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Four enaminoesters derived from halogenated aniline, with potential anticorrosion activity, were synthesized and tested against
carbon steel AISI 1020 in acid medium using 1.0mol L-1 HCl. The synthesis was demonstrated through the reaction of ethyl
acetoacetate with four different amines, in the presence of glacial acetic acid and molecular sieve, using ethanol as solvent for
24 h. The evaluation of the anticorrosive activity was performed using the gravimetric technique and electrochemical methods,
such as electrochemical impedance spectroscopy (EIS), linear polarization resistance (LPR), and potentiodynamic polarization
(PP). Results indicated that the F-EN (Ethyl (2Z)-3-[(4-fluoro-phenyl)-amino]-but-2-enoate) inhibitor had higher corrosion
inhibition efficiency, of 98% by mass loss, and 85% by electrochemical techniques. Adsorption obeyed the Langmuir isotherm,
thus suggesting that the inhibitors form a monolayer film in metal surface. These results also contributed to the calculations of
the physicochemical parameters of Ea, △H≠

ads, and △S≠ads, which confirmed the corrosion inhibition when compared to the
absence of the inhibitors.

1. Introduction

Corrosion is the process of spontaneous deterioration of a
material that affects several industrial segments globally,
causing major economic problems such as replacement of
equipment, and thus needs investigation for its control
[1–3]. Due to the mechanical properties of carbon steel, of
its low cost, and being easily handled, it is generally used
in different industries, such as production, chemical process-
ing, petroleum transportation, and refining, thus being
exposed to salts, gases, and acids, and consequently, condi-
tioned to many corrosive processes [4, 5]. Its susceptibility
to corrosion reinforces the importance of developing new
efficient methods of combating it; however, their efficiency
is conditioned to the comprehension and characterization
of the various corrosive media accountable for the deteriora-
tion of the material [6, 7].

Although there are several methods to protect against the
corrosive environment, the use of corrosion inhibitors has
been widely used due to low cost, simple process, strong
adaptability, and economic efficiency [1]. Inhibitors are

organic or inorganic substances that can reduce or eliminate
corrosion, slowing down the anodic and/or cathodic reactions
on the metal surface [6, 8]. The use of organic molecules as
inhibitors is already widely studied as a promising alternative
since they associate with themetal by adsorption, thus protect-
ing the surface [9, 10]. Physical adsorption involves electro-
static interaction between inhibitory agents and the metal
surface, whereas chemical adsorption involves charge splitting
or electron transfer from the organic molecule to the metal
surface [11]. The adsorption properties are related to the pres-
ence of unsaturation (π electrons) and the presence of hetero-
atoms, such as nitrogen and oxygen, where the transfer of their
nonbonding electron pairs to the d orbitals of the Fe atoms on
the metal surface, by a coordinated bond, causing the surface
of the metal to be covered [12–15].

Enaminoesters are common representatives of the enami-
nones class, which refers to compounds that have the conju-
gated bonds (N-C=C-C=O), combining the nucleophilicity
of enamines with the electrophilicity of enones, thus being
considered very versatile intermediates [16]. These com-
pounds have structures with electronic acceptor-donor
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electronic effects, and their reactivity action is due to the
resonance effect of the acyl and amine moieties on the double
bond, where the π electrons displacement resulting from
this effect leads to a noticeable polarization of the olefinic
carbons [6].

Enaminoesters are considered potential corrosion inhib-
itors because of their structural similarity to the Schiff bases,
which had previously shown positive results against corro-
sion in studies such as Heydari’s (2018) that investigated
two Schiff bases as inhibitors of corrosion against carbon
steel in HCl with 97% and 88% of efficiencies [11].

Recently, gravimetric and electrochemical methods were
first used by Carlos (2018), who studied the application of
two β-enaminoesters as corrosion inhibitors in acid medium
using 0.5mol L-1 HCl against carbon steel. Both compounds
ethyl (2Z)-3-[(2-phenylethyl)-amino]-but-2-enoate and
ethyl (2Z)-3-{[2-(4-methoxyphenyl)-ethyl]-amino}-but-2-
enoate showed good inhibition efficiency, but the first pre-
sented a better result, with 98% inhibition in a 24 h of
immersion in concentration of 1.0× 10-2mol L-1 by weight
loss method [6]. Furthermore, only this article has been pub-
lished, so far, involving the anticorrosion activity of enami-
noesters. These compounds have been investigated as
intermediates in the synthesis of other compounds, includ-
ing the class of heterocyclics, also aiming at their biological
potential [17–20].

Thus, the results obtained for enaminoesters as new anti-
corrosive agents highlight them for a scientific advance in
the search for new inhibitors. Considering this information,
in this work, four β-enaminoesters derived from haloge-
nated anilines were synthesized to evaluate their anticorro-
sion action against AISI 1020 carbon steel in 1.0mol L-1

HCl to compare with the nonsubstituted anilino-β-enami-
noester. The compounds ethyl (2Z)-3-[(4-X-phenyl)a-
mino]-but-2-enoate, where X=H (H-EN), Cl (Cl-EN), Br
(Br-EN), and F (F-EN), were evaluated regarding their anti-
corrosive effects using the gravimetric method of mass loss,
and electrochemical methods, such as linear polarization
resistance (LPR), electrochemical impedance spectroscopy
(EIS), and potentiodynamic polarization (PP).

2. Materials and Methods

2.1. Reagents and Materials. The reagents used in this work
for the synthesis of β-enaminoesters were ethanol from
Neon and aniline 99%, 4-chloroaniline 98%, 4-
fluoroaniline 99%, 4-bromoaniline 97%, and ethyl acetoace-
tate 99%, from Sigma-Aldrich. All reagents were used lack-
ing prior treatment. For electrochemical measurements and
gravimetric testes, ethanol and hydrochloric acid were pur-
chased from Neon and Sigma-Aldrich, respectively.

