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A B S T R A C T   

This study investigates Congo Red Textile Dye (CRD) as a corrosion inhibitor for aluminum in a 1.0 mol/L 
hydrochloric acid solution. Utilizing a comprehensive suite of analytical techniques, including gravimetric 
analysis, scanning electron microscopy (SEM), ultraviolet–visible spectrophotometry (UV–Vis), Electrochemical 
Impedance Spectroscopy (EIS), and Potentiodynamic Polarization curves (PDP), we assessed CRD’s adsorption 
mechanism and its corrosion inhibition effectiveness. Significant corrosion mitigation was observed, with the 
efficiency of inhibition EI (%) increasing alongside CRD concentration, achieving a maximum efficiency of 87.5 
%. This enhancement in EI (%) decreases with rising temperatures, assessed across a range from 298 to 323 K. 
Response surface methodology (RSM) and central composite design (CCD) were employed for accurate corrosion 
rates (Vcorr) and EI (%) prediction. Additionally, theoretical analysis was performed using global and local 
reactivity descriptors along with molecular dynamics (MD) simulations. Theoretical results confirmed the 
widespread presence of nucleophilic and electrophilic sites, along with a strong affinity for the Al surface, 
suggesting CRD’s potential for enhancing corrosion resistance. This study proposes a potential pathway for the 
valorization of Congo Red dye, utilizing concentrations within non-toxic thresholds, thereby aligning with 
environmental safety and industrial application considerations.   

1. Introduction 

Great technological and economic importance has been given to the 
corrosion inhibition of aluminum (Al) and its derived alloys, owing to 
the wide range of their industrial applications. These metals and alloys 
exhibit high resistance to corrosion in various environments, particu
larly in aggressive media, which makes them suitable for diverse in
dustrial uses. Generally, in aqueous solutions, aluminum shows passive 
behavior, increasing its corrosion susceptibility. The adhesive passiv
ated oxide film on the metal surface is amphoteric, so the metal readily 
dissolves in acidic (Zhao et al., 2020; Wang et al., 2022; Quebbou et al., 
2021) or saline solutions (El Mazyani et al., 2021).The prevention of 
aluminum dissolution is crucial for industries such as chemical, engi
neering, and pharmaceutical, among others. To address corrosion, 
various methods have been employed including anodic and cathodic 

protection, hot-dip galvanizing, coatings, electroplating, environmental 
modification, inhibitors, lubrication, and painting. Corrosion inhibitors 
are particularly advantageous as they are simple to apply, cost-effective, 
and do not require any specialized equipment (Melian et al., 2023; Souza 
et al., 2023; Assad and Kumar, 2021). These compounds, characterized 
by polar functional groups and heteroatoms such as oxygen, sulfur, ni
trogen, or phosphorus, adhere to the metal surface through electrostatic 
or chemical bonds, effectively preventing corrosion (Tezcan et al., 2018; 
Zeinali Nikoo et al., 2020). Organic dyes, especially those with hetero
cyclic structures, are emerging as potent corrosion inhibitors. Their 
effectiveness is attributed to a balance of hydrophilicity, hydrophobic
ity, and conjugation, enhanced by polar functional groups, nonbonding 
electrons, and multiple bonds in aromatic rings and side chains (El- 
Katori et al., 2022; Ganjoo et al., 2022b). Azo dyes, constituting over 60 
% of all dyes used, are notably effective in metal corrosion inhibition 
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and are extensively utilized in various commercial applications 
(Abdallah et al., 2014; Madkour et al., 2016; Paşka et al., 2014). Known 
for their excellent donor properties, these dyes play a significant role in 
coordination chemistry (Al-Gaber et al., 2023), Consequently, the for
mation of an adsorption coating on metal surfaces, which protects 
against corrosive attacks, can be achieved through covalent bonding 
(chemisorption) and/or electrostatic interaction (physisorption) (Fouda 
et al., 2022). he chemisorption behavior of these dyes, involving 
nonbonding electrons and π-electrons, plays a significant role in miti
gating corrosion through interactions with metallic surfaces. These 
characteristics enable them to efficiently bind to metal surfaces in 
aqueous electrolytes, acting as polydentate and chelating ligands (El- 
Katori et al., 2022; Ganjoo et al., 2022b). 

In addition to their functional efficacy, the use of these dyes at low 
concentrations is particularly advantageous due to their non-toxic na
ture, making them safer for both industrial applications and the envi
ronment (El-Katori et al., 2022; Ganjoo et al., 2022b; Oladoye et al., 
2022). The shift towards eco-friendly options, such as natural and semi- 
synthetic dyes, underscores this advantage. These dyes, soluble in both 
water and organic solvents, offer an environmentally responsible 
approach to corrosion inhibition, aligning with sustainability goals 
without compromising on performance. Their non-toxicity at low con
centrations presents a dual benefit of effective corrosion prevention and 
adherence to environmental safety standards. Congo Red dye (CRD) is 
an important azo dye used in various industries such as textiles, plastics, 
rubber, paper, and printing (Oladoye et al., 2022). 

Molecular dynamics (MD) simulations and density functional theory 
(DFT) calculations are frequently utilized to elucidate the mechanisms 
of corrosion inhibition (Obot and Gasem, 2014; Zeng et al., 2013). MD 
simulations offer a microscopic view, facilitating an intuitive under
standing of system evolution under specific conditions, while DFT pro
vides a quantum analysis of electron structures (Chen et al., 2021). 

This work aims to examine the inhibitory effect of CRD on aluminum 
corrosion in a 1.0 mol/L HCl solution under different experimental 
conditions. The purposes are firstly, to determine the thermodynamic 
parameters associated with the adsorption process, shedding light on the 
mechanism of adsorption inhibition on the aluminum surface; and sec
ondly, to optimize the obtained results in HCl solutions through exper
imental design (DOE) and the specific methodology of Response Surface 
Methodology (RSM) using the Central Composite Design (CCD). Finally, 
we aim to conduct density functional calculation studies to determine 
the global and local chemical reactivity descriptors. Additionally, mo
lecular dynamics simulation was used to estimate the adsorption energy 
and structural configuration of the dye on the aluminum surface. 

2. Materials and methods 

2.1. Selected inhibitor and solution 

The chosen corrosion inhibitor is an organic dye called Congo Red 
(CRD) frequently used in the coloring of textiles, which is part of the 
poly azo category, its molar mass is 696.663 g mol− 1. Fig. 1 shows its 
molecular structure. This work intends to suggest a potential pathway 
for the valorization of Congo Red dye, utilizing concentrations that fall 
within non-toxic thresholds. The corrosive solution used is 1.0 mol/L 
HCl, which was prepared by diluting 37 % Hydrochloric acid in distilled 
water. Test solutions were freshly prepared before each experiment by 
adding the inhibitor directly to the corrosive solution at various con
centrations of CRCs. These experiments were repeated three times to 
ensure reproducibility. 

2.2. Gravimetric measurements 

Gravimetric tests were conducted after verifying the desired elec
trolyte temperature using a thermostat (Selecta Frigitherm) with a 
0.1 ◦C margin of error. The selected electrolyte volume was 80 mL. The 
samples had a rectangular shape with dimensions of 2.0 cm × 1.0 cm ×
0.1 cm, and each coupon has a hole with a diameter of 0.2 cm drilled 
into it. They are then attached with a thread of cloth so that they can 
hang freely in the solutions to be examined. Before taking measure
ments, they undergo mechanical polishing with different types of 
sandpaper (P400 - P1200) until achieving a mirror-like finish. Prior to 
immersing the samples in the test solution, the dimensions of each 
coupon are checked. Then, they are washed with distilled water and 
dried. The cleaned aluminum coupons were weighted before and after 
the immersion. The EI(%) values of CRD are deduced using Eq. (1): 

EI(%) =
W0 − W

W0
× 100 (1)  

where W and W0 represent the sample mass in the presence and absence 
of the CRD inhibitor, respectively. The corrosion rate (in g⋅cm− 2⋅h− 1) is 
determined by calculating the variation between the initial weight and 
the final weight of each coupon after each immersion step, as it indicated 
in Eq. (2): 

Vcorr =
W0 − W

At
× 100 (2)  

where ’t’ is the exposure time in hours and ’A’ is the area of the sample 
in (cm2). 

Fig. 1. Molecular structure of the Congo Red Dye (CRD).  
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2.3. Electrochemical measurements (OCP, EIS, and PDP) 

The inhibitory effectiveness of the examined inhibitor against 
aluminum corrosion was evaluated utilizing a PGZ301 electrochemical 
workstation model. The assessment involved both Potentiodynamic 
Polarization (PDP) and Electrochemical Impedance Spectroscopy (EIS) 
measurements in a 1.0 mol/L solution, under different CRD concentra
tion conditions. A conventional three-electrode cell was employed, 
comprising an aluminum specimen as the working electrode, a saturated 
calomel electrode (SCE) as the reference electrode, and a platinum grid 
as the counter electrode. Prior to conducting measurements, the work
ing electrode was submerged in a 1.0 mol/L solution, both without and 
with various CRD concentrations, and allowed to equilibrate for 30 min 
at the open circuit potential (OCP). The PDP plots were generated using 
a scan rate of 0.5 mV⋅S− 1 within the standard potential range deter
mined by adding ±200 mV to the OCP. EIS spectra were collected at 
OCP across a frequency range from 100 kHz to 10 mHz with an ampli
tude of 10 mV. Three replicas of the trials were performed, and the 
average values were regarded. The inhibitory efficacy ηp by the PDP 
Technique and surface coverage θ on the working electrode surface were 
assessed as follows (Kellal et al., 2023a,2023b): 

ηp =
i0
corr − iinh

corr

i0
corr

× 100 (3)  

θ =
i0
corr − iinh

corr

i0
corr

(4)  

where i0corr (mA⋅cm− 2) and iinh
corr are the corrosion current densities of 

uninhibited and inhibited electrolyte solutions, respectively. 

