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ABSTRACT: The corrosion inhibition of C-steel by two s-triazine/morpholino-
anilino-pyrazole derivatives, namely, 4-(3,5-dimethyl-1H-pyrazol-1-yl)-6-morpho-
lino-N-phenyl-1,3,5-triazin-2-amine (1) and N-(4-bromophenyl)-4-(3,5-dimethyl-
1H-pyrazol-1-yl)-6-morpholino-1,3,5-triazin-2-amine (2) was investigated by
impedimetric and potentiometric studies. It was found that (1) and (2) acted as
cathodic-type corrosion inhibitors that retard the hydrogen evolution reaction. The
percent corrosion inhibition, 98.5% for compound (2) (with bromo substituent) at
80 ppm, was slightly higher than 97.8% for (1) at 100 ppm. Thus, the replacement
of a −H with −Br substituent increased the corrosion inhibition properties.
Compound (2) exhibited Temkin isotherm adsorption, whereas compound (1)
exhibited Langmuir adsorption. Scanning electron microscopy (SEM) analysis of
the steel surface indicated that the inhibitors caused protection of the surface. The
weight loss experiment also proved the decrease in the corrosion rate when
inhibitors were added. The difference in inhibitory efficiency between compounds (1) and (2) was investigated by density functional
theory (DFT) to study neutral and protonated species in gaseous and aqueous phases. The theoretical analysis demonstrated that
compound (2) exhibited higher inhibitory activity on a metal surface compared to compound (1), aligning with the experimental
results. The energy associated with the metal/adsorbate arrangement, represented by dEads/dNi, was higher for (2) (−380.91 kcal
mol−1) compared to (1) (−371.64 kcal mol−1). This indicated better adsorption of (2) over (1).

■ INTRODUCTION
C-steel is commonly used in buildings and infrastructure
construction. Acid solutions such as hydrochloric acid HCl
were commonly used in the chemical industry to remove the
scales from metallic surfaces. However, the use of corrosive
acid media for cleaning eventually causes the corrosion of
metals. Current researchers focused on finding efficient
inhibitors that can protect the iron surface from the corrosive
effect of acids. The investigation of corrosion of steel exposed
to an acidic medium has gained significant importance due to
its widespread use in numerous industries for preservation,
cleaning, descaling, etc.1−6 Carbon steel is highly favored in
industries due to its low cost, widespread availability, and
exceptional mechanical strength. Effective corrosion control is
crucial for both economic and environmental reasons.
Consequently, there is a growing need to explore novel and
efficient corrosion inhibitors to safeguard metals from
corrosion.
In this context, organic inhibitors hold a prominent position

among the corrosion inhibitors for steel due to their
remarkable capacity to form a protective film on the steel’s

surface. Recently, several kinds of heterocyclic macrocyclic
compounds and biomolecules and their various chemically
modified derivatives and composites were reported as
corrosion inhibitors.7−9

The effectiveness of these inhibitors depends on their
electronic structure, chemical composition, the presence of
specific functional groups, and their adsorption to the steel
surface.8−13 Recently, s-triazine derivatives have shown
promising influence as corrosion inhibitors of carbon steel.14

In fact, the development of such type of a corrosion inhibitor
has assumed a paramount impact within the industrial sector.
Typically, organic inhibitors function by forming a protective
film on the surface of metal, preventing metal dissolution in an
acid solution. Thus, the effectiveness of inhibition depends on
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the affinities exhibited by organic molecules toward the metal
surface. This affinity is remarkably influenced by the inhibitor
electronic structure, electron density, aromatic nature, and the
presence of polar functional groups.13,15−17

Xuehui et al.18 investigated the corrosion inhibitor activity of
2,4,6-tri(2-pyridyl)-s-triazine (TPT) toward mild steel in an
HCl solution at room temperature. Scanning electron
microscopy (SEM) analysis demonstrated that this s-triazine
derivative had a protective effect on the metal. The protection
was attributed to the formation of an adsorption coating film
on the surface, which mitigated the aggressive corrosion
process. Another study by Yoo et al.19 investigated the
corrosion-inhibiting behavior of s-triazine polycarboxylate
hybrids. The results of the Langmuir isotherm model
confirmed that the presence of the triazine ring significantly
enhanced the rust-preventing characteristics. Later, Abd El-
Lateef et al.20 explored the performance of novel tetrahydro-
1,2,4-triazines as corrosion inhibitors of N80 steel in a 5%
sulfamic acid medium. The results of electrochemical data,
Langmuir adsorption isotherm, and the negative values of
ΔGads

0 showed that the tested compounds were classified as
mixed-type inhibitors with exceptional efficacy as corrosion
inhibitors of N80 carbon steel metal. However, issues related
to solubility often arise with triazine derivatives, leading to a
considerable inhibition of their anticorrosive activity. Thereby,
the incorporation of polar heterocyclic substituents like a
morpholine group to the triazine core enhanced the corrosion-
inhibiting activity of steel in an acidic medium.21 Greco et al.22

evaluated the corrosion inhibition of two newly developed s-
triazine hybrid molecules incorporating a morpholine group on
AISI 316 stainless steel. The results demonstrated that they
exhibited remarkable efficacy in the formation of a protective
film on the surface of the tested stainless samples with
corrosion-inhibiting efficiency IE% = 77%. El-Faham et al.23

explored the inhibitory effect of 2,4-dihydrazino-morpholino-
1,3,5-triazines on the corrosion of steel in an HCl solution
through electrochemical studies. The potentiodynamic polar-
ization measurements demonstrated that they acted as mixed-
type inhibitors and formed insulating layers on the surface of
the steel, causing corrosion inhibition.
The inhibitory efficiency of a molecule on the metal surface

could be assessed using sophisticated computational tools. It
allows economical accessibility to valuable and crucial results in
analyzing the affinities between the studied molecular inhibitor
and its inhibition efficiency even for an architecturally
complicated molecular structure.24 Density functional theory
(DFT) has been a widely utilized quantum mechanical method
in the exploration of the quantum corrosion field,25 as it allows
the understanding of the reactivity behavior of the inhibitor
and, thus, its mechanistic details.26 The chemical reactivity is
reportedly linked to the frontier molecular orbitals results
obtained computationally.27

Owing to the crucial activity of s-triazine and morpholine
motifs as corrosion inhibitors of steel in an acidic environment,
herein, we investigated the corrosion inhibitor properties of
recently synthesized derivatives. The structural skeleton of
these molecules is based on an s-triazine scaffold bearing both
morpholine and pyrazole motifs while including either an
unsubstituted anilino group (1) or a bromoaniline group (2)
(Figure 1).28 This study encompassed a comprehensive
electrochemical analysis complemented by density functional
theory (DFT) data to explore the potential of these molecules
as corrosion inhibitors of carbon steel in an acidic environ-

ment. Also, a theoretical investigation was carried out to
predict its mechanism and its inhibitory efficiencies. Parame-
ters like total electronic energy, dipole moment, highest
occupied molecular orbital (HOMO) and lowest-unoccupied
molecular orbital (LUMO) orbital energies, energy gap,
electron affinity, ionization potential, hardness, softness,
electronegativity, chemical potential, electrophilicity, fractions
of electron transferred, and back-donation were calculated. In
addition, Fukui indices have been employed to explore the
local reactivity of the studied inhibitors.

