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A B S T R A C T   

Many strategies for an efficient inhibitor preparing were proposed for metals protection against corrosion in last 
decades. Herein, the adsorption and inhibitory effect of aromatic di-imine Schiff base inhibitor (Ar-Sb) namely 
(N1-(2-(((E)− 4-(dimethylamino)benzylidene)amino)ethyl)-N2-(2-((2-((2(Z)− 4-dimethylamino)ben- zylidene) 
amino) ethyl) amino) ethyl) amino) ethyl)ethane-1,2-diamine) on carbon steel (CS) in 1 M HCl solution was 
investigated experimentally and theoretically. The electrochemical measurements (EMs) such as electrochemical 
impedance spectroscopy (EIS), Potentiodynamic polarization (PDP) and cyclic voltammetry (CV) techniques 
exhibited the anticorrosion performance of Ar-Sb. Also, the adsorption of Ar-Sb on CS surface at different tem-
peratures and immersion times was studied using PDP and EIS which indicated formation of a protective film 
layer of Ar-Sb responsible for CS corrosion mitigation. Ar-Sb inhibitor provided 95.79% inhibition efficiency at 5 
× 10− 4 M which reflected blocking of CS active sites through the adsorption process which was studied using 
various adsorption isotherms. CS surface morphology was studied using scanning electron microscopy (SEM), 
energy dispersive X-ray (EDX) and atomic force microscope (AFM) reflecting the inhibition role of Ar-Sb in CS 
protection. The data obtained from PDP suggested that Ar-Sb inhibitor acted as mixed-type inhibitor. Also, 
quantum calculations such as density functional theory (DFT) and Monte Carlo (MCs) verified the inhibitive 
performance of Ar-Sb for CS surface with the experimental results.   

1. Introduction 

Carbon steel (CS) is carbon-iron alloy with appreciable quantities of 
other elements [1,2]. It represents the most substantial and backbone 
material in several industries from high-tech devices and machinery to 
large-scale industrial productions such as auto parts, pipelines, build-
ings, heat exchangers, boilers, and numerous mechanical applications 
due to its high economic value and physical-mechanical properties [3]. 
Although the numerous applications of CS in different industrial fields 
and its properties and high qualities, it suffering from corrosion process 
occurred during industry [4–7]. The use of acids in the industry in 
descaling and oil well acidizing leads to gradual dissolution of the metal. 
The dissolution of metal can be minimized by surface metal modification 
or by making the surrounding environment of the exposed metal less 
severe or destructive [8]. One of the most effective methods in corrosion 

protection is the utilizing of corrosion inhibitors (CIS) [9–11]. CIS reduce 
CS dissolution rate after the addition of small quantities of CIS which 
decrease the contact between CS and corrosive surrounding environ-
ment [12–14]. CIS protect CS from corrosion by formation of a protective 
barrier layer over CS surface through their adsorption process via their 
active groups [15–17]. The adsorption of CIS can occur chemically by 
formation of coordination bond with the vacant Fe 3d-orbital or physi-
cally through electrostatic cuteness between charged CS surface and 
charged CIS [18,19]. The mitigation and adsorption capacity of CIS 
depend on their chemical and electronic structure besides surface nature 
and corrosive particles[20]. Organic inhibitors augmented with hetero 
atoms (N, O, S or P), π-bond, and aromatic rings are more adsorbed and 
effective inhibitors [21]. So, in last decades, scientists focused in finding 
an efficient and low-cost technique for CS protection to reduce the high 
cost resulted from corrosion process in various hostile media such as 
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nitrate, sulfate and chloride solutions. Several studies have reported that 
derivatives of Schiff bases are potentially eco-friendly corrosion in-
hibitors in different media[22,23]. The effectiveness of Schiff bases as 
corrosion inhibitors may be attributed to the ability to donate unshared 
electron pair from N atom and form complexes at the metal surface[8]. 
Organic inhibitors based on Schiff bases (Sb) are widely used due to their 
easily preparation, low cost and toxicity, eco-friendly and presence of 
azomethine group (–C––N–) besides many of the above features which 
make them a promising effective CIS [24]. These characteristics allow Sb 
inhibitors to cover CS surface forming a barrier layer between CS and the 
corrosive surrounding through the adsorption process[19]. Salim et.al. 
[25] studied the CS corrosion protection in 0.1 M HCl solution using 
SB-CH3 and SB–OCH3 as Sb corrosion inhibitors which was confirmed 
via electrochemical techniques and found that their mitigation potency 
was 91.29% and 92.20% for SB-CH3 and SB–OCH3 respectively based on 
electrochemical impedance spectroscopy (EIS). Murmu et.al.[26] 
investigated the inhibition performance of a pair of Sb inhibitors (PMP 
and PPMP) for CS in 1 M HCl through gravimetric and electrochemical 
measurements. Their inhibition efficiency increased till reach 88.89% 
and 93% for PMP and PPMP respectively. Li et.al.[27] studied the 
mitigation effect of two double Schiff bases (PAMP and PPM) for CS in 1 
M HCl electrolyte and showed that their efficiency was 87.24% and 
92.95% in presence of PAMP and PPM respectively. 

In the present study, aromatic di-imine Schiff base inhibitor (Ar-Sb) 
abundant with double C––N, hetero atom (N-atom), and two aromatic 
rings was easy produced in one simple step (condensation reaction) 
which displays a good solubility in polar solvent, such as water, meth-
anol, ethanol and acetone. Ar-Sb was applied as corrosion inhibitor for 
CS in 1 M HCl solution. The mitigation effect of Ar-Sb was evaluated 
using electrochemical impedance spectroscopy (EIS), Potentiodynamic 
polarization (PDP) and cyclic voltammetry (CV) techniques. Also, the 
adsorption power and anti-corrosion performance of Ar-Sb at various 
temperature range and immersion times was studied using electro-
chemical measurements (EMs). CS surface was also analyzed using 
scanning electron microscope (SEM), energy dispersive X-ray (EDX) and 
atomic force microscope (AFM) for more information about the inhibi-
tion mechanism of Ar-Sb. Finally, the corrosion protection of CS surface 
using Ar-Sb was investigated using density functional theory (DFT) and 
Monte Carlo simulation (MCs). 

2. Experimental methods 

2.1. Synthesis of inhibitor 

According to Scheme 1, the newly aromatic di-imine Schiff base in-
hibitor (Ar-Sb) utilized in the present study was prepared by reaction of 
(0.01 M) pentaethylenehexamine and (0.02 M) 4-(dimethylamino) 
benzaldehyde in existence of ethanol as a solvent for 8 h. The reaction 
mixture was cooled and the solvent was evaporated then washed using 
diethyl ether for achieving the prepared Ar-Sb as a reddish-brown 
semisolid. Ar-Sb chemical structure was confirmed by the help of IR 
spectrometer (Nicolet iS10) and presented in Fig. 1Si showing bands at 
3367.14 cm− 1 (ⱱN-H stretching), 3079.21 cm− 1 (ⱱC-H aromatic 
stretching), 2902.06 cm− 1 and 2817.2 cm− 1 (ⱱC-H aliphatic chain), 
1606.37 cm− 1 (ⱱC––N), 1526.00 cm− 1 (ⱱC––C aromatic stretching), 
1445.03 cm− 1 (ⱱ-CH2 bending). 1HNMR spectra of Ar-Sb was charac-
terized by Switzerland, Bruker Avance as represented in Fig. 2Si δ 
(ppm): 1.95 (s, 4 H, CH2NHCH2), 2.42 (t, 12 H, CH2 NHCH2CH2NH), 3.9 
(t, 4 H, CNCH2CH2NH), 3.48 (s, 12 H, CH3), 3.78 (t, 4 H, CNCH2) and 
7.01 – 7.85 (d, 8 H, C5H4), 8.3 (s, 2 H, CH=N). 

