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In this research, 1,3-diphenylprop-2-en-1-one oxime (CO) and 4-nitrophenyl-1-phenylprop-2-en-1-one
(CO-NO2) was synthesized and its adsorption properties and corrosion inhibition ability was evaluated
for carbon steel (CS) in 1 M HCl at 293–323 K temperature using chemical and electrochemical tech-
niques such as weight loss measurements (WL), potentiodynamic polarization (PDP) and electrochemical
impedance spectroscopy (EIS). Results evince that the inhibition activity (IE%) enhances with the com-
pounds concentration and may achieve a maximum of 95 and 91% for CO and CO-NO2, respectively at
293 K. In obedience with PDP findings, the tested compounds act as some mixed-type inhibitors.
Survey of the temperature effect discloses that the inhibitory molecule is chemisorbed on carbon steel
substrate. The adsorption of CO and CO-NO2 occurs in accordance to the Langmuir’s isotherm.
Scanning Electron Microscopy (SEM) and UV–visible revealed the development of barrier film hindering
the access of aggressive ions into steel surface. The theoretical findings suggested by electronic/atomic
computer simulations supported the inhibitive chemicals interfacial adsorption through reactive centers.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Corrosion is a phenomenon of considerable economic impor-
tance. It is well known that corrosion reduces the life cycle of met-
als [1,2], in particular steel, which is the most commonly used
metal. The repair costs and high productivity losses caused by cor-
rosion [3,4] effectively penalizes all of the industries in which acid
solutions are used. The major areas of employ are pickling or acid
cleaning, stimulation of oil wells, removal of localized deposits [5–
8]. Owing to the aggressiveness of such acid solutions, the area of
corrosion has evolved tremendously in recent years and is gradu-
ally directed towards the production of non-toxic, non-polluting
and stable Corrosion inhibitors, as far as prohibition is concerned
[9–11]. Corrosion inhibitors are chemicals, either inorganic or
organic, that, when applied to a corrosive medium, slow the corro-
sion process of the exposed surface. Corrosion inhibitors are classi-
fied into two important groups: organic and inorganic compounds.
Since most inorganic corrosion inhibitors are prohibited due to
their possible toxicity and contamination risk, and existing law
prohibits the use of toxic substances [12–14]. Compounds organic
inhibitor are the primary means of preventing metal corrosion in
hostile conditions. They are typically molecules that have heteroa-
toms of a single pair of electrons (N, O, and S) and/or aromatic
cycles of the conjugated structures p. It also has some notable fea-
tures, such as multi-functionality, enhanced film shaping capabili-
ties, and a wider surface cover [15–19]. Corrosion inhibition by
organic compounds results from their adsorption on the metal by
forming a protective layer on the metal surface. The adsorption
phenomena can be described mainly by two interaction types,
namely physical adsorption and chemisorption. Both types of
adsorption are influenced by the nature and charge of the metal,
the chemical structure of the organic product and the type of elec-
trolyte [20–23]. As the current available organic corrosion inhibi-
tors are becoming more and more dangerous, it is a matter of
urgency to find new environmentally friendly inhibitors. Chalcone
oxime has corrosion inhibiting properties and is therefore non-
toxic, soluble in water and comparatively inexpensive [24–28].

In the present survey, the adsorption behavior and the inhibi-
tory activity of a novel environmentally benign compound, chal-
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cone oxime derivatives, was examined for carbon steel in acidic
medium (1 M HCl) at a temperature domain ranging from 293 to
323 K. In depth analysis on the adsorption mechanism of corrosion
inhibitors were screened via., weight loss measurements, electro-
chemical techniques (PDP and EIS), as well as surface analysis by
Scanning Electron Microscopy (SEM) and UV–visible were com-
bined to evaluate the inhibition process. To gain basic findings
about interactions and surface adsorption of CO and CO-NO2, com-
puter simulations (quantum chemistry linked with classical mod-
eling) were applied.

2. Materials and methods

2.1. Synthesis of chalcone oxime derivatives

A mixture of chalcone derivatives (1 mmol), hydroxylamine
hydrochloride (1.5 mmol), anhydrous sodium sulphate (1 mmol)
was reflowed in ethanol (5 mL) while stirring (Scheme 1). Once
the reaction was completed (3 h), the resulting mixture was fil-
trated and the solvent was subjected to evaporation at reducing
pressure. Afterwards, distilled water (10 mL) and ethyl acetate
(10 mL � 3) were added for the extraction of the organic products.
Before filtration, anhydrous sodium sulfate was used to dry the
combined organic layers. The crude product was recovered by
evaporating the solvent at a low pressure. Column chromatogra-
phy over silica, eluted with petroleum ether was operated to purify
the product [29].

The spectral data results of chalcone oxime derivatives are gath-
ered in Table 1.

2.2. Materials

Weight percentage composition of the tested carbon steel C38
was as follows: Fe: Base; C: 0.350–0.390; Si: � 0.400; Mn: 0.50–
0.80; S: 0.015–0.035; Cr + Ni + Mo: � 0.63. Prior to immersion in
solutions, the steel samples were polished by SiC abrasive paper
having an incrementally finer grain size ranging from 200 to
Scheme 1. Synthesis of the inhibito

Table 1
Characterization of chalcone oxime derivatives.