ηEIS =
Rp − R0

P

Rp
× 100 (5)  

where R0
P and Rp are the polarization resistance in the absence and 

presence of the CRD compound in the HCl medium. ηEIS represents the 
corrosion inhibition efficiency, assessed through Electrochemical 
Impedance Spectroscopy analysis. 

2.4. X-ray fluorescence and scanning electron microscope 

A sample cut in the form of a circular coupon of the same dimensions 
as that of the sample holder dedicated to X-ray fluorescence spectrom
etry. The obtained results by x-ray fluorescence analysis are shown in 
Table 1. 

The aluminum (Al) surface was characterized by scanning electron 
microscopy (SEM) before and after immersion in 1.0 mol/L HCl for 4 h at 
25 ◦C, both in the absence and presence of an inhibitor. After completing 
the immersion test, the Al surface was washed with distilled water, 
dried, and subsequently inspected using SEM. 

2.5. UV–visible spectrophotometric study 

The electrolytes used for weight loss testing are evaluated using a 
UVmini-1240 Spectrophotometer. This evaluation aims to confirm the 
formation of the Al-inhibitor complex that may occur when aluminum is 
immersed in a hydrochloric acid electrolyte containing inhibitor 
molecules. 

2.6. Response surface methodology 

The methodology incorporated a range of immersion times for 
corrosion tests, spanning 1, 2, 3, and 4 h, to examine the temporal effects 
on corrosion inhibition. The study also varied the concentrations of the 
inhibitor, Congo Red, testing levels at 200, 400, 600, 800, 1000, 1200, 
and 1400 ppm to determine the optimal inhibitory concentration. To 
assess the impact of temperature, experiments were conducted at 25, 30, 
40, 50, and 60 ◦C. The collected data in the hydrochloric acid medium 
were then optimized using Response Surface Methodology (RSM) based 
on the Central Composite Design (CCD). This optimization process uti
lized the response data from the corrosion experiments to enhance the 
model, allowing for the determination of optimal data points among the 
varied factors. The resulting model provides a predictive framework for 
understanding response variables under specified environmental 
conditions. 

2.7. Computational details 

2.7.1. Density functional theory details 
Quantum chemical simulations were conducted using the DMol3 

code based on Density Functional Theory (DFT) implemented in Mate
rials Studio package. Calculations of parameters were conducted using 
the B3LYP functional with a DNP basis set (basis file 4.4), alongside 
Fermi smearing of 0.005 Ha and a global cutoff of 3.7 Å, we enforced an 
SCF convergence tolerance of 1 × 10− 6. To simulate the solvent effect of 
water (with a dielectric constant Ɛ = 78.54), we employed the 
Conductor-like Screening Model (COSMO) (Klamt, 2018). This approach 
to understand how molecular structures and electronic properties in
fluence the efficacy of inhibitor adsorption on the metal surface (Nyi
jime et al., 2023). The (DNP) basis set, incorporating d and p 
polarization. Prior studies have demonstrated that the DNP basis set 
offers comparable quality to the 6-31G Gaussian basis set and superior 
accuracy compared to Gaussian basis sets of similar size (Migahed et al., 
2016; Feng et al., 2018). After optimizing the geometric structure, the 
following quantum parameters, including the energy of the lowest un
occupied molecular orbital (ELUMO) and the energy of the highest 
occupied molecular orbital (EHOMO), energy gap (ΔE), dipole moment 
(µ), electronegativity (χ), ionization potential (I), electron affinity (A), 
hardness (η), softness (σ), and the extent of electron transfer from the 
inhibitor molecule to the metal surface (ΔN) Ionization energy (IP), and 
The ΔEback-donation energy, are determined as chemical reactivity de
scriptors using the following equations (Dagdag et al., 2020):  

I: ionization potential = _ EHOMO                                                       (6)  

A: electron affinity = _ ELUMO                                                           (7)  

ΔE gap: the energy gap (eV) = ELUMO 
_ EHOMO                                    (8) 

χ : absolute electronegativity =
I + A

2
(9)  

η : Global hardness =
I − A

2
(10)  

S : Global softness =
1
η (11)  

Table 1 
Chemical composition of the aluminum alloy identified by fluorescence X.  

Compound Concentration Unit Compound Concentration Unit 

Al  91.371 % Ni  27.7 ppm 
Si  0.268 % Cu  10.6 ppm 
Fe  0.276 % Zn  29.9 ppm 
S  303.4 ppm Ga  85.4 ppm 
Cl  613.6 ppm Zr  15.3 ppm 
K  224.8 ppm Ag  243.6 ppm 
Ca  135.8 ppm Eu  8.2 ppm 
Ti  175.8 ppm Yb  0.0 ppm 
V  85.4 ppm Re  0.9 ppm 
Cr  10.6 ppm Tl  0.0 ppm 
Mn  42.5 ppm Pb  6.0 ppm  
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ω : Global electrophilicity index =
μ2
2η (12)  

where Electronic chemical potential = − Electronegativity; μ = − X (Al, 
2020). 

ΔE Back − donation Energy : the back donation = −
η
4

(13) 

The ΔE back-donation quantifies the energy associated with metal atoms 
donating electrons to inhibitor molecules on aluminum surfaces. It 
characterizes the propensity for electron transfer, crucial in under
standing inhibitor-surface interactions (Belal et al., 2023). 

(ΔN): the fraction of electron transferred was determined using Eq. 
(14) (Guo et al., 2021): 

ΔN =
χAl − χinh

2(ηAl + ηinh)
(14) 

χinh and ηinh indicate the absolute electronegativity and hardness of 
the inhibitor molecule, while χAl and ηAl represent those of aluminum, 
respectively. 

A theoretical value for the electronegativity (χAl = 5.60 eV) of 
aluminum (Al) with a global hardness of ηAl = 0 eV was used (Iorhuna 
et al., 2023). 

The local reactivity of the inhibitor compound was investigated by 
examining the Fukui indices (Boukerche et al., 2023). At a constant 
external potential v( r→), the Fukui function (fk) is defined as the initial 
derivative of the electronic density ρ( r→) with respect to the number of 
electrons (N) (Chadili et al., 2021a). 

fk =

(
∂ρ( r→)

∂N

)

v( r→) (15)  

The electron charge distribution on the CRD molecules was determined, 
these findings can be used to calculate Fukui indices (fk 

- and fk 
+) for 

local electrophilic and nucleophilic or radical attacks. To calculate the 
Fukui functions, the following finite difference approximations were 
used (Corrosion Inhibitive Potentials of some 2H-1-benzopyran-2-one 
Derivatives- DFT Calculations, 2021): 

fk
+ = qk(N+1) qk(N) (for a nucleophilic attack) (16)  

fk
− = qk(N) − qk(N− 1) (for a electrophilic attack) (17)  

fk
0 =

(
∂ρ( r→)

∂N

)

(18)  

fk
0 =

qk (N+1) − qk(N− 1)

2
(f or radical attack) (19)  

where qk represents the global charge of the k atom, i.e., the electronic 
density at a specific point (r) in space around the molecule in question. 
The qk(N), qk(N+1) and qk(N-1) are defined as the charge of the neutral, 
cationic and anionic species, respectively. 

2.7.2. Molecular dynamic (MD) simulations 
Molecular Dynamics (MD) simulations were employed to ascertain 

the most effective adsorption configuration of the Congo Red Dye (CRD) 
on the aluminum surface, utilizing the Forcite module in Materials 
Studio software. The procedure began with extracting a unit cell of pure 
aluminum (Al) from the software’s database, to create the Al(110) 
surface. The Al(110) surface was selected for molecular dynamics 
simulations of corrosion inhibition in HCl solution due to its structural 
and energetic characteristics, which influence oxygen adsorption rates 
and oxide growth dynamics. This surface orientation allows for a 
detailed examination of the inhibitor interactions due to its high surface 
energy and reactivity, providing valuable insights into the inhibition 
mechanisms at an atomic level (Kim and Choi, 2021; Lim and Zhong, 

2009). The unit cell was then expanded fivefold in both x and y di
rections, forming a super-cell measuring 48.594 Å × 34.361 Å × 35.748 
Å. To mitigate inter-supercell interactions attributable to periodic 
boundary conditions, a vacuum layer of 25 Å was established (Chadili 
et al., 2021b). The simulation setup included a solvent layer, composed 
of the optimized dye molecule, 500 water molecules, along with 5 
chloride ions (Cl− ) and 5 hydronium ions (H3O+). The smart algorithm 
was applied to fine-tune the geometry of the initial adsorption system 
(Mehmeti and Podvorica, 2018). The computational model addressed 
electrostatic interactions via the Ewald summation method and 
accounted for Van der Waals forces at an atom-based level, incorpo
rating a cutoff distance of 15.5 Å, a spline width of 1 Å, and a buffer 
distance of 0.5 Å. The MD simulations operated within the NVT 
ensemble, which conserves particles, volume, and temperature, 
ensuring an accurate portrayal of thermal fluctuations crucial for un
derstanding corrosion. Its maintenance of constant temperature closely 
mirrors experimental conditions (Haris et al., 2021). Simulations span
ned a duration of 300 picoseconds with a time step of 1.0 fs, employing 
the COMPASS force field (Umar and Uzairu, 2019). Temperature control 
of the simulated system, set at 298 K, was achieved using the Andersen 
thermostat. To quantify the interaction dynamics, two critical energy 
metrics were calculated: the interaction energy (Einteraction) and the 
binding energy (EBinding). Einteraction was derived using the formula 
(Daoudi et al., 2022; Ganjoo et al., 2022a):  

Einteraction = Etotal – (Esurface+solution + Einhibitor),                                          

where Etotal represents the total energy of the simulation system, Einhi

bitor denotes the energy of the free inhibitor molecule, and Esurface+solution 
signifies the energy of the aluminum surface combined with water 
molecules, chloride, and hydronium ions. The binding energy was 
determined as the negative value of the interaction energy, as defined by 
the equation: Ebinding = − Einteraction. 

