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1. Introduction 

Carbon steel has been extensively used under different conditions in petroleum industries [1]. 

Aqueous solutions of acids are among the most corrosive media. Acid solutions are widely used in 

industries for pickling, acid cleaning of boilers, descaling and oil well acidizing [2–9]. Mostly, 

phosphoric and hydrochloric acids are employed for such purposes [10]. The main problem 

concerning carbon steel applications is its relatively low corrosion resistance in acidic solutions. 

Several methods are currently used to prevent corrosion of carbon steel. One such method is the use 

of an organic inhibitor [2, 7,8]. Effective inhibitors are heterocyclic compounds that have bonds, 

heteroatom phosphorus, sulfur, oxygen and nitrogen [7–16]. Heterocyclic compounds have been 

used to inhibit mild steel corrosion in acidic solutions.The efficiency of an inhibitor is largely 

dependent on its adsorption on the metal surface, which consists of replacement of water molecules 

by the organic inhibitor at the interface [17,18]. The adsorption of these compounds depends mainly 

on certain physicochemical properties of the inhibitor molecule such as functional groups, steric 

factors, aromaticity, electron density at the donor atoms and the electronic structure of the molecules 

[19,20]. Regarding the adsorption of inhibitor on the metal surface, two types of interactions are 
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Abstract 

Corrosion inhibition performance of 4,5-benzodiaz-Acetylmethylene-epine-2-one 

(AMBz) on the corrosion behavior of carbon steel (CS) surface in 2.0 M phosphoric 

acid and 1.0 M HCl chloridric acid were  investigated by  analytical methods 

potentiodynamic polarization and electrochemical impedance spectroscopy and 

supported by quantum chemical calculation and Monte Carlo (MC) simulation. The 

inhibition efficiency of AMBz was found to increase with increasing inhibitor 

concentration but decrease with increasing temperature of both mediums. The IE% 

reaches 90% and 85% in HCl and phosphoric acid mediums, respectively. 

Polarization studies showed that this compound was cathodic inhibitor. The 

inhibition actions of this compound were discussed in view of blocking the 

electrode surface by means of adsorption of inhibitor molecule obeying Langmuir 

adsorption isotherm. Thermodynamic parameters of activation were calculated and 

discussed in depth. Data obtained for inhibition efficiency from the two test 

techniques are in reasonably good agreement with quantum chemical parameters 

calculated at DFT/B3LYB/6-31G (d, p) and the Monte Carlo simulation results. 
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responsible. One is physical adsorption, which involves electrostatic forces between ionic charges or 

dipoles of the adsorbed species and the electric charge at metal/solution interface. The other is 

chemical adsorption, which involves charge sharing or charge transfer from inhibitor molecules to 

the metal surface to form coordinate types of bond [21]. The selection of appropriate inhibitors 

mainly depends on the type of acid, its concentration, temperature, the presence of dissolved 

inorganic and/or organic substances even in minor amounts and, of course, on the type of metallic 

material supposed to be protected [21]. Benzodiazepine molecules shows two anchoring sites 

available for surface bonding, the nitrogen atom with its lonely sp2 electron pair and the aromatic 

rings [10], this type of compounds were used as good corrosion inhibitors [22]. Quantum chemical 

methods are modern theoretical tools which are widely applied in recent times for the understanding 

of the complex mechanism of interaction existing between organic molecules adsorbed on a metal 

surface [23-27]. Density functional theory (DFT) for instance, has been used to predict the molecular 

geometry, electronic properties and active sites of organic corrosion inhibitors [28]. This could help 

in the understanding of specific sites of interaction between the inhibitor and the metal surface. On 

the other hand, Monte Carlo simulation can provide us with information about the low energy 

adsorption configuration of an organic inhibitor onto a metal surface which cannot be evaluated 

experimentally [29]. Bensajjay et al. [30] extended their work to study the inhibition effect of 

1‐phenyl 5‐mercarpto 1,2,3,4‐tetrazole (PMT) on steel in 0.5 M H2SO4 and 1/3 M H3PO4, results 

obtained showed that IE% reached an optimum value of 98% at 10
-3

 M PMT.. In other works 

[31–33], the researchers studied the inhibition effect of red tetrazolium (RT) on the corrosion of cold 

rolled steel (CRS) in HCl, H2SO4 and H3PO4 solutions. The results show that maximum IE% value 

of 500 mg L
-1

 RT at 20 °C is 94% in 1.0 M HCl [31]; 79%, 1.0 M H2SO4 [32]; and 63%, 3.0 M 

H3PO4 [33]. 

