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1 | INTRODUCTION

Aluminum native oxide, mainly composed of Al,O;
with a thickness between 5 and 100 A,[” works out as
a protective film against environmental attack and
maintains the structural integrity of the base metal
when pH values are between 5 and 8.!*°! However,
when in presence of some kinds of aggressive species
like halogen anions, the passive layer can be attacked

Silvana Mattedi?

protic ionic liquids (PILs)

| Roberto M. Schroeder!® |

Protic ionic liquid (PIL) 2-hydroxyethylammonium oleate (2HEAO]I) proved to be a
good lubricant for aluminum-forming processes. However, with the aim of keeping
the formed component integrity, it is interesting that the same substance employed
during forming does not need to be removed and works out as corrosion inhibitor.
Then, the aim of this study was to test the performance of 2HEAOI as corrosion
inhibitor for aluminum in neutral 0.5mol/L NaCl medium by electrochemical
characterization. Results showed that the concentration of 5x 10~*mol/L was a
suitable concentration to promote corrosion inhibition until 72h at the high
chloride concentration studied. The PIL worked out as mixed-type organic corro-
sion inhibitor, as it promoted the diminution of the oxygen reduction reaction rate
and, in consequence, the pit initiation by its adsorption on the metal surface.

aluminum, corrosion inhibition, electrochemical impedance spectroscopy, pitting corrosion,

by localized corrosion in form of pits[“] that bring
about problems in the normal operation of facilities
and devices.

As most industries where aluminum is employed expose
the metal to aggressive environments, it is important to carry
out strategies to allow corrosion control, like the selection
and use of corrosion inhibitors. Much has been studied about
the use of corrosion inhibitors for aluminum-based materials
with different organic substances'® ! with good results, due
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to interactions between the inhibitor molecules and the
substrate.

Zheludkevich et al.!”l evaluated 1,2,4-triazole, 3-amino-
1,2,4-triazole, benzotriazole and 2-mercaptobenzothiazole as
corrosion inhibitors for AA2024 alloy in neutral chloride
electrolyte; the inhibitors avoided dealloying of the copper-
based intermetallics and retarded oxygen reduction reaction.
1,4-naphtoquinone!® has been tested on aluminum and it
worked out by shifting toward higher corrosion and pitting
potential values compared to only sodium chloride electro-
lyte, as well as by reinforcing the passive layer. Other
work!'”!  compared organic corrosion inhibitors, like
salicylaldoxime, 8-hydroxyquinoline and quinaldic acid, to
rare-earth nitrates, and the authors observed that organic
substances reinforced passivation and prevention of inter-
metallics dissolution better than rare-earth nitrates. The
addition of both 8-hydroxyquinoline and benzotriazole in
aqueous electrolyte-enhanced passivation region inhibited
oxygen reduction, and avoided intermetallic dissolution of
AA2024, as reported by Marcelin and Pebere !

Most of the mentioned organic corrosion inhibitors were
reported to work out by adsorption, promoted by the pre-
sence of oxygen- and nitrogen-based functional groups. The
development of metal-organic interaction is enhanced with
the presence of heteroatoms in functional groups.'*! Fol-
lowing these line, protic ionic liquids present themselves as
promising corrosion inhibitors because of the variety of
functional groups inside their molecules.

Protic ionic liquids (PILs) can be defined as com-
pounds formed by organic ions in most of the cases, with
the presence of a proton capable of hydrogen bonding.
Due to the presence of organic structures in both anion
and cation, PILs possess functional groups that make them
suitable for promoting Coulombic and covalent interac-
tions with metals. This property is desirable for
applications like lubrication!'®?”! and for corrosion
inhibition.!"**'"?*! One of the advantages of the use of PILs
for these applications is their low vapor pressure, which
ensures low emission of organic compounds to the atmo-
sphere, as well as their thermochemical stability. In
addition, they can constitute another alternative for sub-
stituting chromate-based corrosion inhibitors and their
cost is lower than that of other ionic liquids.

The PIL matter of this study was already tested in other
work!"® as a lubricant for aluminum, with an important
reduction of wear and friction. In addition, it is an important
concern that also the material integrity after forming be
maintained during transport and storage, which points out
the need for a corrosion inhibitor. Therefore, the aim of this
study was to analyze the electrochemical performance of an
oleate-based PIL, 2-hydroxyethylammonium oleate—
2HEAO]I, as a corrosion inhibitor in neutral chloride med-
ium, thinking of a substance that can be employed both as a

lubricant in metal-forming processes and corrosion inhibitor
for the formed component. Electrochemical characterization
of diluted PIL in NaCl solution was conducted followed by
morphological characterization. 2HEAOl was composed
of the oleate anion, coming from oleic acid, and
2-hydroxyethylamine as cation precursor; in other work, it
yielded the reduction of 98% of wear compared to dry,
nonlubricated condition.!'® Other groups have tested similar
fatty acid-based ionic liquids as lubricants: tetraalk-
ylammonium oleates has been reported to be promising
lubricants for steel tribopair,!”! stearic and palmitic acid-
derived ionic liquids have been proved to reduce wear down
to 80% when employed as additives in water,"*! and bis-2-
hydroxyethylammonium oleate has been employed in gra-
phene dispersions for steel contacts.!””! Other works also
report the use of ethoxylated fatty acid as corrosion inhibitors
for mild steel in sulfuric acid, with an efficiency of 96% at
1x 10> mol/L of inhibitor.”® Fatty acid triazoles were tes-
ted by other researchers as corrosion inhibitors for mild steel
in hydrochloric and sulfuric acids with efficiency higher than
85%.1°7) Citric and argaric acid were also studied as corrosion
inhibitor for aluminum pigments, due to its capability of
forming an aluminum chelate, to reduce hydrogen evolution
in alkaline medium."**!