2.2. Carbon steel composition and electrolytes 

CS ingredients (wt%) are: (C: 0.078, Cr: 0.015, Si: 0.058, P: 0.005, 
Mn: 0.751, and Fe balanced). CS surface was treated using different 
grades of emery papers (400–2500) to a mirror image then washed using 
CH3COCH3 and purified H2O before each experiment. A stock solution 
(1 ×10− 2 M) of the synthesized Ar-Sb in 1 M HCl and series solutions 
(5 ×10− 4: 5 ×10− 6) were prepared via dilution at room temperature 
(20 ◦C ± 1 ◦C). 

2.3. Electrochemical measurements 

The electrochemical attitude of CS in aggressive solution of HCl free 
and containing various concentrations of Ar-Sb was studied using EIS 
and PDP techniques using Potentiostat/Galvanostat (Origalys) in pres-
ence of platinum wire as AE (axillary electrode) and Ag/AgCl (3 M KCl) 
as a RE (reference electrode) connected with CS as WE (working elec-
trode). EMs for CS were performed after OCP (open circuit potential) 
time (30 min) in presence and absence of various concentrations of Ar- 
Sb inhibitor. EIS technique was performed at frequency range of 
100 kHz - 0.1 Hz and 5 mV amplitude. Some kinetic parameters of the 
corrosion reaction such as solution resistance (Rs), polarization resis-
tance (RP) and constant phase element (CPE) were recorded. After EIS, 

Scheme 1. synthesis of Ar-Sb inhibitor.  
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PDP was measured using scan rate 1 mV/s and potential range 
± 300 mV around OCP. Corrosion current density (icorr), corrosion po-
tential (Ecorr), both anodic and cathodic Tafel slopes (βa and βc), and 
corrosion rate (r) were extracted from Tafel slope and discussed. In 
addition, the thermodynamic parameters of CS in absence and presence 
of Ar-Sb were calculated and discussed using EMs at temperature range 
(20, 30, 45 and 60 ◦C). For more information about the stability of Ar-Sb 
film, CV measurements were also applied for CS in 1 M HCl electrolyte 
with and without 5 × 10− 4 M of Ar-Sb inhibitor. The mean values of the 
repeated experiments were recorded. The uncertainty values for the 
polarization resistance (RP) and those of corrosion current densities 
(icorr) have been calculated and reported in Table 1Si. 

2.4. Quantum study 

Material studio software (Ms 6.0) was used to obtained FMO (Fron-
tier molecular orbitals) of the studied Ar-Sb in both gas and liquid 
phases. Based on DFT, DMol3 module was used for GO (Geometry 
Optimization) of the studied Ar-Sb in both gas and liquid phases using 
GGA (Generalized Gradient Approximation) method with DNP-3.5 
(Double Numerical plus polarization) basis set. The inhibition effect of 
the studied Ar-Sb was discussed using quantum chemical parameters 
such as HOMO (Highest Occupied Molecular Orbital) and LUMO 
(Lowest Unoccupied Molecular Orbital) which were calculated after the 
optimization of Ar-Sb. For more information about the ability of Ar-Sb to 
suppress CS corrosion, the interaction between Ar-Sb and Fe (110) was 
simulated based on MCs in both gas and liquid phases. The adsorption of 
Ar-Sb over Fe (110) was achieved using adsorption locator module by 
using the optimized structure of Ar-Sb and aggressive particle (200 H2O 
+ 20 H3O+ + 10 Cl-) under COMPASS (Condensed phase Optimized 
Molecular Potentials for Atomistic Simulation Studies) force field- 
controlled [28]. 

2.5. Surface analysis 

The surface morphology of CS sample (1 ×1 ×0.3 cm) was studied in 
1 M HCl free and containing 5 × 10− 4 M of Ar-Sb for more information 
about CS corrosion process and the inhibition power of Ar-Sb using SEM 
technique after 6 h at a magnification of 4000 X and an accelerating 
voltage of 20 keV (R) QUANTA FEG 250. Also, the inhibition perfor-
mance of the studied Ar-Sb in 1 M HCl was confirmed using EDX unit 
attached to SEM by detection the elemental analysis of the outer CS 
surface and AFM for 3D images of CS specimen in X, Y and Z coordi-
nation axis. 

3. Results and discussion 

3.1. Electrochemical measurements 

3.1.1. Electrochemical impedance spectroscopic 
It is imperative to achieve a steady state process before starting EMs 

in order to establish the original behavior of CS. Eocp variation of CS with 
time in 1 M HCl free and containing different doses of Ar-Sb inhibitor 
until the steady-state potential was depicted as seen in Fig. 3Si. It was 
noticed that, OCP tends to be stable with time and less fluctuates were 
observed. Also, the rapidly and negligible variations in the OCP may be 
attributed to the modification of the interface surface at Ar-Sb concen-
trations with a steady-state had been achieved after 7 min. This result 
suggested that, Ar-Sb has more thermodynamically stable state and 
effective adsorption over CS surface[29]. Also, the addition of Ar-Sb 
inhibitor shifted Eocp value to negative (cathodic) direction which can be 
explained by Ar-Sb adsorption over CS surface and dominate the 
cathodic reaction more than anodic reaction[8,30]. EIS is a highly 
sensitive method used for determination the electrical response of 
electrochemical system such as corrosion without any destruction[31]. 

Table 1 
EIS parameters for CS in 1.0 M HCl solution with and without different concentrations of Ar-Sb inhibitor at room temperature.  

Inh. Conc, 
M 

Rs, (Ω.cm2) RP, (Ω.cm2) CPE Cdl, 
(F/cm2) £ 10− 5 

RL 

(Ω.cm2) 
L 
(H) 

τ, s Ɵ η 

YO, μsn Ω− 1 cm− 2 N 

Blank 0.00  3.49  28.21  426.5  0.869  15.51 —— ——  0.0013 —— —— 
Ar-Sb 5 × 10− 6  3.61  115.16  214.7  0.688  1.92 2.1 1.34  0.0022 0.7566 75.52 

1 × 10− 5  3.82  202.29  141.2  0.579  1.77 6.6 1.88  0.0036 0.8608 86.05 
5 × 10− 5  4.02  259.09  117.5  0.738  1.72 10.9 2.34  0.0045 0.8912 89.11 
1 × 10− 4  7.19  335.22  71.7  0.639  1.68 13.1 2.99  0.0056 0.9160 91.58 
5 × 10− 4  7.45  497.21  71.06  0.673  1.28 —— ——  0.0064 0.9433 94.32  