3. Results and discussions 

3.1. Inhibitory effect of Congo Red 

The weight loss method, an integral technique in the field of corro
sion inhibition studies, was employed to evaluate the corrosion rate 
(Vcorr) of aluminum samples. This method involves measuring the 
weight loss of aluminum samples when immersed in a 1.0 mol/L HCl 
solution, both in the absence and presence of various concentrations of 

Fig. 2. Corrosion rates (Vcorr) and inhibition efficiencies (EI%) for aluminum in 
1 M HCl with different concentrations of CRD at 298 K during a 2-hour im
mersion period.. 
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Congo Red Dye (CRD), as depicted in Figs. 2 and 3. The data gathered 
from this approach are instrumental in understanding the dynamics of 
corrosion processes and provide critical insights into the effectiveness of 
CRD. The results indicate a notable improvement in the corrosion rate 
(Vcorr) of the aluminum samples. It appears that as the concentration of 
CRD increases, the metal corrosion rate steadily decreases, and its pro
tective efficiency increases. Initially, the dissolution of Al in the corro
sive solution is slow and increases with time. This can be ascribed to a 
pre-immersed Al2O3 film persistent on the metal surface (Belafhaili 
et al., 2023). The non-linearity and non-uniformity of the plots obtained 
in the inhibited and uninhibited solutions suggest that the Al corrosion 
process is heterogeneous with several stages (Ating et al., 2010). Acid 
solutions attack the free aluminum surface and therefore, deterioration 
of the metal structure. 

In the acidic environment, Al undergoes a series of successive elec
trochemical reactions (Raghavendra and Ishwara Bhat, 2018):  

Al2O3 + 3H2O → 2Al(OH)3                                                                     

Al(OH)3 + H+→ Al(OH)2
+ + H2O                                                            

Al(OH)2
+ + 2H+→ Al3+ + 2H2O                                                             

Overall reaction:  

Al2O3 + 6H+→ 2Al3+ + 3H2O                                                                

Al3+ exists as Al[(H2O)6]3+ in acid solution                                              

The corrosion of aluminum in hydrochloric acid solutions initiates 
with the adsorption of chloride ions (Cl− ) onto the aluminum surface’s 
active sites, a critical step that undermines the integrity of the aluminum 
oxide layer, particularly in acidic conditions, rendering it susceptible to 
dissolution (Anh et al., 2020; Padash et al., 2018). The destabilization of 
the protective oxide layer, driven by its inherent instability under such 
conditions, is marked by the development of a positive surface charge, 
which inherently attracts Cl- ions, further exacerbating the corrosion 
process (El-Sayed et al., 2023), this phenomenon not only facilitates the 
initial adsorption of Cl- ions but also results in the differential reactivity 
across the aluminum surface, where unaffected regions are primed to 
serve as cathodic sites (Padash et al., 2020). These cathodic areas are 
crucial, supporting reduction reactions that, together with anodic 
dissolution, significantly increase the corrosion rate of aluminum. This 
intricate interplay of electrochemical reactions, dictated by the spatial 
distribution of anodic and cathodic sites, is further complicated by the 
formation of oxide-Cl- complexes. These complexes, which arise from 
the interaction between Cl- ions and the aluminum oxide layer, prevent 

passive film formation and accelerate anodic dissolution (Yoo et al., 
2016). Together, these processes underscore the multifaceted nature of 
aluminum corrosion in acidic environments, offering profound insights 
into the mechanisms through which Cl- ions destabilize the aluminum 
oxide layer, thereby impeding passive film formation and catalyzing 
anodic dissolution (Lee and Pyun, 1999). 

In HCl, the cathodic reaction is defined by the reduction of H+. The 
initial rapid increase in weight loss aligns with the quick dissolution of 
the amphoteric air-formed oxide layer on the metal. This exposure of the 
freshly prepared aluminum surface results in the rapid dissolution of the 
substrate metal (Oki et al., 2013). Moreover, the weight loss of Al is 
found (Fig. 3) to decrease by the increase of CRD doses. This signifies 
that CRD reduces the corrosion of Al as a result the dye has an inhibitory 
effect. CRD forms a protective adsorption film that blocks the surface of 
the metal, separating it from the corrosive medium is thus the reduction 
of the Al dissolution (Sanni et al., 2022). 

At the metal/solution interface, four categories of adsorption can 
occur: (1) the interaction of the uncharged electron pair in the molecule 
with the metal, (2) electrostatic attraction between the charged metal 
and the charged molecules, (3) the interaction of π electrons with the 
metal, and (4) a combination of (2) and (3) (Fouda et al., 2015). The 
inhibitory molecules are adsorbed onto the metal surface either by 
physisorption or chemisorption. The chemisorbed molecules reduce the 
metal’s inherent reactivity at the adsorption sites, thereby inhibiting the 
anodic reaction, while the physisorbed molecules inhibit the cathodic 
reaction by effectively delaying the metal’s dissolution (K et al., 2016; 
Harvey et al., 2018). 

Given the dependence of EI(%) on the CRD concentration shown in 
(Fig. 3), it appears that the inhibitor will act by adsorbing and blocking 
the active center necessary for the dissolution of aluminum. Namely, the 
inhibitor reduces the active center for Al dissolution, the adsorption 
mechanism is made possible by the presence of heteroatoms such as N 
and O which are considered active adsorption centers. The CRD mole
cule contains phenyl rings with π electrons, oxygen, nitrogen, and N = N 
(azo group). The inhibitor could be adsorbed on the surface of Al by the 
interaction between the pair of electrons of the nitrogen and oxygen 
atoms or by the π systems of the aromatic rings which are rich in elec
trons or with the azo group (Boudalia et al., 2023). 

3.2. Effect of CRD concentrations 

The inhibition efficiency (EI%) and corrosion rate Vcorr of aluminum, 
determined using the weight loss method in an HCl solution both in the 
absence and presence of various inhibitor concentrations (ranging from 
200 to 1400 ppm), are illustrated in Fig. 2. The results demonstrate an 
increase in inhibition level with a rise in inhibitor concentration, 
aligning with the theory of adsorption on a metal surface (Kumar et al., 
2004). Fig. 2 shows that the EI% increases rapidly with increasing CRD 
in the HCl solution. Electrochemical findings from Tables 2 and 3 rein
force the trend observed in weight loss data, affirming the increased 

Fig. 3. Corrosion rates (Vcorr) and inhibition efficiencies (EI%) for aluminum in 
1.0 mol/L HCl at different temperatures obtained by the gravimetric method. 

Table 2 
Activation parameters for aluminum in HCl in the absence and the presence of 
the CRD inhibitor.  

Cinh (ppm) Ea (kJ /mol) ΔH0
a (kJ/mole) ΔS0

a (J/mol K) 

Blank  93.36  90.87  − 344.56 
1000 ppm  103.26  100.81  − 352.21  

Table 3 
Thermodynamic parameters for the adsorption of the inhibitor for aluminum in 
HCl at 298 K.   

Kads (L/mol) Slope R2 ΔG0
ads(KJ/mol) 

CRD  0.9057  1.1035  0.9974  − 9.73  
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inhibition efficacy with higher CRD concentrations. 
At a concentration of 200 ppm, the inhibition efficiency is 77.8 %, 

suggesting partial surface coverage. When the concentration increases to 
1400 ppm, the efficiency peaks at 88.5 %, indicative of a denser and 
more uniform protective layer on the aluminum surface. This trend 
suggests that at higher concentrations, CRD enhances the barrier against 
corrosion predominantly through physisorption, as evidenced by the 
increased layering of CRD molecules on the metal. The clear correlation 
between concentration and inhibition underscores CRD’s potential as an 
effective physisorption-based corrosion inhibitor for aluminum. 
Furthermore, given aluminum’s susceptibility to corrosion, this obser
vation suggests that the predetermined test conditions likely enhanced 
CRD’s affinity for adsorption sites on the aluminum surface. Such 
enhanced affinity may be a key factor in CRD’s observed effectiveness at 
mitigating corrosion under these specific experimental parameters. 

3.3. Temperature effect on the corrosion inhibition action 

Temperature plays a significant role in influencing the corrosion rate 
of metals and the adsorption of inhibitor molecules on electrode surface, 
especially in aggressive environments (El Mazyani et al., 2021). To 
understand the impact of temperature on the corrosion rate of aluminum 
alloys in a 1.0 mol/L HCl solution with an optimal inhibitor concen
tration, our study focused on a temperature range of 298–323 K. We 
conducted weight loss measurements (Fig. 3) and employed the PDP and 
EIS techniques to generate the corresponding results, as presented in 
Figs. 7 and 8, both in the absence and presence of the inhibitor. The 
temperature factor significantly increases the corrosion rate in both 
inhibited and uninhibited solutions, This observation aligns with find
ings reported by Deepa and Padmalatha (2017). The same behavior has 
been observed with a few other azo dyes (Fiori-Bimbi et al., 2015; 
Abboud et al., 2009). This can be attributed to the potential for 
increased temperatures to induce inhibitor molecule desorption from 
the metal surface (Chakravarthy et al., 2014; Chakravarthy et al., 2014), 
resulting in metal dissolution and a decrease in the effectiveness of the 
tested azo dye inhibitor. Based on the PDP results, it can be observed 

that a temperature increase from 298 to 323 K led to a decrease in in
hibition efficiencies, declining from 86.34 % to 60.99 %. This effect 
could be attributed to potential CRD structure degradation or a weak
ening of the adsorption process. It may also suggest a physical nature of 
the CRD adsorption process, where a temperature rise might lead to the 
desorption of some physically adsorbed CRD molecules, consequently 
reducing inhibition efficiency (Faustin et al., 2015; Lin et al., 2021). 