In other work conducted by our group, I the perfor-
mance of other oleate-based, ammonium-based PILs as
corrosion inhibitor was tested for mild steel in contact with
0.01 mol/L NaCl. In that work, the tested PILs belong to the
same oleate family (bis-2-hydroxyethylammonium oleate—
BHEAOQI and N-methyl-2-hydroxyethylammonium oleate—
m-2HEAOI), but corrosion inhibition performance for steel
differ to that for aluminum due to the different nature of the
metals, as well as other experimental parameters. In con-
sequence, this study also pointed out important similarities
and differences between the corrosion mechanisms as well as
the different inhibitor performance for both metals. PIL re-
ported in this study, 2HEAOI, has not been tested before as
corrosion inhibitor for aluminum in neutral medium and
this application is subject of a deposited patent at the Bra-
zilian intellectual property responsible entity (Instituto Na-
cional da Propriedade Intelectual [INPI]) number BR 10 2019
015605 8. This patent deposit relates to the use of carboxylate
and amino-based protic ionic liquids, like those carboxylates
coming from fatty acids, as corrosion inhibitors in aqueous
media for metallic materials, which can be employed in
different industrial applications (heat exchangers, water dis-
tribution, automotive, and mechanical sectors, etc.).

[21

2 | EXPERIMENTAL

Oleate-based PIL 2-hydroxyethylammonium oleate
(2HEAOI) was synthetized by Brensted neutralization
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FIGURE 1 Structure of protic ionic liquid 2HEAOI
(2-hydroxyethylammonium oleate)

of an amine and a carboxylic acid, and its structure is
shown in Figure 1. The structural characterization
was confirmed by nuclear magnetic resonance and
Fourier transform infrared (FTIR) spectroscopy; these
results can be found elsewhere,!'®! where it was tested
as lubricant with a good result concerning low coef-
ficient of friction and wear.

Aluminum 1100 samples with dimensions of
30 X 90 x 1 mm were used for the tests; alloy compo-
sition was already reported in other work."”’! Surface
roughness of the samples was measured with a Bruker
Contour GT-K optical interferometer and the image
analysis was done with Vision64 software. Sz para-
meter was considered as the main factor to study as it
corresponds to the peak-valley roughness.*”! Samples
were used as received and they were washed with
acetone, ethanol, and water, and dried with fresh air.

The electrolyte was composed of 0.5mol/L sodium
chloride solution with the addition of 2HEAOI in con-
centration of 5x 107> or 5x 10~* mol/L. Measurements
with concentration of 5 X 10™> mol/L were intended to be
conducted but at this PIL concentration there was the
formation of a second phase; thus, the study with this
concentration was discarded. A blank solution without
PIL addition was also tested for comparison. A three-
electrode cell was used for the electrochemical tests, with
saturated calomel electrode (SCE) as reference electrode
and a platinum wire as counter-electrode. The electro-
chemical measurements were conducted with a po-
tentiostat/galvanostat ~ Autolab = PGSTAT302N by
Metrohm, using software NOVA 1.11. All the electro-
chemical tests were carried out at least three times and
only the data set with the most corroded aspect observed
by microscopy was presented.

Open circuit potential (OCP) monitoring was con-
ducted for 15min. Then potentiodynamic polarization
experiments were conducted between —400 mV and
+600 mV versus OCP, with a scan rate of 1 mV/s.

Electrochemical impedance spectroscopy (EIS) was
also measured with previous OCP measurement for
until 20 min before each measurement. Sinusoidal per-
turbation of 7mV (rms) from 100 kHz down to 10 mHz,
with maximum time to reach a steady state of 30's, was
applied at OCP and 10 points per frequency decay were
acquired.

Materials and Corrosion

Scanning electron microscopy (SEM) images of the
aluminum samples after polarization tests were acquired
employing a JEOL JSM5050. Optical interferometer was
also employed to determine the pit depth.

3 | RESULTS AND DISCUSSION

3.1 | Electrolyte characterization

The pH and conductivity of the electrolytes are listed in
Table 1. In general, the presence of PIL at the highest
concentration tested, yielded the increase of pH value in
one unit. These PILs tend to be more alkaline because of
the presence of the electron-donor amino group in the
cation moiety. The studied pH values promoted the sta-
bility of the oxide film layer and, thus, made the pitting
corrosion mechanism to predominate.””*!! Conductivity
remained almost the same with the PIL addition to the
NaCl solution; it reveals that this PIL is not as good
electrical ionic conductor as other ionic liquids, maybe
due to the big size of the molecule.

3.2 | OCP and potentiodynamic
polarization measurement

Open circuit potential and polarization curves for the studied
electrolytes appear in Figure 2. NaCl electrolyte promoted
the biggest oscillation of OCP values during the first 5 min of
immersion, which reduced with time until the sample
reached an OCP value of ~—725mV (Figure 2a). Similar
corrosion potential in inhibitor-free chloride electrolyte was
found for aluminum alloy 7075 in 0.05 mol/L NaCl by other
authors.*”! The addition of the PIL at the lower concentra-
tion promoted even more oscillation than the noninhibited
solution, maybe associated to the first contact of the solution
with the aluminum passive layer and the short time con-
sidered for the measurements. During this first contact be-
tween the aluminum 1100 electrode and the electrolytes of
only NaCl and NaCl with PIL at lower concentration, OCP
instability could have been caused by the competing

TABLE 1 pH and conductivity values of the studied
electrolytes, with standard deviation in parenthesis
Inhibitor Conductivity
concentration (mol/L) pH" (mS-cm)*
0 6.32 (0.10) 14.05 (4.00)
5%107° 6.75 (0.33) 14.65 (5.12)
5x107* 8.25 (0.4) 13.00 (4.17)
4T =22°C.
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FIGURE 2 (a) Open circuit potential and (b) polarization

curve for the aluminum samples in contact with sodium
chloride solution in absence and presence of different
2-hydroxyethylammonium oleate (2HEAOI) concentrations
[Color figure can be viewed at wileyonlinelibrary.com]

reactions of passive layer rupture by the chloride anions,
with pit initiation, and the pit repassivation.l*****! Because
the same OCP variation was not observed for NaCl with
5% 10~*mol/L 2HEAOI, which could be attributed to the
formation of a uniform adsorbed layer of the organic com-
pound that could hinder the formation of incipient pits and
promote the stability observed in Figure 2a.