Fig. 1. Nyquist (a) and Bode-Phase (b) diagrams of CS in 1 M HCl in absence and presence of different concentrations of Ar-Sb inhibitor at room temperature.  
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From EIS technique, the kinetics occurring at the steel solution interface 
could further be elaborated in depth via a non-destructive and a 
quasi-steady state approach[23]. At room temperature (20 ◦C), the 
corrosion process of CS/HCl interface was studied using non-destructive 
EIS technique based on AC (alternative current). The Nyquist and 
Bode-Phase diagrams of CS in 1 M HCl and various concentrations of the 
prepared Ar-Sb were presented as in Fig. 1. It was noticed that from 
Fig. 1, Nyquist curves were imperfect semicircle, and the linear slope of 
bode plots deviated from - 1. Also, at the intermediate frequency region, 
the maximum phase angle value in the absence and presence of Ar-Sb 
deviated from − 90. These observations were returned into the fre-
quency dispersion phenomena which can be attributed to CS roughness 
and inhomogeneity besides the difference in diameters between elec-
trons and Ar-Sb molecules, as electrons control charge on the metal side 
of the CS/solution interface, while Ar-Sb adsorbed molecules control 
charge on the solution side[31,32]. Nyquist curves of CS in Fig. 1 include 
depressed capacitive semicircle in absence and presence of Ar-Sb. This 
indicates the corrosion reaction mechanism of CS was controlled by 
Charge transfer process and doesn’t change with the addition of Ar-Sb 
[33]. The diameter of Nyquist curves increases with rising Ar-Sb 
amounts which can be explained by enhancement in charge transfer 
resistivity during the introduction of Ar-Sb inhibitor compared to 1 M 
HCl free solution, thus indicating a better protection of CS surface 
against acid attack, consequently, suppress the rate of CS dissolution 
[34]. As seen in Fig. 1, the gap between bode curves of Ar-Sb and the 
uninhibited solution increases with rising of concentration. This dem-
onstrates protection of CS against the aggressive HCl solution by for-
mation of a protective film barrier of the adsorbed Ar-Sb molecules over 
CS surface[35]. At intermediate frequency, the value of the maximum 
phase angle increases with rising of Ar-Sb concentration to more nega-
tive value (− 90◦). Also, at low frequency region, the shift of modulus 
impedance /z/ to higher values can be explained by the adsorption of 
Ar-Sb molecules over CS surface [36]. 

Fig. 2 shows two various electrical equivalent circuit diagrams 
(EECDs) were used to define CS/solution interface. Where, Nyquist plots 
of CS in 1 M HCl free and 5 × 10− 4 M of Ar-Sb can be fitted with a simple 
Randles equivalent circuit consists of one capacitive loop which can be 
related to Rs (solution resistance), RP (polarization resistance), and CPE 
(constant phase element) which can be clarified with Yo and coefficient 

n[37,38]. While Nyquist plots of CS in presence of higher concentrations 
of Ar-Sb inhibitor consist of a depressed capacitive half-circle at high and 
middle frequency regions following with a second inductive loop 
appeared at low frequencies which indicates the inability of the soluble 
corrosion products to adhere strongly to CS surface and to separate[31, 
39]. The appearance of inductive loop at low-frequency can be attrib-
uted to the relaxation of the adsorbed Ar-Sb molecules or metal–organic 
complexes and redissolution processes as well as unstable species at 
CS/solution interface[22,40]. Therefore, the capacitive loop of Ar-Sb 
inhibitor is related to Rp which contains Rct, Rd (diffuse layer resistance), 
Rf (film resistance) and Ra (accumulations at metal/solution resistance) 
which provides a barrier effect[31]. These observations suggested EECD 
as in Fig. 2 consists of Rs, CPE, Rp, L (inductance), and RL (inductive loop 
resistance). Also, the disappearance of inductive loop in presence of high 
concentration (5 ×10− 4 M) indicates that a stable and tighter films 
formation of Ar-Sb molecules over CS surface[23,40]. The kinetic pa-
rameters of the corrosion reaction used to evaluate the corrosion 
behavior of CS in absence and presence of Ar-Sb inhibitor using the 
proposed electrical equivalent circuit diagram (EECD) were extracted 
and listed in Table 1. As seen in Table 1, the addition of Ar-Sb inhibitor 
shifted the value of coefficient n to lower value which can be explained 
by irregular current distribution arises from roughness and defects of 
surface indicating CS surface become more homogeneous due to the 
adsorption of Ar-Sb molecules or metal–organic complexes [34,41]. 
Also, the n value < 1 (between 0.579–0.869) is due to CS/solution 
interface not behaving as an ideal capacitor[39,42]. Also, Yo value de-
creases with the addition of Ar-Sb inhibitor which can be attributed to 
increase thickness (T) of the adsorbed layer on CS surface by replace-
ment of corrosive particles with Ar-Sb molecules[28,43]. The Cdl (double 
layer capacitance) replaced by CPE giving a more accurate and favorable 
EIS results[44].CPE impedance (ZCPE) was determined using the 
following equation: 

ZCPE = Q− 1(iωmax)
− n (1)  

Cdl =
(ε◦ε

T

)
A (2)  

where, Q, ωmax A, , ε◦ and ε are constant phase element, angular fre-
quency, electrode surface area, the permittivity of air and the local 

Fig. 2. Nyquist plots of CS in 1 M HCl in absence and presence of various concentrations of Ar-Sb inhibitor using the proposed equivalent circuit.  

A. Elaraby et al.                                                                                                                                                                                                                                 



Journal of Environmental Chemical Engineering 12 (2024) 111861

5

dielectric constant[45,46]. The values of Cdl and τ (relaxation time) can 
be calculated according to the following equations: 

Cdl = 1
/
(2πRPFimg→Max) (3)  

τ = Cdl × RP (4)  

where, Fimg→Max is the frequency at maximum imaginary impedance 
[47]. As in Table 1, Cdl value decreases as Ar-Sb concentration increases. 
This behavior can be explained by shielding of CS surface from the 
corrosive electrolyte by formation of a protective layer of Ar-Sb mole-
cules consequently decrease the direct contact between CS surface and 
the aggressive HCl through the adsorption process of Ar-Sb via its active 
centers such as: hetero atoms (nitrogen atoms), and π-electrons (C––N 
and benzene ring) [48]. The addition of Ar-Sb inhibitor shifts τ value to 
high values till reaches 0.0022 s and 0.0064 s for 5 × 10− 6 M and 
5 × 10− 4 M respectively, compared to the blank solution (1 M HCl) 
0.0013 s. This reveals that Ar-Sb molecules are adsorbed slowly on CS 
surface subsequently, the adsorption time process becomes much higher 
with formation of stable film layer of Ar-Sb molecules shielded CS sur-
face[28,49]. 