This work is devoted to study the inhibition characteristics of 4-Acetylmethylene-1,5-

benzodiazepine-2-one (AMBz) for carbon steel in 1.0 M HCl solutions, using potentiodynamic 

polarization measurements, electrochemical impedance spectroscopy in comparison with our 

published work [34] studied in 2.0 M H3PO4. In addition, the quantum chemical studies by DFT 

method and Monte Carlo simulation were used to elucidate the reactivity of our compound and to 

well know the unknown properties of investigated Inhibitor in in HCL 1M and H3PO4 2M. 

 

2. Experimental details 

2.1. Inhibitor 

All chemicals were purchased from Aldrich or Acros (French). Melting points were determined on an automatic 

electrothermal IA 9200 digital melting point apparatus in capillary tubes and are uncorrected. 
1
H and 

13
C NMR 

spectra were recorded on a Bruker 300 WB spectrometer at 300 MHz for solutions in Me2SO-d6. Chemical 

shifts are reported as δ in parts per million (ppm) values with reference to tetramethylsilane (TMS) as internal 

standard.  Infrared spectra were recorded from 400 cm
−1

 to 4000 cm
−1

 on a Bruker IFS 66v Fourier transform 

spectrometer using KBrpellets.Mass spectrum was recorded on THERMO Electron DSQ II. More details on the 

synthesis of 4-Acetylmethylene-1,5-benzodiazepine-2-one (Fig. 1) are  presented in our work[34] 

 

 
 

Scheme 1: 4-Acetylmethylene-1,5-benzodiazepine-2-one (AMBz) 

 

2.2. Materials 

The steel used in this study is a carbon steel (CS) (Euronorm: C35E carbon steel and US 

specification: SAE 1035) with a chemical composition (in wt%) of 0.370 % C, 0.230 % Si, 0.680 % 

Mn, 0.016 % S, 0.077 % Cr, 0.011 % Ti, 0.059 % Ni, 0.009 % Co, 0.160 % Cu and then remainder 
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iron (Fe).The aggressive solutions of 1.0 M HCl and 2.0 M H3PO4was prepared by dilution of 

analytical grade 37% HCl and 85%H3PO4,respectively,with distilled water. The concentration range 

of the investigated compound was 10
-3

 to10
-5

 M. 

 

2.3. Corrosion tests 

2.3.1. Electrochemical impedance spectroscopy 

The electrochemical measurements were carried out using Volta lab (Tacussel- Radiometer PGZ 100) 

potentiostat and controlled by Tacussel corrosion analysis software model (Voltamaster 4) at under static 

condition. The corrosion cell used had three electrodes. The reference electrode was a saturated calomel 

electrode (SCE). A platinum electrode was used as auxiliary electrode of surface area of 1 cm
2
. The working 

electrode was carbon steel. All potentials given in this study were referred to this reference electrode. The 

working electrode was immersed in test solution for 30 minutes to a establish steady state open circuit potential 

(Eocp). After measuring the Eocp, the electrochemical measurements were performed. All electrochemical tests 

have been performed in aerated solutions at 303 K to reach the appropriate conditions of corrosion. The EIS 

experiments were conducted in the frequency range with high limit of 100 kHz and different low limit 0.1 Hz at 

open circuit potential, with 10 points per decade, at the rest potential, after 30 min of acid immersion, by 

applying 10 mV ac voltage peak-to-peak. Nyquist plots were made from these experiments. The best semicircle 

can be fit through the data points in the Nyquist plot using a non-linear least square fit so as to give the 

intersections with the x-axis. 

The inhibition efficiency of the inhibitor was calculated from the charge transfer resistance values using the 

following equation: 

% 100
i

ct ct

i

ct

z

R R

R



                                                                                                     (1) 

where, ct
R

and 
i

ct
R are the charge transfer resistance in absence and in presence of inhibitor, respectively.  