On the contrary, the addition of 5Xx 104 mol/L
2HEAOI (Figure 2a) shifted the potential toward more
negative values during the first minutes of the experi-
ment, possibly due to the modification of the structure
of the passive layer,BS] or due to a more accentuated
reduction of the kinetics of the cathodic processes, than
of the anodic ones.*®! After 10 min, OCP values
showed a slight increase. This increase can be attrib-
uted to the formation of an adsorbed layer of PIL on the
hydrated passive layer or to a modification of the oxide

layer in the presence of an organic inhibitor, which
compensates the more intense influence on the
cathodic processes. OCP decrease with increasing PIL
concentration could be related to the strong adsorption
of the organic molecule on the Helmholtz plane.””]
The trend of lower corrosion potential was formerly
reported by other researchers for inhibited sodium
chloride electrolyte, employing hydroxyquinoline!**!
versus the noninhibited condition.

Polarization curves are displayed in Figure 2b. Cathodic
branches of the curves revealed that the oxygen reaction was
inhibited in the presence of PIL as inhibitor (Figure 2b), as
the limiting currents diminished when compared to the
medium in absence of inhibitor, as observed in other
works.”! In addition, limiting currents decrease was more
pronounced inasmuch as the inhibitor concentration in-
creases, in agreement with the literature, for the employment
of fatty acids as corrosion inhibitors for chloride medium
(1 mol/L HCI)."”! This oxygen reduction inhibition is crucial
for retarding pit formation.*"**! Oxygen reduction is neces-
sary for the formation of enough OH- species to favor the

aluminum dissolution, as initially showed by Edeleanu and
[39 [41,42

Evans, 1 ater elucidated by other authors, I and ex-
pressed in the following equation:
Al + 30H- = AI(OH); + 3e (1

and the counter-reaction is the hydrogen evolution, as
exposed in the below equation,

3H* + 3¢ = %Hz. @)

Corrosion currents at corrosion potential were also re-
duced in the presence of PIL, with concentration being the
main factor to reach more important corrosion current de-
creases down to one order of magnitude with 5x 10™* mol/L
2HEAOIL. Corrosion potential values were closer to those
found during OCP monitoring. This behavior was also ob-
served in other works.*"*"!

Anodic branch of the curve showed different profiles
(Figure 2b). With the addition of 5x 10> mol/L the anodic
behavior was similar to that observed in absence of in-
hibitor. For the curve with 5 x 10~ mol/L 2HEAO]I, anodic
branch developed a passive region, extended for over-
potential of 329 mV, with passive currents in the order of
107 A/cm?. Values of corrosion potential, pitting potential,
and passive region overpotential are displayed in Table 3.
E,;; values found for 5 x 10~* mol/L 2HEAOI were closer to
those reported in the literature.'®’

Then, at concentration of 5 x 10~* mol/L, PIL 2HEAOI
allowed the separation of pitting potential. This phenom-
enon was not observed at lower inhibitor concentration or
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TABLE 2
region overpotential values obtained from polarization curves

Corrosion potential, pitting potential, and passive

Inhibitor E corr AEp,ss E Lt
concentration (mV) (mV) (mV)
(mol/L) vs. SCE vs. SCE vs. SCE
0 —679 - -
5%x107° —698 - -
5%x107* —803 329 —474

in only NaCl medium in which pitting potential was lower
than the corrosion potential, and the passive region was
absent. Similar behavior was also reported by other au-
thors.***l The observed passive behavior can be attrib-
uted to the formation of an adsorbed, organic film on the
aluminum surface. This layer suffered breakdown when
potential reached pitting potential, value at which current
increases in more than one order of magnitude with small
potential variation.""*! The difference between pitting
and corrosion potentials (AE,,s in Table 2) is considered
as an indicator for inhibitor efficiency against pitting cor-
rosion, according to the literature..**) When corrosion and
pitting potential are convoluted at spontaneous conditions,
pits will appear on the metal surface, as in the case of NaCl
solution in absence of inhibitor; but the presence of the
inhibitor promoted the shifting of the corrosion potential
toward the cathodic direction. This separation allowed the
protection of the substrate for the case of addition of
5x 10~*mol/L 2HEAOI to the electrolyte: at spontaneous
conditions, no pit formation will be expected.[*”!

With the addition of 5x 10~*mol/L 2HEAO], pH in-
creased one order of magnitude when compared to
5x10°mol/L and two orders when compared to the

TABLE 3
aluminum 1100 samples after OCP monitoring and

Area covered by pits and average pit depth for

potentiodynamic polarization

Inhibitor Area

concentration covered Average pit

(mol/L) by pits (%)” depth (um)® Sz (um)°
Clean aluminum 8.29 (0.72)
0 11 6.90 (2.04)  16.93 (2.42)
5%107° 2.8 10.98 (4.45)  20.77 (2.98)
5x10~* 1.57 2.27 (0.35) 7.33 (1.18)

®Total area: 2.8 mm? Determined by image analysis of the optical
micrographs employing ImagelJ.

"Determined by optical interferometry results. Standard deviation in
parentheses.