■ RESULTS AND DISCUSSION
Inhibitor Synthesis. Electrochemical studies comple-

mented by computational analysis were implemented to
investigate the anticorrosive activity of two selected unsub-
stituted (1) and bromine substituted (2). The synthetic
methodology and comprehensive characterization of these
derivatives have been reported in a prior work by El-Faham et
al.,28 as illustrated in Scheme 1. Characterization of inhibitors
(1) and (2) by 1H NMR, 13C NMR, mass spectrometry (MS),
and Fourier-transform infrared (FTIR) is reported in
Supporting Information S1. Also, FTIR spectra of s-triazine/
anilino-morpholino derivatives (1) and (2) are presented in
Supporting Figure S1a,b.
Corrosion-Inhibition Studies. Weight Loss Measure-

ments. Carbon steel samples were immersed in an HCl
solution without or with addition of inhibitors (200 ppm) for 3
days or 7 days without the addition of an inhibitor (blank
tube). The steel samples were then washed, dried, and
weighed. The corrosion rate was calculated from eq 129

=
×

C
W

A tR (1)

where ΔW (mg) is the weight loss of the steel sample, A is the
surface area of specimens (cm2), and t is the immersion time
(h). The percent inhibition efficiency IE% was calculated from
eq 230

= ×
C C

C
IE%

( )
100iR(0) R( )

R(0) (2)

where CR(0) and CR(i) represent the corrosion rates in
uninhibited and inhibited cases, respectively.
The following results were obtained for the 3-day experi-

ment. The corrosion rate CR (mg cm−2 h−1) was 0.6126,
0.0080, and 0.0075 for the blank, (1), and (2), respectively.
The inhibition efficiency IE% was 98.69 and 98.77 for (1) and
(2), respectively. After the 7-day experiment, the inhibition
efficiency dropped only slightly. The corrosion rate CR (mg
cm−2 h−1) was 0.5756, 0.0128, and 0.0088 for the blank, (1),
and (2), respectively. The inhibition efficiency IE% was 97.78
and 98.47 for (1) and (2), respectively. Thus, the weight loss

Figure 1. Molecular structure of unsubstituted (1) and bromine-
substituted (2) s-triazine/anilino-morpholino molecules.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c02569
ACS Omega 2024, 9, 31714−31731

31715

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c02569/suppl_file/ao4c02569_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c02569/suppl_file/ao4c02569_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02569?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02569?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02569?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02569?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


experiment at various exposure periods of 3 and 7 days ensured
that the corrosion inhibition by (1) and (2) was robust, at least
with respect to the exposure period studied.

Electrochemical Impedance. At the start of the experiment,
the open-circuit potential Eocp was conducted for 1 h in 1 M
HCl to reach a steady current value on the C-steel surface. The
open-circuit potential (OCP) was measured at different

concentrations of inhibitors (1) and (2) in 1 M HCl for 1
h. The system reached almost a steady state after 15 min of the
OCP test. But still, 1 h was chosen as the stabilization time for
further electrochemical impedance study (EIS) and polar-
ization experiments. As the concentration of (1) increased, at
zero time, the values of OCP increased with increasing
concentration. However, at the stabilization stage, the OCP

Scheme 1. Synthetic Methodology s-Triazine/anilino-morpholino Derivatives: Unsubstituted (1) and Bromine Substituted (2)

Figure 2. Equivalent circuit model A used to fit the impedance data of the s-triazine/anilino-morpholino derivatives.

Figure 3. Nyquist plots for all concentrations of (a) inhibitor (1) and (b) inhibitor (2) in 1 M HCl at 298 K fitted by model A.
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values decreased compared to the OCP value in the blank
(Supporting Figure S2a,b) for inhibitors (1) and (2). A similar
observation and trend with increasing concentrations were
obtained for inhibitor (2).31

The displacement in OCP with addition of (1) was 31.0 mV
and with (2) was 57.8 mV, compared to the blank. This
displacement was less than 85 mV, suggesting that the
compounds behaved as a mixed-type inhibitor.32

Electrochemical impedance studies (EISs) were then
performed at a potential amplitude of 10 mV in frequencies
ranging from 100,000 to 0.1 Hz. The EIS response was fitted
with an equivalent electrical circuit (EEC) model A (Figure 2).
The impedance results were shown as Nyquist plots (Figure
3a,b) for the inhibitors, s-triazine/anilino-morpholino deriva-
tives: unsubstituted (1) and bromine substituted (2). The
equivalent electrical circuit model A contains, in addition to
solution resistance, two time constants. The first one has a
double-layer capacitor Cdl and a film resistance Rf, while the
second time constant has a constant-phase element CPE, a
charge-transfer resistance Rct, and a Warburg impedance
W.33,34 It is clear that an increase in the concentration of the
inhibitor caused a wider diameter of the Nyquist plot, a higher
Rct value, smaller electrical current flow (I), and a higher
percent inhibition efficiency IE% (Figure 3) and (Table 1).
The lowest concentration is chosen such as it gives the
slightest observable inhibition above the blank in the Nyquist
plots. The concentration is then increased until there is no
more increase in the radius of Nyquist plots and, thus, no
increase in IE%. The highest inhibition performance, 97.37%,
occurred for (2) at the optimum 80 ppm, which was higher
than that of (1) 95.81% at the optimum 100 ppm. The
inhibition did not increase above these optimum concen-
trations.35 Compounds (1) and (2) are soluble in a solution
made of 0.5 mL of DMSO with 12 mL of 1 M HCl at the
optimum concentrations used in the electrochemical experi-
ments. The polar para-substituents Br on the aniline group of
the inhibitor (2) enhanced the solubility of inhibitors in
aqueous acidic media. Also, bromine having lone electron pairs
can act as a Lewis base that donates electrons to Fe of the
electrode surface. This can explain the slight increase in
inhibition efficiency of (2) (98.5%) compared to (1)
(97.8%).36,37

