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ABSTRACT: The deterioration of carbon steel in saline solutions enriched with
carbon dioxide represents a significant challenge within the oil and gas industry. So,
this study focuses on the design and structural analysis of four azo derivatives: 4-(2-
quinolinylazo)-catechol (AZN-1), 4-(4-phenoxyphenylazo)-1-naphthol (AZN-2),
4-(4-pyridylazo)-1-naphthol (AZN-3), and 4-(2-pyridylazo)-1-naphthol (AZN-4),
and their first application as effective corrosion inhibitors for carbon steel in a
carbon dioxide saturated 3.5% sodium chloride solution. Spectroscopic methods
were used to characterize the structural configurations of these compounds. The
corrosion protection properties of these compounds on carbon steel in a carbon
dioxide saturated 3.5% sodium chloride solution (under sweet conditions) were
investigated using Tafel polarization (PDP), electrochemical impedance spectros-
copy (EIS), and field emission-scanning electron microscopy (FE-SEM) studies.
The results indicate that the inhibition efficiency increases as the concentration of
the inhibitors increases. There is a notable agreement between the results obtained from the PDP and EIS measurements, supporting
the findings. Moreover, the results displayed that these compounds had significant corrosion protection capabilities at low
concentrations, ranging from 91.0 to 98.3% at an additive concentration of 5 × 10−4 M. The PDP profiles showed that these
compounds acted as mixed inhibitors, and their adsorption behavior followed the Langmuir isotherm model. Besides, EIS results
corroborate the adsorption of AZN compounds through a reduction in double-layer capacitance (Cdl) alongside an augmentation in
polarization resistance (Rp) after the addition of AZN compounds into the corrosive solution. Field emission scanning electron
microscopy (FE-SEM) and Fourier-transform infrared spectroscopy (FTIR) analysis confirmed the formation of a protective layer
on the surface of carbon steel when these inhibitors were applied. In addition, computational calculations and Monte Carlo
simulations were performed to support the experimental observations, gain insights into the adsorption properties, and elucidate the
corrosion inhibition mechanisms of these compounds.

1. INTRODUCTION
Carbon steel is recognized for its excellent mechanical
properties and is commonly used in the oil and gas industry
for construction and transportation purposes.1 Nevertheless,
the pipelines utilized for the transport of crude oil may be
subjected to various problems resulting from corrosion.2 A
particularly relevant challenge within the petroleum industry is
corrosion attributable to carbon dioxide. Although carbon
dioxide itself is not corrosive, its interaction with water results
in the formation of carbonic acid, a compound of significant
corrosiveness that has the potential to inflict substantial
damage upon steel pipes.3 So, corrosion inhibitors are widely
utilized as a cost-effective and easily applicable method to
mitigate corrosion. In the oil industry, inorganic inhibitors like
arsenates and chromates are frequently employed to prevent
corrosion.4 However, these compounds pose environmental
and biological risks. On the other hand, organic inhibitors5

such as imidazoline,6 pyrimidine,7 thiadiazole,8 phosphate,9

and surfactants10 are employed for CO2 corrosion. These

organic inhibitors have benzene rings and heteroatoms such as
nitrogen, oxygen, phosphor, and sulfur, which absorb onto
metal surfaces and reduce the corrosion.11 Nevertheless, these
organic inhibitors need to be applied in large quantities and
can be harmful to the environment. As a result, research in
corrosion inhibition has concentrated on the development of
naturally friendly replacements known as “green corrosion
inhibitors.″ Examples of these include plant extracts,12,13

amino acid derivatives,14 natural polymers,15 and pharmaceut-
icals.16

Azo dye compounds are organic material behaviors that have
Ar−N=N−Ar′ the functional group, where Ar and Ar′ are
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usually aromatic rings. They are commercially significant
compounds of azo products; azo dye components comprise
more than 65% of all dye compounds employed in nutrition
and material production.17 Azo dye products are extensively
employed to treat cloths, flogging articles, and some food
products. Azo dye compounds currently represent the largest
manufacturing volume in the dye industry, and their reputation
is expected to increase further in the future. They play a
significant role in the regulation and management of the dyes
and printing market.18 Azo dye compounds are synthesized
using an easy process known as diazotization and coupling.
Through various routes and modifications, the desired color
properties, yield, and particle size of the dyes are achieved,
resulting in improved dispensability.19

Azo dye compounds are the greatest significant designing
colorants, which have been extensively employed in fabric,
clothes, printing, industrial papers, corrosion inhibitors,
etc.20,21 Most azo dye compounds are prepared by
diazotization of ArNH2, followed by coupling with electron-
rich nucleophile compounds like NH2 and OH.22 There are
other procedures for designing the azo dye compounds23

among these are reduction of nitroaryl compounds in basic
solution, reduction of nitroso products via Li[AlH4], oxidation
of primary amine compounds using KMnO4 or Pb(C2H3O2)4,
condensation of hydrazine and quinone compounds, and
condensation of Ar-NH2 compounds with nitroso compounds.
In addition, azo dyes that contain heterocyclic components
demonstrate improved coloring characteristics, tinctorial
strength, and thermal permanency and exhibit supplementary
pronounced solvatochromic performance compared to dye
components derivative from a basic ArNH2. These attributes
make them valuable contributors to the field of pharmaceut-
icals and drug development.24,25

The existence of nitrogen atoms within the azo linkage, in
conjunction with the versatility afforded by the selection of
substituent groups in the structure of the azo dyes, facilitates
the design of molecules to meet the structural criteria
necessary for organic corrosion inhibitors that reveal easy
and robust adsorption onto the surface of steel.26 Recent
research findings indicate that in the past few years, azo dye
derivatives have been increasingly employed as corrosion
inhibitors for steel in acidic environments20,27−36 (Table 1).
Azo compounds are very easy for preparation, all starting
materials for the synthesis of azo compounds are available and
are cheaper, there is no loss of energy in the preparation, the

reaction needs only cooling during the synthesis of azo dyes,
and the yield of preparation is very high. It is worth noting that
the application of azo dye derivatives as corrosion inhibitors in
oilfield-produced water under acidic conditions is limited as
delineated in Table 1. Hence, the main goal of this study is
synthesizing and characterizing four azo dye derivatives
(namely 4-(2-quinolinylazo)-catechol [AZN-1], 4-(4-phenox-
yphenylazo)-1-naphthol [AZN-2], 4-(4-pyridylazo)-1-naphthol
[AZN-3], and 4-(2- pyridylazo)-1-naphthol [AZN-4]) and
their first use as potential anticorrosion agents for carbon steel
in a 3.5% sodium chloride solution saturated with carbon
dioxide (under sweet conditions). The selection of AZN
compounds as corrosion inhibitors is predicated on several
factors: (i) they can be easily synthesized with lower cost; (ii)
they possess numerous active sites with electron donation
abilities; (iii) they exhibit a pronounced ability to mitigate the
sweet corrosion of carbon steel, with efficacy ranging from 91.0
to 98.3%; (iv) they demonstrate robust adsorption on the
carbon steel surface at 50 °C. The evaluation will be conducted
using PDP, EIS measurements, surface examination analysis
(FE-SEM and FTIR investigations), and additional confirma-
tion through DFT calculations and MC simulations.