“Peak-valley surface roughness, determined by optical interferometry. Sz for
aluminum 1100 plate: 8.30 um.
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NaCl solution, for which it could be expected that it
would enhance passive behavior.**! In fact, pH was a
response of the system to the addition of 2HEAOI at the
corresponding concentration. No pH adjustment was
done because the new value did not affect the corrosion
mechanism, expected to be pitting corrosion and con-
firmed by the electrochemical results. Some authors!**!
relate that the pH increase promoted by the inhibitor
addition did not modify the pitting potential and that
only the presence of the inhibitor enhanced passivation.
Similar results were found in other work of our group,
employing other oleate-based PILs as corrosion inhibitor
for mild steel.”"! In that work, inhibitor performance was
independent of the pH increase caused by its addition
and exclusively depended on the organic substance ad-
sorption. According to some researchers,!"**! isoelectric
point for the aluminum passive layer is reached at pH 9.5;
lower values promote that the oxide film possesses posi-
tive charge. In consequence, chloride ions as well as polar
organic compounds can be adsorbed on the substrate
surface during polarization,!**) which protects the sub-
strate against the aggressive medium. Even though pH
did not appear to enhance passivation, it can be favorable
for PIL adsorption.

3.3 | Morphological characterization
Optical and SEM micrographs of the samples after po-
tentiodynamic polarization in 0.5mol/L NaCl are dis-
played in Figure 3. Optical microscopy showed (Figure 3a)
important pits on the surface, observed as black spots on
the metallic surface, some of them with diameter superior
to 100 um. SEM images were employed to evaluate the pit
morphology, as shown in Figure 3b,c). Pits were deep and
presented important lateral growth (Figure 3b) perhaps
due to coalescence; these phenomena can be a con-
sequence of the autocatalytic nature of the pit.*”! In ad-
dition, pits presented in the form of inverted firtree and
their growth is faceted (Figure 3c). Some authors reported
this aspect of the pits developed on aluminum alloys
surfaces when exposed to halide-containing electrolytes
and attributed it to the preferential growth following
determined crystal planes.[*>#4%->]

Samples in contact with electrolyte in presence of in-
hibitor showed a cleaner surface, with less spots related to
pitting corrosion, as observed on the optical micrographs of
Figures 4a and 5a for concentrations 5x107° and
5x10*mol/L 2HEAO], respectively. Image analysis soft-
ware ImageJ] was employed to determine the area covered by
pits for the optical micrographs and the results appear in
Table 3. These results confirm that the presence of 2HEAOI
as inhibitor in the electrolyte allowed the reduction of the



VEGA ET AL.

uMaterials and Corrosion

FIGURE 3
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(a) Optical microscopy and (b,c) scanning electron microscopy images of aluminum 1100 after potentiodynamic

polarization measurements in 0.5 mol/L NaCl [Color figure can be viewed at wileyonlinelibrary.com]

surface covered by pits, and higher the amount of 2HEAOI
lesser was the pit formation on the substrate.

SEM micrograph of the sample after assay with solution
containing 5 107> mol/L 2HEAOI (Figure 4b) showed a
surface attacked by pits; however, these pits seem to have less
lateral growth when compared to the surface after contact
with NaCl electrolyte. The gross pits seem to be formed by
the existence of lots of small pits. Even in the presence of the
corrosion inhibitor, the formed pits presented preferential
growth toward determined crystal planes (Figure 4c); this
type of pit growth is typical of aluminum pits as reported by
other authors.[*******! In addition, the presence of the PIL
allowed the formation of a white corrosion product at each
pit boundary. In other work, the white corrosion product is
associated with the formation of precipitates of NaCl with
molecules of the organic compound.””")

After electrochemical tests, aluminum samples in contact
with inhibitor-free NaCl solution and with the addition of
5% 107> mol/L 2HEAOI presented small particles on the
surface that presented crystal-like shape (Figures 3b,c
and 4b,c). Similar particles were also observed in the work of
Baumgirtner and Kaesche,"”! developed at pitting potential

and at +20 mV versus pitting potential. Those authors re-
ported that those small tunnels are constituted during the
first stage of pit formation, caused by CI~ adsorption on the
aluminum surface. However, for pit growth it is necessary for
it to achieve a volume and a surface; as some pits did not
reach that critical size to grow, they appeared as small par-
ticles (Figures 3b,c and 4b,c). With the increase of potential,
the density of tunnels increased, and the gross pit formation
(Figures 3b and 4b) took place by coalescence of many
tunnels that augmented the pit volume filled with acidic
electrolyte.[‘”’SZ] In addition, these particles (Figures 3b,c
and 4b,c) are not expected to be precipitates or second
phases, given the absence of important amounts of alloy
elements in the material composition.””!

However, when in presence of the highest PIL
concentration, the surface presented even less pit density
(Figure 5a and Table 3) and the formed pits were the
smallest-sized obtained when compared to those found with
none and less inhibitor concentrations (Figures 3 and 4).
Another factor that could have influenced the small pit sizes
for concentration of 5x 10~* mol/L 2HEAOI as inhibitor was
that pits had less time to grow in the studied conditions.*"

FIGURE 4 (a) Optical microscopy and (b,c) scanning electron microscopy images of aluminum 1100 after potentiodynamic
polarization measurements in 0.5 mol/L NaCl with addition of 5x 107> mol/L 2HEAOI (2-hydroxyethylammonium oleate) as
corrosion inhibitor [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 (a) Optical microscopy and
(b,c) scanning electron microscopy images of
aluminum 1100 after potentiodynamic
polarization measurements in 0.5 mol/L NaCl
with addition of 5X 10~*mol/L 2HEAOI
(2-hydroxyethylammonium oleate) as
corrosion inhibitor [Color figure can be viewed
at wileyonlinelibrary.com]

For this particular case, pits were nucleated at higher po-
tentials (Figure 2b), almost at the end of the polarization
experiment, without enough time to propagate.