The Tafel plots presented in Fig. 7 exhibit similarity in curve shapes 
in the hydrochloric medium, both in the presence and absence of the 
inhibitor, across all temperatures. This observation indicates that there 
is no change in the reaction mechanism and suggests that CRD does not 
alter the underlying electrochemical processes occurring in the anodic 
and cathodic regions of the specimen surface; instead, it delays them 
(Abbout et al., 2021; Abbout et al., 2021). The kinetic parameters ob
tained through Tafel extrapolation in 1 M HCl are provided in Table 3. 
The data indicates that as the temperature rises, the inhibition efficiency 
EI% decreases, and the current density in both uninhibited and inhibited 
solutions also increase. Corrosion of metals in acidic environments 
typically involves the release of H2 gas. The adsorption process of the 
inhibitor may be influenced by the agitation caused by the accelerated 
evolution of H2 at higher temperatures, which could potentially lead to a 
decrease in the corresponding inhibition efficiency (Halambek et al., 
2012). This could be explained also by the spontaneous and irreversible 
nature of the adsorption processes, which result in the release of heat, 
and the rise in temperature was found to be unfavorable for adsorption. 
All these findings confirm that the CRD acts as an effective inhibitor for 
1.0 mol/L HCl medium in examined temperature ranges. 

3.4. Kinetic activation parameters 

The energy of activation (Ea) is calculated by the Arrhenius law in the 
absence and the presence of the CRD inhibitor (Raviprabha et al., 2023): 

Vcorr = Ae− Ea/RT (20)  

A defined the Arrhenius factor. The fitting straights, according to 

Fig. 4. Arrhenius diagrams of the corrosion rate of aluminum in 1.0 mol/L HCl in the absence (a) and in the presence (b) of 1000 ppm CRD inhibitor.  

Fig. 5. Variation of log (Vcorr/T) as a function of 1/T in the absence (a) and the presence (b) of 1000 ppm CRD inhibitor in 1.0 mol/L HCl.  
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Arrhenius law in the absence or presence of CRD inhibitor, are shown in 
Fig. 4. Ea is estimated from the calculation of the slope (− Ea/2.3R) of 
Arrhenius plots depicted mathematically by Eq. (22): 

Log(Vcorr) = Log(A) −
Ea

2.3RT
(21)  

Activation enthalpy is obtained by applying the transition state equation 
(Ikeuba et al., 2023; Bedair et al., n.d): 

Vcorr =
RT
Nh

exp
(

ΔS0
a

R

)

exp
(

−
ΔH0

a

RT

)

(22)  

were h, ΔS0
a , ΔH0

a and N are respectively the Planck’s constant, activa
tion entropy, activation enthalpy, and Avogadro number. The logarith
mic form of eq. (22) leads to its linear expression as follows: 

log
(

Vcorr

T

)

= Log
(

R
Nh

)

+
ΔS0

a

2.3R
−

ΔH0
a

2.3RT
(23)  

The activation entropy ΔS0
a and the activation enthalpy ΔH0

a in the 
absence or the existence of the CRD inhibitor were anticipated from the 
linear fit in Fig. 5, which display the changes of log(Vcorr/T) vs. 1/T, 

where the inclines are expressed by 
(
−

ΔH0
a

2.3RT

)
and the ordinates at the 

origin by 
(

Log
( R

Nh
)
+

ΔS0
a

2.3R

)
. 

The data in Table 2 show that in HCl solutions, the presence of CRD 
inhibitor increases Ea from 93.36 to 103.26 kJ/mol. The inhibition of the 
corrosion process is increasingly effective with the rising activation 
energy (Ea) of the reaction. This increase in Ea is attributed to the 

formation of an adsorbent layer on the metal surface, which impedes 
both mass and energy transfer (Al-Amiery et al., 2022). In the presence 
of CRD, the elevated value of Ea can be interpreted as being due to the 
decrease of the surface coverage degree by increasing temperature 
(Lebrini et al., 2013). The suggestion here is that the adsorbed organic 
matter forms a physical barrier that hinders charge and mass transfer, 
resulting in a decreased corrosion rate. The increased Ea value observed 
in the presence of the inhibitor, compared to its absence, can be 
attributed to physical adsorption (Shivakumar and Mohana, 2013). The 
positive sign of the enthalpy signifies that the dissolution of aluminum in 
electrolyte is endothermic process, also the high value of the enthalpy in 
the presence of the CRD inhibitor discloses to a good inhibition efficacy 
(Fouda et al., 2016). The increase in activation energy from 93.36 kJ/ 
mol for the blank to 103.26 kJ/mol with 1000 ppm of the CRD inhibitor, 
and a corresponding increase in the reaction enthalpy change from 
90.87 kJ/mol to 100.81 kJ/mol, highlight the endothermic nature of 
aluminum dissolution in the presence of the inhibitor. These increases 
suggest that the inhibitor enhances the amount of energy absorbed 
during the reaction, which is characteristic of an endothermic process 
where heat is absorbed from the surroundings to facilitate the reaction. 
Furthermore, the decrease in entropy from − 344.56 J/mol⋅K to 
− 352.21 J/mol⋅K with the inhibitor implies a more ordered system. In 
endothermic reactions, such ordering often correlates with the absorp
tion of heat, which stabilizes the inhibitor molecules at the surface, 
forming more structured and stable complexes. The ordering effect and 
increased heat absorption induced by the CRD inhibitor suggest its role 
in stabilizing the aluminum surface, making the dissolution process 
require more energy and thus, proceed more slowly.The increase in the 

Fig. 6. Plots of the isotherm models for the adsorption of the CRD on the aluminum surface in 1.0 mol/L HCl at 298 K.  
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activation enthalpy as shown in Table 2 indicates that the addition of the 
inhibitor in solution constitutes a barrier to the corrosion reaction. The 
almost similar values in Ea and ΔH0

a , which are higher in the presence of 
CRD, reveal that Al’s dissolution process remained unchanged due to the 
increase of the energy barrier (Abdelhadi et al., 2023). 

The entropy decreases negatively in the presence of CRD because of 
the disorder decrease of the water molecules during the transformation 
from reactive into an active complex of inhibitor and metal (Fouda et al., 
2014; Rugmini Ammal et al., 2018) which generates a displacement of 
several water molecules of the inhibitor (Shainy et al., 2016). Thus, a 
stable layer has been created on the surface of aluminum (Arrousse 
et al., 2022). The inhibitor progresses with the same way of the enthalpy 

and the activation energy (Zarrouk et al., 2011). An increase in EI(%) 
with temperature combined with a smaller Ea for the Vcorr in the pres
ence of the inhibitor points to a specific interaction between the Al 
surface and the inhibitor in HCl solution (Fouda et al., 2012). 

3.5. Adsorption isotherm and thermodynamic parameters 

Understanding the adsorption characteristics of inhibitor molecules 
on electrode surfaces is crucial, which involves analyzing the adsorption 
mechanism through isotherm and thermodynamic parameters. The type 
of adsorption is discernible from the adsorption energy of the inhibitor 
molecules. Typically, physical adsorption occurs through weak Van der 
Waals forces that facilitate reversible bonding between the metal surface 

Fig. 7. PDP curves of aluminum immersed in 1 M HCl in the presence and absence of different concentrations of CRD at various temperatures.  
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and the inhibitor molecules. In contrast, chemical adsorption involves 
the formation of stronger ionic or covalent bonds between the inhibitor 
molecules and the metal surface, indicating a more permanent interac
tion (Tezcan et al., 2018). The interaction between the inhibitor mole
cule and the metal surface is well-characterized by the adsorption 
isotherm, which establishes the precise contact mechanism. The choice 
of the most appropriate isotherm model is guided by the best fit to our 
experimental data, as indicated by the highest correlation coefficient 
(R2). We examined various models, including the Langmuir, Temkin, 
Freundlich, and Frumkin adsorption isotherms. The adsorption param
eters are presented in Table 3, and the plots of adsorption CRD on 
aluminum were fitted and are presented in Fig. 6. All data are expressed 
in their linear forms to facilitate the analysis of adsorption thermody
namics (Eqs. (24)–(27)): 

Langmuir: 

Cinh

θ
=

1
Kads

+Cinh (24)  

Temkin 

θ = ln(Cinh)+Kads (25)  

Freundlish 

exp(f θ) = KadsCinh (26)  

Frumkin 

θ
1 − θ

exp( − 2f θ) = KadsCinh (27)  

where Cinh denotes the concentration of the inhibitor, while θ indicates 

the surface coverage. The term (f) is used to represent the factor of 
energetic inhomogeneity, and Kads stands for the adsorption equilibrium 
constant. Our investigation revealed that the Langmuir isotherm model, 
which provided the most accurate description, demonstrated uniformity 
with a regression value (R2 = 0.997). This suggests a single layer of 
adsorption onto the mild steel surface without lateral interactions be
tween adsorbed species. The assumption of monolayer adsorption ex
plains this good linearity (Hussin et al., 2016). Gibb’s free energy, 
calculated using Eq. (28), quantifies the thermodynamic spontaneity of 
adsorption, elucidating the energetic feasibility of the adsorbate- 
adsorbent interaction. 