The value of the CPE frequency exponent “n” decreased
with increasing concentration of inhibitors (1) and (2). This
can be due to the insulation of the metal/solution interface by
forming a surface film. The protecting film caused an increase
in the film resistance Rf and the charge-transfer resistance Rct.
The Rf (Ω·cm2) increased from 0.357 for the blank to 5.019
and 1.612 for the inhibitors (1) and (2) at their highest
optimum concentration. Similarly, Rct (Ω·cm2) values
increased from 10.51 for the blank to 250.95 and 389.99 for
inhibitors (1) and (2). Thus, the protection property of the
film improved as the inhibitor concentration increased.31 This
was also supported by a decrease in CPE and Cdl values at the
highest concentration of the inhibitors, which further indicated
improvement in the reduction of the corrosion rate of C-steel.
The Cdl (μF/cm2) values decreased from 140 for the blank to
12.4 for (1) and 3.0 for (2) at their highest concentrations.
Warburg impedance W (Ss1/2) also decreased with an increase
in the concentration from 0.68 for the blank to 0.14 and 0.06
for (1) and (2), respectively.
Log|Z| was plotted against log f for (1) and (2), respectively,
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is the frequency (Bode plots) (Figure 4a,b). The slope of linear
region α increased from the blank value −0.530 to −0.778 for
100 morpho-H and to −0.684 for 100 ppm morpho-Br,
respectively. This revealed that the inhibitor caused the surface
of the C-steel to become less coarse,30 while the log Z value at
log f = −1 increased from 1.42 for the blank to 2.72 for
morpho-H and 2.90 for morpho-Br, both at 100 ppm. This also
supported strong inhibition performance by morpho-H and
morpho-Br for C-steel corrosion in a hydrochloric acid
solution (Table 2).38

Additionally, increasing the inhibitor concentration resulted
in shifting the peak phase angle toward more negative values;
see Bode phase angle plots (Figure 4a,b) for (1) and (2),
respectively. The phase angle values increased from −48.67°
for the HCl blank solution to −71.42° for 100 ppm of (1)

solution and to −62.43° for 80 ppm of (2) solution (Table
2).38 As the concentration of the added inhibitors to the acid
solution increased, the peaks in the Bode phase plots became
wider and shifted to a higher frequency. This is because the
inhibitor molecules were adsorbed onto the steel surface, and a
protective layer was formed.39

Potentiodynamic Polarization. Potentiodynamic polariza-
tion PDP was measured from −900 to 200 mV vs saturated
Ag/AgCl with a scan rate of 5 mV/s. Figure 5 shows the
polarization curves for C-steel in 1 M HCl at various inhibitor
concentrations. The % IE values of the compounds, obtained
by PDP technique (Table 3), matched those obtained by the
EIS technique. They were 98.5% for (2) and 97.8% for (1) at a
concentration of 80 and 100 ppm, respectively.

Figure 4. Bode and Bode phase plots of a C-steel electrode in a 1 M HCl solution at various concentrations of inhibitors (a, b) (1) and (c, d) (2).

Table 2. Phase Angles and α Values (Slopes) from the Bode Phase and Bode Plots for Inhibitors (1) and (2) at Various
Concentrations

inhibitor C ppm (mM) 0 (0) 30 (0.085) 40 (0.114) 60 (0.170) 70 (0.199) 80 (0.227) 100 (0.284)

(1) phase angle (deg) −48.67 −50.1 −56.69 −61.59 −69.46 −70.38 −71.42
frequency (Hz) 198.6 252.4 252.4 252.4 627.8 252.4 796.9
slope (α) −0.5224 −0.5420 −0.6268 −0.7069 −0.7576 −0.8133 −0.7779
R2 0.9869 0.9887 0.9931 0.9990 0.9955 0.9993 0.9968

C ppm (mM) 0 (0) 30 (0.070) 40 (0.093) 60 (0.139) 70 (0.163) 80 (0.185) 100 (0.233)

(2) phase angle (deg) −48.67 −56.08 −56.79 −65.54 −67.78 −62.43 −67.12
frequency (Hz) 198.6 315.5 252.4 315.5 398 627.8 315.5
slope (α) −0.5401 −0.6637 −0.6802 −0.7583 −0.7667 −0.6838 −0.7247
R2 0.9947 0.9952 0.9983 0.9995 0.9990 0.9992 0.9968

Figure 5. Tafel plots for all concentrations of (a) inhibitor (1) and (b) inhibitor (2) in 1 M HCl at 298 K.
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Both the anodic Tafel slopes (βa) and the cathodic Tafel
slopes (βc) decreased with an increase in the concentration of
inhibitors. As the concentration of inhibitors increased (Table
3), the values of cathodic slope βc (mV dec−1) decreased from
−0.3293 for the blank to −0.1764 for the inhibitor (1) and to
−0.1862 for the inhibitor (2), while the anodic slope βa (mV
dec−1) decreased from 0.2468 (blank) to 0.1307 (inhibitor
(1)) and to 0.1273 (inhibitor (2)). This indicated that better
inhibition efficiency occurred at higher concentrations of
inhibitors.30 It was also found that the corrosion potential
increased slightly with the addition of inhibitors, while the
corrosion current density Icorr and the corrosion rate CR
decreased from 4.450 mA/cm2 and 2034 mpy for the blank
solution to 0.068 and 30.91 for (2) and to 0.097 and 44.08 for

(1), respectively, at their optimum concentrations (Table 3).
Thus, (2) with smaller values of Icorr and CR than those of (1)
is a better inhibitor of corrosion toward C-steel in 1 M HCl.
This is related to the effect of the electron-donor Br
substituent.
The variation of the cathodic branch toward more negative

potential with increasing concentration of inhibitors compared
to a 1 M HCl blank solution was more obvious than in the case
of the shift of the anodic branch toward positive potential
values. This revealed that the corrosion inhibition was
dominated by the cathodic process.40 Therefore, the inhibitors
(1) and (2) exerted dominant cathodic inhibition toward
corrosion of C-steel. Thus, the s-triazine/anilino-morpholino
derivatives promoted inhibition of corrosion by a decrease in