The addition of Ar-Sb inhibitor to the corrosive media offers high 
protection to CS. surface. This behavior can be observed in the value of θ 
(surface coverage) and η (inhibition efficiency) in Table 1. The values of 
θ and η were calculated based on RP values and according to equations: 

θ = (RP.Ar− Sb − RP.blank)/RP.inh) (5)  

η = θ × 100 (6)  

Where, RP.Ar− Sb and RP.blank are the charge transfer resistance of Ar-Sb 
and blank solution respectively[50]. RP value increase with the addition 
of Ar-Sb inhibitor till reach 115.87 Ω.cm2 and 497.38 Ω.cm2 in presence 

of 5 × 10− 6 M and 5 × 10− 4 M respectively relative to blank solution 
(1 M HCl) 28.23 Ω.cm2. This can be attributed to the adsorption of Ar-Sb 
molecules over CS surface increases with concentration by replacing 
more corrosive molecules (H2O and Cl-) and blocking more uncover sites 
of CS surface indicating that the thickness of Ar-Sb-adsorption film in-
creases as concentration increases[51]. Also, a decline in the electrolyte 
conductivity was observed with the addition of Ar-Sb inhibitor owing to 
the adsorption of Ar-Sb molecules over CS. This behavior can be noticed 
in RS values as in Table 1 which denotes that, CS surface is shielded by 
the adsorbed Ar-Sb molecules and the surface coverage of CS increases 
with addition Ar-Sb molecules[34,52]. The inhibition potency of Ar-Sb 
inhibitor increases as concentration increases till touch 75.66% and 
94.33% in presence of 5 × 10− 6 M and 5 × 10− 4 M respectively, which 
exhibited that, Ar-Sb act as an efficient inhibitor for CS in aggressive 1 M 
HCl. 

3.1.2. Potentiodynamic polarization measurements 
The anti-corrosion behavior of Ar-Sb for CS in aggressive HCl was 

studied using PDP for more information about the anodic and cathodic 
reactions as shown in Fig. 3. From polarization curves in Fig. 3, the 
addition of Ar-Sb shifts both the anodic and cathodic Tafel lines to lower 
values (noble direction). This observation can be attributed to the high 
adsorption capacity of Ar-Sb to cover CS surface by blocking its active 
sites (uncover) and subsequently decrease the dissolution rate of CS[53]. 
The gap between semi logarithmic current - potential curves (log i - E) of 
Ar-Sb inhibitor and that of blank solution increases with rising of con-
centration due to the adsorption process of Ar-Sb, indicating that the 
existence of Ar-Sb inhibits CS corrosion process [54,55]. From Fig. 3, the 
parallel lines of polarization curves at cathodic region indicates the 
mitigation power of Ar-Sb inhibitor for CS corrosion in aggressive 
environment by blocking the active sites of CS. The blocking effect of 
Ar-Sb inhibitor cause a decline in H2 evolution rate by decreasing the 

Fig. 3. PDP curves of CS in 1 M HCl in absence and presence of various concentrations of Ar-Sb inhibitor at room temperature.  

Table 2 
PDP parameters for CS in 1.0 M HCl solution with and without different concentrations of Ar-Sb inhibitor at room temperature.  

Inh. Conc, 
M 

Ecorr, (mV) 
Vs. Ag/AgCl 

βa (mV/dec) βc (mV/dec) icorr (mA/cm2) r 
(mm/year) 

Rp 

(Ω.cm2) 
θ η 

Blank 0.00  -449.2  115.6  153.46  0.867  10.07  33.03 —— ——  
5 × 10− 6  -453.8  103.8  150.8  0.184  2.149  127.43 0.788 78.81  
1 × 10− 5  -461.5  98.3  148.1  0.105  1.229  216.53 0.8788 87.88 

Ar-Sb 5 × 10− 5  -469.4  89.7  151.2  0.086  1.001  262.32 0.9007 90.07  
1 × 10− 4  -456.2  83.2  147.6  0.061  0.709  319.47 0.9301 93.01  
5 × 10− 4  -457.4  78.1  166.2  0.036  0.426  502.76 0.9579 95.79  
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available surface area for H+ by shielding CS surface with Ar-Sb layer. 
So, H2 reduction is activated control and no modification in CS reaction 
mechanism [45]. At anodic region, the anodic Tafel lines give indication 
about the protection power of Ar-Sb inhibitor to protect CS against 
aggressive surrounding. Where, at low anodic potential, the corrosion 
performance of Ar-Sb inhibitor depends on the adsorption rate by 
forming a protective layer of adsorbed Ar-Sb[49]. While at anodic po-
tential > − 244 mV, the desorption rate of Ar-Sb molecules is higher than 
their adsorption rate which called desorption potential (DP) in which 
the dissolution rate and the current density of CS increase [56]. 

Table 2 shows the electrochemical kinetic parameters obtained from 
PDP curves based on Tafel extrapolation. θ and η values in Table 2 were 
calculated based on icorr value as the following equation: 

θ = (icorr.blank − icorr.inh)/icorr.blank (7)  

η = θ × 100 (8) 

Data in Table 2, reveals the mitigation power of Ar-Sb for CS in 
aggressive HCl solution. The addition of Ar-Sb shifts icorr value to lower 
values till reach 0.184 mAcm− 2 and 0.036 mAcm− 2 at 5 × 10− 6 M and 
5 × 10− 4 M of the prepared Ar-Sb respectively, compared to 1 M HCl 
solution 0.867 mAcm− 2. It was noticed that, icorr value decreases with 
rising of concentration consequently enhance the inhibition efficiency of 
Ar-Sb inhibitor due to its adsorption at CS/HCl interface [57]. This 
behavior reveals that, the adsorption of Ar-Sb over CS surface and 
decrease the corrosion process by decreasing the contact between the 
corrosive particles and CS surface by formation of a protective layer of 
adsorbed Ar-Sb molecules [15]. After the addition of Ar-Sb inhibitor, 
both anodic and cathodic Tafel slopes were slightly impacted with no 
notable change in βa and βc values as in Table 2, indicating no modifi-
cation in CS corrosion reaction mechanism [58]. The addition of Ar-Sb 
shifted Ecorr slightly to more -ve direction which reveals that a greater 
number of Ar-Sb molecules were adsorbed on CS/HCl interface and 
consequently, suppress the cathodic corrosion reaction more than 
anodic reaction[5,59]. Also, the variation in Ecorr value of the treated 
solutions was with ± 85 mV range compared with the untreated one, 
signifying that Ar-Sb inhibitor acted as mixed-type inhibitor (anodic and 
cathodic) for CS in 1 M HCl solution by blocking both anodic and 
cathodic sites on CS surface through the adsorption process via its active 
centers such as hetero atoms (N) and π-electrons (C––N and benzene 
ring) [60]. The tabulated η value in Table 2 increases as the concen-
tration increases which can be explained by increase in number of the 
adsorbed Ar-Sb molecules over CS surface consequently surface 
coverage of active sites increases which offers high protection of CS 
against corrosive 1 M HCl solution [61]. The inhibition power of Ar-Sb 

increases till touch 78.81% and 95.79% at 5 × 10− 6 M and 5 × 10− 4 M 
of Ar-Sb respectively, indicating that Ar-Sb inhibits CS corrosion process 
effectively in 1 M HCl solution. The obtained from both PDP and EIS 
techniques were closed and in a good agreement with each other which 
increases the trust in the experimental data. The as-obtained inhibition 
efficiency for the studied Ar-Sb inhibitor was much higher than many 
previously reported inhibitors in the same electrolyte (1 M HCl) as in 
Table 2Si. 

3.2. Film stability and adsorption at harsh conditions 

The protective film stability of the adsorbed Ar-Sb molecules over CS 
surface in 1 M HCl at 5 × 10− 4 M was investigated at harsh conditions 
such as different temperature and immersion times using EIS technique. 
Also, Ar-Sb film stability on CS surface was tested via CV technique.  