ΔG0
ads = − R × T × ln(55.5Kads) (28)  

In this context, Kads denotes the adsorption equilibrium constant, while 
55.5 represents the molar concentration of water. R is the universal gas 
constant, and T is the temperature in Kelvin, denoted as K. A higher Kads 
value typically indicates stronger adsorptive interactions (Li et al., 
2022), which often correlates with higher corrosion inhibition effi
ciency. The equilibrium constant (Kads) of 0.9057 L/mol in our study 
reflects strong adsorption, while the negative Gibbs free energy change 
(ΔG0

ads = − 9.73 kJ/mol) confirms the spontaneity of the adsorption 
process. Notably, the ΔG0

ads value being less negative than − 20 kJ/mol 
often indicates a predominance of physical adsorption involving weak 
electrostatic interactions between the inhibitor molecules and the 
electrode. However, values approaching or exceeding − 40 kJ/mol 
would suggest a chemical adsorption mechanism, which involves the 
formation of stronger covalent or coordination bonds. Given our ΔG0

ads 
value, the adsorption is likely physical (Hussin et al., 2016; Li et al., 
2022). These findings provide crucial insight into the thermodynamic 

Fig. 8. Electrical equivalent circuit model and aluminum Nyquist diagrams in HCl without and with CRD concentrations at various temperatures.  
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viability and the nature of corrosion inhibition under the studied 
conditions. 

3.6. Electrochemical measurements 

3.6.1. Potentiodynamic polarization curves 
To examine the behavior of aluminum in the presence and absence of 

CRD, potentiodynamic polarization analyses were conducted in a 1.0 
mol/L HCl medium. Fig. 7 presents the Tafel curves recorded for CRD 
concentrations of 200 ppm and 1400 ppm at various temperatures 
ranging from 298 to 323 K. Table 4 displays the kinetic parameters 
obtained by extrapolating the linear portions of the anodic and cathodic 
branches to the corrosion potential, specifically the corrosion current 
density. The recorded parameters, including corrosion rate (icorr), 
corrosion potential (Ecorr), cathodic and anodic Tafel slopes (βc and βa), 
and inhibition efficiency (ηp%) for different CRD concentrations in a 1 
mol/L HCl medium, are summarized in Table 5. The presence of an in
hibitor results in a noteworthy decrease in current density values, 
eventually reaching levels lower than those observed in the uninhibited 
solution. This effect becomes more pronounced with increasing CRD 
doses from 200 to 1400 ppm. In acidic solutions, the concentration of H+

ions is sufficiently high, resulting in the removal of oxygen from the 
solution. Consequently, the primary anodic reaction involves the 
dissolution of aluminum in the form of Al3+ aqueous complexes and 
their migration from the metal surface into the solution. Simultaneously, 
the primary cathodic reaction entails the reduction of hydrogen ions and 
the generation of hydrogen gas (Halambek and Berković, 2012). Ac
cording to previous literature, A compound can be classified as either an 

anodic-type or a cathodic-type inhibitor if the difference in the Ecorr 
value exceeds 85 mV (Al-Amiery et al., 2018). As CRD exhibited a 
maximum deviation of 9 mV from the aluminum potential in the control 
solution, it suggests that CRD acted as a mixed-type inhibitor. This result 
may suggest that the inhibition primarily took place through the 
obstruction of available cathodic and anodic sites on the metal surface, 
achieved through the adsorption of inhibitor molecules onto the 
aluminum surface. The small shift in the Tafel slopes when inhibitors 
were used indicates that the inhibitors worked by blocking the metal’s 
reaction sites on the surface, without changing how the anodic and 
cathodic reactions occur (Verma et al., 2023). 

3.6.2. Electrochemical impedance Spectroscopy (EIS) 
After achieving a stable equilibrium of the potential at the interface 

between the metal and the solution using the OCP technique, the elec
trochemical impedance spectroscopy (EIS) technique was conducted to 
comprehend the mechanisms behind corrosion inhibition reactions, 
both in the absence and presence of CRD concentrations at various 
temperatures ranging from 298 to 323 K. Fig. 8 illustrates the Nyquist 
data plot obtained during the analysis in a 1 mol/L HCl solution. The 
impedance spectra exhibit capacitive loops at higher frequencies and 
inductive loops at lower frequencies. The presence of a depressed 
semicircle in the Nyquist plot throughout the examined frequency range 
suggests that the corrosion of aluminum is primarily governed by a 
charge transfer process. Similar observations in the literature have been 
documented for the corrosion of aluminum alloys in HCl solutions (Zhao 
et al., 2017). The inductive loop is typically associated with the relax
ation process in the oxide film covering the metal surface (Reena Kumari 

Table 4 
EIS parameters of aluminum in 1 M HCl without and with CRD concentrations at various temperatures.  

Inhibitor Temperature (K) Rs (Ω.cm2) Rp (Ω.cm2) RL (Ω.cm2) CPE Rct (Ω.cm2) L (H.cm2) Х2 ηEIS %   

Q.105 (Ω− 1. Sn.cm− 2) n    

Blank 298 0.93 0.332 5.705 3.37 0.98 6.037 1.392 0.0019 - 
303 1.09 0.183 4.067 0.391 0.99 4.250 0.864 0.001 – 
313 1.16 0.04 1.243 4.74 0.99 1.283 0.173 0.001 – 
323 1.12 0.051 0.16 7.9 0.99 0.211 0.016 0.00009 –  

CRD 
200 ppm 

298 
303 
313 
323 

1.58 
1.255 
1.12 
1.11 

2.254 
0.751 
0.09 
0.1 

23.43 
13.29 
2.358 
0.226 

6.74 
4.69 
5.34 
26.5 

0.97 
0.98 
0.99 
0.93 

33.04 
14.041 
2.448 
0.854 

4.38 
2.247 
0.37 
0.029 

0.0007 
0.001 
0.0007 
0.0002 

86.05 
75.06 
55.5 
49  

CRD 
1400 ppm 

298 1.88 2.649 29.27 5.6 0.97 33.04 6.086 0.0008 87.5 
303 1.47 1.272 14.08 0.69 0.97 15.352 2.62 0.0003 85.6 
313 2.14 0.184 5.758 6 0.99 5.942 0.95 0.0003 78.3 
323 1.13 0.13 0.746 5.7 0.99 0.854 0.068 0.001 60.8  

Table 5 
Potentiodynamic polarization parameters from Tafel plots of aluminum in 1 M with and without the addition of CRD inhibitor.  

Inhibitor Temperature (K) Ecorr vs. Ag/AgCl (mV) icorr (mA.cm2) βa (mV.dec-1) βc (mV.dec-1) θ ηp %  

Blank 298 − 785.3 62.97 318.5 − 658.3 – – 
303 − 776.9 72.1 486.6 − 550 – – 
313 − 795 88.3 755.2 − 679.9 – – 
323 − 796.4 106.4 1107.7 − 943.2 – –  

CRD 
200 ppm 

298 
303 
313 
323 

− 786.9 
− 786.2 
− 784.9 
− 792 

11.17 
19.2 
43.4 
55.85 

110.4 
162.1 
312.4 
347.5 

− 175.2 
− 217.7 
− 312.1 
− 327.8 

0.8226 
0.7337 
0.5084 
0.4751 

82.26 
73.37 
50.84 
47.51  

CRD 
1400 ppm 

298 − 780.9 8.6 127.2 − 186 0.8634 86.34 
303 − 780 11.41 145.3 − 201.9 0.8417 84.17 
313 − 793.8 20.38 184.2 − 217.8 0.7691 76.91 
323 − 788.6 41.5 303.9 − 306.6 0.6099 60.99  
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et al., 2016).The high-frequency capacitive loop may also be linked to 
the presence of the oxide layer on the aluminum surface. Therefore, this 
loop can be associated with the dielectric properties of the complex 
formed (Halambek and Berković, 2012). Deviations from perfect semi
circles are usually due to the frequency dispersion of interfacial 
impedance, which can be attributed to various physical phenomena such 
as active sites, surface roughness, and non-uniformity of the solids 
(Mohsenifar et al., 2016). The spectra demonstrate that impedance un
dergoes rapid changes as the inhibitor concentration varies. The recor
ded impedance values rise as the inhibitor concentration increases, 
suggesting enhanced protection of the metal surface (Al Otaibi and 
Hammud, 2021). 