Table 3. Polarization Parameters for Various Concentrations of Inhibitors (1) and (2) on C-Steel in 1 M HCl

inhibitor C ppm (mM) βa (V dec−1) −βc (V dec−1) icorr (mA) Ecorr (mV) ± 20 CR (mpy) χ2 icorr (mA/cm2) θ IE% ± 0.50

(1) 0 (0) 0.2468 0.3293 2.237 −345.9 2034 13.40 4.450 0.000 0.0
30 (0.085) 0.2273 0.3085 1.765 −340.9 1604 18.34 3.511 0.211 21.1
40 (0.114) 0.1924 0.2596 0.757 −346.1 688 28.16 1.505 0.662 66.2
60 (0.170) 0.1498 0.1929 0.091 −378.8 82.5 27.06 0.181 0.959 95.9
70 (0.199) 0.1384 0.1861 0.078 −370.9 71.62 42.18 0.157 0.965 96.5
80 (0.227) 0.1534 0.1756 0.083 −417.6 75.11 43.67 0.164 0.963 96.3
100 (0.284) 0.1307 0.1764 0.048 −376.3 44.08 39.00 0.097 0.978 97.8

(2) 0 (0) 0.2468 0.3293 2.237 −345.9 2034 13.4 4.450 0.000 0.0
30 (0.070) 0.1956 0.2685 0.823 −364.9 748.2 26.98 1.637 0.632 63.2
40 (0.093) 0.1863 0.2413 0.491 −376.1 445.8 28.02 0.976 0.781 78.1
60 (0.139) 0.1416 0.1856 0.088 −394.1 80.09 35.55 0.175 0.961 96.1
70 (0.163) 0.1355 0.1825 0.059 −391.1 54.03 37.75 0.118 0.973 97.3
80 (0.185) 0.1273 0.1862 0.034 −408.6 30.91 35.22 0.068 0.985 98.5
100 (0.233) 0.1304 0.1645 0.033 −454.5 30.56 35.09 0.067 0.985 98.5

Figure 6. Adsorption isotherm from Tafel plots (a) for the (1) Langmuir model, the (2) (b) Langmuir model, and the (c) Temkin model on C-
steel in a 1 M HCl solution.
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Table 4. Comparison of the Inhibitor Structure, IE%, Maximum Dose, Adsorption Isotherm, and Nature of Inhibition for Steel
in 1 M HCl
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hydrogen evolution and dissolved oxygen reduction in an
aerated hydrochloric acid solution.
Adsorption isotherms were studied to gain information

about the interactions between the inhibitors and the C-steel
electrode surface. Three isotherm models were tested:
Langmuir, Temkin, and Frumkin. The values of fractional
surface coverage (θ) calculated from potentiodynamic polar-
ization were used to fit the isotherm models. Based on the
highest correlation coefficient, R2, the Temkin adsorption
model explained better the adsorption behavior of the inhibitor
(2) with R2 = 0.990 (Figure 6c), while Langmuir (Figure 6b)
and Frumkin models gave R2 values of 0.970 and 0.936,
respectively. The best adsorption isotherm for (1) was the
Langmuir model (R2 = 0.992) (Figure 6a) compared to
Temkin (R2 = 0.946) and Frumkin (R2 = 0.940).41 The
equilibrium adsorption constant Kads computed from the
inverse of the intercept of the Langmuir plot was equal to
1.074 × 104 L/mol for (1) and 2.141 × 104 L/mol for (2).
Accordingly, the free energy change of adsorption ΔGads
computed from Kads was −32.97 (kJ/mol) for (1) and
−34.68 (kJ/mol) for (2). Thus, the adsorption of morpholine
derivatives onto C-steel involved physical and chemical
adsorption (comprehensive adsorption).42

Inhibition Mechanism. In weak acidic media, the triazines
exist as neutral or protonated species.43 The exposure of the C-
steel surface to HCl (1 M) resulted in the oxidation of Fe to
Fe2+, which attracted Cl−, rendering the surface of steel
negatively charged.44 Also, HCl can cause protonation of
various N atoms of the inhibitor to form protonated inhibitor
species. Physical adsorption can be due to the electrostatic
attraction between the negatively charged surface of steel and
the positively charged protonated inhibitor, while chemical

adsorption can occur due to the complexation of Fe2+ with the
neutral inhibitor molecules, which have electron-rich groups
that can donate electrons from their π bonds such as >C�N
of imine of triazine and diazole rings, >C�C< of the phenyl
ring group, or from their free electrons pair of nitrogen and
oxygen atoms. Additionally, inhibitor (2) contains a bromine
atom that can σ bond to Fe2+ and enhance adsorption
compared to inhibitor (1), which lacks a halogen atom. This
can explain the increase in the inhibition efficiency of (2)
compared to (1). Physical and chemical adsorption of the
inhibitor caused the formation of a protective film on the
surface of steel and hindered the attack of H+ necessary to
produce hydrogen gas on the cathodic site and thus improved
inhibition. Also, the planarity and larger molecular size of
studied molecules ensured formation of a larger protective film
on mild steel and improves inhibition of corrosion.45

Comparative Inhibition Studies of Different Inhibitors.
The inhibitors (1) and (2) containing triazine, with branches
anilino, diazole, and morpholino moieties in one molecule
(Table 4), showed better inhibition efficiency than the
hexahydrotriazine derivatives,45 better than other reported s-
triazine derivatives with three pyridyl groups,18 with three
amino carboxylic acid branches,46 two hydrazinyl groups and
one morpholine group (higher inhibitor concentration used),23

and much better than both vinyl imidazole47 and 4-amino-
N,N-di(2-pyridylmethyl)-aniline.48 Thus, the presence of
heteroatoms and aromatic rings in the inhibitor molecule
affects the overall inhibition efficiency.

Surface Analysis. The scanning electron microscopy SEM
technique was adopted to study the microscopic surface
morphology of C-steel immersed in a blank solution (HCl 1
M) for 4 h (Figure 7). The morphology for the steel immersed

Table 4. continued
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in blank HCl (1 M) indicated that the surface was very
corroded and very porous Figure 7(a,d). Also, at higher
magnification, white spherical particles were observed due to
the corrosion products from the iron surface, which can be iron
oxide wustite FeO, hematite Fe2O3 and magnetite Fe3O4, and
also iron oxy-hydroxide FeOOH nanoparticles (Figure
7d).49,50 While in the case of steel immersed in HCl (1 M)
in the presence of inhibitors (1) and (2), Figure 7(b,e,c,f)
shows that the surface of steel was protected, as it looked
smooth. Also, there was the absence of white iron oxide
corrosion products.