Molecule Characterization

1,3-diphenylprop-2-en-1-one oxime
(CO)

1H NMR (300 MHz, CDCl3):
dppm : 11.29 (s, 1H, OH), 7.78 – 7.56 (m
dppm :157.74 (C = N) ;139.76 (CH-CAr),
117.15(CH = CH-Cq).
IR (KBr) cm�1:3450 (OH), 2300 (CH), 16

4-nitrophenyl-1-phenylprop-2-en-1-
one (CO-NO2)

1H NMR (300 MHz, CDCl3):
dppm : 10.98 (s, 1H), 8.23 – 8.14 (m, 2H)
(m, 1H).
13C NMR (75 MHz, CDCl3):
dppm :153.90 (C = N) ;147.70 (C-NO2) ;1
(CAr) 124.60 (CAr) ; 123.10(CAr).
IR (KBr) cm�1:3430 (OH), 2290 (CH), 16

2

1200. The specimens were then rinsed with distilled water and
degreased by acetone. Samples were maintained immersed in
1 M HCl medium containing diverse inhibitor concentrations from
4.48 � 10-4 M to 2.24 � 10-3 M at a variable temperature of 293–
323 K.

2.3. Weight loss measurements

Measurements of weight loss were performed in compliance
with the standard methods. The specimens (Lx = 1 cm, Ly = 1 cm
and Lz = 0.3 cm) were abraded using various abrasive papers
(200–1200) and then thoroughly rinsed out with distilled water
and cleansed with acetone. The carbon steel specimens were
immersed in 1 M HCl solution in absence and presence of the
investigated inhibitors (4 � 48 10-4 to 2 � 24 10-3 M) at 293 K for
6 h. Afterwards, the samples were extracted and cleaned with dis-
tilled water, acetone and hot ethanol to remove all organic matter.
Then, the samples were weighed and the corrosion rate (m) was
determined as follows [30]:

m ¼ DW
S� t

ð1Þ

gW %ð Þ ¼ m0 � m
m0

� 100 ð2Þ

whereDWdenotes the average weight loss, S represents the sample
surface area (cm2), t stands for the immersion time (h), mo and mdes-
ignate the values of corrosion rate (mg cm�2 h�1) in uninhibited
and inhibited media, respectively.

2.4. Atomic adsorption measurements

This technique was operated to calculate the concentration of
Fe in 1 M HCl solution without and with inhibitors (4.48 � 10�4

to 2.24 � 10�3 M) at 293 K after the electrochemical measure-
ments. The values of the inhibition activity were determined from
the atomic adsorption results according to the following formula:
rs chalcone oxime derivatives.

, 4H), 7.46 – 7.31 (m, 6H), 7.29 – 6.38 (m, 2H).13C NMR (75 MHz, CDCl3):
137.04(CAr) ;136.19(Cq-CH = CH), 134.79(Cq-C = N) ; 129.25–125.74 (CAr) ;

20 (C = N), 1514 (C = C), 945 (N-O).

, 7.85 – 7.75 (m, 2H), 7.61 – 7.49 (m, 2H), 7.52 – 7.40 (m, 3H), 7.27 (m, 1H), 7.16

39.78(Cq-CH = CH) ;135.74 (CH-CAr), 128.83(CAr) ;128.59 ; 128.23(CAr) ; 127.24

10 (C = N), 1570 (Ar-NO2) 1508 (C = C), 940 (N-O).
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ga %ð Þ ¼ C0 � C

C0 � 100 ð3Þ

Here C0 and C refer to the concentration of iron in the absence and
presence respectively of CO and CO-NO2 inhibitors.

2.5. Electrochemical measurements

The inhibitory activity of the investigated compound on carbon
steel corroding were examined through Potentiodynamic Polariza-
tion(PDP) and Electrochemical impedance spectroscopy(EIS) in
1 M HCl in absence and presence of CO and CO-NO2 concentrations
going from 4.48 � 10-4 to 2.24 � 10�3 M at various temperatures
293–323 K. A classical cell with a three electrodes configuration
was used in the present study. The working electrode consisted
of carbon steel, whereas a platinum grid and a saturated calomel
electrode (SCE) were employed as a counter and reference elec-
trodes, respectively. Before electrochemical tests, the working elec-
trode was immersed in 1 M HCl solution without and with
different inhibitors concentrations for 40 min at open circuit
potential (OCP). The PDP plots were drawn with a scan rate of
0.5 mV s�1 at the standard potential range found by
adding ± 200 mV to the OCP. EIS spectra were recorded between
100 kHz and 10 mHz at OCP with an amplitude of 10 mV. Three
replicas of the trials were performed and the average values were
regarded. The inhibitory efficacy was assessed as follows [31,32]:

gP %ð Þ ¼ i0corr � icorr
i0corr

� 100 ð4Þ

i0corr and icorr denote the corrosion current densities values in absence
and presence of the inhibitory molecule, respectively.

gEIS %ð Þ ¼ Ri
p � Rb

p

Ri
p

� 100 ð5Þ

where Rb
p and Ri

p are polarization resistances obtained in the blank
and the inhibited solutions, respectively.

The surface coverage, h is expressed as:

h ¼ gP %ð Þ
100

ð6Þ

gP is the inhibitory efficiency determined by PDP.