 

2.3.2. Potentiodynamic polarization 

The electrochemical behaviour of carbon steel sample in inhibited and uninhibited solution was studied by 

recording anodic and cathodic potentiodynamic polarization curves. Measurements were performed in the 2.0 

MH3PO4 solution containing different concentrations of the tested inhibitor by changing the electrode potential 

automatically from -900 mV/SCE to -100 mV/SCE at a scan rate of 1 mV s
-1

. The linear Tafel segments of 

anodic and cathodic curves were extrapolated to corrosion potential to obtain corrosion current densities (Icorr). 

From the polarization curves obtained, the corrosion current (Icorr) was calculated by curve fitting using the 

equation: 

2.3 2.3
corr

a c

E E
I I exp exp

 

     
     

    

                                                                (2) 

βa and βc are the anodic and cathodic Tafel slopes and ΔE is E-Ecorr. 

The inhibition efficiency was evaluated from the measured Icorr values using the relationship: 
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where corr
I 

 and 
i

corr
I  are the corrosion current density in absence and presence of inhibitor, respectively. 

 

2.4. DFT calculations 

Some studies have investigated the correlation between the inhibitor molecular structure and its efficiency.  But 

much less attention has been paid to simulate the adsorption mode of the inhibitor and the metal [35].The 

properties include orbital energy, charge density and combined energy, etc.[36].Quantum chemical calculations 

were performed using density functional theory (DFT) with the Beck’s three parameter exchange functional 

along with the Lee-Yang-Parr non local correlation functional (B3LYP)[37-39] with 6-31G (d, p) basis set is 

implemented in Gaussian 03 program electrons (ΔN package [40]. This approach is shown to yield favorable 

geometries for a wide variety of systems. The following quantum chemical parameters were evaluated from the 

optimized molecular structure: the dipole moment (µ), the energy of the highest occupied molecular orbital 

(EHOMO), the energy of the lowest unoccupied molecular orbital (ELUMO), the energy band gap (ΔEgap = EHOMO – 

ELUMO), the electron affinity (A), the ionization potential (I) and the number of transferred). 
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2.5. Molecular dynamic simulation 

The Monte Carlo (MC) search was adopted to compute the low configuration adsorption energy of the 

interactions of the studied inhibitors on a clean iron surface. The Monte Carlo (MC) simulation was carried out 

using Materials Studio 6.0 software (Acers, Inc.) [41]. The Fe crystal was cleaved along the (110) plane, it is the 

most stable surface as reported in the literature [42]. Then, the Fe (110) plane was enlarged to in an appropriate 

super cell to provide a large surface for the interaction of the inhibitor. The simulation of the interaction 

between inhibitors and the Fe (110) surface was carried out in a simulation box (29.78 × 29.78 × 60.13 Å) with 

periodic boundary conditions, which modeled a representative part of the interface devoid of any arbitrary 

boundary effects. After that, a vacuum slab with 50 Å thicknesses was built above the Fe (110) plane. All 

simulations were implemented with the COMPASS force field to optimize the structures of all components of 

the system of interest. More simulation details on the methodology of Monte Carlo simulations can be found in 

previous publications [43,44]. 

 

3. Resulats and Discussion 

3.1. Effect of concentration 

3.1.1. Tafel Polarization Study 

Fig. 2shows anodic and cathodic polarization plots recorded on mild steel electrode in 1 M HCl in absence and 

presence of different concentrations of AMBz inhibitor. Electrochemical corrosion parameters, such as 

corrosion potential Ecorr (mV/SCE), cathodic βc Tafel slope (mV/dec), the corrosion current density Icorr 

(μA cm
−2

) and inhibition efficiency ηTafel (%) are given in Table 1.  
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Figure 2: Polarization curves of carbon steel in 1.0 M HCl without and with different concentrations of AMBz 

at 303 K. 

 

From the Fig. 2, it can be seen that the addition of AMBz causes a remarkable decrease in the corrosion rate i.e., 

shifts the cathodic curves to lower current densities. In other words, both cathodic and anodic reactions of CS 

electrode are drastically inhibited after the addition of AMBz. This may be ascribed to adsorption of inhibitor 

over the corroded surface [45]. The cathodic current–potential curves (Fig. 2) give rise to parallel lines 

indicating that the addition of AMBz to the HCl solutions does not modify the hydrogen evolution mechanism 

and the reduction of H
+
 ions at the mild steel surface which occurs mainly through a charge transfer mechanism. 