2.2. Synthesis. Halogenated aniline β-enaminoesters were
synthesized by mixing ethyl acetoacetate, the corresponding
substituted aniline, drops of glacial acetic acid, 4 MSDS
(Molecular sieves), and ethanol in a round bottom flask.
The mixture remained in magnetic stirring for approxi-
mately 24h at 30°C. Figure 1 shows the synthesis route used
to obtain the halogenated 4-X-anilino-β-enaminoesters.

2.3. Characterization. Ethyl (2Z)-3-anilino-but-2-enoate
(H-EN)

Light yellow oil; ηp=1.582; FT-IR (ν cm-1) 3261, 2832,
1694, 1650, 1494, 1267, 1161/1060; 1H NMR (CDCl3,
ppm) δ 11.7, 7.17, 6.98, 6.90, 4.58, 4.08, 2.20, 1.22; 13C
NMR DEPTQ 135 (CDCl3, ppm) δ 172.1, 161.5, 138.1,
128.5, 125.5, 125.2, 91.2, 59.1, 20.6, 14.3.

Ethyl (2Z)-3-[(4-chloro-phenyl)-amino]-but-2-enoate
(Cl-EN) [21]

Brown oil; ηp=1.4875; FT-IR (ν cm-1) 3369, 2979, 1616,
1593, 1492, 1265, 1091, 1161/1058, 821; 1H NMR (CDCl3,
ppm) δ 10.36, 7.27, 6.58, 4.72, 4.15, 1.96, 1.28; 13C NMR
DEPTQ 135 (CDCl3, ppm) δ 170.4, 158.5, 136.9, 130.2,
129.0, 125.4, 86.9, 58.9, 20.2, 14.5.

Ethyl (2Z)-3-[(4-bromo-phenyl)-amino]-but-2-enoate
(Br-EN) [22]

White solid; M.P.=53°C (lit. 54°C); FT-IR (νcm-1) 3280,
2979, 1712, 1614, 1591, 1488, 1265, 1020, 1070, 819; NMR
1H (CDCl3 ppm) δ 10.36, 7.42, 6.55, 4.73, 4.16, 1.98, 1.28;
NMR 13C DEPTQ 135 (CDCl3, ppm) δ 170.4, 158.3, 138.5,
137.7, 131.9, 125.7, 116.7, 87.2, 58.9, 20.2, 14.6.

Ethyl (2Z)-3-[(4-fluoro-phenyl)-amino]-but-2-enoate
(F-EN) [23]

Light brown oil; ηp=1.4720; FT-IR (ν cm-1) 3282, 1650,
1610, 1510, 1359, 1269, 1230/1153; 1H NMR (CDCl3,
ppm) δ 10.24, 7.03, 6.86, 4.71, 4.10, 1.93, 1.20; 13C NMR
(CDCl3, ppm) δ 170.5, 161.6, 159.3, 135.2, 126.8, 115.7,
85.8, 58.8, 20.1, 14.6.

2.4. Evaluation of Anticorrosion Activity

2.4.1. Test Solutions. Acid medium was prepared diluting
analytical commercial HCl 37% with Milli-Q water to
1mol L-1. The corrosion experiments were performed with-
out the synthesized inhibitors (blank solution) and in the
presence of different concentrations of the enaminoesters
ranging from 10-2 to 10-5mol L-1. The electrochemical assays
were carried out under air atmosphere without stirring and
the temperature of the solutions was around 30°C and for
the weight loss tests, the temperature was controlled at 30,
40, 50, and 60°C.

2.4.2. Electrochemical Measurements. A corrosion cell kit
with three electrodes was used: the reference electrode was
an Ag/AgCl (3M KCl), the auxiliary electrode was a plati-
num electrode, and the working electrode was a mild steel
AISI 1020 of 1 cm2. The working electrode was abraded with
400, 600, and 1200-grade emery paper, washed with distilled
water, degreased with ethanol, and dried by hot air. Electro-
chemical impedance spectroscopy (EIS), linear polarization
resistance (LPR), and potentiodynamic polarization (PP)
measurements were analyzed with NOVA 2.1 software and
carried out using the Autolab Potentiostat/Galvanostat
model PGSTAT 302N. The open circuit potential (OCP)
was managed in the test solution for 1 h until stabilization
was observed. EIS spectra were obtained using a frequency
range of 10 KHz -0.1Hz with an amplitude of 10mV
peak-by-peak in different concentrations, having 50 fre-
quency points logarithmically spaced throughout the
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frequency range to be measured. The impedance data were
interpreted in equivalent electrochemical circuit, being
adjusted in the NOVA program, and it were calculated using
Equation (1) [24].

ηEIS =
Rct inhð Þ − Rct

Rct inhð Þ
× 100, ð1Þ

whereRctðinhÞ is the charge transfer resistance in the solution
with the inhibitors; Rct is the charge transfer resistance in the
blank solution.

LPR assays were carried out by a scan rate of 1mVs-1 in
the potential range of ±10mV from the open circuit poten-
tial (OCP) starting from more cathodic potential to anodic
ones and its efficiency was calculated using Equation (2)
[25].

ηRPL =
Rp inhð Þ − Rp
Rp inhð Þ

× 100, ð2Þ

where RpðinhÞ is resistance of polarization in the presence of
the inhibitor, and Rp is the resistance in the absence of the
inhibitor.

PP curves were carried out in the potential range of
±200mV versus OCP using a scan rate of 1mVs-1 and the
polarization resistance (Rp) was obtained from the incline
of the obtained potential; the efficiency of this test was calcu-
lated using Equation (3) [4].

ηPP =
i0corr − icorr

i0corr
× 100, ð3Þ

where i0corr is the uninhibited corrosion density and icorr is
the inhibited corrosion current density.

The assays were performed three times to assure the
repeatability under each experimental condition. The surface
analysis was also performed with scanning electronic
microscopy applying a Hitachi TM 3000 tabletop micro-
scope after a 24h immersion time at room temperature.