2.6. Scanning electron microscopic measurement (SEM)

Carbon steel surface was examined after 6 h of immersion in
1 M HCl free of an inhibitor, and with the optimum concentration
of CO and CO-NO2. Carbon steel samples were transferred from the
test media, rinsed with water and dried. The morphological aspect
of carbon steel surface was examined by SEM (FEI FEG 450).

2.7. Computational details

2.7.1. DFT calculations
Quantum chemical calculations on the DFT approach have been

carried for CO and CO-NO2 neutral and protonated forms to pro-
vide an understanding of the key influence of molecular structures
and electronic characteristics on the inhibitory properties [33].
Moreover, this complementary theoretical part has been carried
out with the attempt to correlate the experimentally computed
corrosion inhibition for the inhibitors with the chemical reactivity
descriptors of the DFT calculations [34]. The lowest energy inhibi-
tor shapes were tested in the DFT calculations conducted under
pressure and in the gaseous phase. Additionally, the molecular
structures of the compounds studied have been optimized to the
3

final geometry by means of the Gaussian 09 software suite at the
DFT level in a functional B3LYP implementing a 6-31G (d, p) basis
set [35].

The quantum descriptors like LUMO and HOMO energies, gap
energy (DEgap) (Eq. (7)), electronegativity ‘‘v” (Eq. (8)), and other
quantum descriptors such as, ‘‘g” is the global hardness which
can be calculated using the Eq. (9), fraction of electrons transferred
from the inhibitor molecule to the metal surface ‘‘DN110” can be
determined using Eq. (10), where the U work function presents
the theoretical value of v in the plan (1 1 0) of iron (U = v(Fe110)
= 4.82 eV) and the g represent the metallic bulk (g (Fe110)
= 0 eV) [36], ‘‘x” is the electrophilic indexes (Eq. (11)), and ‘‘e” is
the nucleophilic indexes (Eq. (12)),.

DEgap ¼ ELUMO � EHOMO ð7Þ

v ¼ 1
2

EHOMO þ ELUMOð Þ ð8Þ

g ¼ 1
2

EHOMO � ELUMOð Þ ð9Þ

DN110 ¼ vFe110
� vinh

2 gFe110
þ ginh

� � ¼ U� vinh

2ginh
ð10Þ

x ¼ v2

2g
ð11Þ

e ¼ 1
x

ð12Þ
2.7.2. Molecular dynamics (MD) simulations
The adsorbed inhibitors CO and CO-NO2 neutral and unnatural

forms on the metal surface was established using the MD simula-
tion using Forcite module implemented in Materials Studio 8.0
software [37,38]. The study of these interactions of the molecules
with the Fe (1 1 0) surfaces was carried out from a simulation
box (22.34* 22.341* 35.13 Å3) with periodic boundary conditions.
The Fe (1 1 0) surface was presented with a six-layer slab model
in each layer representing a (11 � 11) unit cell. The constructed
simulation box is emptied by 20.13 Å3. This vacuum is occupied
by 500H2O, 5H3O+, 5Cl- and the inhibitory molecule. The tempera-
ture of the simulated system of 293 K was controlled by the Ander-
sen thermostat, NVT ensemble, with a simulation time of 400 ps
and a time step of 1.0 fs, all under the COMPASS force field [39].
3. Results and discussion

3.1. Weight loss measurements and atomic adsorption

Table 2 displays the values of weight loss trials, the calculated
corrosion rates (m), and the inhibition efficacy (gw%) values with-
out and with diverse concentrations of CO and CO-NO2 in 1 M
HCl at a temperature of 293 K for 6 h. The analysis of Table 2
encloses the subsidence of corrosion rate and increment of the
inhibitory efficiency with increasing CO and CO-NO2 concentra-
tions. Maximal gW values of 95 and 92% were reached in the pres-
ence of 2.24 � 10-3 M of CO and CO-NO2, respectively. Through the
increment of the blocked portion of the steel by the synthesized
inhibitors, the interaction between the metallic substrate and the
destructive solution can be prevented [40]. Interestingly, identical
results were found by atomic adsorption technique, where we
observed that the concentration of iron decreases in 1 M HCl by
the addition of CO and CO-NO2, which main role are not only to



Table 2
Weight loss parameters and concentration of iron (ppm) in 1 M HCl containing various concentrations of CO and CO-NO2 at 293 K.

Concentration
mol/L

Weight loss atomic adsorption

DW
(mg)

m
(mg cm�2 h�1)

gW(%) C
(ppm)

ga(%)

CO Blank 11.4 1.902 — 4.776 —
4.48 � 10-4 3.3 0.551 71 1.563 67
8.96 � 10-4 2.5 0.418 78 1.162 76
1.34 � 10-3 1.9 0.323 83 0.908 81
1.79 � 10-3 1.2 0.209 89 0.686 87
2.24 � 10-3 0.4 0.06 95 0.321 93

CO-NO2 4.48 � 10-4 3.7 0.616 68 1.688 65
8.96 � 10-4 2.9 0.483 75 1.132 76
1.34 � 10-3 1.7 0.283 85 0.733 85
1.79 � 10-3 1.3 0.216 89 0.503 90
2.24 � 10-3 0.9 0.150 92 0.412 91
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increase the surface coverage area, but also to suppress the corro-
sion rate.