Based on AC circuit theory, the experimental data were simulated 
using the equivalent electric circuit presented in Fig. 8, enabling the 
correlation between impedance plots and equivalent circuits. The reli
ability of the fit was confirmed by examining the chi-squared element, 
χ2. The EIS parameters, including electrolyte resistance (Rs), polariza
tion resistance (Rp), inductive resistance (RL), constant phase element 
(Q; n), and the double layer capacitance (Cdl), are documented in 
Table 5. Instead of employing an ideal capacitor, a Constant Phase 
Element (CPE) was used (Li et al., 2015). Cdl values, and the impedance 
for CPE, denoted as ZCPE, are calculated using the following equations 
(Thoume et al., 2021): 

Cdl = (Q × R1− n
p )

1
n (29)  

ZCPE = Q− 1 × (i × ω)− n (30)  

where i represents the imaginary unit, Q is the CPE constant, ω stands for 
angular frequency, and n denotes the phase shift behavior that charac
terizes the metal’s inhomogeneity. The progressive increase in Rp values 
with the addition of different concentrations of the CRD inhibitor results 
in a systematic improvement in inhibitory efficiency, reaching 87.5 % 
with 1400 ppm of CRD. It’s important to note that all the systems studied 
yield n values close to 1, indicating a predominant capacitive behavior. 
The increase in charge transfer resistance (Rct) values and the decrease 
in Constant Phase Element (CPE) values with rising inhibitor concen
trations suggest the development of a protective layer on the electrode 
surface. This layer serves as a barrier to both mass and charge transfer 
(Soltani et al., 2016). Resulting in a slowly corroding system, this is 
attributed to the gradual displacement of water molecules by inhibitor 
molecules on the surface, consequently reducing the number of active 
sites for the corrosion reaction (Ahmed et al., 2018). This leads to the 
conclusion that the CRD inhibitor serves as an effective protective 
coating against hydrochloric acid. 

3.7. Scanning electron microscopic measurement (SEM) 

The SEM technique was used to examine the morphology of the 

surface layer of the Al alloy in inhibited and uninhibited mediums. The 
metal was immersed for 4 h in 1.0 mol/L HCl with and without adding 
1000 ppm of inhibitor. In the absence of inhibitor, the corrosive HCl 
solutions attack the aluminum surface, causing significant damage 
(Fig. 9). The surface appears smooth, with some abrading scratches 
caused by abrasive paper. However, it is not completely smooth and 
uniform, and there are small crevices or scales that can be attributed to 
an aluminum defect and most probably an oxide inclusion. After 4 h of 
immersion in a blank 1.0 mol/L HCl solution, the aluminum surface was 
severely uniformly damaged and completely covered with thick corro
sion products. The corroded layer is rough and porous, with some black 
holes. The aggressive ions can penetrate deep into the fresh Alumi
num via these black holes. In contrast, after immersion in HCl solution 
for 4 h with 1000 ppm CRD, aluminum showed little damage and a 
relatively even surface (Fig. 9(b)). There are almost no visible covered 
corrosion products, and some original abrasive paper abrading scratches 
can still be seen on the aluminum surface, indicating the effective in
hibition ability of CRD. In comparison to (Fig. 9(a)), there is a good 
protective film formed by CRD adsorption on the surface, which shields 
the aggressive ions from attacking the metal surface. 

3.8. Spectroscopic studies 

Spectrometry analysis was performed to further understand the 
interaction between Al and the CRD used. The UV–visible absorption 
spectra of the RC, 1.0 mol/L HCl solution studied before and after the 
corrosion test (Fig. 10) was carried out in order to detect the presence of 

Fig. 9. SEM micrographs of aluminum surface after 4 h immersion in 1.0 mol/L HCl without (a) or with 1000 ppm of CRD (b).  

Fig. 10. UV–visible spectra of the aluminum in the presence of CRD before and 
after immersion in 1.0 mol/L HCl. 
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organic compounds and identify the possible adsorption of inhibitor 
molecules on the Aluminum surface. According to the literature, 
changing the value and position of the maximum absorbance peak in the 
UV–visible spectrum indicates the formation of a complex compound 
between a metal and an inhibitor (Ismail et al., 2022). 

The electronic absorption spectra of the inhibitor under study 
(Fig. 10) before the aluminum immersion display three bands. The first 
band at λ = 223 nm can be attributed to the medium energy π-π* tran
sition of the aromatic ring, while the second band at λ = 283 nm is due to 
the low energy π-π* transition. The third band λ = 340 nm is due to the 
π-π* excitation of the azo group electrons. On the other hand, after the 
aluminum immersion in the test solution for 4 h, the changes are more 
significant. The two maxima absorption peaks shifted to 203 nm and 
251 nm, respectively. Such changes in both the position of the absorp
tion maxima and the absorbance values indicate that different com
pounds present in the CRD do not react in the same way with the metal 
surface during the corrosion process (Deyab and Guibal, 2020), which 
also confirms the formation of complexes between the species present in 
solution (Ali and Mahrous, 2017). These experimental results underline 
the formation of the complex between the Al and CRD molecule. 

3.9. Analysis and optimization based on RSM methodology 

3.9.1. Evaluation of regression model 
Using CCD scheme and through the RSM approach, we have exam

ined the CRD inhibitory effect on the values of Vcorr of aluminum in a 
solution of 1.0 mol/L HCl. Optimization studies are essential tools in 
corrosion systems. RSM is a statistical technique often used in further
most studies involving modeling and optimization. This method makes 
it possible to better anticipate (with good accuracy) the effect of the 
three main independent variables (T, tI, CRD) on the inhibition efficacy 
and the corrosion rate as responses. The levels of the factors and their 
correspondences in reduced-centered variables (Table 6), as well as the 
matrix of the experiments (Table 7).  

– The points − 1 and +1: are, respectively, the low and high levels of 
the CCD plan, the center of the domain is represented by 0.  

– The points − 1.68 and +1.68 are respectively the low and high levels 
of the axial points. 

Based on the CCD design, ANOVA analysis of variance showed that 
the quadratic models were suitable for the analysis of experimental data, 
as shown in Table 8. ANOVA analysis has been used as a consistent 
method to estimate the corrosion related to the effects of parameters in 
different fields of scientific and industrial studies (Gaber et al., 2020). 
The importance of the used model was determined by the calculation of 

Table 6 
Values of the operating parameters used at different levels.  

Real variables Units Centered variables Low level  Central point  High level 

− 1.68 − 1  0  1 1,68 

CRC (ppm) x1 200  443.24  800   1156.76 1400 
T (◦C) x2 5  16.15  32.5   48.85 60 
tI (h) x3 1  1.61  2.5   3.39 4  

Table 7 
Matrix of tests for the inhibition of aluminum corrosion in HCl medium estab
lished by RSM.  

N◦ Coded variables  Real variables 

CRC (ppm) T (◦C) tI (h)  CRC (ppm) T (◦C) tI (h) 

1 0 0 0  800 32.5 2.5 
2 − 1 − 1 − 1  443.24 16.15 1.61 
3 1 − 1 − 1  1156.76 16.15 1.61 
4 − 1 1 − 1  443.24 48.85 1.61 
5 1 1 − 1  1156.76 48.85 1.61 
6 − 1 − 1 1  443.24 16.15 3.39 
7 1 − 1 1  1156.76 16.15 3.39 
8 − 1 1 1  443.24 48.85 3.39 
9 1.68179 0 0  1400 32.5 2.5 
10 0 1.68179 0  800 60 2.5 
11 0 0 1.68179  800 32.5 4 
12 0 0 0  800 32.5 2.5  

Table 8 
Results of the ANOVA analysis for the corrosion rate (Vcorr) and inhibition efficiency (EI(%)) of Al in HCl medium.  

Source Df Vcorr EI(%) Vcorr EI(%) Vcorr EI(%) Vcorr EI(%) 

Sum of squares Mean Square F-Ratio P-Value 

A: CRC 1  27.4679  134.948  27.4679  134.948  1.77  1.91  0.3153  0.3007 
B: T 1  553.948  1027.91  553.948  1027.91  35.60  14.58  0.0270  0.0622 
C: tI 1  100.289  3087.56  100.289  3087.56  6.45  43.80  0.1264  0.0221 
AA 1  19.8538  106.46  19.8538  106.46  1.28  1.51  0.3759  0.3441 
AB 1  15.0891  71.3069  15.0891  71.3069  0.97  1.01  0.4286  0.4205 
AC 1  14.487  69.5693  14.487  69.5693  0.93  0.99  0.4364  0.4252 
BB 1  89.2522  204.581  89.2522  204.581  5.74  2.90  0.1389  0.2306 
BC 1  64.4821  2342.57  64.4821  2342.57  4.14  33.23  0.1787  0.0288 
CC 1  43.1694  1026.37  43.1694  1026.37  2.77  14.56  0.2377  0.0623 
Total error 2  31.1189  140.997  15.5594  70.4987     
Total (corr.) 11  1448.71  7178.62        

Table 9 
Responses of experimental design tests of inhibition of aluminum corrosion in 
HCl medium.  

N◦ CRD (ppm) T (◦C) tI (h) Resp. 1: Vcorr (mg/cm2h) Resp. 2: EI(%) 

1 800 32.5 2.5  0.2 0.80 
2 443.24 16.15 1.61  0.26 0.70 
3 1156.76 16.15 1.61  0.37 0.94 
4 443.24 48.85 1.61  25.34 66.94 
5 1156.76 48.85 1.61  25.09 66.12 
6 443.24 16.15 3.39  0.28 1.57 
7 1156.76 16.15 3.39  0.16 0.93 
8 443.24 48.85 3.39  18.07 0 
9 1400 32.5 2.5  0.61 2.40 
10 800 60 2.5  24.67 0 
11 800 32.5 4  0.18 1.11 
12 800 32.5 2.5  0.2 0.80  
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the parameter p (p < 0.05). While the adequacy of the model is tested by 
the coefficient of determination (R squared) in comparison with the 
adjusted coefficient. The statistic (R2) designates that the adjusted 
model explains 97.852 % and 98.0359 % of the variability respectively 
for the corrosion rate and the inhibition efficacy, which demonstrates a 
good fit between the expected values and the experimental data 
(Table 9). Furthermore, (R2) is reasonably in agreement with the 
adjusted R-squared statistic of 88.1857 % and 89.1973 % for responses 1 
and 2, respectively. 