2.4.3. Gravimetric Measurements. The weight loss tests were
taken using specimens of 3.0× 3.0× 0.15 cm, abraded with a
different sandpapers grade, and cleaned with distilled water
and ethanol. The steel specimens were subjected to different
immersion times (3 h, 6 h, 24 h, and 48h) in the lack and
presence of the inhibitor. Temperature effect was evaluated
by repeating the assays at 30, 40, 50, and 60°C, using 1 ×
10-2mol L-1 which was the concentration where the inhibi-

tors showed greater efficiency. The inhibition efficiency was
calculated using Equation (4) [24].

ηWL =
Corrosion rate − Corrosion rateinh

Corrosion rate × 100, ð4Þ

where corrosion rate and corrosion rateinh in the absence
and presence of the studied inhibitors, respectively.

All tests, weight loss and electrochemical assays, were
made at least in triplicate under same conditions and the
accepted values with difference smaller of 2%, indicating
good reproducibility. The mean of results was used.

2.4.4. Theoretical Calculations. The theoretical descriptors
were used to establish correlations with the corrosion inhibi-
tion efficiency refer to the Theory of Molecular Boundary
Orbitals (FMO), where the energy of the HOMO orbital
can be associated with the ability of the molecule to donate
electrons to the metallic surface, while the energy of the
LUMO orbital refers to the molecule’s susceptibility to
receive electrons. The descriptor dipole moment (μ) was
used to describe the polarity of molecules and correlate with
its inhibition efficiency [26]. The SPARTAN 14 program was
used to perform the theoretical calculations and the PM6
semi-empirical method to correlate the highest inhibition
efficiency.

3. Results and Discussion

3.1. Synthesis. The synthesis of β-enaminoesters was based
on the previously reported procedures [6, 27]. In this work,
the preparation was performed with small modifications
via acid catalysis, using glacial acetic acid to favor the activa-
tion of the ethyl acetoacetate carbonyl, making the
substituted aniline attack easier, and thus resulting in the
product of interest. The compounds H-EN, Cl-EN, and F-
EN were obtained in the form of oil and the Br-EN as amor-
phous solid. All compounds were soluble in the ethanol-
water mixture and characterized by spectroscopic data,
according to the literature [21–23]. Table 1 shows the yield
values, refractive indices, or melting point of the synthesized
enaminoesters.

3.2. Electrochemical Impedance Spectroscopy (EIS). The EIS
assays were performed using the 1.5 cm × 1.5 cm AISI car-
bon steel working electrode in 1.0mol L-1 HCl. The concen-
trations of the enaminoesters to be tested were 1.0 × 10-2, 1.0
× 10-3, 1.0 × 10-4, and 1.0 × 10-5mol L-1 and diluted in eth-
anol/Milli-Q water solution (7 : 3). The tests were carried
through at a stable open circuit potential (OCP) at 30°C
and after 1 h of exposure in the corrosive medium.

+

NH2

X

X
O O

O
O

ONH
CH3CH2OH

CH2CHOOH
4MSDS

H-EN
CI-EN X = CI Br-EN X = Br

X = H F-EN X = F

Figure 1: Synthesis of halogenated anilino-β-enaminoesters.
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The diagrams obtained using the EIS technique for halo-
genated enaminoesters were drawn using Ecorr values at dif-
ferent concentrations, as mentioned above, in the presence
and absence of the inhibitors and evaluated by Nyquist plots
(Figure 2).

The Nyquist diagrams (Figure 2) showed a single semi-
circle that changed along the axis of the real impedance
(Z ′) indicating that the corrosion of carbon steel was com-
manded by a charge transfer process with extremely low dif-
fusional effect and was not considered. The charge transfer
resistance (Rct) values were obtained from Z′. The inhibition
efficiency gets higher with increasing concentration of inhib-
itor, which is shown by the bigger semicircle of Figure 2 and
corroborated by the results in Table 2 which presents the
values of electrochemical parameters such as the resistance
of polarization (RP), electrical double-layer capacitance (Cdl
), and efficiency of inhibition (EI%) for different concentra-
tions of enaminoesters. Moreover, it is also observed that the
diameters of the Nyquist diagrams in the presence of enam-
inoesters are larger compared to the diameter of the diagram
of Nyquist in the absence of the inhibitor. This observation
suggests that the presence of inhibitor agents in a corrosive
environment imposes an inhibiting barrier for charge trans-
fer reactions that occur at the metal-electrolyte interface. In
other words, the deposit of protective layer slows down the
process of charge transfer [4, 12, 16, 28].

Furthermore, it is observed that in the Nyquist diagram
(Figure 2), there is no change in the shape of the curve in
the absence of inhibitor in relation to the shape of the curves
in the presence of enaminoesters, indicating that the inhibi-
tors adsorb on the metal surface, but they do not alter the
metal’s corrosion mechanism.

The equivalent R(RC) electric circuit for the impedance
curves was represented from the simpler equivalent circuit
(Figure 3), Randles circuit, which is a parallel mixing of
charge transfer resistance (Rct) and double-layer capacitance
(Cdl), both in series with the solution resistance (Rs).

Bode’s diagrams for the anticorrosive effects of the syn-
thesized enaminoesters corroborate the results obtained with
the Nyquist plots, as there is an increase in total impedance
(Z) with the frequency. The increase in the total impedance
(Z) is consistent with the results obtained with the Nyquist
diagrams, since at low frequencies the resistance increased
with time. The frequency versus phase angle graphs shows
that the increase in the contact time of carbon steel with
the solution containing the enaminoesters led to the max-
imum phase angle, which also indicated an increase in
capacitance [29, 30].

The double-layer capacitance was calculated from the
impedance, represented by Z, which measures the relation
between E and i using the imaginary part, obtained at
high frequencies (10 kHz), due to the minimum presence
of flaky processes in them. The Cdl was calculated using
Equation (5) [31–33].

Cdl =
1

2πϝZimA
, ð5Þ

where f is the frequency of 10000Hz, Zim is the imag-
inary component at the frequency of 10000Hz, and A is
the electrode area in cm2, which, in the case of this work,
was 1 cm2. Table 2 shows the electrochemical parameters
obtained for the synthesized enaminoesters by means of
EIS tests.