• Effect of Temperature 
The mitigation performance of Ar-Sb inhibitor in 1 M HCl solution 

for CS was studied at temperature range (20, 30, 45 and 60 ◦C). The 
kinetic energy of the system increases with temperature rising 
consequently, increases the kinetic motion of corrosive media. This 
behavior decreases both corrosion products deposited and even the 
adsorbed Ar-Sb film covering CS surface which makes the exposed CS 
surface area subjected to destructive solution increases and finally 
increases iron ionization and H2 evolution[25]. Nyquist spectra of CS 
in 1 M HCl free and after addition 5 × 10− 4 M of Ar-Sb appeared with 
a semicircular shape decreased in diameter with temperature rising 
as seen in Fig. 4, indicating that CS corrosion reaction mechanism not 
affected by temperature[62]. The values of η in Table 3 increased 
slightly with rising of temperature till reach 96.18% at 60 ◦C. This 
reflected the inhibition power of Ar-Sb over the temperature range 
and its adsorption on CS surface as a stable film layer against the 

Fig. 4. Nyquist curves for CS in 1 M HCl in absence and presence of 5 × 10− 4 M of Ar-Sb inhibitor at different temperature.  

Table 3 
EIS parameters for CS in 1.0 M HCl free and containing 5 × 10–4 M of Ar-Sb 
inhibitor at different temperature.  

Inh. Temp. ◦C Rs, (Ω.cm2) RP, (Ω.cm2) ƟƟ η 

Blank  20  3.49  28.2 — —  
30  3.14  16.84 — —  
45  2.87  10.01 — —  
60  2.58  5.50 — — 

Ar-Sb  20  7.45  497.38 0.9433 94.33  
30  3.83  383.57 0.956 95.61  
45  2.62  192.81 0.9481 94.81  
60  5.31  144.12 0.9618 96.18  
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destructive action of HCl solution by formation of a chemical bonds 
between Ar-Sb active centers and vacant 3d-orbital of Fe (chemical 
adsorption)[63], [64].  

• Effect of immersion time 

The CS surface was exposed to 1 M HCl solution with and without 
containing 5 × 10− 4 M of Ar-Sb for different immersion time. The η 

(mitigation efficiency) values over various immersion time were pre-
sented in Table 4. The η values increased as immersion time increased 
till touch 96.71% after 6 h of immersion. This observation indicated the 
stability of Ar-Sb adsorbed layer over CS surface due to Ar-Sb molecules 
accumulation which decreased the destructive action of HCl [13]. 
Nyquist plot of CS in absence and presence of 5 × 10− 4 M of Ar-Sb for 
long exposure time was presented as seen in Fig. 5 indicated that, the 
reaction mechanism of CS corrosion was not affected by immersion time 
[65]. In the presence of Ar-Sb, all RP values were significantly high 
compared with those in acidic HCl free indicating that, the adsorbed 
Ar-Sb film protects CS surface from the aggressive action of acidic HCl 
solutions[49]. RP values of CS in 1 M HCl in Table 4 decrease with time 
(from 28.23 Ω.cm2 to 12.9 Ω.cm2). This reflected that CS surface was 
more susceptible to corrosive particles (corrosion process), therefore the 
dissolution rate increased with time [66]. Also, RP value in presence of 
Ar-Sb dropped slightly with time which can be explained by some de-
fects in Ar-Sb film layer caused by the aggressive HCl which evolved H2 
gas. From Table 4, RP value at 5 × 10− 4 M of Ar-Sb was high compared 
to that of blank solution which confirming the mitigation power of Ar-Sb 
against corrosive surroundings at different immersion time [14]. 

Table 4 
EIS parameters for CS in 1.0 M HCl free and containing 5 × 10–4 M of Ar-Sb 
inhibitor at different immersion time.  

Inh. t, h Rs, (Ω.cm2) RP (Ω.cm2) Ɵ η 

Blank 0.5 h  3.49  28.23 — — 
1 h  3.28  22.35 — — 
2 h  3.14  18.44 — — 
4 h  3.03  15.65 — — 
6 h  3.05  12.90 — — 

Ar-Sb 0.5 h  7.45  497.38 0.9432 94.32 
1 h  5.48  471.82 0.9526 95.26 
2 h  8.43  439.17 0.9580 95.80 
4 h  4.43  425.96 0.9632 96.32 
6 h  1.70  392.74 0.9671 96.71  

Fig. 5. Nyquist curves for CS in 1 M HCl in absence and presence of 5 × 10− 4 M of Ar-Sb inhibitor after different immersion time.  

Fig. 6. Cyclic Voltammetric curves for CS in 1 M HCl free and containing 5 × 10− 4 M of Ar-Sb inhibitor at scan rate10 mVs− 1.  
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• Cyclic voltammetry 

Ar-Sb film stability over CS surface was also tested using Cyclic 
voltammetry technique in 1 M HCl free and containing 5 × 10− 4 M of 
Ar-Sb inhibitor at scan rate 10 mVs− 1 from − 550 mV (starting poten-
tial) to positive direction and reverse back to the starting potential as 
seen in Fig. 6. A notable shift was observed in the staring potential after 
the addition of Ar-Sb inhibitor (from − 400 mV) relative to 1 M HCl free 
(from − 550 mV) which can be attributed to Ar-Sb adsorption on CS 
surface. Also, a notable shoulder at − 256 mV was observed confirmed 
the adsorption of Ar-Sb inhibitor on CS surface via hetero atoms (N- 
atoms) in its structure[67]. These observations reflected the blocking 
effect of Ar-Sb inhibitor and formation of a protective layer of Ar-Sb 
molecules over CS surface. The appearance of hysteresis shape from 
− 400 mV to − 300 mV as in Fig. 6 indicated a such complexing pro-
cesses lead to a further decrease in the free Fe ions at the CS surface due 
to a bi-layer formation of Ar-Sb molecules via electrostatic attraction 
between the charged centers in Ar-Sb structure and Cl- ions adsorbed on 
CS surface[68]. All these observations reflected the existence of Ar-Sb 
inhibitor and its mitigation role in CS dissolution[69]. 

3.3. Activation thermodynamic parameter 

The Inhibition performance of Ar-Sb inhibitor was also investigated 
at different temperatures via PDP technique using the highest concen-
tration (5 ×10− 4 M) as in Fig. 4Si. Data extracted from Fig. 4Si were 
listed in Table 5 showed that, as the temperature increases, the values of 
r and icorr of CS increase. In the presence of Ar-Sb, r and icorr value were 

significantly low compared with those in free HCl solution reflected the 
adsorption of Ar-Sb molecules over CS surface and formation of a barrier 
layer against the aggressive action of HCl solutions[49]. η value in 
Table 5 increases slightly with temperature rising till touch 95.79% at 
20 ◦C and 96.04% at 60 ◦C. This exhibited the temperature variation 
had no significant effect on Ar-Sb inhibition efficiency or its mitigation 
power which reflected the chemical adsorption of Ar-Sb on CS surface 
[46,70]. 