Table 3 also shows the results obtained by optical in-
terferometry. Average pit depth and variation of the
peak-valley surface roughness'’! were appropriate in-
dicators of the PIL performance as corrosion inhibitor. Pit
depth was determined employing Vision64 software. It is
noticeable that the presence of lower inhibitor con-
centration in the electrolyte promoted pits deeper than
those obtained with only NaCl solution, which was not
expected given the highest pit-covered area achieved with
uninhibited medium. Other authors!*”! reported that
macroscopic pits can be formed even in presence of in-
hibiting agents and that tunneling toward the inside of the
substrate was enhanced. In consequence, peak-valley
surface roughness was increased with pit density
(Table 4), given the important damage of the material, for
the lower 2HEAOI concentration and for the only NaCl
solution. On the contrary, 5 10~*mol/L. 2HEAOI ap-
peared to be an efficient concentration to form a more
uniform adsorbed layer that could overcome the pit nu-
cleation and retard the pit growth; in consequence, less pit
density was obtained and pit depth was the lowest at the
studied conditions. In addition, the roughness compared
to the aluminum plate before the electrochemical tests
suggested that the presence of this concentration of PIL
could keep the plate finishing (Table 4), in contrast to the
other studied electrolytes for which the surface roughness
was higher and presented important surface damage.

Materials and Corrosion

3.4 | Discussion considering the metal
When comparing the OCP results concerning the use of
oleate-based PILs as corrosion inhibitors between steel”!!
and aluminum, whereas the presence of PIL shifted poten-
tials toward the anodic region for the former, the opposite
effect was observed for the latter and OCP tended to remain
lower than the bare alloy. Supporting information presents
the results of OCP and polarization for the same aluminum
alloy in 0.5 mol/L NaCl with the addition of PILs BHEAOI
and m-2HEAOI (bis-2-hydroxyethylammonium oleate and
methyl-2-hydroxyethylammonium oleate), studied for mild
steel. In a former work, BHEAOI and m-2HEAOI were tested
with 2HEAOl as lubricants for aluminum-forming
processes.'”! Those PILs, as well as 2HEAOI subject of this
study, yielded more negative values than, or even the same
value of OCP for NaCl in absence of inhibitor when alumi-
num was the substrate, at concentrations of 5x10™* and
5% 10~ mol/L, respectively. In the case of mild steel, for the
same PIL concentration, OCP values were higher than that
of the inhibitor-free medium.”")

According to the literaturel”'**>*~>*l OCP shift is related
to stability of the surface layers of the inhibitor and the
oxide and to which reaction is favored, whether anodic or
cathodic. Taking into account the results found in this study
and in the literature,>*>"! this shift depends on the whole
set of inhibitor molecule, metallic substrate, and electrolyte
composition and properties. For example, in the case of
mild steel, caffeic acid in 0.1 mol/L H,SO, promoted OCP
shift toward negative values[54]; meanwhile, other works

TABLE 4 Values for the components of the equivalent electrical circuit used to fit the electrochemical impedance spectra for sample

immersed in NaCl 0.5 mol/L

Time (hr) Rel (Q-cm?) R1 (kQ-cm®) Qcpg; (WF-cm 25"

48 10.98 18.13 14.79
72 10.13 23.81 14.61
96 10.39 25.12 14.55

NcpE1

R2 (kQ-cm®) Qcpez (WF-cm™>s")  ncpex  x* (X10°)
0.99 65.01 258 0.71 1.28
0.99 55.78 276 0.70 0.716
0.99 110.09 317 0.69 0.410
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TABLE 5 Values for the components of the equivalent electrical circuit fitted to the electrochemical impedance spectra for simple
immersed in NaCl 0.5 mol/L + 2HEAOI 5 x 10> mol/L
Time Rel QcrE1 QcpE2 QcpEs3
(hr) (Q-cm?) Rl (kQ-cm®) (WF-cm™2s") ncppr  R2 (kQ-cm?) (uF-cm™2s") ncpp, (WF-cm 2s")  ncpps 4~ (X10%)
48 9.57 29.18 25.93 0.86 1.44 8.99 0.80 312 0.49 0.722
72 9.40 22.38 27.30 0.90 1.61 10.1 0.77 417 0.46 0.430
96 7.27 20.28 29.73 0.91 1.61 11.5 0.75 455 0.43 0.335

employing 4-amino-5-phenyl-4H-1,2,4-trizole-3-thiol ~ as
corrosion inhibitor in 2.5 mol/L H,SO,4, OCP was shifted for
more positive potentials.”*! OCP increase can be expected
by the absence of passive films on mild steel surfaces ex-
posed to the atmosphere or to neutral aqueous medium!*®!
thus, it is expected that the inhibitor action will be pre-
dominant on the anodic reactions and on generalized cor-
rosion. On the contrary, aluminum naturally possesses a
layer of protective passive oxide; hence, it can be expected
that organic inhibitors that work out by adsorption more
interfere in the cathodic processes than in the anodic ones,
and in pits.[34]

For both aluminum and steel, OCP values and cor-
rosion potentials determined by potentiodynamic polar-
ization were close for each corresponding condition.
Potentiodynamic polarization in both cases revealed the
formation of a PIL layer that not only shifted corrosion
potentials but promoted the corrosion current density
decrease. In the case of steel, this corrosion current di-
minution is desirable, given that it represents the di-
minution of generalized corrosion, mechanism proper of
steel. But in the case of aluminum, corrosion current was
not significant when compared to pitting corrosion cur-
rent.”® For aluminum, corrosion current densities fell in
the order of passive currents (Figure 2b, S1b and S2b),
icorr <1X107®A/cm? at inhibitor-free 0.5mol/L NaCl
solution; meanwhile, for steel in 0.01 mol/L NaCl, those
values were higher than 1 X 107° A/cm?. For aluminum,
corrosion current densities similar to the values found for
steel were observed at the pitting potential, where the
current density is proportional to the number of pits per
unit area, as explained by Kaesche.l*'! In consequence, all
the approach considering corrosion current, that is, cor-
rosion inhibition efficiency and adsorption isotherm
calculations, was not considered the most adequate by
the authors to include in the aluminum study.