2. MATERIALS AND METHODS
2.1. Materials and Reagents. The purity of the chemical

compounds employed was appropriate for use as analytical
components (AR). These involved 4-(2-quinolinylazo)-cat-
echol (AZN-1), 4-(4-phenoxyphenylazo)-1-naphthol (AZN-
2), 4-(4-pyridylazo)-1-naphthol (AZN-3), and 4-(2- pyridyla-
zo)-1-naphthol (AZN-4), in addition to organic solvent
compounds, such as ethyl alcohol.
For electrochemical experiments, carbon steel grade 080A15

with an area of 4.55 cm2 was utilized. The chemical
composition of the steel, expressed in weight percent (wt
%), is as follows: nickel (0.013), carbon (0.072), chromium
(0.04), manganese (0.16), magnesium (0.28), silicon (0.029),
and iron (remaining). To obtain a mirror polish on the surface
of the C-steel alloy, it was abraded by using emery paper
ranging from grades 600 to 2000. Subsequently, the surface
was washed with bidistilled water and degreased using acetone.
2.2. Synthesis of (AZN) as the Azo Derivatives.

2.2.1. Step I: Synthesis of Diazonium Salt Azo Compounds.
A cooled mixture at 0 °C of NaNO2 (1.38 g, 2 × 10−2 mol) in
60 mm of H2O was slowly added to a cooled (0.02 mol) aryl
amine derivatives and 50 mL of HCl, which was allowed to stir

Table 1. Comparison between Corrosion Inhibition of Recent Azo Dye Derivative Inhibitors for Carbon Steel Corrosion and
the Investigated Azo Dye Derivatives in This Study

inhibitors code corrosive medium optimal concentration maximum inhibition% references

8 1 × 10−3 M 90.0 20
S1H 1 M HCl 5 × 10−3 M 91.0 27
acetyl B 7.50 × 10−4 M 96.1 28
SDCAC 1 × 10−4 M 98.6 29
S2 100 ppm 92.4 30
C2 6 × 10−5 M 87.3 31
CMBTAP 20× 10−5 M 67.7 32
5a 2.0 M HCl 21 x10−6 M 92.1 33
Pz1 15% M HCl 2000 ppm 91.0 34
AS 1.0 M H2SO4 8 × 10−5 M 91.3 35
[NiLCl2] 400 ppm 92.3 36
AZN-1 3.5% NaCl statured with CO2 5 × 10−4 M 98.3 this work
AZN-4 91.0
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in an ice bath for half an hour. The diazonium salt compound
is always stored in the refrigerator, Scheme 1.

2.2.2. Step II: Coupling Process. The cooled compound of
diazonium salt was slowly added to the cooled solution at 0 °C
of phenol derivatives (0.02 mol) in sodium hydroxide (20% w/
v) in an ice bath. Then, the azo dye will be formed. The final
azo compound was formed via filtration of the crude
precipitate, multiple cold-water washes, and crystallization
from ethyl alcohol, Scheme 1.

2.2.2.1. 4-(2-Quinolinylazo)- catechol (AZN-1) (Figure
S1). Yellowish-red compound; yield (93%); mp. 144−145 °C;
IR (cm−1): 3292.98 (OH), 3015.47 (Ar−H), 16113.58 (C�
N), 1587.95 (C�C); 1H NMR (400 MHz, DMSO-d6) δ
(ppm):11.31(s, 1H, OH), 9.84 (s, 1H, OH), 8.38−8.00 (d,
1H, CHnaphthyl), 7.87−7.76 (m, 3H, (2CHnaphthyl +
1CHphenyl), 7.44−7.22(m, 3H, (1CHnaphthyl + 2CHphen-
yl)), 6.88−6.83 (m, 2H, CHnaphthyl); 13C NMR (100 MHz,
DMSO d6) δ (ppm): 178.20, 172.06, 157.14, 156.86, 140.61,
132.01, 131.65, 129.25, 129.10, 128.51, 127.88, 120.69, 119.84,
116.55; elemental analysis for C14H11N3O2 (calcd./fnd); C,
66.40/66.31; H, 4.40/4.33; N, 16.60/16.52.

2.2.2.2. 4-(4-Phenoxyphenylazo)-1-naphthol (AZN-2)
(Figure S2). Sunny-red product; yield (94%); mp. 193−194
°C; IR (cm−1): 3283.07 (OH), 3052.52 (Ar−H), 1631.08
(C�N), 1600.78 (C�C); 1H NMR (400 MHz, DMSO-d6) δ
(ppm): 8.53−8.51(d, 1H, CHphenyl), 8.18−8.16 (d, 1H,
CHphenyl), 7.93−7.91(d, 1H, CHphenyl), 7.75−7.73 (d, 1H,
CHphenyl), 7.62−7.58 (t, 2H, CHphenyl), 7.54−7.52(d, 1H,
CHnaphthyl), 7.48−7.44 (t, 1H, CHphenyl), 7.44−7.38 (m,
5H, (4H(naphthyl + phenyl) + 1H (OH)), 7.38−7.36 (d, 2H,
CH(naphthyl + phenyl)), 6.84−6.82 (d, 2H, 2Hnaphthyl); 13C
NMR (100 MHz, DMSO d6) δ (ppm): 172.10, 155.76,
145.30, 141.51, 135.49, 133.10, 131.01, 130.05, 128.39, 127.74,
126.42, 125.00, 123.07, 122.10, 117.22; elemental analysis for
C22H16N2O2 (calcd./fnd); C, 77.65/77.41; H, 4.71/4.53; N,
8.24/8.13.

2.2.2.3. 4-(4-Pyridylazo)-1-naphthol (AZN-3) (Figure S3).
sunny-red compound; Yield (77%); mp. 181−183 °C; IR

(cm−1): 3421.10−3280.95 (OH), 3055.95 (Ar−H), 1615.25
(C�N), 1575.09 (C�C); 1H NMR (400 MHz, DMSO-d6) δ
(ppm): 9.93 (s, br., 1H, HO−), 7.76−7.68 (m, 4H, CHpy),
7.38−7.14 (m, 6H, CHnaph.); 13C NMR (100 MHz, DMSO
d6) δ (ppm): 155.65, 145.23, 135.23, 135.03, 129.80, 128.19,
128.00, 126.63, 126.42, 123.16, 119.04, 109.12; elemental
analysis for C15H11N3O (calcd./fnd); C, 77.29/77.17; H, 4.41/
4.29; N, 16.87/16.81.