The corrosion kinetics of CS in the uninhibited and inhibited solu-
tions was obtained using Arrhenius and Transition state equations: 

Arrhenius : lnr = lnA − (
Ea

RT
) (9)  

Transition state : ln(r/T) = [ln(
R

NAh
)+ (

ΔS∗

R
)] − (ΔH∗

/

RT) (10) 

Where, A, Ea, ΔH* , ΔS* , T and R are Arrhenius constant, activation 
energy, activation enthalpy, activation entropy, T is the absolute tem-
perature, and R is the gas constant. NA and h are Avogadro’s number and 
Plank constant[46]. The value of Ea was calculated from the slope of 
linear relationship of (Ln r vs. 1/T) as in Fig. 7 with R2 (linear regression 
coefficients) was very close to 1 as in Table 6. This indicated that, the 
corrosion of CS in absence and presence of Ar-Sb followed Arrhenius 
equation[71]. From Table 6, no notable change in the computed Ea 
values indicated that Ar-Sb was adsorbed on CS surface chemically. Also, 
Ea value was 32.208 kJ.mol− 1 and 33.206 kJ.mol− 1 in 1 M HCl and 
Ar-Sb respectively. This may be attributed to the competitive adsorption 
of Ar-Sb with water molecules on CS surface whose its desorption from 
surface required also some activation energy and may be linked with the 

Table 5 
PDP parameters for CS in 1.0 M HCl free and containing 5 * 10–4 M of Ar-Sb inhibitor at different temperature.  

Inh. Temp. ◦C Ecorr, (mV) 
Vs. Ag/AgCl 

icorr (mA/cm2) βa (mV/dec) βc (mV/dec) r 
(mm/year) 

RP 

(Ω.cm2) 
ƟƟ IE% 

Blank  20  -449.2  0.867  115.6  153.4  10.07  33.03 — —  
30  -427.5  1.703  120.5  155.6  19.79  17.32 — —  
45  -427.4  2.485  118.6  151.6  28.88  11.63 — —  
60  -412.5  4.647  122.5  149.7  54.01  6.31 — — 

Ar-Sb  20  -457.4  0.036  78.1  166.2  0.426  502.8 0.9579 95.79  
30  -488.6  0.071  124.2  154.6  0.872  319.5 0.9586 95.86  
45  -503.2  0.122  125.1  141.5  1.549  173.6 0.9507 95.07  
60  -506.3  0.184  129.2  143.8  2.267  130.9 0.9604 96.04  

Fig. 7. Arrhenius and transition state relations against 1/T, for CS in 1 M HCl free and containing 5 × 10− 4 M of Ar-Sb.  

Table 6 
Activation thermodynamic parameters for CS in the absence and presence of Ar-Sb inhibitor at different temperatures.  

Inh. Arrhenius  Transition state 

slope R2 Ea 

(kJ mol− 1) 
slope intercept ΔH* 

(kJ mol− 1) 
ΔS* 
(J mol− 1) 

Blank 
Ar-Sb  

-3873.99  0.9757  32.21   -3561.8  8.878  29.61  -123.75  
-3993.99  0.9671  33.21   -3681.8  6.163  30.62  -146.28  
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rise of Cdl thickness that increase the activation energy of the corrosion 
process[44], [72]. The ΔH* value with +ve sign reflected the endo-
thermic behavior of CS dissolution which reflected the difficulty of CS 
dissolution process after the addition of Ar-Sb [73,74]. The ΔS* value in 
Table 6 with -ve sign reflected that the activated complex association in 
the rate determining step was rather than dissociation implying that 
more order takes place (from reactant to activated complex) leading to 
rising of Ar-Sb inhibition efficiency[75], [76]. 

3.4. Adsorption isotherm 

Various adsorption isotherms such as Flory, Frumkin, Temkin, Ala-
wady, Freundlich and Langmuir isotherms as in Fig. 8 were performed 
based on the obtained θ values from EIS and PDP for more information 
about the corrosion inhibition mechanism of the studied of Ar-Sb and its 
interaction with CS surface which can explained by replacement of the 
adsorbed water molecules (nH2Oads) from CS surface by the adsorbed 
molecules of Ar-Sb (Ar-Sbads). According to the following equation:  

Ar-Sbsol + nH2Oads ↔ Ar-Sbads + nH2Osol                                         (11) 

The data obtained from EMs was more fitted with Langmuir model 
based on correlation coefficient value (R2 =1) and can be defined using 
the following equation: 

C/θ =

(
1

Kads

)

+C (12)  

ΔG◦

ads = − RTln(55.5Kads) (13)  

Where, C and Kads andΔG
◦

ads were Ar-Sb concentration (M), adsorption 
equilibrium constant and the Gibbs free energy respectively. 55.5 is 
water concentration. 

(mole L− 1) [77]. The Kads value tabulated in Table 7 reflected strong 
interaction between Ar-Sb and CS surface via electron sharing process 
(donor-acceptor) via 

N atoms and benzene ring with the vacant 3d-orbital of Fe forming 
strong chemical bond consequently forming high stable film of the 
adsorbed Ar-Sb molecules [78], [79]. The calculated G◦

ads in Table 7 was 
− 41.53 kJ/mol and − 41.50 kJ/mol using PDP and EIS techniques 
respectively, confirming that Ar-Sb adsorbed on CS surface chemically 
[80]. Also, the -ve sign of G◦

ads revels that Ar-Sb adsorption was a spon-
taneous process and usually characteristic of powerful interaction and a 
highly efficient adsorption[81,82]. 

3.5. Quantum chemical study 

3.5.1. Density functional theory 
Theoretical study of the prepared Ar-Sb inhibitor was performed to 

Fig. 8. various isotherms of Ar-Sb adsorption at CS/HCl interface using EIS and PDP data at room temperature.  

Table 7 
Various isotherms parameters of Ar-Sb adsorption at CS/HCl interface using EIS and PDP data at room temperature.  

Isotherm EIS  PDP 

Slope intercept R2 Kads L.mol− 1 ΔGo
ads kJ.mol− 1  Slope intercept R2 Kads L.mol− 1 ΔGo

ads kJ.mol− 1 

Langmuir  1.056 2.21 × 10− 6  1 45.2 × 104  -41.51   1.041 2.18 × 10− 6  0.9999 4.6 × 105  -41.53 
ALawady  0.331 2.340  0.9297 11.9 × 105  -49.47   0.358 2.541  0.9439 1.3 × 107  -49.63 
Flory-Huggins  3.111 7.279  0.9333 19.1 × 105  -50.62   2.845 7.246  0.9333 1.7 × 107  -50.43 
Temkin  0.081 1.232  0.8189 1.14 × 1015  -94.25   0.074 1.218  0.8431 2.1 × 1016  -101.32 
Frumkin  13.733 -15.487  0.8664 1.9 × 10− 7  27.93   15.70 -17.40  0.8891 2.8 × 10− 8  32.60 
Freundlish  0.042 0.122  0.7951 1.325  -10.47   0.037 0.111  0.8231 1.291  -10.41  
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give more information about the relation between η and the molecular/ 
electronic structure of Ar-Sb and its inhibition mechanism. The opti-
mized structure of the investigated. 