The inhibitor molecules are first adsorbed onto mild steel surface and blocking the available reaction sites. In 

this way, the surface area available for H
+
 ions decreases while the actual reaction mechanism remains 

unaffected [46]. From Table 1, also can find that the corrosion potentials of inhibitor shift slightly in the positive 

direction for H3PO4 while in HCl to negative direction. On the other hand, in both mediums, the cathodic Tafel 
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slope βc change with insignificant trend in anodic and cathodic directions. From previous results, it can be 

concluded that tested inhibitor probably act as cathodic inhibitor in HCl and H3PO4 [47]. As it can be seen from 

Table 1, in both solutions when the concentration of inhibitor increases the inhibition efficiencies increase, 

while corrosion current densities decrease. The results obtained in both mediums by potentiodynamic 

polarization confirm the better inhibitive performance of investigated inhibitor. 

 

Table 1. Electrochemical parameters and corresponding inhibition efficiency for corrosion of the carbon steel   

in 1.0 M HCl and 2.0 M H3PO4 in the absence and the presence of different concentrations of AMBz at 303 K. 

 

Medium Conc 

(M) 

Ecorr 

(mV/SCE) 

-βc 

(mV/dec) 

Icorr 

(µA/cm
2
) 

ηTafel 

(%) 

 Blank 471 170 2169.1 — 

2.0M 1×10
-3

 464 133 0256.0 88.2 

H3PO4[34] 1×10
-4

 467 140 0501.0 76.9 

 5×10
-5

 472 156 0976.0 55.0 

 1×10
-5

 474 182 1300.0 40.0 

      

 Blank 496 162 564.0  

1.0M 1×10
-3

 539 143 64.2 88.62 

HCl 1×10
-4

 542 142 121 78.55 

 5×10
-5

 534 147 182 67.73 

 1×10
-5

 536 152 283 49.82 

 

3.1.2. Electrochemical impedance spectroscopy (EIS) 

In order to better define the effect of our additive and concentration on the corrosion process, Nyquist plots of 

mild steel in uninhibited and inhibited acidic solutions containing various concentrations of benzodiazepine 

derivative are shown in Fig. 3 in 1.0 M HCl. The existence of a single semicircle shows a single charge transfer 

process during dissolution which is unaffected by the presence of inhibitor molecules. Deviations from perfect 

circular shape are often referred to the frequency dispersion of interfacial impedance, which arises due to 

surface roughness, impurities, dislocations, grain boundaries, adsorption of inhibitors, and formation of porous 

layers and in homogenates of the electrode surface [48,49]. 

 
Figure 3: Nyquist plots of carbon steel in 1.0M HCl without and with different concentrations of AMBz at 303k 

 

The diameter of the semicircle increases after the addition of AMBz to the aggressive solutions. This increase 

more and more pronounced with increasing inhibitor concentration. The electrochemical parameters derived 

from EIS measurements (including, Rct, transfer charge, double layer capacitance Cdl (μF cm
−2

) and the 

inhibitor efficiency values ηz (%)) are given in Table 2. Double layer capacitance values were obtained at 

maximum frequency (fmax) at which the imaginary component of the Nyquist plot is maximum and calculated 

using the following equation [50]: 
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Table 2. Electrochemical impedance parameters and inhibition efficiency for carbon steel in 1.0 M HCl and 2.0 

M H3PO4 solution with AMBz at 303K. 

Medium 
Conc 

(M) 

Rct 

(Ω cm
2
) 

Cdl 

(μF/cm
2
) 

ηz 

(%) 

H3PO4[34] 2.0 11.8 118.0 — 

 

1×10
-3

 80.5 62.5 85.3 

1×10
-4

 44.0 72.4 73.2 

5×10
-5

 25.0 80.6 52.8 

 1×10
-5

 19.5 103.4 39.5 

     

HCl 1.0 29.35 80.18 - 

 1×10
-3

 321.1 11.09 90.86 

 1×10
-4

 188.0 17.05 84.39 

 5×10
-5

 91.41 28.25 67.89 

 1×10
-5

 73.13 68.12 59.86 

 

It is evident from the results collected in Table 2, that AMBz inhibits the corrosion of mild steel in 2 

M H3PO4 and 1 M HCl at all the concentrations used, and the inhibition efficiency (ηz%) increases 

continuously with increasing concentrations at 303K. EIS results (Table 2) show also that the Rct 

values increase and the CdI values decrease with increasing the inhibitor concentration. The increase 

in Rct value can be attributed to the formation of protective film on the metal/solution interface [51]. 