Quantum Chemical Study of the Inhibitor Global
Reactivity. The electronic structure of s-triazine/anilino-
morpholino derivatives, unsubstituted (1) and bromine
substituted (2) in gaseous and aqueous phases considered in
this work, was determined using the B3LYP method with 6-
311+G(d,p) (Table S1). The nitrogen heteroatoms found
within the inhibitors are prone to protonation in a 1 M
aqueous hydrochloric acid medium. Consequently, the
computational calculations of the protonated species in both
gaseous and aqueous phases are also conducted to ensure
stability (Table S2). The calculated parameters of the neutral
morpholine derivatives displayed minor variation between the
inhibitor in the gaseous and aqueous phases. Thus, the results
of studied inhibitors in the aqueous phase are tabulated in
Table 5, whereas the calculated values of the gaseous phase are
included in Table S3.
Since, under the experimental conditions, the prototyped

inhibitors exhibit nitrogen heteroatoms that are prone to
protonation and which are in the aqueous phase, we
summarized the calculated parameters of the protonated
species in the aqueous phase in Table 5. However, the results
of the gaseous phase can be found in Table S4.
The FMOs (HOMO and LUMO) are very formidable in

predicting the chemical reactivity of the studied inhibitors. The
electrons in the highest occupied molecular orbital (HOMO)
are linked to the molecule’s ability to donate electron, whereas
the lowest unoccupied molecular orbital (LUMO) is
associated with its ability to obtain electron. The electron-
donor capacity of inhibitors increases with increasing energy of

the HOMO (EHOMO), which demonstrates better inhibitory
activity on a metal surface. Alternately, the electron-acceptor
characteristic increases with decreasing energy of the LUMO
(ELUMO). Furthermore, the energy difference between these
orbitals (HOMO and LUMO), ΔE, determines the kinetic
stability, chemical reactivity, optical polarizability, and
chemical hardness−softness of a compound.51 Smaller values
of ΔE reflect lower electronic stability, and hence higher
reactivity. It implies that the electronic excitation from the
HOMO to LUMO promotes better efficiency.
The computed EHOMO, ELUMO, and ΔE values of the neutral

(1) and (2) in the aqueous phase tabulated in Table 5 depicted
that (2) exhibited greater EHOMO and lower ELUMO with a
smaller ΔE value. This agrees very well with the experimental
data and implies that (2) is a more effective corrosion inhibitor
than (1). Figure 8b displays the FMO diagrams of the neutral
species.

Figure 7. SEM micrographs for C-steel immersed in 1 M HCl for 4 h (a, d), with added (1) 100 ppm (b, e), and with added (2) 100 ppm (c, f)
with magnifications of (×200) and (×3000), respectively.

Table 5. Some Chemical Parameters for the Neutral and
Protonated Forms of (1) and (2) in the Aqueous Phase
Calculated with the B3LYP Method with the 6-311+
+G(d,p) Basis Set

neutral form protonated form

parameters (1) (2) (1) (2)

EHOMO, eV −6.22 −6.231 −6.932 −6.687
ELUMO, eV −1.422 −1.484 −2.300 −2.391
ΔE, eV 4.798 4.747 4.631 4.296
DM, D 3.536 3.334 8.871 12.864
I, eV 6.22 6.23 6.93 6.69
A, eV 1.42 1.48 2.30 2.39
χ, eV 3.82 3.86 4.62 4.54
η, eV 2.40 2.37 2.32 2.15
S, eV−1 0.42 0.42 0.43 0.47
μ, Ev −3.82 −3.86 −4.62 −4.54
ω, eV 17.51 17.66 7.20 7.33
ΔEB‑d, eV −0.60 −0.59 −0.58 −0.54
ΔN 0.66 0.66 0.51 0.57
IE, % 97.8 98.5 97.8 98.5
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The theoretical calculations of the protonated morpholine
derivatives found in Table 5 also unveil similar trends, where

(2) displayed higher EHOMO, lower ELUMO, and smaller ΔE
values than (1). The optimized structure of the FMO diagrams

Figure 8. Quantum chemical calculations by the B3LYP method with the 6-311++G(d,p) basis set: (a) Optimized molecular structure, (b) frontier
molecular orbitals, and (c) electrostatic potential mapping of neutral (1) and (2) in the aqueous phase. In (b), green indicates a positive orbital
wave function, while red represents a negative orbital wave function. In (c), red indicates a high electrostatic potential, while blue indicates a low
electrostatic potential.
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of the protonated species in aqueous media are shown in
Figure 9a.

Another essential descriptor that also interprets a molecule’s
chemical reactivity is known as the ionization potential (I).
The smaller I value means lower molecular stability as well as
their chemical inertness and, thus, higher reactivity. Mean-
while, a higher I reflects the opposing effect.52 The protonated
(2) inhibitor has a lower I at 6.69 eV in an aqueous phase, in
contrast to (1) at I = 6.93 eV, which indicates higher inhibition
efficiency (IE) of (2). In the neutral form, we are unable to
come up with a valid comparison as the I values are in close
proximity to one another. The dipole moment (DM) of a
molecule is another important electronic parameter that
provides information on the polarity and the reactivity
indicator. The calculated results show that (2) predominantly
has the highest value of the dipole moment at 12.864 D in the
protonated form in an aqueous phase but possesses the lowest
result at 3.334 D in the neutral and aqueous phases. In the

literature, the scientific community discovered both positive
and negative relationships between the dipole moment and the
inhibition efficiency.53−55 Therefore, these findings restrict us
from drawing a valid prediction on the inhibition efficiency
based on the estimated dipole moment. A small electro-
negativity value (χ) of the inhibitory molecules suggests a
greater tendency to donate electrons during the metal−surface
interaction. Due to the very close proximity of the values, we
are unable to compare them. Miniscule variations were
observed between the calculated results. It demonstrated a
lower inhibitory efficiency with respect to the higher χ value of
the (2) in the neutral phase but a reverse effect in their
protonated phase. Hence, the close proximity and the
inconsistency restrict us from presenting a valid comparison.
Global reactivity parameters, namely, the global hardness

