by Vergara-Juarez et al. [31] for Cu in methyl hexanoate (MH) and
methyl hexanoate +25% methyl trans-3-hexenoate, with values of 601 and 435 ohm cm?
respectively. An important observation is that, regardless of the ester’s chemical composi-
tion, the resistance of the corrosion products (R¢) is substantially higher than the charge
transfer resistance (R.t), indicating that the protective behavior of the metal is primarily
governed by the film formed by these corrosion products. The Rt values decrease with the
addition of either methyl acrylate or methyl linoleate, reflecting an increase in the corro-
sion rate. Vergara-Juarez et al. [31] reported R values of 5.1 and 2.7 x 10° ohm cm? and
601 ohm cm?, one order of magnitude lower than the ones reported in this work, whereas
the R¢ values they reported were around 2.4 x 10%, one order of magnitude lower than the
ones reported in Table 1. Concurrently, the CPE4; values increase with increasing concen-
trations of methyl acrylate or methyl linoleate. This can be explained by considering that
capacitance is proportional to the product of the film dielectric constant and the vacuum
permittivity, and inversely proportional to the double electrochemical layer thickness [32].
Therefore, the increase in capacitance (or CPE4;) may result from either an increase in the
dielectric constant or a decrease in the double electrochemical layer thickness. At low
concentrations of methyl acrylate or methyl linoleate, where the corrosion rate is minimal,
the metal surface remains relatively smooth, and the CPE exponent (ny) is close to 1.0. As
the concentration of these esters—and thus the corrosion rate—increases, the metal surface
becomes rougher, causing ny to decrease toward a value of approximately 0.5.
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If we take the added alkyl esters, i.e., methyl acrylate or methyl linoleate, as a corrosion
inhibitor, a parameter similar to the inhibitor efficiency, called L.E., which measures the R
value for methyl propionate and methyl oleate, has been reduced, and can be calculated
as follows:

LE. = Re1 — Re2)/Rey x 100 )

where Ry is the R value obtained for Al immersed either in methyl acrylate or methyl
linoleate, whereas R is the R¢t value for Al immersed with the additions of either methyl
propionate or methyl oleate. Table 1 clearly shows that both methyl propionate and methyl
oleate reduced the R values obtained for Al immersed in methyl acrylate or methyl
linoleate, with a more pronounced effect of the former.

In order to have more quantitative results, from Nyquist diagrams, we obtained the
polarization resistance value, Ry, as:

Rp = Rs + Ret + R¢ (3)
and used the Stearn-Geary equation to calculate the corrosion current density velu, Ieor:
Leorr = B/Rp (4)

where B is the Stern-Geary constant, normally 52 mV. To calculate the corrosion rate, C.R.
in mm/y, we used the following relationship:

C.R. = (0.00327 LorrEW) /p (5)

where EW and p are the equivalent weight and density for Al. Replacing Icorr from
Equation (3), we can obtain:

C.R. = (0.00327 BEW)/pR, (6)

Thus, by using the EW and p for Al, the R, and calculated corrosion rate, C.R. values
are reported in Table 2. Since the R, values are very high due to the low conductivity
of methyl esters used, the C.R. values are very low as compared to those reported in the
literature for pure Al in different biodiesels, which fluctuated between 0.04 and 3 mm/y.
However, it can be seen that the addition of either compounds with unsaturation or longer
alkyl chain length increases the corrosion rate values.

Table 2. Corrosion rates, C.R., for Al in presence of methyl propionate + methyl acrylate and methyl
oleate + methyl linoleate.

Solution Rp (ohm cm?) C.R. (mm/y)
Methyl propionate 590,024 47 x 1075
Methyl propionate + 10 uM methyl acrylate 448,246 6.2 x 1075
Methyl propionate + 50 uM methyl acrylate 362,741 7.7 x 1073
xf;?;ltzpropionate + 100 M methyl 268,568 11 x 10~
Methyl oleate 50,361 55 x 1074
Methyl oleate +10 uM methyl linoleate 31,533 79 x 1074
Methyl oleate +50 uM methyl linoleate 28,753 9.7 x 1074
Methyl oleate +100 uM methyl linoleate 26,737 1.1 x 1073
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3.2. EN Measurements

As an example, Figure 6 shows a representative time series of current and potential
noise for aluminum exposed to methyl propionate. The data reveal transients of low
intensity and high frequency, combined with less frequent transients of higher intensity,
which are indicative of the rupture and reformation of a protective film or metastable
pitting-type corrosion [33]. When 50 uM of methyl acrylate was added (Figure 7), both
the intensity and frequency of the transients increased, suggesting more frequent film
rupture and a higher susceptibility of the metal to localized corrosion, such as pitting.
These transients result from the cyclical rupture and reformation of protective films on
the metal surface. As established above, double bonds and conjugated systems interact
strongly with metal d-orbitals, enabling their adsorption onto metal surfaces and, in some
cases, the formation of unstable surface complexes. Such interactions can disrupt protective
layers and, thus, leave those sites unprotected, giving rise to an increase in the localized
corrosion rate, and, therefore, in the current. When the film is repaired and formed again,
the current recovers its original value as observed in Figure 7b.
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Figure 6. Noise time series in (a) potential and in (b) current for Al immersed in pure methyl
propionate.
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Figure 7. Noise time series in (a) potential and in (b) current for Al immersed in methyl propionate +
50 uM methyl acrylate.