In fact, the decrease in Cdl values can result from a decrease in local dielectric constant and/or an 

increase in the thickness of the electrical double layer. It can be assumed that the decrease of Cdl 

values is caused by the gradual replacement of water molecules by adsorption of inhibitor molecules 

on the mild steel surface [52]. On the other hand, the Cdl of AMBz fellow the order of  

Cdl(HCl) < Cdl(H3PO4), while the Rct follow the order of Rct(HCl) > Rct(H3PO4), which is an 

indication that the inhibitive performance of our inhibitor is better in HCl compared with in 

H3PO4
.
The impedance study also gave the same efficiency trend as found in Tafel polarization 

method. 

 

3.2. Effect of temperature 

The study of the effect of temperature on the corrosion rate and inhibition efficiency facilitates the calculation of 

kinetic and thermodynamic parameters for the inhibition and the adsorption processes. These parameters are 

useful in interpreting the type of adsorption by the inhibitor. To calculate the activation energies and to 

investigate the mechanism of inhibition of the corrosion process, potentiodynamic polarization measurement 

(Figs. 4 and 5) was taken at various temperatures in the presence and absence of 10
−3

M of AMBz. The related 

electrochemical parameters are presented in Table 3. 

Table 3 represents the variation of current densities (Icorr) of mild steel corrosion in 1.0 M HCl and 2.0 M H3PO4 

in the absence and presence of optimum concentration of the studied compound at different temperature (303–

333 K). The results show that Icorr in both mediums increases with increasing solution temperature, while the 

IE% decrease remarkably in the range of the studied temperature for both mediums, which is attributed to 

increase in the kinetic energy and decrease in the adsorption ability of organic compound at elevated 

temperature[8]. 

The activation parameters for the corrosion process were calculated from Arrhenius type plot according to the 

following equations [9]. 

exp a

corr

E
I k

RT
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Where Ea is the apparent activation corrosion energy, A is Arrhenius factor, h is the Plank's constant, N is the 

Avogadro's number, and ΔH and ΔSa are the enthalpy and the entropy changes of activation corrosion energies 

for the transition. R is the perfect gas constant.

 

-800 -700 -600 -500 -400 -300 -200

0.01

0.1

1

10

100

1000

 

 

I 
(m

A
/c

m
2
)

E (mV/SCE)

 1.0 M HCl 303 K

 1.0 M HCl 313 K

 1.0 M HCl 323 K

 1.0 M HCl 333 K

1.0 M HCl

 
Figure 4: Potentiodynamic polarization curves for carbon steel in 1.0 M HCl at different temperatures. 

 

 
Figure 5: Potentiodynamic polarization curves for carbon steel in 1.0 M HCl in the absence and presence of 1.0 

mM ABMz at different temperatures. 

 

Table 3. Polarization parameters and the corresponding inhibition efficiency for carbon steel in 1.0 M HCl and 

2.0 M H3PO4 in the absence and presence of 1.0 mM AMBz at different temperatures. 

 

 

Medium 

 

Temp 

(K) 

–Ecorr 

(mVSCE) 

Icorr 

(µA cm
-2

) 
Tafel 

(%) 

H3PO4 HCl H3PO4 HCl H3PO4 HCl 

 303 418 496 2170 564 —  

 313 452 498 4910 773 —  

Blank 323 491 492 6830 1244 —  

 333 459 497 9390 1650 —  

        

 303 388 539 250 64.2 88.0 88.62 

AMBz 313 473 546 2183 167 70.0 78.40 

 323 479 549 2223 358 55.0 71.22 

 333 471 551 4706 641 50.0 61.15 
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The apparent activation energy was determined from the slopes of Ln Icorr vs 1/T graph given in 

Fig. 6.A plot of ln (Icorr/T) against 1/T (Fig. 7) gave a straight line with slope (ΔHa/R) and intercept 

(ln(R/Nh) + (ΔSa/R)), from which the values of ΔHa and ΔSa were calculated and listed in Table 4.  
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Figure 6: Arrhenius plots of carbon steel in 1.0 M HCl with and without 1.0mM of AMBz
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Figure 7: Transition Arrhenius plots of carbon steel in 1.0 M HCl with and without 1.0 mM of AMBz. 