(η) and global softness (S) reflect the chemical reactivities and
chemical inertness of the studied inhibitors. Softer molecules
easily offer electrons to an acceptor, and for that reason, they
are more reactive than harder molecules. In corrosion science,
the metal surface serves as a Lewis acid, while the studied
inhibitor serves as a Lewis base. Base inhibitors are
preferentially more feasible in the acidic corrosion of bulk
metals (soft acid).56 From Table 5, both η and S values of the
inhibitors are again in very close proximity. The minute
discrepancy between the values seems to suggest that (2) is the
softest molecule, as shown by the slightly lower η.
The values of ΔN and ΔEB‑d were also calculated, as shown

in Table 5. The ΔN values depict the trend of electron-
donating capacities of the analyzed inhibitors. As reported by
Lukovits,57 the inhibition efficiency increased with increasing
electron-donor characteristics, given ΔN < 3.6. This signifies a
greater propensity of the inhibitors to be adsorbed on the
metal surface through donor−acceptor interactions. In this
investigation, the existence of heteroatoms resulted in the
interaction between the nonbonding electron pairs and the π-
electrons within the inhibitors with the vacant d-orbitals on the
metal surface. The calculated values of ΔN shown in Table 5
are all below 3.6, but we are unable to compare these values
because they are more or less the same. The back-donation
energy ΔEB‑d illustrates the morpholine inhibitors’ interaction
with the carbon steel electrode surface. As all of the values are
ΔEB‑d < 0 with η > 0, the back-donation is generally
energetically preferred due to the increase in stabilization
energy gained from the interactions. However, we are again
unable to compare these values as the they are very close to
each other. The magnitude of a molecular inhibitor in
acquiring electrons can be derived from the electrophilicity
index.58 The electrophilicity (ω) values suggest (2) in the
neutral and aqueous state (Table 5) having slightly higher
electron-accepting ability at ω = 17.66 eV, whereas an
opposing observation was seen in their protonated form in
aqueous media. (1) was recorded at ω = 22.90 eV, which is
higher than (2) at ω = 22.13 eV (Table 5). Hence, a valid
comparison cannot be established.

Local Reactivity. Mulliken population analysis (MPA),
Fukui indices, and electrostatic potential surface (ESP) are
calculated to locate the active centers within the investigated
morpholine derivative inhibitors. The occupancy of various
active sites on the inhibitor molecule served as an advantage
because they provided a greater tendency to contribute their
electronic characteristics to the unoccupied d-orbitals of the C-
steel metal surface.59 Fukui indices are implemented to identify
the reactivity regions and analyze the inhibitor’s electrophilic

Figure 9. Quantum chemical calculations by the B3LYP method with
the 6-311++G(d,p) basis set: (a) Optimized molecular structure, (b)
frontier molecular orbitals, and (c) electrostatic potential mapping of
protonated (1) and (2) in the aqueous phase. In (b), green indicates a
positive orbital wave function, while red represents a negative orbital
wave function. In (c), red indicates a high electrostatic potential, while
blue indicates a low electrostatic potential.
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and nucleophilic behavior, which allows the evaluation of the
local selectivity with the corrosion inhibitor.60 Subjection of an
electron to the LUMO of the neutral molecule yields an
anionic species (N + 1), while the loss of an electron results in
a cationic species (N − 1). A region in the molecule is
considered prone to a nucleophilic attack when f k

+ has the
greatest value and Δf k > 0. Meanwhile, when the region
displayed greatest f k

− value with Δf k < 0, the region
preferentially favored for an electrophilic attack.61

Speculation of the adsorption centers of the inhibitor can be
attained with high precision via the application of the Mulliken
population analysis (Table S5) and (Table S6).53 Hence, the
Mulliken charge densities of the optimized morpholine
derivatives in the aqueous phase are shown in Figure 10. It
was reported that the magnitude of the adsorption on the
metal surface increases in the presence of more negatively
charged heteroatoms because of the donor−acceptor inter-
action with the C-steel surface.62 The highest negatively
charged center is found on C (9) of (1) at −0.782 and on C
(19) of (2) at −0.745. In the event of the protonated species,
the most negatively charged adsorption site is located on C
(19) at −0.669 and −0.665 of inhibitors (1) and (2),
respectively.
The Fukui functions of the neutral and protonated species in

the aqueous state are then calculated based on the Mulliken
population analysis (MPA). The calculated Fukui functions of
these species are summarized in Table S7. The favored sites for

a nucleophilic attack on the neutral and aqueous morpholine
derivatives are (shown by the highest values of f k

+ and Δf k > 0)
at C1, N (4), C (11), C (13), N (15), C (17), C (18), C (35),
C (36), C (39), and N (46) in inhibitor (1) and at C (1), N
(4), N (6), C (8), C (13), N (15), C (17), C (18), C (35),
and C (38) in inhibitor (2). The favored sites for an
electrophilic attack are (shown by the highest f k

− and more
negative Δf k) at N (2), C (3), N (6), N (7), C (8), and C (9)
in inhibitor (1) and at N (2), C (3), N (7), C (9), C (11), C
(12), C (19), C (20), C (34), N (45), and Br (47) in inhibitor
(2). On the other hand, the favored sites for a nucleophilic
attack on the protonated species in the aqueous phase are
(shown by the highest values of f k

+ and Δf k > 0) at C (1), N
(4), C (5), C (9), C (10), C (12), N (15), C (17), C (18), C
(20), and N (46) in inhibitor (1) and C (1), N (4), C (10), C
(13), N (15), C (17), C (34), and N (45) in inhibitor (2). The
favored sites for an electrophilic attack are (shown by the
highest f k

− and more negative Δf k) at N (2), C (3), N (6), N
(7), C (11), and C (13) in inhibitor (1) and at N (2), C (3),
N (6), N (7), C (8), C (9), C (11), C (12), C (18), C (35), C
(38), and Br (47) in inhibitor (2).
According to Fukui indices of the neutral and aqueous phase

in Table S7, C (13) at 0.813 is the most reactive site for a
nucleophilic attack for species (1) and N (15) at 0.236 for
molecule (2). On the other hand, C (9) at 0.652 on morpho-H
is the most reactive site for an electrophilic attack, and C (12)
at 0.218 on compound (2) is more prone to the electrophilic