3.2. Electrochemical measurements

3.2.1. Potentiodynamic polarization curves
The polarization curves of the metal-solution interface are a

fundamental characteristic of electrochemical kinetics but only
account for the slowest stage of the overall process (transport of
material, adsorption of species on the electrode. . .) at the electro-
chemical interface. The cathodic and anodic polarization plots of
carbon steel in 1 M HCl medium without and with various concen-
trations of CO and CO-NO2 are depicted in Fig. 1. Note that the
curves were obtained after 40 min of immersion at Ecorr and a tem-
perature of 293 K. In the cathodic branch, one may notice that the
curves form quasi-parallel lines, suggesting that the addition of CO
and CO-NO2 to the acidic medium does not change the mechanism
of hydrogen evolution. The reduction of H+ ions on the carbon steel
occurs primarily through electron transfer process (pure activation
mechanism)[41]. From the study of Table 3 and the polarization
curves reported in Fig. 1, it can be seen that the introduction of
CO and CO-NO2 induces a subsidence in both anodic and cathodic
current densities, which is likely related to the prohibition of the
anodic dissolution of the metal and the cathodic evolution of H2.
Besides, Ecorr values move slightly towards more negative values
and the corrosion current densities (icorr) decrease as CO and CO-
NO2 concentration increases in the solution. Furthermore, both
the anodic and cathodic partial currents are also decreased. These
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Fig. 1. Potentiodynamic polarization plots of carbon steel in 1 M HCl solution in

4

observations confirm the mixed character of the inhibitors (lower
than 85 mV) [42,43].

3.2.2. Electrochemical impedance spectroscopy measurements
Transient electrochemical methods and, in particular, electro-

chemical impedance spectroscopy enables to distinguish the ele-
mentary phenomena that are expected to evolve on the
metal/solution interface according to their kinetics. Fig. 2 encloses
the Nyquist diagrams recorded for the steel/solution interface at
corrosion potential in 1 M HCl in the absence and presence of CO
and CO-NO2. Table 4 gathers the corresponding electrochemical
impedance parameters. For all concentrations, the diagrams evince
the presence of a single semi-circle properly centered on the axis of
the impedance real part. The ray of these loops increases with
increasing inhibitors concentration. In general, the feature of these
type of spectra may be ascribed to charge transfer process on a
heterogeneous surface [44]. An equivalent circuit (Fig. 2) is used
to study the progressions involved in electrical response of the sys-
tem. The capacitance double layer (Cdl), a polarization resistance
(Rp) and electrical resistance (Re) forms the parts of the circuit.
Through the following Eq. (13), the impedance of a constant phase
element is explained. The Cdl value can be determined using Eq.
(14).

ZCPE ¼ Q�1 iwð Þ�n ð13Þ

Cdl ¼ Q � R1�n
p

� �1=n
ð14Þ
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Table 3
Electrochemical descriptors estimated from PDP plots of carbon steel in 1 M HCl solution in the absence and presence of various concentrations of CO and CO-NO2 at 293 K.

Concentration
(mol/L)

Ecorr
(mVSCE)

icorr
(mA/cm2)

ba
(mV dec-1)

bc
(mV dec-1)

gP
(%)

CO Blank �449.7 699.9 84.4 �120.6 ——
4.48 � 10-4 �454.6 157.9 116 �169.1 77
8.96 � 10-4 �466.9 146.2 105.5 �178.3 79
1.34 � 10-3 �473.2 081.5 100.9 �156.4 88
1.79 � 10-3 �473 0.0 0.0622 109.7 �150.1 91
2.24 � 10-3 �455.9 034.9 88.9 �116.8 95

CO-NO2 4.48 � 10-4 �449.1 193.0 81.2 �153.8 72
8.96 � 10-4 �461.6 132.0 108.2 �133.5 81
1.34 � 10-3 �484.6 103.6 99.9 �157.0 85
1.79 � 10-3 �481.2 068.4 116.7 �140.1 90
2.24 � 10-3 �479.2 060.3 100.8 �137.6 91
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Fig. 2. Nyquist diagrams of carbon steel in 1 M HCl solution free of the inhibitor and at variance concentrations of CO and CO-NO2 for 40 min at 293 K and the employed
circuit for fitting EIS spectra.

Table 4
Electrochemical impedance descriptors of carbon steel in 1 M HCl solution comprising varied concentrations of CO and CO-NO2 at 293 K.

Concentration
(mol/L)

Re
(X cm2)

Rp
(X cm2)

Q
(mF sn-1 cm�2)

n Cdl
(mF/cm2)

gEIS
(%)

v2

CO Blank 0.91 28.0 345.6 0.817 122.3 — 0.001
4.48 � 10-4 0.87 126.3 166.6 0.822 72.2 78 0.004
8.96 � 10-4 0.75 173.1 127.5 0.831 58.7 84 0.003
1.34 � 10-3 0.67 263.3 95.9 0.846 49.1 89 0.001
1.79 � 10-3 0.72 327.2 78.3 0.849 40.8 91 0.009
2.24 � 10-3 0.83 503.2 48.8 0.850 25.4 94 0.005

CO-NO2 4.48 � 10-4 1.04 96.3 198.8 0.825 85.9 70 0.007
8.96 � 10-4 0.70 130.3 153.2 0.834 70.3 78 0.001
1.34 � 10-3 0.62 227.4 102.4 0.842 50.6 87 0.003
1.79 � 10-3 0.93 273.3 78.5 0.852 40.3 90 0.004
2.24 � 10-3 0.81 305.0 63.9 0.853 32.4 91 0.008
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Where Q, i, w, and n stand for CPE constant, imaginary number,
angular frequency, and phase shift, respectively. n symbolizes the
deviation from the ideal behavior ranging from 0 and 1.