 

The increase in activation energy (Ea) of inhibited solutions compared to the blank solution suggests 

that inhibitor is physically adsorbed on the corroding electrode surface, whereas either unchanged or 

lower energy of activation in the presence of inhibitor suggest chemisorptions [53].  

 

Table 4. Activation parameters, Ea, ΔHa and ΔSa, of the dissolution of carbon steel in1.0 M HCl and2.0 M 

H3PO4 in the absence and the presence of 1.0 mM of AMBz. 

Medium Ea 

(kJ/mol) 

∆Ha 

(kJ/mol) 

∆Sa 

(J mol
-1

 K
-1

) 

2.0 M H3PO4 39.87 37.23 -57.20 

  1.0 M HCl 60.79 58.15 -51.84 

AMBz + 

2.0 M H3PO4 

 

74.74 
72.09 42.61 

    

AMBz + 

1.0 M HCl 

 

61.79 
59.19 -4.16 
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 As reported in Table 4, Ea values increased greatly after the addition of the inhibitor. Hence 

corrosion inhibition of AMBz is primarily occurring through physical adsorption [54]. The positive 

signs of ΔHa reflected the endothermic nature of the electrode dissolution process. The value of ΔSa 

is lower for the uninhibited solution than that for the inhibited solution. This phenomenon suggested 

that a decrease in randomness occurred on going from reactants to the activated complex. The great 

negative values of entropies indicate that the activated complex in the rate determining step is an 

association rather than dissociation step meaning that a decrease in disordering takes place on going 

from reactants to the activated complex [55,56]. 

  

3.3. Adsorption isotherm 

The adsorption isotherm that describes the adsorptive behavior of organic inhibitors is important in order to 

know the mechanism of corrosion inhibition. Basic information dealing with interaction between the inhibitor 

molecules and the metal surface can be provided by adsorption isotherms. Several adsorption isotherms were 

attempted to fit the degree of surface coverage values (θ) to adsorption isotherms including Frumkin, Temkin, 

Freundlich and Langmuir  isotherms. The θ values for various concentrations of inhibitors in acidic media have 

been evaluated from  the  polarization measurements. The  best  fit  was  obtained in the case of Langmuir 

isotherm which  assumes  that  the  solid surface  contains a fixed  number  of  adsorption  sites and  each site  

holds  one  adsorbed species [57]. The plot of Cinh/ θ vs.  Cinh (Fig.  8) yields  a straight line with  correlation  

coefficient  of  0.999 for both mediums providing that the  adsorption of  AMBz on  the  carbon steel  surface  

obeys  Langmiur adsorption  isotherm. This isotherm can be represented as [4]: 

inh

inh

ads

1C
C

K
              (7)  

where  Cinh is  the  molar  concentration  of  the  inhibitor  and  Kads is  the equilibrium  constant  for  the  

adsorption-desorption  process.  The values of Kads (Table 5)was found to be 44138.61 M
-1

and 70476.63M
-1

in 

2.0 M H3PO4 and 1.0 M HCl, respectively.  The  relatively  high values  of  adsorption  equilibrium  constant  

reflects  the  high  adsorption  ability  of  AMBz on  carbon steel  surface  [58].  The  Kads is  related  to  the 

standard  free  energy  of  adsorption,  
ads

G


 ,  by  the  following  equation[5]: 

1
exp

55.5
ads

ads

G
K

RT

  
       


                                              (8) 

where R is gas constant and T is absolute temperature of experiment and the constant value of 55.5 is the 

concentration of water in solution in mol L
-1

. 
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Figure 8: Langmuir adsorption isotherm plots for AMBz at 303K. 
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The 
ads

G


 values were calculated as -36.26 kJ mol
-1

 and -38.22 kJ mol
-1

in 2.0 M H3PO4 and 1.0 M HCl, 

respectively. The negative values  of  
ads

G


  indicates  the  spontaneity  of  the  adsorption  process  and  the  

stability  of  adsorbed  layer  on  the  carbon steel  surface.  It  is  well known  that  the  values  of  
ads