For aluminum immersed in pure methyl oleate (Figure 8), the time series for both
potential and current exhibit predominantly low-intensity, high-frequency transients, in-
dicative of uniform corrosion, along with occasional higher-intensity, lower-frequency
transients, corresponding to localized corrosion events. However, upon the addition of
50 uM methyl linoleate (Figure 9), the time series displays highly periodic transients of
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greater intensity, reflecting repeated rupture and reformation of the protective film. This
behavior indicates that aluminum is highly susceptible to localized corrosion, such as
pitting, under these conditions [33]. As explained above, long alkyl esters or the presence
of unsaturations exhibit stronger adsorption on metal surfaces (not always protective)
due to greater van der Waals interactions, higher reactivity of m-electrons in unsaturated
bonds and higher surface affinity [26], enabling their adsorption onto metal surfaces and,
in some cases, the formation of unstable surface complexes. Such interactions can disrupt
protective passive layers and, when the adsorbed film is non-protective, lead to an increase
in corrosion. If the adsorbed film is unstable, discontinuous, or reactive, it can disrupt

passive layers and create localized corrosion sites, thereby promoting localized forms of
corrosion such as pitting.
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Figure 8. Noise time series in (a) potential and in (b) current for Al immersed in pure methyl oleate.
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Figure 9. Noise time series in (a) potential and in (b) current for Al immersed in methyl oleate +
50 uM methyl linoleate.

The variation in Ry, for pure aluminum immersed in methyl propionate with different
concentrations of methyl acrylate is shown in Figure 10, while the effect of adding methyl
linoleate to methyl oleate is presented in Figure 11. These figures show that the addition
of either methyl acrylate or methyl linoleate reduces the Ry, value, and increasing their
concentration leads to a further decrease, corresponding to an increase in the corrosion
current density (Icorr). Additionally, the presence of a longer alkyl chain also lowers the Ry
value. It can be noticed that the Ry values for Al immersed in methyl propionate + methyl
acrylate are higher than those in methyl oleate + methyl linoleate, and that, in general
terms, an increase in either the degree of unsaturation or the alkyl chain length brings a
decrease in the R, value, indicating an enhancement in the corrosion rate of aluminum.
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Figure 10. Effect of the addition of methyl acrylate to methyl propionate on the variation in the R,
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Figure 11. Effect of the addition of methyl linoleate to methyl oleate on the variation in the R, value
with time for Al

3.3. Corroded Surface Analysis

SEM micrographs of aluminum specimens corroded in various methyl ester solutions
are presented in Figures 12 and 13. Figure 12 shows specimens exposed to methyl pro-
pionate with different concentrations of methyl acrylate. For the specimen immersed in
pure methyl propionate (Figure 12a), no visible damage is observed on the metal surface,
with only minor corrosion products present, consistent with the current and potential noise
time series shown in Figure 6. When 10 uM of methyl acrylate was added (Figure 12b), a
few small pits with diameters below 10 pm appeared, along with some corrosion products.
As the concentration of methyl acrylate increases (Figure 12¢,d), both the number of pits
and the amount of corrosion products covering the surface increase, in agreement with the
trends observed in the noise time series in Figure 7, indicating enhanced corrosiveness of
the solution.

For specimens corroded in pure methyl oleate or methyl oleate containing 10 pM
methyl linoleate (Figure 13a,b), a few small pits are observed on the aluminum surface
alongside corrosion products. However, at higher concentrations of methyl linoleate
(Figure 13c¢,d), the number of pits increases significantly, consistent with the time series
shown in Figure 9. By comparing Figures 12 and 13, it is evident that an increase in alkyl
chain length leads to a higher pit density. For aluminum exposed to pure methyl propionate
(Figure 12a), no pits were observed on the metal surface. In contrast, aluminum exposed
to pure methyl oleate (Figure 13a) showed clear evidence of pitting. Likewise, samples
exposed to compounds with longer alkyl chains, namely methyl oleate containing methyl
linoleate (Figure 13b—d), exhibited a greater number of pits than those exposed to shorter
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alkyl chains, such as methyl propionate with methyl acrylate (Figure 12b-d). In addition
to this, the pit size for specimens exposed to short alkyl length measures around 2 pm
diameter and with lower density as compared with those present in specimens exposed to
long alkyl chain length, where a higher number of pits with a diameter around 5-8 pm.

Figure 12. SEM micrographs of Al immersed in methyl propionate with the addition of (a) 0, (b) 10,
(c) 50 and (d) 100 uM methyl acrylate.

Figure 13. SEM micrographs of Al immersed in methyl oleate with the addition of (a) 0, (b) 10, (c) 50
and (d) 100 pM methyl linoleate.

Thus, it is evident that an increase in both the degree of unsaturation and a longer
alkyl chain length enhances the susceptibility of pure aluminum to localized corrosion in
the presence of methyl esters.
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4. Conclusions

A study was conducted to evaluate the effect of the degree of unsaturation and the
alkyl chain length of methyl esters on the corrosion behavior of pure aluminum. The EIS
results indicated that both the charge transfer resistance and the resistance of the corrosion
product film decreased with increasing unsaturation and chain length. The corrosion
process remained under charge transfer control and was not directly influenced by these
factors. EN measurements revealed that the susceptibility to localized corrosion, such as
pitting, increased with higher unsaturation and longer chain lengths, which was further
confirmed by the analysis of corroded specimens. Similarly, the noise resistance, which is
equivalent to the charge transfer resistance, decreased with increasing unsaturation and
chain length, reflecting an increase in the corrosion rate of aluminum.
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