Cathodic branches of the currents for aluminum dis-
played important oxygen reduction inhibition (Figure 2b,
S1b, and S2b), reaction that is involved in the substrate
dissolution process. It means that the inhibition of oxygen
reduction is related to the delay of pit formation and pro-
pagation,”*'! which was found to be the mechanism fol-
lowed in presence of all the oleate-based PILs. When steel

s

was the studied substrate, oxygen reduction was not af-
fected by the presence of inhibitor as strongly as it was in
the case of aluminum, even in higher concentration of in-
hibitor (5x 107> mol/L), as smaller reductions of limiting
current of this reaction were observed.*")

Anodic branches, however, followed similar trends for
both aluminum (Figure 2b, S1b, and S2b) and steel.l”’] Both
polarization curves displayed the presence of an adsorbed
layer of PIL that broke at the pitting potential, where current
density was increased even with small increases in potential
(10 mV, for example). In both cases, the passive region was
extended with an increase in PIL concentration. In case of
steel, PIL concentration also influenced the fraction of the
surface covered by the PIL or surface coverage parameter (6).
An analogous approach could be employed for the case of
the aluminum, where, at the studied conditions, the exten-
sion of the passivation region can be related to the surface
coverage, but more studies need to be conducted to prove
this hypothesis and find a possible correlation. Then,
BHEAOI! could have yielded better coverage than m-
2HEAQO], given the passivation region of 271 and 220 mV
at concentration of 5 x 10~ mol/L, as shown in Table S1; but
it still could not surpass the performance of 2HEAO]I, with
329mV as passive region at the same concentration
(Table 2).

Morphology characterization of both metals after
potentiodynamic polarization tests reinforce the im-
portance of the electrolyte composition, pH, and inhibitor
concentration. For steel in only 0.01 mol/L NaCl, general
corrosion was observed; when in presence of PILs, sur-
faces had a smoother aspect and lower roughness than
the as-prepared sample but surfaces developed localized
corrosion.”!! For the case of aluminum in the presence of
only 0.5 mol/L NaCl, the surface was 11% covered with
pits. With PIL addition at the higher concentration, area
covered by pits could not be determined and pit depth
was hard to separate from roughness, similar to the re-
sults found for steel. But at the low concentration stu-
died, no important inhibition effect was observed and pits
deeper than those found in NaCl were seen (Tables 2 and
S2). This low concentration was not even studied for steel
and only important inhibition effect was seen at 5x10™*
mol/L in both metals.
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Values for the components of the equivalent electrical circuit fitted to the electrochemical impedance spectra for simple immersed in NaCl 0.5 mol/

L +2HEAOI + 5 x 10~* mol/L

TABLE 6

X (X10%)

NcpE3
0.94

R3 (kQ-cm®) Qcpps; (WF.cm2.s")

ncpE2

R2 (kﬂ'cmz) Qcpe2 (MF'Cm_Z'Sn)

NcpE1L

Time (hr) Rel (Q-cm?) R1 (kQ-cm®) Qcpg; (WF-cm™2s")

2.27

4.22

7681.06

0.72

8.825

0.564

7.10

48

0.955

0.90

7.14

1071

0.71

19.7

1.24

0.83

3.205

0.221

6.46

72

0.860

0.79

11.34

54.06

0.72

13.6

0.914

0.86

1.827

0.173

6.75

96

Materials and Corrosion

On the contrary, even after longer tests for the
aluminum, it was not observed a layer as thick as in the
case of steel, as it could not be by spectroscopy techni-
ques (Raman and FTIR). In consequence, structural
characterization to determine the composition of the
corrosion products was not possible.

35 | EIS

Initially, OCP presented lower values than when in presence
of uninhibited medium and it tended to increase until the
end of the experiment (Figure 6); this potential increase can
be attributed to the formation of corrosion product to the
point of reaching the same OCP of the 0.5mol/L NaCl
(216 hr). Other authors'"” reported similar behavior for
AA2024T3 alloy in inhibited 0.1 mol/L Na,SO,4 + 0.05 mol/L
NaCl solution, employing hydroxyquinoline and benzo-
triazole as corrosion inhibitors, and even in exclusive pre-
sence of organic compounds in water as in the case of
sodium oxalate.*®! Stable EIS response was obtained since
48 hr of immersion; for this reason, results will be showed
starting at this time, and recorded until the appearing of
pitting at higher PIL concentration (96 hr); however, OCP
was monitored until 264 hr, when potentials for all the stu-
died cases yielded to be close to one another, aiming to
confirm that the protection did not work anymore.

Impedance spectra for NaCl (Figure 7) were similar to
those presented by other researchers at 20!'”! and by
48 hr.!”! The spectra were characterized along the whole
experiment by one capacitive arc in high and medium
frequencies, related with the formation of corrosion
product on the metal surface, and by a diffusion-related
phenomenon at low frequency. No inductive arc at low
frequency was displayed in the shown spectra of Figure 7.
This characteristic was also reported in other works, due
to the ceasing of hydrogen bubbling on the cathodic sites
around the pit regions that would be expected until the
first 46 hr of immersion.””!

Two semicircles were observed in presence of
2HEAOI in 5x 107> mol/L (Figure 8), one of them at-
tributed to the oxide film and the other one to pitting. In
addition, at low frequency, diffusion was identified, as in
the case of the medium without inhibitor.

With higher concentration (5 X 10~* mol/L; Figure 9),
there was the formation of an important layer of PIL on
the metal surface with insulating character that pro-
moted the development of an uncompleted semicircle at
48 hr. However, the size of this arc reduced with time and
lasted until 72 hr. At 96 hr, the impedance arc presented
the same profile as those arcs for the lower concentration;
thus, pitting corrosion took place and allowed the im-
portant reduction of total resistance in, at least, one order
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FIGURE 6 Open circuit potential monitoring before
electrochemical impedance spectroscopy analysis [Color FIGURE 7 Electrochemical impedance spectra for AA1100

figure can be viewed at wileyonlinelibrary.com]

of magnitude. At 48 hr of immersion, sample with the
highest amount of PIL as corrosion inhibitor had similar
behavior as for the best inhibition performance of other
compounds like triazole in 0.005 mol/L sodium chloride
medium.!” Better inhibition performance was found in
this study than in the work of Zuo et al.,**! where the
authors tested sodium oleate as corrosion inhibitor in
0.1 mol/L NacCl and reported that for 48 h EIS spectrum
of the inhibited sample was similar to that immersed in
the only-chloride medium.