G


 of  the  

order  of  -20  kJ  mol
-1

 or  lower indicate  a  physisorption;  those  of  order  of  -40  kJ  mol
-1

 or  higher involve  

charge  sharing  or  transfer  from  the  inhibitor  molecules  to the  metal  surface  to  form  a  coordinate  type  

of  bond  (chemisorption)  [59-61].  On  the  other  hand,  the  adsorption  phenomenon  of an  organic  molecule  

is  not  considered  only  as  a  purely  physical or  chemical  adsorption  phenomenon  [62,63].  A  wide  

spectrum  of conditions,  ranging  from  the  dominance  of  chemisorption  or  electrostatic  effects,  arises  

from  other  adsorptions  experimental  data [64].  The values of ∆𝐺𝑎𝑑𝑠 may suggest both chemisorption and 

physisorption modes. It can be observed that the adsorption of our inhibitor occur by same mechanism in both 

mediums. 

 

Table 5. Adsorption parameters of AMBz for mild steel corrosion in 2.0 M H3PO4 and 1.0 M HCl at 303 K. 
 

Medium  R
2
               Kads(M

-1
) 

ads
G


  (KJ/mol) 

 2.0 M H3PO4 0.99 44138.61 -36.26 

1.0 M HCl 0.99            70476.63 -38.22 

 

3.4. Quantum chemical calculations 

In order to study the effect of molecular structure on the inhibition efficiency, quantum chemical calculations 

were performed by using DFT and all the calculations were carried out with the help of complete geometry 

optimization. The optimized geometry, EHOMO and ELUMO of AMBz in gaseous media are shown in Fig. 9.  

 

Optimized molecular structure HOMO LUMO 

   
Mulliken charge distribution 

with dipole moment vector 

Contour of molecular 

electrostatic potential 

Molecular electrostatic potential 

mapped 

   
 

Figure 9: Optimized structure, frontier molecular orbital density distributions, Mulliken charges with dipole 

moment and electrostatic properties of AMBz. 

 

As per the frontier molecular orbital theory, frontier molecular orbital's HOMO and LUMO are involved in the 

course of adsorption of the inhibitor molecules [65]. In general the higher the value of HOMO, the higher would 

be the electron donating capacity of the inhibitor to vacant d-orbital of the metal. In addition, the lower the value 
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of LUMO, the greater would be the electron accepting ability of the inhibitor from the filled metal orbitals. But, 

the most important parameter is ΔE, which is the energy difference between LUMO and HOMO. The lower the 

value of ΔE the easier would be the release of electron and the stronger would the adsorption [66]. Thus to 

become a good corrosion inhibitor, easy donation of electron as well as easy acceptance of electron in their 

vacant orbital's is necessary [67]. The quantum chemical parameters for AMBz in gaseous media are 

represented in Table 6. 

 

Table 6. Quantum theoretical parameters for AMBz calculated using B3LYP/6-31G (d, p) 
 

EHOMO ELUMO ∆E I A ω ∆N µ 

-5.7870 -1.7733 4.013 5.7870 1.7733 14.3388 0.802 2.5272 

 

From this table, low values of the dipole moment (μ) will favor the accumulation of inhibitor molecules on the 

metallic surface [68]. 

The number of electron transfer (ΔN) was calculated using the following equation [69]: 

2( )

inh

Fe inh

N


 
 

                                                                                                                                          (9) 

Where χFe and χinh denote the absolute electro negativity of Fe and the inhibitor molecule, respectively; ηFe and 

ηinh are the absolute hardness of mild steel and the inhibitor molecule, respectively. The above quantum 

chemical parameters are related to electron affinity (A) and ionization potential (I) [70]. 

2

I A
    and 

2

I A
                                                                                                                                  (10) 

 

Where I = −EHOMO and A = −ELUMO. 