2.2.2.4. 4-(2- Pyridylazo)-1-naphthol (AZN-4) (Figure
S4). Sunny-red product; yield (85%); mp. 166−167 °C; IR
(cm−1): 3423−3285 (OH), 3050 (Ar−H), 1616.14 (C�N),
1587.13 (C�C); 1H NMR (400 MHz, DMSO-d6) δ (ppm):
7.77−7.74(m, 4H, CHpy), 7.40−7.36 (t, 2H, CHnaphth.),
7.27−7.26(d, 2H, CHnaphth.), 7.24−7.12(m, 2H,
CHnaphth.); 13C NMR (100 MHz, DMSO-d6) δ
(ppm):155.68, 135.06, 129.75, 128.22, 127.99, 126.59,
123.13, 119.65, 116.95, 109.14; elemental analysis for
C15H11N3O (calcd./fnd); C, 77.29/77.11; H, 4.41/4.32; N,
16.87/16.71.
2.3. Electrochemical and Corrosion Inhibition Proce-

dures. To conduct electrochemical tests, a carbon steel
cylinder electrode is utilized as a working electrode, possessing
an exposed surface area of 1 cm2, and three different electrode
configurations were employed. The reference electrode utilized
an Ag/AgCl electrode saturated with KCl, while the counter
electrode consisted of a 2 mm thick Pt wire. The corrosion cell
contained 500 mL of a 3.5% sodium chloride solution.
Afterward, carbon dioxide (under 0.9 bar pressure) was
injected into the solution for one hour before immersing the
working electrode. Following the initial hour, the pH of the
solution was meticulously adjusted and maintained at a steady
value of 4.25, allowing for a tolerance range of ±0.3. This
indicated that the solution had achieved saturation concerning
carbon dioxide. Throughout the experimental procedure, it is
worth emphasizing that the introduction of carbon dioxide was
consistently maintained to prevent any oxygen contamination.
The electrochemical and corrosion inhibition processes were
carried out using Gamry’s potentiostat/galvanostat/ZRA
framework. To stabilize the open-circuit potential (EOCP),
the carbon steel electrode was submerged in the corrosive
solution for a duration of 40 min before conducting corrosion
measurements. The potential dynamic polarization (PDP)
tests were conducted at the specified temperature, with
potentials ranging from −250 to +250 mV and a sweep rate
of 0.2 mV s−1. Electrochemical impedance spectroscopy (EIS)
experiments were carried out at the EOCP, using a 10 mV peak-
to-peak voltage excitation within the frequency range of 100
kHz to 0.1 Hz. For consistency, each experiment was repeated
three times to ensure reproducibility.
2.4. Surface Morphology Analysis Using the FE-SEM

and FTIR Investigations. The carbon steel surface analysis
was conducted using a FE-SEM Model JEOL (JSM 5410,
Japan) after immersing the carbon steel specimen in a 3.5%
NaCl solution saturated with CO2 for 48 h before and after
treating with 5 × 10−4 M of AZN-1 for 48 h at 50 °C.
Furthermore, the protective film that developed on the carbon
steel treated with 5 × 10−4 M of AZN-4 additive was
investigated by collecting the produced layers after 48 h of
immersion. This occurs by subjecting carbon steel samples to
an abrasive process, subsequently rinsed with bidistilled water,
and analyzed utilizing FTIR spectroscopy.
2.5. Computational Details. The Dmol3 module of the

BIOVIA Materials Studio 2017 software was employed to

Scheme 1. Synthesis of (AZN) as the Azo Derivatives
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perform density functional theory (DFT) calculations using a
B3LYP-functional and a DNP 4.4 basis set. These calculations
aimed to minimize the energy of AZN molecules in a water
environment.37 Furthermore, the DFT calculations involved
the utilization of the following equations to evaluate and
calculate various properties such as EHOMO, ELUMO, energy gap
(ΔE), electronegativity (χ), hardness (η), global softness (σ),
number of electrons transferred (N), energy of back-donation
(Eback‑donation), and dipole moment (μ):38

E E
2

HOMO LUMO=
(1)

E E1
2

LUMO HOMO= =
(2)

N
2( )

inh

Fe inh

=
(3)

E
4back donation =

(4)

In the equations, the symbol φ represents the work function
of iron, while χinh denotes the electronegativity of the inhibitor.
ηFe and ηinh represent the chemical hardness of iron (0 eV) and
the inhibitor, respectively.
In addition, the adsorption locator module in BIOVIA

Materials Studio 2017 software was used to run MC
simulations and determine the best possible arrangements for
AZN molecules to adsorb onto the Fe (110) surface.39 The
COMPASS force field was used to achieve the best possible
results for the adsorbate molecules.40 Then, in a simulation box
(37.24 Å × 37.24 Å × 59.81 Å), we discover the adsorption of
AZN molecules, chloride ions, carbonate ions, hydronium ions,
and water molecules onto the Fe (110) surface.41 The
selection of the Fe (110) surface for the adsorption simulation
is predicated upon its identification as the predominant and
most stable facet, accounting for more than 63% of the total
surface area of iron crystals, as reported by prior studies.42 −45

3. RESULTS AND DISCUSSION
3.1. PDP Measurements. The corrosion behavior of

carbon steel in a CO2-saturated 3.5% saline solution was
investigated using the potentiodynamic polarization technique.
Figure 1 shows the Tafel plots obtained from the experiments
conducted under different conditions, including a blank
solution and solutions containing AZN-4, AZN-3, AZN-2,
and AZN-1. The corrosion rate as a function of the applied
potential is visually depicted in the Tafel plots. These plots
illustrate the anodic and cathodic polarization curves, which
allow for determination of the corrosion potential and
corrosion current density of the steel in each solution. By
comparison of the results of these experiments, the
effectiveness of the various AZN additives in inhibiting
corrosion in the saline solution can be evaluated. The plots
clearly show that the introduction of inhibitors into the blank
solution had a noticeable effect on the polarized curves. A
significant reduction in the rates of anodic and cathodic
reactions was observed when comparing the curves of the
blank and inhibitors (AZN-4, AZN-3, AZN-2, and AZN-1).
However, the presence of the AZN inhibitors had a stronger
influence on the anodic reactions than on the cathodic
reactions. Although both types of reactions exhibited decreased
corrosion, the inhibition of anodic and cathodic reactions,

which signify the dissolution of carbon steel, was more
effective.46 The Tafel polarization curves showed minimal
changes in the Tafel slopes, suggesting that the presence of
AZN-4, AZN-3, AZN-2, and AZN-1 did not alter the corrosion
reaction pathway.
The obtained results from the Tafel plots, including the