For better understanding of the phenomena that take
place on the aluminum surface, fitting to equivalent
electrical circuit was conducted employing ZView® soft-
ware. The circuits employed to fit data appear in Figure 10
and the values for their components in Tables 4-6. The *
parameter lower than 1x 10~ was the criterion for
choosing the equivalent circuit. At high frequencies all the
spectra showed an uncompensated resistance Rel attrib-
uted to the electrolyte resistance; PIL addition to the
electrolyte brought about the slight decrease of Rel, attri-
butable to its intrinsic conductivity, given the labile proton
within.!*”! Two time constants were observed for the sys-
tem without inhibitor (Figure 102), and when 2HEAOI is
present, three phenomena appeared (Figure 10b,c). These
results matched with the ones reported in the litera-
ture.”**°!] For modeling the time constants, constant
phase elements (CPE) were employed instead of pure ca-
pacitors to consider surface irregularities; the impedance
of CPEs is described by the following equation:

1 ¢0)

ZepE = s
Qcpe (@))"

in 0.5 mol/L NaCl after 48, 72, and 96 hr of immersion (fit
results in solid lines) [Color figure can be viewed at
wileyonlinelibrary.com]

where Qcpg corresponds to CPE admittance, n is the
exponent related to the phase shift,  is the angular fre-
quency and j = +/—1.

For the chloride medium without inhibitor (Table 4) the
first time constant (high frequency, R;, CPE,;) can be asso-
ciated to the passive layer on the aluminum substrate sur-
face. Values found for the circuit elements associated with
this time constant were similar to those presented by the
literature and behaved stable after 46 hr.”! Values for nepg,

NaCl 0.5 mol.L™ + 2HEAOI 5x10° mol.L"

50 O 48h
* 72h

-Z" (kOhm.cm?)

Z' (kOhm.cm?)

FIGURE 8 Electrochemical impedance spectra for AA1100
in 0.5 mol/L NaCl + 2HEAOI 5 x 10> mol/L after 48, 72, and
96 hr of immersion (fit results in solid lines) [Color figure can
be viewed at wileyonlinelibrary.com]
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FIGURE 9 Electrochemical impedance spectra for AA1100
in 0.5 mol/L NaCl + 2HEAOI 5 x 10~* mol/L after 48, 72, and
96 hr of immersion (fit results in solid lines) [Color figure can
be viewed at wileyonlinelibrary.com]

allowed thinking about a uniform, dense oxide layer, due to
the alloy type of the studied material, where no precipitates
or second phases are expected that can form galvanic couples
and enhance pitting formation like in the cases of Al-Zn-
Mg, Al-Mg-Si,"* and Al-Cul®* alloys. The second
time constant presented characteristic diffusion-related ncpg,
values, getting close to 0.5. It can be associated with diffusion
involving pits. According to Baumgirtner and Kaesche,””)
the inner part of the pit is rich in hydrated AlCl; as a result of
the solubility of the passive oxide Al,O; and of the aluminum
dissolved during the pit formation; thus, a diffusion layer is
formed at the pit entrance due to the different composition of
the electrolyte inside and outside the pit. After 48 hr, no
particular semicircle for pits was observed, as at this time, all
the surface is expected to be covered by pits and the electrical

(a) Rel R1 R2
CPE1 CPE2
g>— —
(b)
Rel R1 R2 CPE3
CPE1 CPE2
g>— —
(c)

Rel R1 R2 R3

CPE1 CPE2 CPE3
K>— — >

FIGURE 10 Equivalent electrical circuits employed to fit
electrochemical impedance spectroscopy data for all the studied
systems

Materials and Corrosion

response is the total of the contributions of all pits on the
surface area.!*!!

Spectra for inhibited systems presented different arc
profiles as well as circuits for fitting. When in presence of
1 x 107> mol/L 2HEAOI the circuit that best fitted the EIS
results was that of Figure 10b) and the values of its
parameters appear in Table 5. Two time constants were
observed. The first one, with similar values to that of the
NaCl solution, probably related to the oxide layer mod-
ified by the electrolyte and the adsorbed PIL, given the
higher R1 and Qcpg; values. Lower values of ncpg;
compared to NaCl solution can be related to less homo-
geneous oxide layer when in presence of the organic
substance, as reported in other works.”'*! The second
time constant, formed by the subcircuit (R2(CPE2)CPE3)
can be associated with pitting corrosion and diffusion of
the species from the inside of the pit toward the bulk of
the electrolyte!*'>?! that took place in one step.!°®! The
low R2 value is attributed to pitting where faradaic pro-
cesses are concentrated and once started, they cannot be
stopped given the autocatalytic nature of the pits.[***"]
The clear separation of this phenomenon, different to
what occurred with only NaCl electrolyte, was attributed
to the reduction of the area covered by pits, as well as to
the deeper pits formed in presence of 5X 107> mol/L
2HEAOI when compared to the inhibitor-free solution
(Figure 4 and Table 3).