Ar-Sb and its FMOs (HOMO and LUMO) were represented as in Fig. 9. 
The optimized structure in Fig. 9 denotes the chemical structure of Ar-Sb 
which has the lowest energy with the most stable atoms arrangement 
[83–85]. The planarity of the optimized structure indicates that Ar-Sb 
has high probability of interacting with CS surface[25]. HOMO and 
LUMO distributions of Ar-Sb inhibitor in Fig. 9 suggested that HOMO 
represents the electron cloud of the nucleophile centers distributed on 
(N = C, NH, and N-CH3) attached to benzene ring and ethylene spacer 
which reveals formation of a chemical bond (co-ordination bond) via 
electron donation transfer to the vacant d-orbital of Fe [28]. While 
LUMO represents the electron cloud of the electrophile centers distrib-
uted on (benzene ring, N = C, and N-CH3) which reflected electron 
acceptance transfer from CS surface via back donation[61]. As noticed in 
HOMO and LUMO, the electron clouds are distributed over the whole 
structure of the studied Ar-Sb inhibitor which indicates the electron 
sharing between Ar-Sb inhibitor and CS surface via electron 
donation-acceptance transfer confirming the adsorption capability of 
Ar-Sb molecules over CS surface to form a protective dense layer[86]. 
Also, the electron density (ED) distribution over the studied inhibitor as 
in Fig. 9 reveals the adsorption capacity of Ar-Sb over CS surface and 
formation of a dense film layer of Ar-Sb molecules shielding the exposed 
CS surface[87,88]. Fig. 9 depicts the molecular electrostatic potential 
(MEP) isosurfaces of the studied Ar-Sb with its active sites (electron 
accumulation and electron loss) where Ar-Sb molecules interact with CS 
which are in agreement with HOMO and LUMO[28,89]. μ (dipole 
moment) is another index gives more information about the asymmetry 

of charge distribution through determination the size of the polarization 
deformation ability of Ar-Sb molecules and explains the electrostatic 
interactions between Ar-Sb molecules and CS surface[39,42,86]. The 
lower µ value, the lower mitigation potency. On the other hand, the 
other view proposes that, the higher µ values, the higher Ar-Sb inter-
action with CS surface and formation of dipole–dipole interaction 
consequently enhance the inhibition power[86], [90]. 

HOMO and LUMO energies (EHOMO and ELUMO) were used to 
calculate the relative quantum indices and listed in Table 8 as the 
following equations: 

ΔEgap = ELUMO − EHOMO (14)  

η =
ΔEgap

2
(15)  

Eb→d =
− η
4

(16)  

χ =
− (EHOMO + ELUMO)

2
(17)  

ΔN =
(φFe − χinh.)

2(ηFe + ηinh.)
(18)  

Where, ΔEgap, η and Eb→d are the energy gap, global hardness and the 
energy of back donation. χ, ΔN and φ are the electronegativity, fraction 
of electron transfer and work function of Fe (1 1 0) plan = 4.82 eV [28, 
91]. The values of EHOMO and ELUMO indicated the interaction between 
Ar-Sb inhibitor and CS surface via electron sharing through electron 
donation-acceptance process with 3-d orbital of Fe [3,91]. Furthermore, 

Fig. 9. Optimized structures, HOMO, LUMO, ED and MEP of the studied Ar-Sb in gas and liquid phases.  

Table 8 
Computed Quantum chemical parameters of the studied Ar-Sb in gas and liquid phases.  

Phase EHOMO (eV) ELUMO (eV) ΔEgap (eV) η (eV. mol− 1) Eb→d (eV. mol− 1) χ (eV.mol− 1) ΔN µ 
(Debay) 

Gas Phase  -3.701  -1.027  2.674  1.337  -0.3342  2.364  0.9184  4.972 
Liquid Phase  -4.281  -1.594  2.687  1.343  -0.3358  2.937  0.7006  7.196  
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ΔEgap value used as a function of the reactivity and chemical stability of 
Ar-Sb inhibitor and explained the ease of the charge transfer process. 
The small value of ΔEgap as in Table 8, exhibited the ease of electron 
polarizability consequently the higher adsorption capacity of Ar-Sb [33]. 

η is an index of molecular hardness and characteristic of resistance to 
deformation or electron clouds polarization. The small value of η re-
flected the high adsorption of Ar-Sb molecules over CS surface [28]. χ is 
used to evaluate the global reactivity of the studied Ar-Sb inhibitor. χ 

Fig. 10. Equilibrium adsorption configuration of the studied Ar-Sb in gas and liquid phases on the Fe (110) obtained by MCs simulations.  

Table 9 
The outputs energies calculated by Monte Carlo simulation for Ar-Sb in gas and simulated liquid phases on Fe (1 1 0).  

Phase ET 

(kJ/mol) 
Eads 

(kJ/mol) 
Erig. 

(kJ/mol) 
Edef. 

(kJ/mol) 
(dEads /dNi) (kJ/mol) 

Ar-Sb H2O H3O+ Cl- 

Gas Phase  -302.982  -317.85  -302.95  -14.90  -317.85 ——— ——— ——— 
Liquid Phase  -11535.69  -22332.56  -11782.97  -10549.59  -310.86 -19.47 -119.64 -125.72  

Fig. 11. Nyquist diagrams for CS at different anodic and cathodic over potentials in 1 M HCl free and containing 5 × 10− 4 M of Ar-Sb.  
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value reveals that, Ar-Sb molecules react with CS surface more easily 
[92]. ΔN value of the studied Ar-Sb (< 3.6) reveals the ability of Ar-Sb to 
donate electrons to the vacant 3d-orbital of Fe[86] while Eb→d value 
reflects, tendency of Ar-Sb inhibitor to acquire electrons from CS[93]. 
The previously discussed quantum indices were also calculated in liquid 
phase and listed in Table 8 suggest the higher adsorption probability of 
the studied Ar-Sb inhibitor compared with those calculated in gas phase. 

3.5.2. Monte Carlo simulation 
MCs is as a highly supportive method for prediction the adsorption of 

the studied Ar-Sb over Fe (110) surface as a corrosion inhibitor. Fig. 10 
represents the top and side views of the adsorbed Ar-Sb on Fe surface 
(110) in both gas and liquid phase indicated that, Ar-Sb is situated in 
parallel orientation to CS surface. This observation reflects the adsorp-
tion ability of the studied Ar-Sb and the high surface coverage of CS with 
the adsorbed Ar-Sb and therefore decrease the corrosion process [11, 
94]. The parallel position of the adsorbed Ar-Sb over CS surface allows 
the active centers to react with the Fe surface effectively and offers high 
protection of CS from the aggressive HCl [9,10]. The output data 
extracted form MCs in Table 9 in both gas and liquid phases give an 
indication about the interaction between Ar-Sb and Fe (110). Eads 
(adsorption energy) can be defined as the energy released upon Ar-Sb 
binding “relaxed” on CS surface. The obtained Eads value in Table 9 of 
Ar-Sb inhibitor in liquid phase (− 22332.56 kJ/mol) was found too low 
compared with that in gas phase (− 317.85 kJ/mol), indicating the 
strong spontaneous adsorption of the studied Ar-Sb molecules over CS 
surface. Also, the Eads value of the studied Ar-Sb decreases in the order of 
Ar-Sb< Cl-< H3O+< H2O. This trend indicates that Ar-Sb molecules 
can effectively replace corrosion particles to form a thermodynamically 
stable adsorption film on CS surface produce a better adsorption effect 
compared with the pure inhibitors [37,81]. While Eads value decreased 
in presence of water molecules which is associated with intermolecular 
HB interactions between Ar-Sb and water molecules that enhanced its 
adsorption on CS surface[95]. This observation reflected the key role of 
the studied inhibitor in CS protection by formation of a protective film 
through the replacement process of the corrosive particles with Ar-Sb 
molecules which suppress the corrosion probability occurrence[96]. The 
output data extracted form MCs in liquid phase suggested the higher 
adsorption probability of Ar-Sb inhibitor on CS surface compared with 
that in isolated phase (gas phase)[97,98]. The data obtained from MCs 
was matched with DFT calculated parameters and suggest the inhibition 

ability of the studied Ar-Sb for CS. 