fitting and extrapolation of the log current versus potential
curves to their intersections and the inhibition efficiency and
surface coverage, are presented in Table 2. The data indicate
that the Tafel constants (βa and βc) decrease when AZN
compounds are added to the corrosion systems. This suggests
that the AZN-4, AZN-3, AZN-2, and AZN-1 molecules
contribute to both cathodic and anodic electrochemical
reactions by adsorbing onto the metal surface and promoting
its pristine condition.47 Consequently, the addition of AZN-4,
AZN-3, AZN-2, and AZN-1 molecules results in a significant
reduction in the corrosion current (icor), with the lowest values
obtained for AZN-1 (21.9 μAcm−2), AZN-2 (36.2 μAcm−2),
AZN-3 (76.1 μAcm−2), and AZN-4 (119.1 μAcm−2) at 0.50
mM, as shown in Table 2. Similarly, the Ecor values shifted
toward more positive or negative values in the presence of
AZN-4, AZN-3, AZN-2, and AZN-1 molecules, with no clear
direction observed. The difference between the Ecor values of
the blank and inhibitor solutions (ΔEcor = Ecor(blank) −
Ecor(inhibitor)) was generally less than ±85 mV in most cases,
suggesting a mixed-type inhibition behavior of AZN-4, AZN-3,
AZN-2, and AZN-1 molecules.48

Figure 1. PDP diagrams for carbon steel in a CO2-saturated 3.5%
saline solution in the occurrence of diverse concentrations of AZN-1
(A) and 0.5 mmol/L of AZN compounds (B) at 50 °C.
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The corrosion current value at a concentration of 0.01 mM
was 1326.4 μAcm−2 for the blank 3.5% saline solution
saturated with CO2. For the AZN-4 compound, the corrosion
current was 1014.6 μA cm−2. The AZN-3 compound had a
corrosion current of 966.5 μAcm−2, while the AZN-2
compound had a corrosion current of 854.8 μAcm−2. The
AZN-1 compound had the lowest corrosion current at 797.6
μAcm−2. These results suggest that the addition of AZN-4,
AZN-3, AZN-2, and AZN-1 molecules reduces the level of
corrosion of carbon steel. The current density gradually
decreases with each successive addition of the inhibitor
molecules. The values of βa and βc are also slightly affected
by the presence of AZN-4, AZN-3, AZN-2, and AZN-1
molecules, providing evidence of their mixed inhibition
performance through adsorption on both cathodic and anodic
active sites.
The inhibition mechanisms of inhibitors can be categorized

into (i) the geometry blocking postulated from the adsorption
of inhibitor molecules, which is blocking the active sites of
metal, (ii) the electrocatalytic impact endorsed either by the
inhibitor molecules itself or its subsequent reaction prod-
ucts.4950 From the analysis of the PDP curves, we can conclude
that AZN compounds diminish the corrosive process
predominantly through a geometry blocking approach, thereby
occluding the active sites on the carbon steel substrate without
participating directly in either the anodic or the cathodic
reactions.
The protective capability (ηP/%) of AZN-4, AZN-3, AZN-2,

and AZN-1 was intended from icor as per the following
equation:51

i i
i

/% 100 100
i

P
cor
0

cor

cor
0= × = ×

i
k
jjjjj

y
{
zzzzz (5)

Where, icor
0 = corrosion current density of the blank medium,

ii
cor= corrosion current density of any desired concentration of
AZN-4, AZN-3, AZN-2, and AZN-1 molecules.

The protective abilities of AZN-4, AZN-3, AZN-2, and
AZN-1 from the PDP measurements peaked at 91.02% (AZN-
4), 94.26% (AZN-3), 97.27% (AZN-2), and 98.35% (AZN-1)
at 0.5 mM, according to the data shown in Table 2. The
corrosion protection of AZN-4, AZN-3, AZN-2, and AZN-1
molecules increased rapidly as more molecules were adsorbed,
and the carbon steel surface became more coated. The
adsorbed organic layers reduced the interaction between the
corrosive medium and metallic surface, leading to enhanced
adsorption and protection abilities. The presence of multiple
hetero atoms (N) and donor−acceptor contacts from the
aromatic conjugation systems to the empty d-shell of the
carbon steel contributed to this boost in adsorption and
protection. The presence of additional nitrogen atoms and OH
in the molecular structure of AZN-1 may explain its higher
inhibitory efficacy compared with the other compounds, as this
allows for easier adsorption and improved protection.
3.2. EIS Measurements. In this study, electrochemical

impedance spectroscopy (EIS) was employed to investigate
the processes taking place on carbon steel substrates in systems
with and without corrosion inhibitors. Furthermore, EIS was
utilized to obtain crucial information on the resistance and
capacitive behavior of the substrate, which helped in
determining the specific inhibition process.52

The Nyquist profiles of carbon steel in a carbon dioxide-
saturated sodium chloride solution were examined in Figure
2A,B. The profiles were obtained both without and with
different concentrations of AZN molecules. The presence of
AZN inhibitors enhanced the impedance behavior of carbon
steel in the corrosive medium, as indicated by the Nyquist plot.
The addition of higher concentrations of AZN resulted in
larger semicircle diameters in the Nyquist profiles, indicating
the formation of a protective layer between the base metal and
the aggressive environments.53 The Nyquist plots obtained do
not exhibit perfectly circular shapes but instead show distorted
loops (Figure 2A,B). These deviations are typically observed

Table 2. Corrosion Restrictions of Carbon Steel in a CO2-Saturated 3.5% Saline Solution in the Occurrence of Diverse
Concentrations of AZN Compounds at 50 °C

inhibitors code Ci/mol L−1 icor/μA cm−2 Ecor/V (Ag/AgCl) βa/mV dec−1 −βc/mV dec−1 θ ηP/%

blank 0.0 1326.4 ± 56.4 −0.447 85.07 180.51 - -
AZN-4 1.0 × 10−5 1014.6 ± 46.5 −0.435 93.37 185.04 0.235 23.5

2.5 × 10−5 744.4 ± 35.4 −0.423 93.81 185.83 0.438 43.8
5.0 × 10−5 443.7 ± 20.1 −0.429 95.7 183.75 0.665 66.5
1.0 × 10−4 273.7 ± 9.6 −0.431 90.39 182.81 0.793 79.3
5.0 × 10−4 119.1 ± 4.8 −0.435 87.71 183.23 0.910 91.0

AZN-3 1.0 × 10−5 966.5 ± 41.3 −0.425 95.79 188.06 0.271 27.1
2.5 × 10−5 695.9 ± 32.4 −0.441 91.69 189.25 0.475 47.5
5.0 × 10−5 367.1 ± 18.8 −0.436 95.15 185.12 0.723 72.3
1.0 × 10−4 195.9 ± 10.5 −0.428 99.43 193.31 0.852 85.2
5.0 × 10−4 76.1 ± 3.5 −0.534 96.57 186.58 0.942 94.2