The electrical double-layer capacitance (Cdl) was another
parameter used. The determination was made considering
the frequency at which the imaginary component is maxi-
mum and observing the double-layer capacitance increase
due to the presence of the inhibitor on the surface, thus
increasing the load density at the metal and solution inter-
face. The increase in Rct and the decrease in Cdl indicated
that these compounds inhibited corrosion on carbon steel
by an adsorption mechanism [5, 6, 33].

It is observable in Table 2 that the maximum efficiency,
85%, was seen in the compound F-EN at 1.0 × 10-2mol L-1

where the lowest Cdl value was found. When there is a for-
mation of a protective film at the metal/solution interface,
it can be observed an increase in Rct value. The decrease in
Cdl with the increase in inhibition efficiency may be pro-
voked by the decrease in the dielectric constant and/or
increase the thickness of the electrical double-layer, indicat-
ing that the mechanism is adsorptive to the metal surface [4,
34]. Also, this decrease can indicate the gradual replacement
of water molecules by inhibitor molecules on the steel sur-
face, which modifies the structure of the double electrical
layer [35].

Bode’s diagrams for the synthesized enaminoesters pro-
vide information related to the behavior of the protective
film formed on the electrode because of inhibitor adsorption
and it confirms the increase in the total impedance (Z) with
the frequency, corroborate with the results obtained in the
Nyquist diagrams, since at low frequencies the resistance
increased with time (Figure 4). The frequency versus phase
angle graphs shows that the increase in carbon steel contact
time with the solution containing the enaminoesters led to
the maximum phase angle, which also indicated an increase
in capacitance [27, 36, 37].

3.3. Linear Polarization Resistance (LPR). The measures
were evaluated in the presence of the synthesized inhibitors
and in the absence of them (blank solution). The values
obtained for the current density (i) versus applied potential
(E), which provided the incline of the lines corresponding
to Rp values by linear regression application, are in
Table 3, together with the values of anticorrosion efficiency
values.

Table 1: Yields, melting points (M.P.), and refractive indices (ηp)
for the synthesized β-enaminoesters.

Compound Yield (%) ηp M.P. (°C)

F-EN 81 1.4720 —

Cl-EN 72 1.4875 —

Br-EN 68 — 53

H-EN 92 1.582 —
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The inhibition efficiency is characterized by the differ-
ence between the Rp of the experiment in the blank solution
and in the solution with the presence of the inhibitors. In
these experiments, the rise in concentration led to an
increase in the anticorrosion efficiency, thus indicating the
highest inhibition in 1.0 × 10-2mol L-1 for all compounds,
as shown in Table 3, which corroborates with the results
obtained by the EIS technique.

Although the anticorrosion efficiency is not extremely high,
85.0% for the most efficient compound (F-EN) at 10-2molL-1,
this result is satisfactory because its synthesis, as well as to the
other evaluate compounds, is simple and fast and uses water
as solvent making an ecofriendly route. Furthermore, all elec-
trochemical test and the weight loss showed correlated results.

3.4. Potentiodynamic Polarization Measurement (PP). PP
curves of carbon steel AIS 1020 in 1.0mol L-1 HCl solutions,
in blank corrosive solution, and in the presence of β-enam-
inoesters are shown in Figure 5, at four concentrations. PP

technique was used, specially, to observe the inhibitor type
such as anodic, cathodic, or mixed.

The polarization curves for Cl-EN and Br-EN under-
went a slight displacement of Ecorr in the cathodic side,
suggesting that the addition of compounds in the solution
decreased the oxidation of the steel and delayed the
cathodic evolution of hydrogen. Thus, the inhibitors Cl-
EN and Br-EN can be classified as mixed corrosion inhib-
itors with a cathodic tendency in an acid medium, and H-
EN with a small displacement [31, 32]. The F-EN com-
pound, on the other hand, presented a slight displacement
towards the anodic region at higher concentration, thus
being classified as a mixed inhibitor agent with anodic
tendency.

The PP electrochemical tests were performed for the
synthesized enaminoesters, at different concentrations,
under the same working conditions as EIS and LPR tests.
The Tafel curves for the carbon steel electrode in HCl
1.0mol L-1 obtained are shown in Figure 5. The parameters
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Figure 2: Nyquist plots obtained in absence and presence of inhibitors against AISI 1020 carbon steel in 1.0mol L-1 HCl.
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associated to polarization curves, such as corrosion potential
(Ecorr), corrosion current density (jcorr), and anodic and
cathodic Tafel constants (βa and βc, respectively), were
obtained via extrapolation of the linear portions of curves
from anodic and cathodic polarization lines [38]. Also, the
inhibition efficiency IE (%) is shown in Table 4. The results
of the potentiodynamic polarization inhibition efficiency
and its parameters can be seen in Table 4.

The polarization curves show that the corrosion current
density values decreased with the addition of compounds when
compared to blank solution suggesting that the enaminoesters
own protective capacity to carbon steel in acidic medium [39].
The decrease in the corrosion current density with increased
concentration of enaminoesters can be explained by the
increased adsorption of these compounds on the metal surface
indicating the formation of a protective layer formed [31, 40].

The inhibition efficiency values calculated by PP method
showed good correlation with the EIS and LPR results, in which
the compound F-EN was also the more efficient among all.

3.5. Gravimetric Measurements. The weight loss tests were
carried through at the concentration of 1.0 × 10-2mol L-1,
because this was the concentration that the inhibitors showed

the highest efficiency, in HCl 1.0molL-1 solution against car-
bon steel AISI 1020. The tests were carried out, first, with time
variation of immersion (3h, 6 h, 24h, and 48h) at the same
temperature of 30°C and, later, with temperature variation of
30°C, 40°C, 50°C, and 60°C, using a thermostatic bath. The
corrosion inhibition efficiency was calculated from Equation
(4), and in Table 5 are the results obtained from the mass loss
tests, according to the immersion time change.

A decrease ofWcorrwith the increase in immersion time
for the four inhibitors was observed, as shown in Figure 6.