χ and η are calculated using the values of I and A. The theoretical values of  and η of Fe are 3.91 eV and 0 eV, 

respectively. According to Lukovits et al [71].If the value of ΔN is less than 3.6, the efficiency of inhibition 

increases with increasing electron-donating ability of the inhibitor to the metal surface. Recently, Parr et al. [72], 

have introduced an electrophilicity index (ω) defined as: 
2

2


 


                                                                                                                                                  (11) 

This was proposed as a measure of the electrophilic power of a molecule. Molecule with higher value of ω has 

the higher capacity to accept electrons. The Mulliken atomic charges on the atoms of the studied molecules with 

optimized geometry and the direction of the dipole moment vector calculated at the B3LYP/6-31G(d,p) level are 

presented in Fig. 9.  It is clear from this figure, that all the nitrogen atoms as well as oxygen atoms and some 

carbons atoms carries negative charge centers which are the probable reactive sites, could offer electrons to the 

mild steel surface to form a coordinate bond. It is worthy to mention that there are more negative charge centers 

in AMBz.The contour and is surface representation of electrostatic potential are also presented in Fig.9. The 

different values of the electrostatic potential were demonstrated with the help of different colors which are red, 

yellow, green, light blue and blue. The red and yellow colors suitable for the negative parts of the MESP are 

linked to electrophilic reactivity, blue colors suitable for the positive parts to the nucleophilic reactivity and the 

green color represents the electrostatic potential zero region [73]. According to the ESP contour surface and 

MESP of studied inhibitor, the negative regions are electrophilic active regions are mainly observed over the 

oxygen atoms. The positive regions are the nucleophilic regions and these are over the some carbon atoms of the 

title molecule. 

 

3.5. Monte Carlo simulation 

Electronic properties alone are not sufficient to predict the trend of the inhibition performance of the 

investigated inhibitors in spite of its success in exploring the mechanism of inhibitors. Therefore, it is imperative 

to carry out rigorous modeling of the direct interaction of the inhibitors with steel. We carried out Metropolis 

Monte Carlo method to sample possible low energy searches of the configuration space of the inhibitor on clean 

iron surface. The most stable low energy adsorption configurations of the inhibitor on Fe (110) surface using 

Monte Carlo simulations are depicted in Fig. 10. The values for the outputs and descriptors of the Monte Carlo 

simulations are listed in Table 7. It is generally acknowledged that the primary mechanism of corrosion inhibitor 
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interaction with steel is by adsorption. So the adsorption energy can provide us with a direct tool to rank 

inhibitor molecules. The adsorption energy of AMBz is far higher (Table 7). This indicates the possibility of 

gradual substitution of water molecules from the iron surface resulting in the formation of a stable layer which 

can protect the iron from aqueous corrosion [74-76]. 
 

 
Figure 13: The most stable low energy configuration for the adsorption of the inhibitor on Fe (1 1 0) surface 

obtained through the Monte Carlo simulation. 

Table 7. Outputs and descriptors calculated by the Monte Carlo simulation for the lowest adsorption. 

Configurations of DHI Fe (110) surface (in kcal/mol). 

 

System Total 

Energy 

Adsorption 

energy 

Rigid adsorption 

energy 

Deformation 

energy 

dEad/dNi 

inhibitor 

Fe (1 1  

0)/AMBz 

 200.49 -100.20 -99.49 -0.70 -100.20 

 

Conclusions 
The corrosion inhibition of carbon steel in 1.0 M HCl solutions by AMBz was studied and compared with the 

results obtained in 2.0 M H3PO4 [28] using common electrochemical techniques and quantum chemical 

calculations by DFT method and Monte Carlo simulations for the study of AMBz . According to experimental 

and theoretical findings, it could be concluded that: 

 

 AMBz is a good corrosion inhibitor for the carbon steel protection in both acid solutions. The inhibitory 

efficiency of this compound depends on its concentration in both acid solutions. 

 EIS plots indicated that Rct values increase and Cdl values decrease with increasing inhibitor concentration. 

 Polarization curves indicated that AMBz act as cathodic type inhibitor.  

 The adsorption of AMBz on the steel surface from two acid solutions follows Langmuir adsorption isotherm. 

The thermodynamic parameters suggest that this inhibitor is strongly adsorbed on the carbon steel surface. 

 The quantum chemical parameters (such as EHOMO, ELUMO, and dipolar moment) are obtained and discussed 

in view of experimental results. 

 Both experimental, quantum chemical and Monte Carlo simulations results showed that the inhibition 

efficiency of AMBz is affected by the heteroatoms and π-system presented in our compound. 
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