AZN-2 1.0 × 10−5 854.8 ± 37.1 −0.432 98.35 182.79 0.355 35.5
2.5 × 10−5 581.4 ± 27.2 −0.426 92.42 187.05 0.561 56.1
5.0 × 10−5 267.7 ± 15.7 −0.440 90.48 186.31 0.798 79.8
1.0 × 10−4 136.1 ± 8.3 −0.437 96.26 182.81 0.897 89.7
5.0 × 10−4 36.2 ± 2.1 −0.432 102.66 183.27 0.972 97.2

AZN-1 1.0 × 10−5 797.6 ± 33.2 −0.422 93.98 182.62 0.398 39.8
2.5 × 10−5 544.9 ± 21.5 −0.434 94.28 185.35 0.589 58.9
5.0 × 10−5 229.9 ± 13.6 −0.445 96.54 187.04 0.826 82.6
1.0 × 10−4 113.4 ± 6.3 −0.428 88.96 183.68 0.914 91.4
5.0 × 10−4 21.9 ± 1.7 −0.337 101.83 185.89 0.983 98.3
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due to the unevenness and/or roughness of the surfaces of the
carbon steel.54

To assess the electrochemical behavior of the carbon steel
surface with and without an inhibitor, a suitable equivalent
circuit was selected to model the experimental data. The
comparison between the experimental data and the fitting
results (Figure 2C) indicates a high level of accuracy. The
circuit depicted in Figure 2C was employed in this
investigation and comprises the solution resistance (Rs),
polarization resistance (Rp), a constant phase element
(CPE), and double-layer capacitance (Cdl). The justification
for using Rp instead of the charge transfer resistance (Rct) has
been previously elucidated in detail.55 The empirical outcomes
were improved by categorizing them using a transference
function and employing a CPE to achieve more precise

modifications. The impedance of the CPE can be determined
using equation:56

Z
Q Q f

1
(i )

1
(2i )n nCPE = =

(6)

The equation includes several variables: Q, representing the
constant of CPE; i, representing the imaginary number; ω,
representing the angular frequency in rad/s; f, representing the
affected signal frequency; and n, indicating the phase shift. The
phase shift is used to calculate surface maladjustment and the
properties of Q. When n = 1, Q behaves as a pure capacitance,
and when n = 0, Q can be considered a pure resistance. If 0 < n
< 1, Q is seen as a hybrid system.57 The fitted circuit is used to
estimate and record the impedance parameters, including Rs,
Rp, Cdl, Y0, and n, in Table 3. In blank solutions without
inhibitors, the n value is 0.719, but it increases with the
concentration of the inhibitors. Typically, a higher “n” value
suggests a softer surface, while a lower value indicates a harder
surface.58 Therefore, it can be concluded that the presence of
the surfactant compound led to a decrease in the surface
roughness at the carbon steel interface. The low value of Rs
suggests that the corrosive medium was stable, and the
decreasing Y0 value with increasing inhibitor dose indicates a
significant reduction in charge accumulation at the carbon steel
interface.
As shown in Table 3, the inclusion of the inhibitor in the

corrosive solution led to an increase in Rp from 43.96 to
678.71, 805.26, 819.70, and 988.86 Ω cm2 in the presence of
0.5 mM AZN-4, AZN-3, AZN-2, and AZN-1 molecules,
respectively. Additionally, Cdl decreased from 516.81 to 36.08,
7.46, 14.90, and 10.51 μF cm−2 for the same molecules,
respectively. The Rp values consistently increased with higher
concentrations of the inhibitor. A higher Rp value indicates an
increase in the diameter of the Nyquist semicircle as well as an
increase in the magnitude of the absolute impedance. These
findings suggest that the addition of inhibitors significantly
enhances the corrosion inhibition of carbon steel in a CO2-
saturated 3.5% NaCl solution. According to the Helmholtz
model, the Cdl value can be attributed to the thickness of the
electrical double film, which acts as a protective layer following
the equation:59

C A/dl 0= (7)

In this study, we took into account factors such as the
dielectric constant (ε), thickness of the double layer (δ),
vacuum permittivity (ε0), and electrode interface area (A). The
findings indicated that as the inhibitor concentration increased,
the value of Cdl decreased. This can be explained by the
increase in the double layer thickness and/or the decrease in
the local dielectric constant.60 As a result, the surface coverage
increased due to the successful adsorption of surfactant species,
resulting in improved protection capabilities.
The protective ability (ηE/%) of AZN-4, AZN-3, AZN-2,

and AZN-1 was intended from Rp as per the following eq 8:
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where R p
0= polarization resistance of the blank medium, R i

p

= polarization resistance of any desired concentration of AZN-
4, AZN-3, AZN-2, and AZN-1 molecules. The ηE/value
increases with the concentration of [AZN], reaching 93.5%,

Figure 2. Nyquist diagrams for carbon steel in CO2-saturated 3.5%
saline solution in the occurrence of diverse concentrations of AZN-1
(A), 0.5 mmol/L of AZN compounds (B) at 50 °C, and (C)
equivalent-circuit for the corrosion structures.
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94.5%, 94.6%, and 95.6% for the AZN-4, AZN-3, AZN-2, and
AZN-1 molecules, respectively, at the optimal dosage of 0.5
mM.
3.3. Adsorption Isotherm. The molecules AZN-4, AZN-

3, AZN-2, and AZN-1, which were studied, consist of
heteroatoms, aromatic rings, and azo groups that have the
ability to adhere to the surface of the steel and create a
protective layer.61

The following adsorption mechanisms62 can be utilized to
generate these layers: (i) physical adsorption occurs due to
electrostatic interactions between protonated organic mole-
cules and the charged metal surface; (ii) chemical adsorption
arises from the formation of coordination bonds between the
substrate’s vacant d orbital and the heteroatoms’ lone electron

pair; or (iii) adsorption results from a combination of both
types. Each adsorption isotherm graph was individually
examined to determine and analyze the most effective
adsorption isotherm (such as Langmuir, Flory−Huggins,
Temkin, Frumkin, Freundlich, and Kinetic models) for the
tested AZN compounds.
The correlation coefficients (R2) obtained from regression

analysis of the Langmuir model63 indicated a strong agreement
between the adsorption behavior of AZN-4, AZN-3, AZN-2,
and AZN-1 on the surface of carbon steel and the Langmuir
isotherm equation represented as64

C
K

C1inh.

ads
inh.= +

(9)

Table 3. EIS Restrictions and Protection Proficiency for Carbon Steel in a CO2-Saturated 3.5% Saline Solution in the
Occurrence of Diverse Concentrations of AZN Compounds at 50 °C