The corrosion rates obtained in the tests with the presence
of the inhibitors were lower than in their absence (Table 6),
thus confirming the inhibitory effect of the synthesized enam-
inoesters through the formation of a coating layer on the metal
surface [33]. These values are correlated to the inhibition effi-
ciency, observed by the great difference between the corrosion
rate of inhibitors when compared to blank. The anticorrosive
potential of the synthesized inhibitors can be justified due to
the availability of heteroatoms like nitrogen with their nonli-
gand electrons, and the aromatic rings with their π-electrons
[41, 42]. The compounds F-EN, Cl-EN, and Br-EN showed
98% inhibition efficiency after 48h of immersion, and H-EN,
92% in same immersion time, thus indicating the importance
of the presence of the halogen moiety.

Values of Wcorr decreased with the increase in immer-
sion time for the F-EN and Cl-EN inhibitors, as shown in
Figure 6, despite achieving its stability in 24 h. On the other
hand, the compounds Br-EN and H-EN showed decrease of
corrosion rate in 48 h of immersion. The high inhibitive per-
formance of F-EN and Cl-EN suggests a higher bonding
ability of these halogenated compounds on mild steel sur-
face. However, the larger size of the bromine moiety in Br-
EN and the unsubstituted phenyl ring of H-EN led to higher
corrosion rates and consequently lesser inhibitory effects.

Table 2: Electrochemical parameters obtained through EIS tests of AISI 1020 carbon steel in 1.0mol L-1 HCl medium at different
concentration of enaminoesters.

Inhibitor Conc. (Mol L-1) OCP/ag/AgCl (mV) Rct (Ω cm2) Rs (Ω cm2) Ө n Cdl (μF cm2) ηEIs (%)

Blank — — 51.63 6.47 — 537 —

F-EN

1.0 × 10-5 -0.470 73.02 10.36 0.4015 0.99 28.54 40.2

1.0 × 10-4 -0.437 140.10 9.91 0.6583 0.96 25.20 65.8

1.0 × 10-3 -0.432 204.61 10.18 0.7936 0.99 19.96 79.4

1.0 × 10-2 -0.403 295.82 9.74 0.8478 0.97 15.81 85.4

Cl-EN

1.0 × 10-5 -0.500 86.91 9.69 0.4583 0.88 29.48 46.2

1.0 × 10-4 -0.502 98.41 9.71 0.5204 0.98 27.16 52.2

1.0 × 10-3 -0.473 231.26 10.86 0.7476 0.89 25.76 74.8

1.0 × 10-2 -0.462 336.85 10.21 0.8311 0.90 20.29 83.1

Br-EN

1.0 × 10-5 -0.485 93.45 11.35 0.5188 0.96 9.85 52.3

1.0 × 10-4 -0.486 109.02 11.29 0.5786 0.97 9.37 57.9

1.0 × 10-3 -0.477 127.76 10.88 0.6373 0.97 9.17 62.9

1.0 × 10-2 -0.459 228.38 11.59 0.7918 0.95 9.06 79.8

H-EN

1.0 × 10-5 -0.452 61.43 9.92 0.4115 0.89 125.35 41.1

1.0 × 10-4 -0.479 93.33 10.83 0.5189 0.92 100.26 51.9

1.0 × 10-3 -0.466 176.86 9.05 0.7080 0.91 29.73 69.8

1.0 × 10-2 -0.457 233.86 11.04 0.7909 0.88 19.27 79.4

Cd1

Rct

Rs

C

Figure 3: Equivalent circuit for the inhibitors.
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The temperature effect was also evaluated in the mass
loss tests. The tests were performed in compound concentra-
tion of 1.0 × 10-2mol L-1 against AISI 1020 carbon steel at
30°C, 40°C, 50°C, and 60°C in the presence of 1.0mol L-1

HCl, after 3 h of immersion time. The results acquired for
corrosion inhibition efficiency according to temperature var-
iation are shown in Table 6. These data were obtained using
the Arrhenius equation, ln Wcorr versus 1/T, as shown in
Figure 7, which permitted the calculation of the Ea (activa-
tion energy) of the corrosion process. Thus, Ea was calcu-
lated as shown in Equation (6).

ln Wcorr = −
Ea
R:T

+ ln A, ð6Þ

whereWcorr is the corrosion rate, Ea the activation energy, A
the frequency factor, T the temperature (K), and R is the gas
molar constant.

Comparing the inhibition efficiencies obtained by the
different electrochemical methods, we can see that they were
reasonably similar, with the F-EN compound always being
the most efficient, being PP (84.8%), LPR (85.0%), and EIS
(85.4%). Furthermore, when comparing the electrochemical
methods with the mass loss method in 3 hours of immer-

sion, we also observed similar results, with F-EN being the
most efficient with 85.6% efficiency.

The working temperature can influence the efficiency
of the corrosion inhibition [34]; Table 7 shows that when
temperature rises, there is an increase in Wcorr and a
decrease of inhibition efficiency. However, this increase is
greater in the absence of inhibitors and, from the values
of the inhibition efficiency with increasing temperature, it
appears that they decrease, being characteristic of a physi-
sorption process. The increase in temperature can cause an
increase in the kinetic energy and mobility of the inhibitor
molecules, tending to intensify the corrosive process. The
compound that showed the best corrosion inhibition at
60°C was Cl-EN (64%).

Complementarily to the Arrhenius equation, two other
physical-chemical parameters can be determined, adsorp-
tion activation enthalpy (ΔH≠

ads) and adsorption activation
entropy (ΔS≠ads), from the Eyring equation, which is shown
in Equation (7). Table 7 shows the thermodynamic parame-
ter values obtained by Arrhenius and Eyring equations.

ln Wcorr
T

= ln Kb
h
e△S≠/R

� �
−
△H ≠
R:T

, ð7Þ
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Figure 4: Bode’s impedance plots for the carbon steel obtained in 1mol L-1 HCl in the presence and absence of the inhibitors.
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where Wcorr is the corrosion rate, Kb Boltzmann constant, h
the Planck constant, ΔH≠ the enthalpy, ΔS≠ the entropy, and
R is the gas molar constant.