Chi-square element was surveyed to verify the accuracy of the
fitted data. All the outcomes provided a less (10 �3) values of
Chi-square (Table 4), mirroring the good agreement between the
fitting information and the experimental finding. Polarization
resistance (Rp) values and inhibitory effectiveness exhibit a signif-
icant increase as CO and CO-NO2 concentration increases. The
5

trend of the inhibition ability increases in the following order:
CO-NO2(91%) < CO (94%), the lowest inhibition efficiency of the
CO-NO2 could be as a result of electron attractor nature of the –
NO2 group[45]. Another observation of Table 4 exhibits that the
CPE constant Q value experienced a significant decline, which
means that the CO and CO-NO2 interact with the carbon steel elec-
trode by occupying the vacate active sites. Further, elevation the n
values of CO and CO-NO2 relative to the uninhibited electrolyte can
be related to a reduction of electrode surface roughness [46]. This
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behavior is owed to the development of a protecting layer on steel
substrate. Besides, the double layer capacitance subsides evidenc-
ing the adsorption of the organic compound on the metallic sur-
face, as expressed by the Helmhotz model [47]. The lessening of
Cdl is attributed to CO and CO-NO2 adsorption on the steel surface,
which reduces the dielectric constant of the medium e, and/or
increases the thickness of the electrical double layer.

Cdl ¼ e0 � e
e

� S Helmholtzmodelð Þ ð15Þ

where e represents the thickness of the deposit, S denotes the elec-
trode surface, e0stands for the permittivity of vacuum and e desig-
nates the dielectric constant.

3.2.3. Temperature effect
The behavior of a substance in a corrosive media can be remark-

ably affected by temperature. In fact, metal-inhibitor interactions
in a specific context can be changed. In order to assess the impact
of temperature on CO and CO-NO2 prohibition capacity, PDP curves
were plotted at varied temperatures going from 293 K to 323 K.
The findings are evidenced in Fig. 3 and Table 5. From Table 5,
one can notice that the increment in temperature induces the
enhancement of icorr while the inhibitory activity stays almost
stable as a consequence of the strong adsorption of the inhibitor
on the metal surface (chemisorption) [48].

The influence of temperature may be explained by the Arrhe-
nius expression between the corrosion current density and the
temperature as [49,50]:
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icorr ¼ A� exp
�Ea

R� T

� �
ð16Þ

Ea stands for the activation energy, A is defined as a pre-exponential
factor, R denotes the universal gas constant and T represents the
absolute temperature. The variation of the logarithm of icorr as a
function of the inverse of the absolute temperature yielded a
straight line (Fig. 4), from which the activation energies can be com-
puted. Table 6 evinces that the activation energy decreases in the
presence of CO and CO-NO2 compared to the blank test solution.
In obedience to the classification proposed by Radovici [51], the
inhibitor CO and CO-NO2 belongs to class 2 (Eai less than Ea) and
acts by chemisorption.

The alternative Arrhenius relationship allow us to estimate the
enthalpy and entropy energies [52]:

icorr ¼ R� T
N � h

� exp
�DSa
R

� �
exp

�DHa

R� T

� �
ð17Þ

where h: Plank’s constant, N: Avogadro’s number, DHa: Activation
Enthalpy and DSa: Activation entropy. The evolution of Ln (icorr/T)
versus(1/T) exhibits a straight line (Fig. 5). The slope and intercept
correspond to (DHa/RT) and (Ln (RT/Nh + DSa/R)), respectively. The
values of enthalpies and entropies are given in the Table 6. The pos-
itive enthalpy DHa signs divulges the endothermic nature of the
steel dissolution process, which indicates that the anodic dissolu-
tion reaction of carbon steel is very sluggish [53]. The high and neg-
ative entropy DSa value in the presence of CO and CO-NO2 reveals
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Table 5
Electrochemical descriptors determined from PDP curves of carbon steel in 1 M HCl solution without and with 2.24 � 10-3 M of CO and CO-NO2 at various temperatures.

Medium Temperature
(K)

Ecorr
(mVSCE)

icorr
(mA/cm2)

ba
(mV dec-1)

bc
(mV dec-1)

gP
(%)

Blank 293 �449.7 699.9 84.4 �120.6 —
303 �458.4 1206.8 95.3 �113.8 —
313 �462.8 2272.9 185.4 �118.3 —
323 �462.0 3717.3 117.2 �108.8 —

CO 293 �455.9 034.9 88.9 �116.8 95
303 �470.9 075.7 101.5 �166.3 94
313 �497.0 102.1 126.8 �143.3 96
323 �497.2 126.3 92.5 �163.0 97

CO-NO2 293 �479.2 060.3 100.8 �137.6 91
303 �489.0 104.9 104.6 �154.8 91
313 �467.3 192.7 129.9 �198.1 92
323 �496.3 208.5 101.5 �154.7 94
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Fig. 4. Arrhenius plots for carbon steel obtained in 1 M HCl free of the inhibitor and
in presence of 2.24 � 10�3 M of CO and CO-NO2.

Table 6
Thermodynamic activation descriptors for carbon steel in 1 M HCl without and with
2.24 � 10�3 M of CO and CO-NO2.