QCPE

inhibitor codes Cinh./mol/L Rs/Ω cm2 Rp/Ω cm2± SD Cdl/F cm−2× 10−6 Y0/μΩ−1 sn cm−2 n θ ηE/%

blank 0 0.90 43.96 ± 3.5 516.81 109.20 0.719 - -
AZN-4 1.0 × 10−5 0.97 54.98 ± 4.1 207.69 68.67 0.795 0.200 20.0

2.5 × 10−5 1.99 82.11 ± 6.3 167.86 48.74 0.817 0.464 46.5
5.0 × 10−5 1.54 159.83 ± 12.7 94.05 35.88 0.859 0.724 72.5
1.0 × 10−4 1.58 363.22 ± 21.5 40.34 15.11 0.837 0.878 87.9
5.0 × 10−4 1.70 678.71 ± 42.9 36.08 6.06 0.859 0.935 93.5

AZN-3 1.0 × 10−5 1.89 71.51 ± 5.8 102.26 33.58 0.805 0.385 38.5
2.5 × 10−5 2.00 100.37 ± 8.4 91.99 24.01 0.858 0.561 56.2
5.0 × 10−5 2.50 202.44 ± 13.3 55.57 19.32 0.827 0.782 78.3
1.0 × 10−4 2.25 375.82 ± 24.8 10.35 6.45 0.896 0.883 88.3
5.0 × 10−4 3.43 805.26 ± 50.8 7.46 1.74 0.832 0.945 94.5

AZN-2 1.0 × 10−5 0.98 67.22 ± 5.4 164.95 52.40 0.804 0.345 34.6
2.5 × 10−5 1.14 103.22 ± 7.6 136.20 37.60 0.823 0.574 57.4
5.0 × 10−5 1.38 214.81 ± 15.2 85.13 28.31 0.853 0.795 79.5
1.0 × 10−4 1.52 443.60 ± 27.1 21.58 10.85 0.861 0.900 90.1
5.0 × 10−4 1.96 819.70 ± 60.6 14.90 4.77 0.889 0.946 94.6

AZN-1 1.0 × 10−5 1.62 77.31 ± 6.2 117.56 37.66 0.807 0.431 43.1
2.5 × 10−5 1.89 112.39 ± 9.1 97.09 27.07 0.912 0.608 60.9
5.0 × 10−5 2.16 247.98 ± 16.7 60.67 20.34 0.870 0.822 82.3
1.0 × 10−4 2.39 482.55 ± 30.5 15.45 7.47 0.844 0.908 90.9
5.0 × 10−4 3.17 988.86 ± 75.6 10.51 2.76 0.915 0.950 95.6

Figure 3. Langmuir adsorption plots for AZN compounds for C-steel in a CO2-saturated 3.5% saline solution at 50 °C using PDP data.
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where the equilibrium constant for the adsorption−
desorption processes on the metal substrate is denoted as
Kads, the molarity of the tested inhibitors represented by Cinh,
and the calculated θ obtained from PDP techniques. In Figure
3, a straight fitting line with a slope and correlation coefficient
close to 1 can be observed for the graph of Cinh plotted against
Cinh/θ. The equation used to quantify Kads was derived from
the standard free energy of adsorption ( Gads

o ):65

G RT K Clnads
o

ads water= (10)

where R stands for the universal gas constant, T stands for
the absolute temperature, and Cwater represents the amount of
water in the solution by molarity. The thermodynamics of the
investigated compounds (AZN-4, AZN-3, AZN-2, and AZN-
1) being adsorbed are shown in Table 4. Assuming that the
tested compounds (AZN-4, AZN-3, AZN-2, and AZN-1)
adsorb spontaneously on the surface of the carbon steel due to
the Gads

o values being negative. A stronger adsorption
property and therefore better inhibitory property are also
indicated by higher Kads values.66 Generally speaking, Gads

o

with absolute values of (20 kJ mol−1) or less is the result of
electrostatic contact or physisorption. Comparable Gads

o

values (between 20 and 40 kJ mol−1) imply charge sharing
and bond formation, but values around 40 kJ mol−1 or higher
negative values indicate these processes.67 This demonstrates
the physical and chemical adsorption of AZN-4, AZN-3, AZN-
2, and AZN-1 on the surface of C-steel, with chemical
adsorption having a particularly potent adsorption impact.68

Table 4 also showed that AZN-2 and AZN-1 molecules had
higher Kads values than did AZN-3 and AZN-4, which can be
read as the inhibition of AZN-4, AZN-3, AZN-2, and AZN-1.
3.4. Surface Morphology Analysis. 3.4.1. FE-SEM

Analysis. SEM analysis was performed to examine the effect
of a specific concentration of the AZN-1 molecule on the
surface morphology of carbon steel. The steel was immersed in
a CO2-saturated 3.5% saline solution with or without the
addition of 0.5 mmol/L of AZN-1 at 50 °C for 48 h and then
evaluated. In the absence of any inhibitor, corrosion
significantly deteriorated the surface of the carbon steel in
the CO2-saturated saline solution (Figure 4A). However, after
the use of inhibitors, the carbon steel surface was found to be
smooth and free of pits (Figure 4B). This suggests that the
inhibitors formed a protective coating on the carbon steel
surface. Chemical and electrochemical techniques were used to
assess the effectiveness of the inhibitors in providing
protection.

3.4.2. FTIR Analysis. FTIR inspection has emerged as a
significant technique for determining the bonding type of
organic inhibitors present at the steel/solution interface.69 The
FTIR instrument has been extensively employed to analyze
protective layers created on the surface of steel. FTIR analysis
of the pristine AZN-4 inhibitor is displayed in Figure 5-line A.

Figure 5, line B shows the FTIR analysis results of the
protective layer formed on the carbon steel surface following
exposure to a 3.5% NaCl solution saturated with CO2, which
also contained 5 × 10−4 M of AZN-4. In the case of the
adsorbed film (line B), it is evident that the −OH stretching at
3063 cm−1 (peak 1) has disappeared. This indicates that the
oxygen atom in the OH group forms a coordination bond with
Fe2+ on the steel surface, leading to the formation of a Fe2+−
AZN-4 complex at the anodic centers of the steel interface.
The C�N stretching frequency has shifted from 1631 to 1608
cm−1 (peak 2), while the C�C bond frequency has changed
from 1509 to 1490 cm−1 (peak 3). Based on these observations
from the FTIR analysis, it can be concluded that the protective
layer consists of a [Fe−AZN-4] complex.70

3.5. Computational Calculations (DFT). Figure 6
illustrates the distributions of the lowest unoccupied molecular
orbital (LUMO) and the highest occupied molecular orbital
(HOMO), along with the optimal structures of the AZN
compounds. The corresponding computational parameters can
be found in Table 5. According to the Frontiers molecular

Table 4. Langmuir Adsorption Parameters for AZN Compounds for C-Steel in a CO2-Saturated 3.5% Saline Solution at 50 °C
using PDP Outcomes

inhibitors code R2 S = slope intercept Kads/L mol−1 Gads
o /kJ mol−1

AZN-1 0.99989 0.988 1.38 × 10−5 7.2 × 104 −40.82
AZN-2 0.99987 0.995 1.59 × 10−5 6.3 × 104 −40.46
AZN-3 0.99971 1.012 2.24 × 10−5 4.4 × 104 −39.51
AZN-4 0.99974 1.041 2.73 × 10−5 3.6 × 104 −38.96

Figure 4. SEM of carbon steel in (A) CO2-saturated 3.5% saline
solution and (B) containing 0.5 mmol/L of AZN-1 after immersion
for 48 h. at 50 °C.