Figure 10. Mulliken charge population analysis of the neutral and protonated forms of (1) and (2) in the aqueous phase.
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attack. The calculated Fukui indices of the protonated and
aqueous phases suggest that N (15) at 0.273 in compound (1)
is more prone to a nucleophilic attack and C (13) at 0.585 in
compound (2). The adsorption sites C (13) at 0.446 and C
(9) at 0.373 on the protonated inhibitors (1) and (2),
respectively, are the most reactive sites for an electrophilic
attack. The electron density surface mapped with the
electrostatic potential surface (MEP) has been used to assess
the relative reactivity of inhibitors to electrophilic and
nucleophilic reactions.63 Figures 8c and 9c represent the
electrostatic potential (ESP) of the morpholine derivatives.
The electron-rich and electron-poor areas of the molecular
electrostatic potential (MEP) are distinguished by red and
yellow (negative) and blue (positive) areas, respectively, while
the neutral regions are represented by green areas. The
electronic densities increased in the order red > orange >
yellow > green. Figure 8c of the neutral species shows the
regions of negative potential (red) that are related to the
nucleophilic reactivity around the nitrogen and oxygen

heteroatoms. The greatest negative potential based on the
figure is around the N (6) site, which yields a greater tendency
to undergo protonation in an acidic medium. The ESP of the
protonated morpholine inhibitors is displayed in Figure 9c. It
illustrates the electrophilic nature of the protonated species in
the aqueous phase, as shown by the blue areas of the ESP
structure. This somehow suggests that the inhibitor mainly
possesses an electrophilic characteristic especially on the
nitrogen heteroatoms.

Monte Carlo Simulations. The objective of the MC
simulations was to determine the interactions between
inhibitor molecules and the steel surface and gain insights
into the mechanism of the adsorption process. The highest
favorable adsorption arrangements for (1) and (2) molecules
on the steel surface in a corrosive medium were identified
using the adsorption locator module. Figure 11 shows the
nearly flat orientation of the identified adsorption config-
urations, indicating an improvement in adsorption and
maximum surface coverage.64 Table 6 records the adsorption

Figure 11. Highest proper adsorption arrangement for inhibitors (1) and (2) on the Fe(110) substrate obtained by the adsorption locator module.

Table 6. Data and Descriptors Calculated by the MC Simulations for the Adsorption of Inhibitors (1) and (2) on Fe(110)a

structures
adsorption
energy

rigid adsorption
energy

deformation
energy

inhibitor
dEad/dNi

chloride
dEad/dNi

hydronium
dEad/dNi

water
dEad/dNi

Fe(110), molecule (1), water, hydronium,
Cl− ions

−8061.41 −4479.98 −3581.44 −371.64 −143.75 −62.86 −18.53

Fe(110), molecule (2), water, hydronium,
Cl− ions

−8084.57 −4507.80 −3576.77 −380.91 −141.40 −60.30 −18.37

aEnergy in kcal mol−1.
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energies obtained from the MC simulations. The data showed
that (2) with −8084.57 kcal mol−1 had a more negative
adsorption energy value compared to the (1) molecule with
−8061.41 kcal mol−1, indicating strong adsorption of molecule
(2) on the steel surface. This formed a stable adsorbed film
that protected the steel from corrosion, which is consistent
with practical results.65 Table 6 indicates that the rigid
adsorption energy values for molecule (2) with −4507.80 kcal
mol−1 were more negative than that of molecule (1) with
−4479.98 kcal mol−1, suggesting that molecule (2) had better
protection efficiency than molecule (1).
The dEads/dNi values represent the energy associated with

the metal/adsorbate arrangement, excluding adsorbed H2O
molecules.66 The dEads/dNi values for molecule (2) (−380.91
kcal mol−1) are higher than that of molecule (1) (−371.64 kcal
mol−1), as shown in Table 6. This indicated superior
adsorption of molecule (2) compared to molecule (1).
Additionally, the dEads/dNi values for water molecules,
hydronium ions, and Cl− ions are approximately −18.17,
−61.66, and −143.94 kcal mol−1, respectively. These values
were lower than those of (1) and (2) molecules, indicating
strong adsorption of inhibitor molecules compared to water
molecules, hydronium ions, and Cl− ions. This improved the
displacement of water molecules, hydronium ions, and chloride
ions by inhibitor molecules. Therefore, molecules (1) and (2)
were strongly adsorbed on the steel surface and formed a
robust adsorbed shielding layer, providing corrosion inhibition
for the steel interface in acid solutions. This has been
confirmed by both empirical and theoretical investigations.

■ MATERIALS AND METHODS
Synthesis, Materials, and Equipment. The reagents

were obtained from Sigma-Aldrich Company. 1H- and 13C-
nuclear magnetic resonance (NMR) spectra were recorded on
a JEOL spectrometer (JEOL, Tokyo, Japan) (400 or 500
MHz) in CDCl3 and DMSO-d6 and reported as chemical shifts
(δ ppm). Infrared spectra were measured on a Thermo
Scientific Nicolet iS10 FTIR spectrometer (Thermo Fisher
Scientific, Waltham, MA). Elemental analyses were performed
on a Perkin-Elmer 2400 elemental analyzer (PerkinElmer, Inc.,
Waltham, MA). High-resolution mass spectrometry (HRMS)
was performed using a Bruker electrospray-ionisation quadru-
pole time-of-flight (ESI-QTOF) mass spectrometer (Bruker,
Billerica, MA) in positive-ion mode.
The comprehensive methodology for all synthetic steps of

morpholino-s-triazine derivatives has been documented by El-
Faham et al.,67 (Supporting Information S1).
Corrosion-Inhibition Experiment. Weight Loss. Carbon

steel samples, with a dimension of 1.2 cm × 1.4 cm and
thickness 0.05 cm, were immersed in 6 mL of HCl (1 M) in
test tubes for 3 days without the addition of an inhibitor (blank
tube) or with the addition of 1.25 mg of inhibitor (1) or
inhibitor (2) in 0.25 mL of DMSO (inhibitor concentration =
200 ppm). The experiment was repeated for 7 days. At the end
of each experiment, the samples were washed with distilled
water, dried, and weighed.