3.6. Potential zero charge 

For more information about the anodic and cathodic reaction 
mechanism of CS surface, EIS technique was applied to explain the PZC 
of the CS in 1 M HCl and after the addition of 5 × 10− 4 of Ar-Sb at 
various anodic and cathodic overpotentials (η) which was represented in 
Nyquist diagrams as seen in Fig. 11. At cathodic range, it can be seen 
that, Nyquist plots of CS in free HCl with two-time constants at 
− 300 mV, − 200 mV and − 100 mV. The 1st capacitive loop at high 
frequency was according to RP, while at low frequency, a straight line 
appears which can be attributed to accumulated corrosion products at 
CS surface, which hinders the ions diffusion[99]. The same behavior at 
− 300 mV, − 200 mV was observed after the addition of Ar-Sb in which 
Nyquist diagram comprise two-time constants. The 1st loop was due to 
RP and the 2nd was to film resistance[100]. These observations reflected 
that the H2 evolution mechanism not affected after the addition of Ar-Sb 
at − 300 mV, − 200 mV[58]. While at − 100 mV in presence of Ar-Sb, 
one time constant (one capacitive loop) was observed [25]. RP values of 
CS in 1 M HCl were 7.26 Ω.cm2, 11.83 Ω.cm2 and 24.14 Ω.cm2 at 
cathodic over potential − 300 mV, − 200 mV and − 100 mV respec-
tively, while RP values of CS at the same over potentials after the 
addition of Ar-Sb were 25.19 Ω.cm2, 80.12 Ω.cm2 and 254.22 Ω.cm2 

respectively. This exhibited the adsorption capacity of Ar-Sb molecules 
over CS surface and reflected that the available surface area for H+ ions 
decreases[101]. 

At anodic range, Nyquist plots of CS in 1 M HCl with two-time 
constants (capacitive loop and straight line) at + 100 mV was 
observed while after the addition of Ar-Sb, a different behavior was 
observed as seen in Fig. 11. A capacitive loop at higher and medium 
frequency was observed with the existence of inductive loop at low 
frequency which can be attributed to the relaxation process of Ar-Sb film 
over CS surface [102], [58]. At + 200 mV and + 300 mV, Nyquist plots 
of CS in absence and presence of Ar-Sb appeared as a capacitive loop at 
high frequency followed by an inductive loop at low frequency which 
can be attributed to the adsorbed intermediate product ((FeCl-)ads) 
formed during CS dissolution or adsorbed Ar-Sb species over CS surface 
[66,100]. 

Fig. 12. SEM, EDX and AFM for CS in 1 M HCl free and containing 5 × 10− 4 M of Ar-Sb after 6 h immersion.  
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3.7. Surface analysis 

CS surface was analyzed using SEM photomicrograph analysis which 
consider a powerful tool parallel to electrochemical measurements 
(EMs) showing the destructive action of corrosive media (1 M HCl) and 
the mitigation role of Ar-Sb for CS after immersion time (6 h) as 2D 
images as shown in Fig. 12. SEM images reflected the mitigation process 
of the untreated CS in 1 M HCl with highly damaged surface with 
corrosion products due to the destructive effect of acidic HCl[55,103]. 
The anticorrosion behavior of Ar-Sb was confirmed using 5 × 10− 4 M as 
seen in Fig. 12 which displays tangibly improved CS surface smoother 
than that in the untreated solution (1 M HCl) and free somewhat from 
corrosion products (Iron oxides and chlorides). This modification proves 
the shielding of CS surface with the adsorbed Ar-Sb molecules and for-
mation of a protective film barrier from the corrosive particles 
decreasing the contact between CS surface and corrosive HCl[104], 
[27]. EDX spectra were applied to detect the components percentage (O, 
Cl-, C, Fe and N) on CS surface in1 M HCl in absence and presence of 
5 × 10− 4 M of Ar-Sb as shown in Fig. 12. In the untreated solution (1 M 
HCl), weight percentage (wt%) value of O and Cl- was 14.54% and 
0.26% respectively, while the addition of Ar-Sb decreased wt% of O to 
1.73% and Cl- was nearly disappeared. Also, wt% of C increased from 
2.16% to 7.46% after the addition of Ar-Sb to the corrosive media. On 
the other side, the presence of N peak with wt% 1.24% indicated for-
mation of Ar-Sb layer over CS surface. EDX analysis showed an 
enhancement of Fe peak after Ar-Sb addition, indicating that CS surface 
become free of corrosion products [83]. Fig. 12 showed 3D images of CS 
surface in uncontrolled environment (1 M HCl) and containing 5 × 10− 4 

M of Ar-Sb. A huge damage in CS surface was noticed as a large peaks or 
waves of hills and valleys due to the destructive effect of HCl with Ra 
(average roughness) = 35.27 nm [61]. While the effect of Ar-Sb in CS 
protection was observed as a more homogeneous CS surface compara-
tive to that in HCl free with Ra= 16.53 nm[105]. These observations 
reinforced defensive film formation of Ar-Sb on CS surface that retards 
the corrosion rate through the adsorption process [95]. The simulated 
Ar-Sb adsorption mechanism over CS surface was represented as in  
Fig. 13 showing various adsorption modes occur during Ar-Sb adsorp-
tion over CS surface. 

4. Conclusion 

In the present study, a newly aromatic di-imine Schiff base inhibitor 
(Ar-Sb) based on Polyethyleneamines was laboratory synthesized and 
evaluated as corrosion inhibitor for CS in aggressive 1 M HCl solution 

via different EMs which reflected the mitigation potency of Ar-Sb and its 
role in CS protection. PDP measurements exhibited that Ar-Sb retard CS 
corrosion by blocking both the anodic and cathodic sites which sug-
gested mixed inhibition (anodic and cathodic) of Ar-Sb. Also, EIS 
showed that RP of CS enhanced after the addition of Ar-Sb till reached 
497.38 Ω.cm2 at 5 × 10− 4 M with inhibition efficiency 94.33% indi-
cating that the dissolution of CS become more difficult in presence of Ar- 
Sb consequently decrease the corrosion rate. The inhibition performance 
of Ar-Sb was studied using various EMs at harsh conditions (various 
temperature and immersion time) indicating that Ar-Sb adsorbed over 
CS surface forming a stable protective layer suggesting that the 
adsorption of Ar-Sb on CS was chemically according to Langmuir 
adsorption isotherm. SEM, EDX and AFM analysis confirmed CS pro-
tection in presence of Ar-Sb and formation of barrier adsorption layer of 
Ar-Sb on CS surface. DFT and MCs data showed good correlation with 
the experimental results and give more information about the reactivity 
of Ar-Sb and its probability to act as efficient corrosion inhibitor. 
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