Figure 5. FTIR spectra of (A) crude AZN-4, (B) adsorbed film
formed on the carbon steel surface after exposure to CO2-saturated
3.5% NaCl solution containing 5 × 10−4 M of AZN-4 for 48 h at 50
°C.
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orbital theory (FMO) concept, the LUMO and HOMO
energies of an inhibitor determine its capacity for donor or
acceptor interaction.71 Hence, a desirable corrosion inhibitor
molecule should have a low energy level of the lowest
unoccupied molecular orbital (ELUMO) and a high energy level
of the highest occupied molecular orbital (EHOMO). In
comparison to the AZN-2, AZN-3, and AZN-4 molecules
(with EHOMO values of −4.79, −4.88, and −4.82 eV,
respectively), the AZN-1 molecule has the highest EHOMO
value (−4.72 eV), as shown in Table 5. Figure 6 illustrates that
the HOMO levels of the additive molecules are situated on the
phenyloxy, diazenyl, 4-pyridinyl, 2-pyridinyl, naphthanyl-1-ol,
and quinolinyl groups, which are ideal for electrophilic attacks
on the carbon steel surface. This supports the effectiveness of
the inhibitor molecule in adsorbing onto the steel surface and
thereby enhancing inhibition efficiency, which aligns with the
empirical findings. Conversely, AZN-1 has a lower ELUMO value
(−3.60 eV) compared to AZN-2, AZN-3, and AZN-4 (−3.07,
−2.82, 3.04 eV, respectively) as shown in Table 5, confirming

the heightened protective capability of the AZN-1 molecule,
consistent with previous research.
Similarly, the energy gap (ΔE) plays a crucial role in

determining the efficacy of an inhibitor molecule in inhibiting
corrosion.72 The effectiveness of the inhibitor molecule
increases as the ΔE value decreases. As shown in Table 5,
the AZN-1 molecule has a lower E value (1.12 eV) compared
to the AZN-2, AZN-3, and AZN-4 molecules (1.72, 2.06, and
1.78 eV, respectively), indicating a higher likelihood of
absorption on the C1018-Steel surface.
Inhibitors often display low electronegativity values,

indicating a capability for electron donations to metal
surface.73 However, if the inhibitor molecule’s electronegativity
(χ) value is high, it is capable of accepting the electron from
the atoms on the metal surface. It is tracking via back-donation,
resulting in a more stable covalent bond between the inhibitor
and metal surface.74 From Table 5, we can infer that the
molecules of AZN compounds have a somewhat high
electronegativity, allowing them to back-donate electrons and
form a more stable connection with the carbon steel surface.
Similarly, the molecular softness (σ) and hardness (η) can

be employed to evaluate the molecule’s activity and durability;
soft molecules are more effective corrosion inhibitors because
they can more easily transfer electrons to the metal surface by
adsorption.75 Table 5 shows that the AZN-1 molecule has a
greater σ value and smaller η value than the AZN-2, AZN-3,
and AZN-4 molecules, reflecting a more relaxed dedication of
electrons to the carbon steel substrate and superior inhibitory
properties.
Additionally, the electron transfer fraction and Eback‑donation

determine the ability of the inhibitor to donate or accept
electrons. Consequently, if the ΔN is positive, there is a higher
likelihood of electron transfer between the inhibitor molecule
and the metal interface atoms. Conversely, if ΔN is negative,
electron transfer between the metal atoms and the inhibitor
molecule (i.e., back-donation) is feasible.76 Table 5 shows that
all of the ΔN values for the examined AZN molecules are
positive, indicating their capability to donate electrons to the
surface of carbon steel. Moreover, when η > 0, the Eback‑donation
becomes negative, suggesting that electrons are being with-
drawn from the molecule and return back through a back-
donation pathway, which is preferred in terms of dynamics.77

The negative values of Eback‑donation for the AZN compounds in
Table 5 indicate that they can form strong bonds with the
carbon steel surface through back-donation.78

In the corrosion inhibition prediction mechanism, the dipole
moment is also a significant factor.79 A higher dipole moment
enhances the molecule’s ability to adsorb onto the metal
surface and increases its distortion energy, resulting in
improved corrosion suppression.80 According to Table 5, the
AZN-1 molecules have a higher dipole moment value (8.44
debye) compared to that of the AZN-2, AZN-3, and AZN-4
molecules (5.98, 4.60, and 5.12 debye, respectively). This
indicates that the AZN-1 molecules have a greater tendency to
be adsorbed onto the carbon steel interface, thereby
strengthening the protection.
Additionally, the Dmol3 module incorporates molecular

electrostatic potential mapping (MEP), which can identify the
active sites of inhibitor molecules. MEP is a three-dimensional
visualization tool used to illustrate the net electrostatic
significance distributed across a molecule based on its overall
charge distribution.81 Figure 7 displays MEP maps, where the
color red signifies the area with the greatest electron density

Figure 6. Optimized structure and HOMO and LUMO orbitals for
the examined AZN molecules using the Dmol3 module.

Table 5. Parameters of DFT of the AZN Molecules using the
Dmol3 module

parameters AZN-1 AZN-2 AZN-3 AZN-4

EHOMO (eV) −4.72 −4.79 −4.88 −4.82
ELUMO (eV) −3.60 −3.07 −2.82 −3.04
ΔE = ELUMO − EHOMO (eV) 1.12 1.72 2.06 1.78
electronegativity (χ) 4.16 3.93 3.85 3.93
global hardness (η) 0.56 0.86 1.03 0.89
global softness (σ) 1.78 1.16 0.97 1.12
the number of electrons transferred
(ΔN)