In accordance with the Arrhenius graph, ln Wcorr versus
1/T (Figure 7), and the results generated in Table 7, after lin-
ear regression application, favorable values of correlation
coefficient were observed in the range of 0.99997 and
0.99935, for the experiments in the presence of inhibitors.

Adsorption activation enthalpy and adsorption activation
entropy were determined from the Eyring equation (Equation
(7)). In addition, by observing Table 7, it is possible to see an
increase in Ea and ΔH≠ values in the presence of inhibitors,
which means the required energy barrier to initiate a corrosive
process is higher, thus justifying the inhibitory action of the
synthesized compounds. The increase of Ea and ΔH≠ values
when compared to blank indicates the prevention of the
charge or mass transfer reaction occurring on the surface
[35]. The increase of Ea also suggests that the rate of carbon
steel dissolution decrease due to formation of a metal: inhibi-
tor complexes as according to the literature [43, 44].

After increasing the temperature, the lowest in the effi-
ciency was observed, which might be related to by the
decreased electrostatic forces between the enaminoester and
the surface [45, 46], and that the physical adsorption occurs
at first stage of adsorption process [47, 48]. Higher ΔS≠ values
were observed in the presence of inhibitor agents when com-
pared to without, as well as a lower number of negative values,
suggesting as a result a higher disorder due to displacement of
water molecules and chloride ions through the interaction of
the enaminoester with the surface. The negative values suggest
a decrease of perturbation associated to the interaction of
inhibitors on metal surface [49, 50].

3.6. Adsorption Isotherm. One of the most convenient ways
of expressing adsorption quantitatively is by deriving the
adsorption isotherm that characterizes the metal/inhibitor/
environment system, the mild steel surface is well under-
stood by implying suitable isotherm that illustrates forecast
information relevant to adsorption. [51, 52]. The inhibition
efficiency is correlated with degree of surface coverage (θ)
that was extracted from EIS results and the best fit was found
to obey modified Langmuir adsorption isotherm. This
behavior was observed to all compounds and the data were
used at 30°C of temperature and 3h of immersion time.
The mechanism of adsorption over a metal surface was
investigated for the synthesized inhibitors, and it was calcu-
lated, initially, from the Langmuir model equation, described
in Equation (8), and illustrated by the plot in Figure 8.

C
θ
= 1
Kads

+ C, ð8Þ

where Kads = equilibrium adsorption constant, C = inhibitor
concentration and θ = degree of coverage. The degree of cov-
erage (θ) is directly proportional to the corrosion inhibition
efficiency, and it can be calculated according to Equation (9).

θ = Rct − R0
ct

Rct
, ð9Þ

where Rct = charge transfer resistances for the inhibitor
agent and R0

ct= charge transfer resistances for the blank
solution. Table 8 shows the results of the correlation coeffi-
cients and slopes.

Table 8 shows that the slope values are outside of the
ideal range for the Langmuir isotherm; therefore, a modifica-
tion in the Langmuir model was performed according to the
literature [53, 54] and can be seen in Equation (10).

C
θ
= n
Kads

+ nC, ð10Þ

where n = correction parameter of slope and the other
parameters remain the same.

The isotherm results enable the calculation of Kads and
ΔGads values of the system through Equation (11) and (10).
The values of their Kads, ΔGads, and slopes and the value of
n are shown in Table 8, values obtained through the different
concentrations studied and their degrees of coverage by the
EIS technique.

ΔGads = −RT ln 55:55ð ÞKads, ð11Þ

where ΔGads = standard free energy of adsorption, Kads =
adsorption equilibrium constant, 55.55 = molar concentra-
tion of the water, R = universal gas constant, and T = tem-
perature in K.

The information about the mechanism between inhibi-
tor agents and metallic surface can be obtained by adsorp-
tion isotherm [55]. The surface coverage degree values
obtained from the EIS measurements for the inhibitors fitted

Table 3: Electrochemical parameters obtained from LPR tests for
halogenated aniline β-enaminoesters in 1.0mol L-1 HCl medium
in AISI 1020 carbon steel.

Inhibitor Conc. (mol L-1) r2a Rp (Ω cm2) Ө ηRPL (%)

Blank — 0.999 51.79 — —

F-EN

1.0 × 10-5 0.999 90.79 0.4295 43.2

1.0 × 10-4 0.998 165.02 0.6810 68.6

1.0 × 10-3 0.997 202.02 0.7436 74.4

1.0 × 10-2 0.997 273.32 0.8505 85.0

Cl-EN

1.0 × 10-5 0.999 93.03 0.4433 44.3

1.0 × 10-4 0.999 106.34 0.5130 51.4

1.0 × 10-3 0.998 235.92 0.7805 78.0

1.0 × 10-2 0.998 339.89 0.8076 81.8

Br-EN

1.0 × 10-5 0.999 117.16 0.5579 55.8

1.0 × 10-4 0.999 126.12 0.5893 58.9

1.0 × 10-3 0.999 142.75 0.6372 63.7

1.0 × 10-2 0.998 236.11 0.7806 78.1

H-EN

1.0 × 10-5 0.8594 445.55 0.4944 49.1

1.0 × 10-4 0.8318 772.96 0.5085 51.3

1.0 × 10-3 0.8642 1268.8 0.7224 72.1

1.0 × 10-2 0.8383 2467.6 0.8087 80.8
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in Langmuir modification equation model, a straight line
was obtained for the plot C/θ versus C, and nevertheless,
the slopes observed for the compounds were differed from
the ideal value of Langmuir isotherm, which is approxi-
mately 1, suggesting that each molecule of the synthesized
inhibitors occupied more than one site of the metal surface.
This interpretation was made from the hypothesis that there
is more of one site for each β-enaminoester molecule due to
its size and conformational structure when compared to
other inhibitors, for example, triazole and Schiff base deriv-
atives (n near 1) [8, 11]. This hypothesis can be applied to
equilibrium of between enaminoester in solution and enam-
inoester adsorbed on surface. Therefore, a modification of
the model was necessary, and according to the literature, this
modification included a correction factor (n) for slope values
that were out of usual Langmuir slope range [24, 25].