Medium Ea
(kJ mol�1)

DHa

(kJ mol�1)
DSa
(J mol�1 K�1)

Blank 43.79 41.29 �106.77
CO 32.44 29.92 �169.15
CO-NO2 33.83 31.29 �160.51
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Fig. 5. Ln (icorr/T) versus 1000/T for carbon steel in 1 M HCl solution without and
with 2.24 � 10�3 M of CO and CO-NO2.
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that the disorder is reduced when the reagents are converted to the
activated iron-molecule complex in the solution [54].

3.3. Adsorption isotherm

The inhibition process of corrosion via organic substances is
associated to their adsorption on the metal surface. Adsorption iso-
therm is an important tool to determine the electrochemical pro-
cess that enables the adsorption of these organic compounds on
the metallic substrate. The degree of surface coverage (h) for varied
CO and CO-NO2 concentrations was inspected to fit various iso-
therms Frumkin, Langmuir and Temkin, and the correlation coeffi-
cients were operated to define the best fit. This last one was
obtained with Langmuir adsorption isotherm (Fig. 6) given as [55]:

C
h
¼ 1

Kads
þ C ð18Þ
7

where C designates the inhibitory molecule concentration, Kads

denotes the equilibrium adsorption constant and h stands for the
degree of surface coverage.

On the other hand, the free enthalpy of adsorption DG
�

adscan be
determined using the equation [56]:
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Kads ¼ 1
55:5

� exp
�DG �

ads

R� T

 !
ð19Þ

The value 55.5 is the concentration of water. Note that DG
�
adsvalues

close to or above �20 kJ/mol are generally related to electrostatic
interactions betwixt charged inhibitory molecules and metal

charges (physisorption). In the other hand, values of DG
�

ads near or
below �40 kJ/mol correspond to a charge transfer betwixt the inhi-
bitory molecules and the metallic substrate (chemisorption) with
creation of covalent or coordination bonds. In our case, the negative
value of the free adsorption energies of CO (-29.3 kJ/mol) and CO-
NO2 (-30.7 kJ/mol) discloses that the adsorption occurs sponta-
neously on carbon steel surface and that CO and CO-NO2 adsorbs
to the metal surface both physically and chemically (mixed adsorp-
Fig. 7. SEM micrographs of carbon steel specimens after 6 h immersion in (a) 1 M HC
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tion)[57], with predominance of the second one since the inhibitory
efficacy remains constant through temperature increase. Moreover,
the high values of the equilibrium adsorption constant(3.05 � 103

M�1 and 5.45 � 103 M�1 for CO and CO-NO2 respectively)indicate
a strong adsorption on steel surface, which may be associated with
the existence of donor atoms, such as oxygen and nitrogen[58].

3.4. Surface analysis

SEM observations were performed on carbon steel samples after
6 h immersion at 293 K in 1 M HCl without (Fig. 7a), with the addi-
tion of 2.24 � 10�3 M of CO (Fig. 7b) and with the addition of
2.24 � 10�3 M of CO-NO2 (Fig. 7c). The SEM micrograph obtained
in 1 M HCl free of the inhibitor (Fig. 7a) indicates that the surface
is heavily altered as evinced by the occurrence of grey lumps and
l, (b) 1 M HCl + 2.24 � 10-3 M of CO and (c) 1 M HCl + 2.24 � 10-3 M of CO-NO2.
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CO optimized                                                           CO-NO2 optimized 

                    CO protonated optimized                                            CO-NO2 protonated optimized 

Fig. 10. Optimized geometrical skeletons of the CO and CO-NO2 compounds in neutral and non-neutral forms.

            HOMO                         LUMO                   HOMO (+1)                LUMO (+1) 
                           CO neutral                                                      CO protonated 

                         CO-NO2 neutral                                            CO-NO2 protonated

Fig. 11. HOMO-LUMO distribution densities of species CO and CO-NO2 neutral and charged forms.
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a few pitting marks (halide ions) [59]. This clearly shows that the
steel undergoes practically widespread corrosion over the whole
metallic surface in 1 M HCl. The grey areas likely correspond to
9

iron oxide films. Fig. 7b and Fig. 7c displays a smooth homoge-
neous surface with the addition of 2.24 � 10�3 M of CO and CO-
NO2. In comparison with the images captured without inhibitor,



Table 7
DFT-descriptors describing the reactivity of CO and CO-NO2 no-charged and loaded forms.

Descriptors Neutral forms Protonated forms

CO CO-NO2 CO CO-NO2

EHOMO �5.621 �6.187 �9.951 �10.495
ELUMO �2.292 �2.615 �6.408 �6.879
DEg 3.329 3.572 3.543 3.616
v 3.956 4.401 8.179 8.687
g 1.664 1.786 1.771 1.808
x 4.702 5.422 18.883 20.869
e 0.213 0.184 0.053 0.048
DN110 0.259 0.117 �0.948 �1.069

CO TED CO-NO2 TED

COH TD CO-NO2H TED

Strong TED

Low TED

Fig. 12. TED distribution on the molecular skeleton of molecules CO and CO-NO2 no-charged and loaded forms.
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one may assume that steel surface is almost free of corrosion prod-
ucts in the presence of the inhibitory molecule. This is due to the
development of an adsorbed film on steel surface. These observa-
tions show that the inhibitor under survey prevents the corrosion
of carbon steel by limiting electrolyte access to the surface.
3.5. UV–visible characterization