2.54 1.78 1.53 1.72

ΔEback‑donation −0.14 −0.22 −0.26 −0.22
dipole moments (μ) Debye 8.44 5.98 4.60 5.12
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and, consequently, the most negative charge (indicating a
nucleophilic reaction), while the color blue represents the
region with the highest positive charge (indicating an
electrophilic reaction).82 From Figure 7, it can be observed
that the electron density is lowest above the benzene rings,
while the most negative contributions are mainly located above
the nitrogen and oxygen atoms. The regions with higher
electron density (indicated by red zones) correspond to areas
where the inhibitor species have strong interactions with the
carbon steel surface and can form stable, adsorbed protective
layers.
3.6. MC Simulations. In order to understand the

adsorption process and the attraction between the inhibitor
species and the carbon steel surface, Monte Carlo simulations
were conducted. Figure 8 shows the adsorption location
module, which illustrates the optimal adsorption configurations
of AZN compound molecules on the carbon steel surface in an
acidic solution. This indicates an enhancement in adsorption
and the highest surface coverage.83 The results of Monte Carlo
simulations, shown in Table 6, were used to determine the
adsorption energies, which are of great importance. It was
observed that the AZN-1 molecule had a higher negative
adsorption energy value (−8277.71 kcal mol−1) compared to
the AZN-2, AZN-3, and AZN-4 molecules (−8216.72,
8182.71, and −8130.60 kcal mol−1, respectively). This
indicates that the AZN-1 molecule strongly adsorbs onto the
surface of C1018-Steel, forming a stable adsorbed film.84 The
adsorption energy values for the AZN-1 molecule, both before
and after geometry optimization, are lower compared with the
AZN-2, AZN-3, and AZN-4 molecules (Table 6). Specifically,
the unrelaxed value is −5911.03 kcal mol−1, and the relaxed

value is −2366.68 kcal mol−1. This indicates that AZN-1 offers
a greater level of protection compared with the other
molecules.
The energy of the metal/adsorbates arrangement can be

determined by analyzing the dEads/dNi values, provided that
the adsorbed inhibitor molecule or other adsorbates molecules
are excluded.39,85 According to the data presented in Table 6,
the AZN-1 molecule has a higher dEads/dNi value (−408.84
kcal mol−1) compared to AZN-2, AZN-3, and AZN-4
molecules (−387.57, −371.30, and 351.66 kcal mol−1,
respectively). This indicates that AZN-1 has better adsorption
capabilities than do the other molecules. Additionally, the
dEads/dNi values for water, hydronium, carbonate, and chloride
ions are approximately −18.39, −94.18, −154.65, and 135.33
kcal mol−1, respectively. The low values for these species
compared to AZN molecules suggest that the adsorption of
AZN molecules is superior to those of water, hydronium,
carbonate, and chloride ions. Theoretical and experimental
evidence support the idea that AZN molecules form a strong
adsorbed protective layer on the surface of carbon steel,
providing corrosion resistance in a corrosive environment.

4. CONCLUSIONS
Based on the findings of this study, four azo derivatives (AZN-
1, AZN-2, AZN-3, and AZN-4) were successfully synthesized
and characterized using spectroscopic techniques. The
corrosion protection abilities of these compounds were then
evaluated in a corrosive environment (carbon dioxide-
saturated sodium chloride solution) through various methods,
including electrochemical impedance spectroscopy, Tafel
polarization, field emission-scanning electron microscopy
with energy-dispersive X-ray spectroscopy, density functional
theory calculations, and Monte Carlo simulations. The results
demonstrated that AZN-1, AZN-2, AZN-3, and AZN-4
inhibitors effectively prevented the corrosion of carbon steel
under mild conditions. Notably, AZN-1 exhibited the highest
level of protection, with a 98.3% inhibition efficiency at a
concentration of 0.5 mM, as determined by Tafel polarization
measurements. The addition of these inhibitors in the
corrosive environment further enhanced corrosion protection.
The values of Rp (polarization resistance) increased from 43.96
to 678.71, 805.26, 819.70, and 988.86 Ω cm2, while the values
of Cdl (double-layer capacitance) decreased from 516.81 to
36.08, 7.46, 14.90, and 10.51 μF cm−2 in the presence of 0.5
mM AZN-4, AZN-3, AZN-2, and AZN-1 molecules,
respectively. The inhibitors acted as mixed-type additives
with both physical and chemical adsorption occurring at the
interface between the carbon steel and the AZN compounds.
The Langmuir isotherm model was found to accurately
describe the adsorption of the AZN compounds, as evidenced
by the calculated values of Kads. The FE-SEM and FTIR
analyses confirmed that adsorption played a primary role in the
corrosion protection mechanism. Furthermore, the use of
density functional theory calculations has elucidated the active
sites of the AZN molecules. In addition, Monte Carlo
simulations have revealed both the adsorption configurations
and the corresponding energies for the AZN molecules on the
Fe (110) surface and also corroborated the superior inhibitory
efficacy of AZN-1 consistent with the empirical findings. This
may be attributed to the enhanced capability of AZN-1 for
electron contribution, resulting from the presence of two
hydroxy groups ortho to each other, which signifies a robust
electron-donating propensity. Besides, the presence of a

Figure 7. Graphical attendance of the MEP of the AZN molecules
utilizing the Dmol3 module.
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nitrogen atom within the quinoline structure, which cannot
participate in the resonance, results in the localization of
electron lone pairs on the nitrogen atom; this allows for easier
adsorption and improved protection. Conversely, AZN-2 is
characterized by the presence of a single hydroxyl group and an
oxygen atom positioned between two benzene rings; this
configuration facilitates the oxygen participation in the
resonance and leads to the delocalization of electron lone
pairs, thereby diminishing the electron density. Along similar
lines, the compounds AZN-3 and AZN-4, although comprising
a single hydroxyl group, exhibit a diminished electron-donating
capacity when compared with AZN-1. In conclusion, this
comprehensive study presents effective and environmentally
friendly inhibitors that have potential applications in corrosion

prevention under mild conditions. Additionally, long-term
exposure tests under realistic sweet conditions, including
varying temperatures, flow rates, and corrosive species, can
provide insights into the durability and effectiveness of the
inhibitors over extended periods.
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Table 6. Data Computed by the MC Simulations for the Adsorption of the AZN Molecules on Fe (110)

corrosion systems

adsorption
energy/

kcal mol−1

rigid
adsorption
energy/

kcal mol−1

deformation
energy/

kcal mol−1

dEads/dNi:
inhibitor
kcal mol−1

dEads/dNi:
Cl− ions
kcal mol−1

dEads/dNi:
CO3

2− ions
kcal mol−1

dEads/dNi:
H3O+ ions
kcal mol−1

dEads/dNi:
water

kcal mol−1

Fe (110)/AZN-1/corrosive
media

−8277.71 −5911.03 −2366.68 −408.84 −134.83 −155.83 −90.53 −18.73

Fe (110)/AZN-2/corrosive
media

−8216.72 −5873.61 −2343.11 −387.57 −137.65 −155.86 −91.09 −18.38

Fe (110)/AZN-3/corrosive
media

−8182.71 −5856.50 −2326.20 −371.30 −136.42 −153.94 −99.11 −18.12

Fe (110)/AZN-4/corrosive
media

−8130.60 −5815.92 −2314.68 −351.66 −132.41 −152.95 −95.97 −18.33
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