The high values of Kads suggest that the mechanism is of
adsorption in the medium between metal and inhibitor,

leading to a more effective inhibition effect. In this way,
the strong interaction between the inhibitors and the mild
steel can be attributed to the presence of nitrogen and oxy-
gen, also π-electrons in the enaminoesters [56–58]. Gener-
ally, ΔGads negative values are related to the existence of
electrostatic type interactions between inhibitor and the
charged metallic surface, and they indicate that the adsorp-
tion of the enaminoester on the metal is a spontaneous pro-
cess and explains the stability of the adsorbed film formed by
the inhibitors [59–61].

Therefore, as shown in Table 8, the more efficient com-
pound F-EN showed the highest value of Kads (2.00 ×
104Lmol-1) and most negative value of ΔGads (- 35.06kJmol-1).

The presence of halogen atoms as substituents in ben-
zene ring of enaminoesters increased the efficiencies of cor-
rosion inhibition, when compared to unsubstituted, due
the existence of their nonligand electron pairs that also can
interact on metal surface by donating charge. Furthermore,
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Figure 5: Polarization curves in absence and presence of inhibitors against AISI 1020 carbon steel in 1.0mol L-1 HCl.
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the resonance effect of these nonligand electron pairs with
the double chemical bond and carbonyl moiety caused a
higher delocalization of electron density that is favorable
with the metal surface interaction. The increase of corrosion
inhibition in different metals and alloys by the presence of
halogen atoms in several compounds is very known and
related in the literature as, for example, in the case of imid-
azole derivatives [62] and acridine derivatives [63], due to
the role of electronic properties of halogens as indicated
above.

3.7. Computational Methods. For the study of structural
properties that influence the corrosion inhibition efficiency,
theoretical calculations were performed using the
SPARTAN-14 program. Using the semi-empirical method,
the energies of the boundary molecular orbitals HOMO
(higher energy occupied molecular orbital) and LUMO
(lowest energy unoccupied molecular orbital), the ΔELUMO-

HOMO and the dipole moment (μ) of the halogenated aniline
β-enaminoesters (F-EN, Cl-EN, Br-EN, and H-EN) were
calculated by the semi-empirical PM6 method. Table 9
shows the theoretical results obtained for the synthesized
compounds and Figure 9 their optimized structures.

Table 4: Electrochemical parameters obtained by PP tests for enaminoesters in 1.0mol L-1 HCl medium in AISI 1020 carbon steel.

Inhibitor Cinh (Mol L-1) Ecorr vs. ag/AgCl (mV) jcorr (mA cm-2) βa (mV dec-1) −βc (mV dec-1) θ ηPP (%)

Blank — -479 0.314 71.43 101.45 — —

F-EN

1.0 × 10-5 -465.27 0.342 109.05 185.03 0.4013 40.2

1.0 × 10-4 -440.73 0.151 75.93 199.15 0.6175 63.9

1.0 × 10-3 -429.32 0.154 74.87 183.24 0.7393 74.5

1.0 × 10-2 -411.55 0.077 50.84 128.72 0.8548 84.8

Cl-EN

1.0 × 10-5 -466.51 0,262 107.32 124.19 0.4497 45.3

1.0 × 10-4 -461.27 0.124 100.32 139.42 0.5017 50.4

1.0 × 10-3 -468.78 0.092 79.24 135.97 0,7709 76.8

1.0 × 10-2 -465.21 0.080 77.12 100.78 0.8436 83.8

Br-EN

1.0 × 10-5 -462.28 0.153 100.84 157.2 0.5113 51.0

1.0 × 10-4 -461.52 0.132 102.04 156.86 0.5781 58.9

1.0 × 10-3 -467.85 0.112 104.04 144.05 0.6427 63.7

1.0 × 10-2 -444.45 0.0791 84.48 105.03 0.7481 75.3

H-EN

1.0 × 10-5 -434.51 0.199 101.26 139.77 0.3939 39.4

1.0 × 10-4 -442.34 0.151 97.22 120.96 0.5167 51.7

1.0 × 10-3 -463.33 0.091 73.76 115.20 0.7104 71.0

1.0 × 10-2 -450.31 0.070 59.28 107.56 0.7764 78.9

Table 5: Results of weight loss assays of carbon steel AIS 1020 including corrosion rates (Wcorr/mg cm-2 h-1) in the absence and presence of
inhibitors, and corrosion inhibition efficiencies (EI%) at 30°C with variation in immersion time.

Time (h) Blank Wcorr (mg cm-2 h-1)
Inhibitor

F-EN Cl–EN Br-EN H-EN
Wcorr EI% Wcorr EI% Wcorr EI% Wcorr EI%

3 1.359± 0.003 0.195± 0.014 85.6 0.219± 0.001 83.8 0.253± 0.001 81.4 0.271± 0.001 80.0

6 1.225± 0.006 0.140± 0.001 88.5 0.177± 0.001 85.5 0.176± 0.002 86.6 0.202± 0.001 85.5

24 1.116± 0.019 0.061± 0.001 94.6 0.055± 0.001 95.0 0.138± 0.004 87.7 0.105± 0.001 90.6

48 1.005± 0.014 0.015± 0.001 98.5 0.022± 0.001 97.8 0.021± 0.002 97.9 0.077± 0.001 92.4
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Figure 6: Graphic of Wcorr versus immersion time for the
halogenated enaminoesters synthesized against AISI 1020 carbon
steel in 1.0mol L-1 HCl solution in the absence and in the
presence of inhibitors.
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The orbital theory provides important information
about the corrosion inhibition efficiency of a compound,
where the energy of HOMO is related to the molecule’s abil-
ity to supply electrons. So, molecules with high EHOMO
values tend to donate electrons more easily to the metal’s d
orbitals. On the other hand, the energy of LUMO is associ-
ated with the molecule’s ability to receive electrons, so as
ELUMO decreases, the inhibitor can receive electrons from
the metal more easily [48]. Thus, can be observed that the
lower value of ELUMO showed by F-EN correlates with the
best inhibitory efficiency indicating the importance of
donating iron electrons to inhibitor agent. All molecules pre-

sented correlation between the inhibitory efficiency with the
energy value of the LUMO orbital, that is, the lower the
energy of the LUMO, the greater the efficiency. However,
the values of the difference between frontier orbitals

Table 6: Weight loss data for carbon steel AISI 1020 in 1.0mol L-1 HCl solution in the absence and presence of inhibitors at 3 h of
immersion time with variable temperature.