With higher 2HEAOI concentration, 5 X 10~* mol/L,
circuits with two (Figure 10a), for 48 hr, and three, for 72
and 96 hr, time constants (Figure 10c) gave away the
best-fitting and the parameters for this equivalent circuit
are listed in Table 6. At 48 hr, the circuit presented two
time constants, probably associated to the oxide layer
modified by the presence of the organic substance in the
electrolyte (named as R3 and CPE3) that promoted the
formation of an insulating film, seen as the uncompleted
semicircle in Figure 9, which protected the surface from
the solution attack. The oxide covered by the PIL re-
tarded oxygen reduction, which promoted the high R3
value; these values are in agreement with those reported
by other authors.!"”! A component probably attributed to
chloride diffusion on the oxide**! was observed in the
time constant formed by R2 and CPE2, as suggested by
the n parameter, close to 0.5. Chloride diffusion is ne-
cessary for pitting initiation.l*!*1#]

At 72 hrs, insulating properties decreased as seen by the
R3 and CPE3 values and pits started appearing as a new
time constant (R1 and CPE1; Table 6). In the subcircuits
associated with the pit for the inhibited medium »n values
were higher than 0.70, which can be possibly caused by the
crystalline growth of the pit. Once again and as in the case
of the lower concentration of the inhibitor, the pit compo-
nent appeared independent of the other phenomena, given
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the lower number of pits per surface area observed in the
inhibited system (Table 3 and Figure 5). The start of pitting
at this time was preceded by the time constant formed by
R2 and CPE2 at 48 hr. At 72 hr, circuit formed by R2 and
CPE2 can be related to diffusion of species between the pit
and the medium. Given that pitting appeared only after
72hr, the presence of 2HEAOI seemed to retard the
chloride arrival toward the surface and its diffusion through
the oxide layer until this time. However, the studied
chloride concentration is indicative of severe conditions that
probably would not be expected in a practical scenario for
aluminum 1100, which points out that the protection could
last longer. In addition, R3 still presented a high value
(1,071 kQ/cmz); it means that at this time of immersion,
oxygen reduction reaction was still strongly inhibited by the
presence of inhibitor, with values in the order of those re-
ported formerly in the literature.!"”! As formerly reported by
our group in other work, this inhibition could be promoted
by the formation of a complex between the chloride anion
and the PIL.*

At 96 hr of immersion in 0.5mol/L NaCl+5x10~*
mol/L 2HEAOI, fall of R3 and ncpgs values (Table 6) for
the component concerning the oxide layer with PIL ad-
sorption (R3 and CPE3) showed that the layer lost its
protective character. Subcircuits related to pits and diffu-
sion kept stable until the end of the experiments, given the
autocatalytic nature of the pit***"! and the diffusion of
species between the pit inner part and the electrolyte.[*!*!

3.6 | Inhibition mechanism

Given all the former results, 2HEAOI worked out as cor-
rosion inhibitor for aluminum in high chloride con-
centration until 72 hr, at a concentration of 5x10™* mol/L.
2HEAQOI can be considered as a mixed-type organic cor-
rosion inhibitor, with predominance of cathodic inhibition
(Figure 6), as its addition to the electrolyte promoted
modifications on the rate of the cathodic reaction and, in
consequence, modified the anodic mechanism.*"!

In the anodic mechanism, the important extension of
the passive region (Figure 2), as well as the time necessary
to chloride anions overcome the diffusion resistance
(Figure 9 and Table 6) allow to state that the adsorbed
layer of PIL at the highest concentration had an important
coverage that could block the arrival of the chloride anions
to the passive metal oxide layer. This phenomenon could
take place by the reaction between the PIL and the
chloride anions, as reported in other works.”*”! The ca-
tion moiety of the PIL could be electrostatically attracted
toward the chloride anions, through the amino functional
group,”" ! which retarded their arrival toward the sur-
face. On the contrary, the counterion corresponding to the

oleate anion could have been chemisorbed on the sub-
strate surface, given that, at the studied pH, aluminum
possesses an excess of positive charge.!”*'! Considering
pits, where acidification took place due to the anodic
dissolution of aluminum and the formation of AI**, the
presence of chloride and the excess of H*, there could be
the occlusion of the formed pit by the electrostatic at-
traction formed between the chloride ion and the amino
function of the PIL, as reported for aluminum in acidic
media by other authors.[**®”! It could explain the lower
depth of pits obtained with the highest 2HEAOI con-
centration: after pit formation, 2HEAOI reacted with
chloride anions and the product of the reaction could have
occluded the pit and retarded the pit growth.

The results obtained in this study revealed that 2HEAOI
can be an interesting corrosion inhibitor for aluminum in
neutral even at high chloride concentration, a severe condi-
tion, as well as other similar oleate-based PILs were tested for
steel.”] This PIL allowed corrosion protection at high
chloride concentration until 72 hr. This performance can be
promising, considering that this PIL was initially thought of
as lubricant for metal-forming processes''®! but it could also
maintain the formed component material integrity working
out as corrosion inhibitor.

4 | CONCLUSION

The studied PIL, 2HEAOI, successfully inhibited pitting
corrosion on an aluminum substrate, when in contact with
0.5 mol/L NacCl electrolyte. 2HEAOI worked out as a mixed-
type organic corrosion inhibitor. Its adsorption promoted
the inhibition of the cathodic reaction, mainly the oxygen
reduction, which is vital for pit formation. As a con-
sequence, there was the enhancement of the passivation
region at all the tested concentrations, which was attributed
to the formation of a PIL adsorbed layer that blocked the
chloride anions access to the substrate surface. When this
blockage was overcome by the diffusion of the chloride ions
through the adsorbed layer, pit started, which took place at
pitting potential. EIS allowed the confirmation of the PIL
layer formation and revealed that 72 hr were necessary for
the chloride ions to initiate pitting at the highest PIL con-
centration (5 X 10~* mol/L). The surface that was in contact
with inhibitor-free electrolyte presented the higher surface
covered by pits (11%); this response was minimized with
the increase of 2HEAOI concentration in the solution (un-
determined for 5x 10~*mol/L 2HEAOI). The presence of
PIL did not affect the pit morphology, as, for all the studied
cases, crystalline pits, with inverted firtree shape were ob-
served. A different mechanism of inhibitory action was
found for aluminum when compared to steel. The presence
of chloride in the electrolyte and of amino and carboxylic
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functions were highly important for the PIL performance as
a corrosion inhibitor.
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