A significant statistical regression model based on the response sur
face analysis was developed and was also evaluated according to p 
values (p < 0.05). The model equation for corrosion rate is:  

Vcorr (mg/cm2 h) = 0.0663629 – 1.95226*A + 8.76717*B – 3.73037*C +
1.90376*A2 − 1.62252*A*B – 1.58981*A*C + 4.03646*B2 – 3.35411*B*C 
+ 2.80724*C2.                                                                                      

Similarly, the final regression model of inhibition efficiency could be 
expressed using the following equation:  

EI (%) = 0.51554 – 4.32722*A + 11.9427*B- 20.6982*C + 4.40843*A2 – 
3.52715*A*B − 3.48391*A*C – 6.11116*B2 – 20.2164*B*C + 13.6881*C2.  
C2 

where A represents the CRD, B represents T, and C is tI. 

3.9.2. Surface response plots for inhibition efficiency and corrosion rate on 
aluminum 

The interactive effects of process variables on the Vcorr and the EI(%) 
were studied by plotting a 3D-dimensional surface curve versus two 
independent variables, while keeping the other variable constant. The 
surface curves of the response functions are useful in understanding both 
the individual and the combined effects between temperature, tI and 
CRD (Chung et al., 2021). 

The graphs in Fig. 11 indicate the relationship between the factors 
studied and the responses of the designed experiment. However, (Fig. 11 
(a) and (c)) revealed that the EI(%) increases with increasing CRD and 
increasing the temperature, and thus it indicates that inhibitor concen
trations have more effect on the response, but EI(%) decreases with 
increasing tI. This may be ascribed to the fact that over the metal remains 
long in the acid, the more this metal corrodes. 

(Fig. 11(b) and (d)) showed that Vcorr increases with the increase of 
both parameters, T and tI. While Vcorr decreases with the increase in 
CRD. The RSM was used to analyze responses and to predict the optimal 
process for the highest values of Vcorr and EI(%). With the mathematical 
model of the response surface (contour plot and surface plot), the 
optimal combination of the factors influencing the aluminum corrosion 
in HCl solutions has been identified to maximize the values of EI(%). 
However, according to RSM, the EI(%) will be maximum (81.14 %) if the 
concentration of CRD inhibitor is maintained at a value of 443.24 ppm 
for one hour and 37 min of immersion at a temperature of 40 ◦C. 

Fig. 11. Variation of inhibition efficiency and corrosion rate in the plan: Inhibitor concentration as a function of temperature ((a) and (b)) and Inhibitor concen
tration as a function of the duration of immersion ((c) and (d)). 
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3.10. Theoretical analysis 

3.10.1. Quantum chemical calculations 
The DFT approach was adopted to evaluate the reactivity of the 

optimized molecular structure of CRD through the calculation of quan
tum chemical parameters. In comparison to other quantum chemical 
approaches, it offers several advantages and appears to be sufficient for 
generating the electronic data required to assess the inhibitory activity 

of corrosion inhibitors (Haldhar et al., 2021). Figs. 12 and 13 display 
optimized geometric structure and the frontier molecular orbitals 
LUMO, HOMO, and molecular electrostatic potential. The values 
derived from the chemical reactivity descriptors of the investigated in
hibitor are summarized in Table 10. 

The energy profile represented in Fig. 12 revealed a consistent 
descent toward a minimum. Commencing at an energy of − 2807.2301 
Ha, significant conformational adjustments were observed as the energy 

Fig. 12. Energy optimization of CRD calculated by DFT/B3YLP/ DNP method.  

Fig. 13. (a) HOMO (b) LUMO iso-surfaces of the CRD molecule obtained by DFT/ B3YLP/DNP method.  
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decreased sharply to − 2807.8592 Ha by the third step. As the optimi
zation advanced, diminishing returns in energy reduction emerged, with 
the transition from step 5 to 15 yielding a subtle change from 
− 2808.1362 Ha to − 2808.1467 Ha. The minimal energy difference 
between the final steps suggests convergence to an optimized geometry, 
underscoring the effectiveness of the chosen computational approach. 
Analyzing the electron density plot reveals that, except for the sulfate 
group in the investigated compound, The CRD molecule’s HOMO or
bitals are distributed throughout on two benzene rings substituted by 
SO3

- groups (containing an attached nitrogen atom). The CRD molecule’s 
LUMO orbitals are found on the sulfur atom, nitrogen atom, and benzene 
ring, indicating that the inhibitor has a high ability to attract electrons, 
suggesting that donor–acceptor interactions might influence how this 
dye is attracted to the adsorbent surface. 

The energy of the ELUMO, EHOMO, and ΔEgap = (ELUMO - EHOMO) was 
explored. The ability of a molecule to donate electrons is typically 
associated with EHOMO. Inhibition works better with larger EHOMO 
values. High EHOMO values indicate a molecule’s propensity to donate 
electrons to appropriate acceptor molecules with open, low-energy 
atomic orbitals. The ability of a molecule to accept electrons is known 
as ELUMO. The lowest value of ELUMO indicates that the molecule will 
most likely swiftly accept electrons from donor molecules (Hadisaputra 
et al., 2022; Qiang et al., 2018). The HOMO (Fig. 13) is characterized by 
significant electron density localization on the nitrogen atoms and the 
central aromatic rings, reflecting the molecule’s potential for electron 
donation in chemical interactions. These areas are crucial for in
teractions with electrophilic agents, as they represent the regions of 
highest electron density within the molecule. Conversely, the LUMO 
primarily involves electron density on the oxygen atoms located in the 
peripheral sulfonic groups and the extended conjugated system. This 
localization indicates regions where the molecule is most susceptible to 
electron acceptance, highlighting potential reactive sites for nucleo
philic attack. Electrostatic surface potentials (ESP) can be employed to 
validate the reactive centers of various chemical systems involved in 

both electrophilic and nucleophilic processes (Azzam et al., 2020). 
Fig. 14 presents the 3D Electrostatic Surface Potentials of CRD, where 
yellow regions indicate areas with high potential and blue regions 
denote areas with low potential. High potential, similar to atomic 
charges, is concentrated around the functional groups. This figure also 
provides a 3D visualization of the CRD molecule’s electrostatic surface 
potentials, color-coded to indicate areas of high and low ESP. Regions 
with high ESP, shown in yellow, typically encompass areas around 
electropositive atoms such as hydrogen and certain carbon atoms in the 
molecule. These yellow zones suggest parts of the molecule that are less 
electron-rich and thus more attractive to electron-donating (nucleo
philic).Conversely, areas depicted in blue represent low ESP, indicating 
a higher electron density. These are often found around electronegative 
atoms such as oxygen, nitrogen, or the aromatic rings in the molecule. 
The aromatic rings, due to their delocalized π-electron systems, gener
ally exhibit lower ESP and appear in shades of blue, signaling their 
potential to attract electron-poor (electrophilic).The energy gap (ΔEgap) 
makes it possible to compare the reactivity of molecules. The lower 
ΔEgap is, the better the reactivity of the molecule and vice versa. 

According to the value of ΔE (1.996 eV), and compared to many 
previously reported inhibitors (Ebenso et al., 2021; Lgaz et al., 2021), 
the CRD is highly reactive and favors the inhibitor’s adsorption on the 
surface of aluminum, which results in a powerful inhibitory effect. A 
crucial parameter for describing the process of electron transfer from the 
inhibitor to the metal is the electron transferred fraction (ΔN). While 
negative values of ΔN signify that electrons move from the metal to the 
inhibitor molecule, positive values of ΔN show that electrons are moved 
from the inhibitor to the metal. In the current work, ΔN is positive, and 
(ΔN < 3.6) suggests that the investigated inhibitor may donate electrons 
to the Al surface to form coordinated bonds, resulting in the adsorption 
of an inhibitory layer on the surface (Gupta et al., 2023). In addition, the 
low values of electronegativity (χ) and Global hardness (η) may help to 
explain the significant inhibitory power of CRD, which is mostly 
attributed to its intensive acceptor/donor interactions with Al atoms 
(Toukal et al., 2018). The global hardness (η) and chemical softness (S) 
of an organic molecule are essential parameters for determining its 
reactivity. The (η), which is the inverse of (S), evaluates a molecule’s 
resistance to charge transfer during a chemical process. A hard molecule 
exhibits higher η and lower S, indicating lower reactivity and greater 
stability, whereas a soft molecule displays higher S and lower η, indi
cating higher reactivity and better stability (Cao et al., 2021). According 
to the results, the global hardness and softness (η = 0.998 eV; S = 1.002 
eV− 1) indicate that the CRD molecule has a preference for easily 
exchanging electrons with its environment. This property can promote 
its adsorption on the surface of the adsorbent (Amrhar et al., 2023). It is 
also reported that the chemical potential (μ), electronegativity (χ), and 
electrophilicity index (ω) are chemical reactivity parameters that can 
reveal the dye adsorption ability on the metal surface (Boumya et al., 
2021). Index (ω) is thought to make it possible to determine the 

Table 10 
Calculated theoretical chemical parameters for the CRD inhibitor.  

Quantum descriptors  Value 

High occupied molecular orbital (eV) EHOMO − 5.852 
Low unoccupied molecular orbital (eV) ELUMO − 3.856 
Energy gap (eV) ΔE gap 1.996 
Ionization potential (eV) I 5.852 
Electron affinity (eV) A 3.856 
Absolute electronegativity χ 4.854 
Global hardness (eV) η 0.998 
Global softness (eV− 1) s 1.002 
Global electrophilicity index ω 11.757 
Back-donation Energy (eV) ΔE Back-donation 0.249 
Fraction of electron transferred (eV) ΔN − 0,813  

Fig. 14. 3D Electrostatic surface potentials of CRD (high ESP: yellow, low ESP: blue).  
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electrophilic tendency of a molecule. It must be noted that the greatest 
value is 4.854 eV for CRD. This indicates that the inhibitor exhibits 
greater inhibitory action. The chemical potential (μ) is related to the 
molecule’s inhibitory effects and is attributed to its polarity. An 
increased dipole moment enhances the adsorption of inhibitory chem
icals onto the metal surface (Salman, 2020; Al-Azawi et al., 2016). 