To understand the nature of the bonds formed between the
organic molecules, and iron ions is often obtained by UV–visible
spectroscopic investigation. the change in position of the absor-
bance maximum and change in the value of absorbance indicate
the formation of a complex between two species in solution[60].
In order to confirm the possibility of the formation of CO-Fe and
CO-NO2-Fe complex the UV–visible absorption spectra correspond-
ing to 1 M HCl solution containing 2.24 � 10-3 M of CO and CO-
NO2, before and after 48 h of immersion of carbon steel are shown
in Fig. 8 the wavelength values shift from 293 nm to 319 nm and
an additional peak emerges at 240 nm for CO and also for CO-
NO2 a shift of wavelength from 252 nm to 285 nm and 285 nm to
313 nm which indicate the formation of a complex between the
Fe2+ ions and CO, Fe2+ and CO-NO2 in hydrochloric acid solution
[61,62].
10
3.6. Electronic system behavior

The compounds studied are safe in an acidic environment and
can succeed in being protonated in the heteroatoms, i.e. nitrogen
or oxygen. In order to be more practical and efficient in the selec-
tivity of one or both sites that are more favorable to protonation,
we used the Marvin sketch software [63]. The data are reported
in Fig. 9. This figure views that the nitrogen atom -C = N- (N16)
is the most active site for fixing the proton H+. This atom can be
chemically reactive, particularly in terms of its electronic beha-
viour within the molecular structure. The optimized geometrical
skeletons of the CO and CO-NO2 compounds in neutral and non-
neutral forms are displayed in Fig. 10. These shown patterns have
no negative frequencies, which suggest a particular spatial
stability.

Fig. 11 gives the E-density distribution of the HOMO & LUMO of
the investigated compounds. Further analysis of the distributed
densities allows us to see that for neutral and charged CO and
CO-NO2 compounds, the HOMO and LUMO density is more local-
ized over the entire structure of studied compounds except for
the phenyl group (ɸ) which is attached to the C@N motif. Based
on this distribution, we can predict a more accurate aid on the
adsorption behavior of these species on the iron surface in the
given acidic environment. In most cases, occupied and unoccupied
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zones can also contain nucleophilic and/or electrophilic sites that
are directly accountable for the inhibitory efficacy of CO and CO-
NO2 [64,65].

The chemical quantum descriptors calculated at the electronic
level for the no-charged and loaded forms of Co and CO-NO2 are
listed in Table 7. Based on the results of this table, it is obvious that
the occupied electron level HOMO (-5.621 eV) and the unoccupied
level LUMO (-2.292 eV) prove the high capability of CO to donate/
accept electrons in relation to Fe substrate, i.e. a great propensity
to adsorb powerfully on this surface [66,67]. With regard to the
influence of protonation on the electron donor–acceptor reactivity,
it can be seen that the acceptor effect is more dominant than the
donor effect. This can also be confirmed by the minimum values
DEg of CO for the two examined forms with high chemical reactiv-
ity (DEg(CO) < DEg(CO-NO2)). These data can be explained by the
orientation of the electrons towards the Nitro group under the
attraction effect of the electrons by mesomeric action. Moreover,
the great inhibition potential of CO due to its strong donor–accep-
tor interactions with Fe atoms can be justified by the low values of
the descriptors v and g [68]. The latter has a negative influence on
the inhibitory power of compound CO-NO2. The degree of donor
electrons is judged by the number of electrons transferred DN110

which measures the ability to adsorb the selected molecules on
the iron substrate [69]. The data in Table 7 shows that the higher
value of DN110 (0.259) for the uncharged CO shows that this com-
pound has a high electron donor potential to the empty orbits of
the iron surface. The negative values of DN110 for the two com-
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pounds found in the protonated state support the remarkable elec-
tronegativity values of these species. In addition, the electron
donor effect of protonated forms no longer appears in this case.
The electrophilic (x) and nucleophilic (e) indicators are also dis-
cussed and summarised in Table 7. As evidenced by the fact that
the increase in the electrophilic property is higher in the case of
protonated forms, involving the latter are more electron acceptors
than unprotonated forms. Vice-versa, the nucleophilic form is
more important in the case of neutral forms, informing more about
the release of electrons [70].

Molecular electrostatic potential (MEP) is a method of showing
the total electron density (TED). This method can be used to reveal
the zones or regions that are liable for nucleophilic and elec-
trophilic attacks by exploiting the different colors. In this context,
the color blue signifies the sites of electrophilic attacks, while the
color red shows the nucleophilic attack centers [71]. The sites of
local reactivity appeared in Fig. 12. As noted, the structural surface
shows several sites of electrophilic and nucleophilic attacks for
both neutral forms, while the protonated form shows only elec-
trophilic attack sites. This shows that protonation reduces electron
donor sites in a remarkable manner.

An inhibitory molecule can overcome this reactivity by the exis-
tence of active sites. The nature of these bonds can be responsible
for the inhibitory efficacy of the molecules treated in the acid envi-
ronment [72]. In this recent study, the local selectivity of species
CO and CO-NO2 no-charged and loaded forms are calculated using
Fukui functions ((f�i ; electrophilicattack) and
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Fig. 14. MD snapshots and RDF of the preferred adsorption configuration of adsorbents in both CO and COH on the first well-ordered layer of iron.
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(fþi ;nucleophilicattack)) with the most condensed functions pre-
sent the most active centers (atoms) [73].