Temp (°C) Blank Wcorr (mg cm-2 h-1)
Inhibitor

F-EN Cl-EN Br–EN H-EN
Wcorr EI% Wcorr EI% Wcorr EI% Wcorr EI%

30 1.359 0.195 85.6 0.219 83.8 0.253 81.4 0.272 80.0

40 2.281 0.377 83.5 0.441 80.7 0.452 80.2 0.202 80.1

50 3.485 0.731 79.0 1.118 69.7 1.207 65.4 1.290 63.0

60 4.943 2.051 58.5 1.784 63.9 2.361 52.1 2.107 57.4
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Figure 7: Arrhenius graph for AISI 1020 carbon steel in 1.0mol L-1

HCl solution in the absence and presence of inhibitors.

Table 7: Values of Ea,△H≠
ads, and△S≠ads in the corrosion process

of AISI 1020 carbon steel in 1.0mol L-1 HCl, in the absence and
presence of inhibitors.

Inhibitor
Correlation
coefficient (r)

Slope
Ea

(kJMol-
1)

△H≠
ads

(kJMol-1)

△S≠ads
(JMol-1 K-

1)

Blank 0.99684 14.47 35.56 33.47 -131.67

F-EN 0.99136 23.58 63.68 61.82 -55.26

Cl-EN 0.99458 22.55 59.77 57.95 -66.27

Br-EN 0.99614 23.85 63.69 61.81 -53.02

H-EN 0.99720 22.08 59.30 61.40 -50.28

Figure 8: Langmuir adsorption isotherm plot for the inhibitors on
carbon steel surface in 1.0mol L-1 HCl.

Table 8: Values of parameters obtained from linearized Langmuir
adsorption isotherm for the inhibitors on AISI 1020 carbon steel in
1.0mol L-1 HCl using the electronic impedance spectroscopic data.

Inhibitor
Correlation
coefficient

(r)
Slope n

Kads
(LMol-1)

ΔG°
ads

(kJMol-1)

F-EN 0.99999 1.17 0.85 2.00 × 104 -35.06

Cl-EN 0.99996 1.19 0.84 1.16 × 104 -33.69

Br-EN 0.99974 1.25 0.80 6.83 × 103 -32.36

H-EN 0.99995 1.26 0.80 1.06 × 104 -33.46

Table 9: Electronic properties of F-EN, Cl-EN, Br-EN, and H-EN
obtained by semi-empirical PM6 method.

Inhibitor
E (eV)

ΔELUMO-HOMO (eV) μ (D)
HOMO LUMO

F-EN - 8.84 - 0.36 8.48 5.44

Cl-EN - 8.97 - 0.60 8.37 3.79

Br-EN - 8.80 - 0.49 8.31 3.42

H-EN - 8.95 - 0.70 8.25 1.58
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(ΔELUMO-HOMO) did not correlate with the inhibition
efficiency.

Another theoretical parameter used to evaluate the inhi-
bition efficiency is the dipole moment (μ), that a measure of
the asymmetry of the charge distribution in the molecule.
Higher dipole moment values are associated to greater
adsorption of the inhibitor agents and, consequently,
increased the inhibition efficiency. Several works that sup-
port important anticorrosive effects also indicate high values
of dipole moments indicating the delocalization of frontier
orbitals [64, 65]. Thus, considering the experimental results,
can be observed that they agree with the theoretical values of
the dipole moment values, where F-EN > Cl-EN > Br-EN >
H-EN correspond to inhibition efficiency order. The higher
value of dipolar moment was obtained to F-EN (5.44 Debye)
indicating greater delocalization of charge leading to
substituting the water molecules on metal surface [66–68].

4. Conclusions

The corrosion process mostly affects metals, which tend to
return to their most stable and least energetic form; hence,
corrosion is directly linked to the high costs of replacing
parts and maintaining equipment. Therefore, fostering the
search for new corrosion inhibiting agents is critical.

In this work, it can be concluded that the synthesis of the
enaminoesters occurred satisfactorily, presenting favorable
yields, in the range of 68-81%, with facile workup and with
easily accessible start material through ecofriendly technique.

The results of mass loss allowed us to conclude that the
analyzed compounds have high anticorrosion activity
against AISI 1020 carbon steel in 1.0mol L-1 hydrochloric
acid. F-EN was the most efficient among them, with 98%
efficiency, at 30°C in 24 h immersion besides having the best
inhibition efficiencies at 40°C and 50°C. These results were
corroborated by the electrochemical techniques of EIS,
LPR, and PP. Although the corrosion inhibition efficiency
was not exceptional, the facility of compound preparation
justifies the interest in this chemical class.

The thermodynamic parameters of Ea and △H≠
ads con-

firmed the compounds inhibitory activity, as there was an
increase in these values compared to blank, indicating an

increase in the energy barrier for the beginning of corrosion.
Also, the △S≠ads values confirmed inhibitory action, as they
were less negative than blank, indicating deepening disorder
in the system, which was already expected. Langmuir iso-
therm of adsorption was obeyed suggesting that the inhibi-
tors form a monolayer film in metal surface.

With all the results taken into consideration, haloge-
nated enaminoesters derived from aniline might be promis-
ing options for preventing corrosion of AISI 1020 carbon
steel in acidic environment, and F-EN is the most efficient
in the series.
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