Electrochemical Techniques. A three-electrode system was
used for the anticorrosion study of the inhibitors. The working
electrode consisted of a carbon-steel (C-steel) disc with an
exposed area of 0.5027 cm2, which was slightly less than the
one used by other workers.68−70 The C-steel disc was isolated
with polytetrafluoroethylene and the exposed area was 0.5027
cm2. The chemical composition of carbon steel rod was: %

weight (wt %) C, 0.164; S, 0.001; Mn, 0.710; P, 0.0005; Si,
0.26, Ni, 0.123; Cr, 0.041; balance Fe. At the beginning of each
experiment, the C-steel working electrode was buffed with a
series of silicon carbide papers from 600 to 2000. The
reference electrode was a saturated silver/silver chloride (Ag/
AgCl) electrode, while the counter electrode was a platinum
wire with length 3.6 cm and diameter 0.5 mm. The open-
circuit potential, electrochemical impedance, and Tafel polar-
ization were measured with a Gamry Instruments Reference
600 (potentiostat/galvanostat/ZRA) and computed using
Gamry software v7.07. In a typical experiment, the sample
was dissolved in 0.5 mL of DMSO, and then to it, 12 mL of
HCl (1 M) was added in an aerated condition. The experiment
was repeated twice. The open-circuit potential OCP was
measured first for 1 h to ensure stabilization of the potential
with time.

Computational Details. Theoretical calculations of these
morpholine molecules as corrosion inhibitors were performed
using density functional theory (DFT) with the B3LYP
method with the 6-311++G(d,p) basis set implemented in
the Gaussian 16W program package. Various quantum
chemical descriptors are calculated to analyze the effectiveness
of the corrosion inhibition properties. Total electronic
energies, HOMO and LUMO orbital energies (EHOMO and
ELUMO), and dipole moment (DM) values of the studied
inhibitors were obtained from the optimization and frequency
calculations. Other parameters such as the energy difference
between the HOMO and LUMO (ΔE) of the inhibitors, their
electron affinity (A), ionization potential (I), hardness (η),
softness (S), electronegativity (χ), electronic chemical
potential (μ), electrophilicity (ω), electron-donor capacity
(ω−), electron-acceptor capacity (ω+), fractions of the electron
transferred (ΔN), and back-donation (ΔEB‑d) were calculated
based on the HOMO and LUMO orbital analysis results.
Additionally, Fukui indices were employed to evaluate the local
relativity of the inhibitor.71,72

The I and A are associated with the EHOMO and ELUMO
values, respectively, in the framework of Koopmans’
theorem.73

=I EHOMO (3)

=A ELUMO (4)

The global reactivities (χ, μ, η, and S) can be measured from I
and A74 using the following equations

= +I A
2 (5)

= I A
2 (6)

=S
1

(7)

The electrophilicity (ω) was introduced by Parr et al.,58 and it
is a reactivity descriptor that measures the electron-accepting
abilities.
It is defined as follows

=
2

2

(8)

The electron flow takes place from an inhibitor with lower
electronegativity to a metallic surface with higher electro-
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negativities to an extent where their chemical potential is the
same.75 Thus, the fraction of transferred electrons (ΔN) was
estimated according to Pearson.76

=
+

N
2( )

Fe inh

Fe inh (9)

From eq 7, the χFe and χinh denote absolute electronegativity
and the ηFe and ηinh denote the absolute hardness of iron (Fe)
and the inhibitor (inh) molecule, respectively. Theoretical
values of χFe = 7.0 eV mol−1 and ηFe = 0 eV mol−1 are used
upon the assumption that for a metallic bulk, I = A because
they are softer than the neutral metallic atoms.77,78

An electronic back-donation (ΔEB‑d) arises from simple
charge transfer between the inhibitor and the metal surface.79

Assuming that charge transfer takes place from the inhibitor to
the metal surface along with its converse process, (ΔEB‑d)
increases with decreasing η, as depicted below.

=E
4B d (10)

Provided that η > 0 and ΔEB‑d < 0 gives a clear indication that
the charge transfer is energetically favorable.
The condensed Fukui function allows the identification of

local selectivity within a corrosion inhibitor, through which the
values describe the subjection of the atoms toward an
electrophilic or nucleophilic attack.80 The distinction between
these nucleophilic and electrophilic Fukui functions can be
derived from the given dual descriptor (Δf) equation.81

=+
+f q q (for nucleophilic attack)k N N1 (11)

=f q q (for electrophilic attack)k N N 1 (12)

= +f f fk k (13)

where qN, qN+1, and qN−1 are the electronic populations of the
atom in neutral and protonated systems.
The site prefers a nucleophilic attack, given Δf > 0, while it is

not prone to the attack, provided Δf < 0.
The local softness (s) of an atom can be calculated as follows

=+ +s f S( ) (for nucleophilic attack)k (14)

=s f S( ) (for electrophilic attack)k (15)

The calculated values explain the total molecular softness and
thus are linked to the chemical reactivity. The higher s+
indicates higher nucleophilicity, whereas the higher s− indicates
higher electrophilicity.

Monte Carlo (MC) Simulation Experiment. The adsorption
positions of morpholine derivative (1) and (2) molecules on
the Fe(110) surface were determined using the adsorption
locator module in the Materials Studio V. 7.0 program66 for
MC simulations. The adsorbate molecules were initially
optimized using the COMPASS force field.82 The adsorption
of inhibitors, Cl− ions, hydronium ions, and water molecules
on the Fe(110) surface was simulated in a box with dimensions
of 37.24 Å × 37.24 Å × 59.81 Å.83

■ CONCLUSIONS

• The electrochemical results indicated that s-triazine/
anilino-diazolo-morpholino derivatives (1) and bromine-
substituted (2) showed excellent corrosion inhibition for
C-steel in an HCl solution: 98.5% for inhibitor (2) at 80

ppm and 97.8% for inhibitor (1) at 100 ppm. Thus, a Br
substituent enhanced inhibition.

• Tafel plots showed that the inhibition occurred by
depressing the cathodic reactions.

• Compounds (1) and (2) exhibited Langmuir and
Temkin isotherm adsorption, respectively, and the
adsorption was spontaneous.

• SEM analysis indicated that the steel surface was
smoother when the inhibitors were added to acidic
media.

• The weight loss experiment indicated that the corrosion
rate decreased when the inhibitors were used compared
to the acid blank.

• ELUMO, EHOMO, and ΔE values conform to the
experimental inhibition efficiencies. The inhibition
efficiency increased with higher EHOMO, lower ELUMO,
and smaller ΔE values.

• The value of the energy associated with the metal/
adsorbate arrangement dEads/dNi is higher for inhibitor
(2) than for inhibitor (1), supporting the experimental
results.
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