For this target, the generalized gradient approximation (GGA) of
the Perdew-Burke-Ernzerhof (PBE) formula was taken for the cor-
relation between the electron exchange potential and the elec-
trons, and the all-electron calculations were conducted on a
double numerical basis (DNP 4.4). f�i and fþi are detected using
the Dmol3 module in Materials Studio (ver. 8.0).

Fig. 13 allows to extract the sites of local activity, i.e. the most
relevant (active) atoms of species Co and CO-NO2 no-charged and
loaded forms that are able to accept and/or give their electrons.
As revealed by Fig. 13, both neutral and protonated molecules
carry atoms of the same index that are either electron donor (f�i )
or electron acceptor (fþi ). This shows that these compounds behave
in the same way with respect to adsorption reactivity on the metal
surface. As recorded in the Fig. 13 the common nitrogen atom
between Co and CO-NO2 is more electron donor towards the d-
12
orbitals of iron. After the protonation of this site, it is quite obvious
that this atom loses its electron donor power.

In general, we note that protonation influences negatively the
electron donor power, while there is an increase in the acceptor
power of the protonated forms. This property implies the protec-
tion of the selected steel against corrosion, indicating that the
tested compounds are regarded as good corrosion inhibitors.
3.7. MD simulation

Following our study which allows us to understand the mode of
action of the inhibitors tested on the steel surface in the acidic HCl
medium [74,75]. Figs. 14 and 15 gives the preferred adsorption
configuration of adsorbents in both neutral and protonated forms
and their radial distribution functions (RDF) on the first well-
ordered layer of iron. The configurations presented inform us about
the adoption performance of each species on the simulated iron
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substrate. As visualized by each configuration (Figs. 14 and 15) that
the compounds COH, CO-NO2 and CO-NO2H adsorb through all
their skeletons onto the substrate, showing that these species favor
the reduction of steel metal degradation of iron in HCl. Regarding
the adsorption reactivity of CO compound, it is well observed that
there is a very important non-adsorbed part on the surface of the
first iron layer. This behavior can negatively affect the inhibitory
power of this compound.

The adsorption density field of of the molecules studied in the
neutral and protonated forms on the first well-ordered layer of iron
is represented in Fig. 16, it is clear that a dense and hydrophobic
barrier was formed to protect steel from corrosion [76].
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With respect to the overviews obtained from the RDF, we can
see that the values of the first peaks are lower than 3.5 Å except
the bond length of Fe-N16 [77]. This shows that the species COH,
CO-NO2 and CO-NO2H adsorb on the surface of the iron by chem-
ical bonds, while CO adsorbs through chemical and physical bonds
with the atoms of the iron in the first contact layer of the iron.
These properties make it possible to reinforce the adsorption of
the investigated inhibitor molecules on the surface of the metal;
consequently, there is a reduction in the active sites on this area.

The interfacial interactions of species CO and CO-NO2 no-
charged and loaded forms with the Fe-surface were assessed using
the interaction energy (E interaction) [78]:
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Fig.16. MD snapshots and density field distributions of the preferred adsorption configuration of the molecules studied in the neutral and protonated forms on the first well-
ordered layer of iron.
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Einteraction ¼ Etotal � ðEsurfaceþsolution þ EinhibitorÞ ð20Þ

Based on the simulation data to calculate the interaction energy
(Einteraction), the values of this descriptor are collected in Table 8.
The negative value of Einteraction confirms a large spontaneous
adsorption of the selected molecules on the Fe (1 1 0) substrate
14
[79–82]. Thus, neutral and protonated inhibitors tend to adsorb in
the acid solution thermodynamically on the Fe of the steel in ques-
tion. The minimum value of COH shows that this molecule reacts
strongly with the iron surface. This data validates the results
obtained by the experiments.



Table 8
Einteraction of systems inhibitors/Fe (1 1 0).

Systems (inhibitors/Fe(1 1 0) E interaction

(kJ/mol)

CO/Fe(1 1 0) �800.234
COH/Fe(1 1 0) �889.390
CO-NO2/Fe(1 1 0) �811.653
CO-NO2H/Fe(1 1 0) �877.345
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4. Conclusion

� Coupling between chemical and electrochemical techniques
revealed that CO is a good corrosion inhibitor for carbon steel
in 1 M HCl than CO-NO2.

� PDP measurements indicated that the inhibitors act as a mixed
type.

� The temperature effect and the activation parameters implied
that CO and CO-NO2was chemisorbed onto the surface.

� The adsorption process occurred in compliance with Langmuir’s
adsorption isotherm model for the both inhibitors.

� SEM surface analysis exhibited a good coverage of CO and CO-
NO2 molecules on steel surface and evinced that these com-
pounds prevent remarkably steel corrosion by the formation
of a thin but very protective film.

� UV–vis studies confirmed the chemical interaction of the inhibi-
tors with the carbon steel surface.

� The local reactivity and distribution of the electronic density of
HOMO and LUMO show that the CO and CO-NO2 contain highly
reactive sites distributed throughout the molecular structure
which are the cause of their inhibitory properties,

� Molecular dynamics simulations reveal the strong interaction
between the CO and CO-NO2 and the iron surface.
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