On the other hand, the ability of a chemical species to attract elec
trons is characterized by electronegativity, which is the negative of 
chemical potential (χ =- μ) (Saraçoğlu et al., 2018). The ability of a 
molecule to attract electrons is reflected in its electrophilicity (Pucci and 
Angilella, 2022). The tendency to take electrons is linked with the 
electrophilicity of the chemical system and the associated molecule with 
a high value of χ and ω. Conversely, a molecule having a low value of χ 
and ω indicates an electron-donating capacity with nucleophilicity 
(Abad et al., 2020; Parlak et al., 2022). It is important to note that the 
nitrogen and oxygen atoms of the studied inhibitor each have a single 
electron pair and a π-delocalized bond. Through electron exchange, this 
provides the inhibitor molecule on the surface of aluminum with 
chelating efficacy. 

3.10.2. Local reactivity of the corrosion inhibitor 
The Fukui indices were used to investigate the regions of local 

reactivity of the investigated inhibitor compound, which provides 

information about the atoms in a molecule that have a greater tendency 
to either lose or receive electrons. These indices identify the reactive 
areas of molecules in terms of electrophilic, nucleophilic, and radical 
attacks. Inhibitor molecules can bind to the metal surface through 
electron transfer, electrostatic attraction, or a combination of both. 
Therefore, it is critical to examine the active site of these interactions 
and explain their nature and processes. The calculated Mulliken atomic 
charge distribution is presented in Table 11. 

In analyzing the Fukui function for radical attacks (f0), which mea
sures the change in electron density when an electron is added or 
removed from a inhibitor, it is evident that nitrogen atoms N (9) and N 
(10) of CRD display significant radical reactivity with f0 values of 0.027. 
This suggests their critical role in interacting with radicals during the 
corrosion process, potentially enhancing the inhibitor’s protective effi
ciency. Oxygen atoms such as O (6) and O (8), with f0 values of 0.019, 
also demonstrate substantial reactivity, indicating their ability to sta
bilize radical intermediates. Carbon atoms, like C (23) and C (24), 
though less reactive with f0 values of 0.010, contribute to the molecule’s 
overall stability and effectiveness in corrosion inhibition. 

The f+ measure denotes density changes when molecules accept 
electrons and corresponds to reactivity towards nucleophilic attacks. 
Conversely, f - signifies reactivity with respect to electrophilic attacks or 
when the molecule loses electrons. As shown in Fig. 15, The largest value 
of f+ which is responsible for accepting electrons from the Aluminum 
surface is located on the N (11) and N(12) and N(13) atoms of molecule 
inhibitor while the largest value of f− in charge of donating electrons to 
the Aluminum surface are atoms and N(9) and N(10) and C(23) and C 
(24). The results obtained show that all nitrogen atoms in the –N=N– 
group, associated with the centers of the fused aromatic rings, are 
suitable targets for nucleophilic and electrophilic attacks. Their ten
dency to donate or accept electrons suggests that the investigated 
compound are effective corrosion inhibitors (Pareek et al., 2019). The 
calculated Fukui indices and the electron density distribution in the 
HOMO and LUMO orbitals of the inhibitor compound show a strong 
alignment. The results affirm the presence of analogous reactive zones 
on the aluminum surface for both nucleophilic and electrophilic attacks. 

3.10.3. MD simulations 
Molecular Dynamics (MD) simulations serve as a valuable theoretical 

tool for exploring the interactions between corrosion inhibitors and 
metal surfaces. Herein, the MD simulations were carried out to provide a 
better understanding of the adsorption configurations and interactions 
of Congo Red Dye (CRD) on the Al (110) surface. Fig. 16 presents both 
top and side views of the final MD snapshots, showcasing the adsorption 
of a single CRD molecule onto the Al (110) surface. These views high
light that CRD adopts a flat-type molecular orientation, positioning itself 
parallel to and close to the aluminum surface. This proximity allows the 
active centers of the dye molecules to efficiently interact with the Al 
surface, potentially enhancing its protective effectiveness. Further 
analysis of the MD simulations reveals that the binding energy of the 
CRD adsorption process is 213.55 kcal/mol. This high binding energy 
indicates a strong attractive force between the inhibitor and the metal 
surface, which correlates with a higher inhibition efficiency. This posi
tive energy value underscores the CRD’s spontaneous and effective 
interaction capability with the Al (110) surface (Verma et al., 2018; 
Zhao et al., 2017). 

The simulations predict that in this arrangement, the inhibitor 
molecule will have robust interactions with the surface, offering multi
ple avenues for both chemical and physical interactions between the 
active sites of the dye and the metal atoms. These theoretical findings 
align with the experimental results, indicating that CRD is an effective 
inhibitor of aluminum corrosion. 

4. Conclusion 

The study investigated the corrosion inhibition and adsorption 

Table 11 
Calculated Fukui function indices of the CRD by DFT/B3LYB methods.  

Atom f- f+ f 0 

S (1)  0.002  0.001  0.002 
S (2)  0.002  0.001  0.002 
O (3)  0.013  0.010  0.012 
O (4)  0.013  0.010  0.012 
O (5)  0.015  0.009  0.012 
O (6)  0.022  0.017  0.019 
O (7)  0.015  0.009  0.012 
O (8)  0.021  0.017  0.019 
N (9)  0.037  0.017  0.027 
N (10)  0.037  0.017  0.027 
N (11)  0.008  0.054  0.031 
N (12)  0.008  0.054  0.031 
N (13)  0.014  0.038  0.026 
N (14)  0.014  0.038  0.026 
C (15)  0.002  0.011  0.006 
C (16)  0.002  0.011  0.006 
C (17)  0.004  0.002  0.003 
C (18)  0.003  0.002  0.003 
C (19)  0.024  0.008  0.016 
C (20)  0.024  0.008  0.016 
C (21)  0.015  0.023  0.019 
C (22)  0.015  0.023  0.019 
C (23)  0.028  − 0.008  0.010 
C (24)  0.029  − 0.008  0.010 
C (25)  0.000  0.010  0.005 
C (26)  0.000  0.010  0.005 
C (27)  0.010  0.003  0.007 
C (28)  0.010  0.003  0.007 
C (29)  0.009  0.009  0.009 
C (30)  0.009  0.009  0.009 
C (31)  0.013  0.018  0.016 
C (32)  0.013  0.018  0.016 
C (33)  0.011  0.007  0.009 
C (34)  0.011  0.007  0.009 
C (35)  0.010  0.013  0.012 
C (36)  0.010  0.013  0.012 
C (37)  0.014  0.007  0.011 
C (38)  0.014  0.008  0.011 
C (39)  0.009  0.005  0.007 
C (40)  0.009  0.005  0.007 
C (41)  0.008  0.011  0.010 
C (42)  0.008  0.011  0.010 
C (43)  0.010  0.018  0.014 
C (44)  0.010  0.018  0.014 
C (45)  0.011  0.011  0.011 
C (46)  0.011  0.011  0.011  
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Fig. 15. Graphical illustration of the Fukui function indices for selected atoms in the investigated inhibitor.  

Fig. 16. The most stable adsorption configuration of CRD molecule on the Al(110) surface obtained from MD simulation.  
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properties of CRD in a 1 mol/L HCl solution using a combination of 
experimental techniques and a theoretical approach. The main conclu
sions are as follows:  

• CRD acts as an efficient inhibitor for aluminum corrosion in a 1 mol/ 
L HCl acidic medium, with an inhibition efficiency of 87.5 % 
confirmed by PDP results.  

• The results from both the weight loss and EIS techniques exhibited 
strong consistency, with the efficiency of inhibition (EI %) increasing 
alongside CRD concentration.  

• SEM and UV–Vis analyses revealed the formation of a protective film 
on the aluminum surface in the inhibited system.  

• Statistical analysis shows that the quadratic model is statistically 
acceptable, with R2 values of 97.852 % and 98.0359 % for the 
corrosion rate and the inhibition efficacy, respectively. The opti
mized results obtained through RSM indicate an optimal inhibition 
efficiency of 81.14 % in the HCl solutions.  

• DFT, in combination with theoretical observations from MC/MD 
simulations, suggests the stable adsorption of the inhibitor molecule 
onto the aluminum surface. 
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heterocyclic compounds as inhibitors of Al-3Mg alloy corrosion in hydrochloric acid 
solutions. Int. J. Electrochem. Sci. 7, 1580–1601. https://doi.org/10.1016/S1452- 
3981(23)13437-7. 

Haldhar, R., Prasad, D., Nguyen, L.T.D., Kaya, S., Bahadur, I., Dagdag, O., Kim, S.-C., 
2021. Corrosion inhibition, surface adsorption and computational studies of Swertia 
chirata extract: a sustainable and green approach. Mater. Chem. Phys. 267, 124613 
https://doi.org/10.1016/j.matchemphys.2021.124613. 

Haris, N.I.N., Sobri, S., Yusof, Y.A., Kassim, N.K., 2021. An overview of molecular 
dynamic simulation for corrosion inhibition of ferrous metals. Metals 11, 46. https:// 
doi.org/10.3390/met11010046. 
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