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Abstract 
Corrosion behavior of X65-type carbon steel exposed to 1M HCl aqueous solution was studied in the 

absence and presence of various concentrations of new synthesized 3-(4-chlorophenyl)-2-cyano-N-

(4-hydroxyphenyl) acrylamide, abbreviated as (P2), and 6-amino-4-(4-chlorophenyl)-1-(4-

hydroxyphenyl)-2-oxo-1,2-dihydropyridine-3,5-dicarbonitrile, abbreviated as (P3), at 25oC. 

Potentiodynamic polarization data indicated that the synthesized Cyanoacetamide derivatives 

suppress both anodic and cathodic reactions via adsorption on the carbon steel surface and blocking 

the active sites. The adsorption of the inhibitor molecules forms a protective film which decreases 

the surface heterogeneity. Electrochemical impedance spectroscopy (EIS) measurements reveal that 

as the inhibitor concentration is increased, both the inhibition efficiency (η%) and the charge transfer 

resistance (Rt) are increased while the electrochemical double layer capacity (Cdl) is decreased. The 

experimental impedance data were analyzed according to a proposed equivalent circuit model for the 

electrode/electrolyte interface. Chemical descriptors are calculated through the density functional 

theory (DFT), also adsorption of inhibitors on the metal surface investigated through Monte Carlo 

simulation. The mechanism of corrosion inhibition was discussed given the obtained results of 

surface analysis and the molecular structure of the additive obtained from quantum chemical 

calculations. 

Keywords: Corrosion inhibition; Polarization; Electrochemical impedance spectroscopy (EIS); 

Surface analysis; Quantum chemical calculations 

 

Cite this article as: El-hoshoudy AN, Abd El-Raouf M, Attya MM, et al. 2021. Cyanoacetamide 

derivatives as corrosion inhibitors; Synthesis, Characterization, DFT and Monte Carlo simulation. J 

Chem Appl. 3: 33-53. 

 

Copyright: This is an open-access article distributed under the terms of the Creative Commons 

Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, 

provided the original author and source are credited. Copyright © 2021; El-hoshoudy AN

Introduction 

Cyanoacetamide-N-derivatives are privileged 

structures and considered one of the most 

important precursors for heterocyclic synthesis 

[1-3]. The simplest and most convergent 

preparation of this class of compounds has been 

described elsewhere [4,5]. They are extensively 

utilized as reactants or reaction intermediates 
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since the carbonyl group, the active hydrogen 

on C2, and the cyano function of these 

compounds are suitably positioned to enable 

reactions with common reagents to form a 

variety of heterocyclic compounds with 

pharmacological applications, for example, 

antitumor [6,7], anti-inflammatory [8,9], and 

antibacterial and antifungal [10-13] activity, in 

addition to other medicinal applications 

[14,15]. Recently many derivatives of 

cyanoacetamide were reported as a new class of 

corrosion inhibitors [16,17]. Computational 

and theoretical methods are a considerable tool 

to calculate chemical and quantum descriptors 

based on theoretical assumptions [18-21]. 

Molecular dynamics (MD) simulation used 

currently to investigate the orientation of 

corrosion inhibitors over the metal surface [22-

24]. Furthermore, density functional theory 

(DFT) approximates the inhibition efficiency of 

the inhibitors through their electronic molecular 

structure [25]. In the current work, the 

inhibition efficiency of two synthesized 

inhibitors as displayed in Scheme 1 was 

evaluated on the metal surface. Chemical 

hardness, electronegativity, chemical potential, 

electrophilicity, and nucleophilicity as widely 

used chemical descriptors have been 

investigated to assess the accomplishment 

between experimental results and theoretical 

approaches [26,27]. Based on the molecular 

structure of the inhibitors, these descriptors will 

assess the inhibition efficiency in terms of 

chemical reactivity [28]. Also, a Monte Carlo 

simulation was conducted to calculate the 

inhibitor’s adsorption energy on the iron (Fe) 

crystal surface [29]. 

Materials and Methods 
 

Chemical composition of the investigated 

carbon steel alloy 

 

Carbon steel specimens used in this 

investigation were cut from unused petroleum 

pipelines having the chemical composition of 

carbon steel alloy is listed in table 1. 

 

 

Scheme 1: Chemical structure of the synthesized inhibitors. 
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Table 1: Chemical composition of carbon steel alloy. 

Element C Si Mn P S Ni Cr Mo V Cu Al Fe 

Content 

(Wt %) 
0.09 0.22 1.52 0.01 0.05 0.04 0.02 0.004 0.002 0.02 0.04 rest 

Corrosive medium  

The corrosive medium employed in this study 

is a 1M HCl aqueous solution. The selection of 

this corrosive medium was made to simulate the 

oil wells acidizing jobs that are frequently 

executed to stimulate oil production. During the 

acidizing process, the oil well, tubing is 

susceptible to acidic corrosion on the internal 

surface of the production tube. 

Synthesis and characterization of 2-cyano-

N-(4-hydroxyphenyl) acetamide [P1] 

 

An equimolar amount of p-aminophenol and 

ethyl cyanoacetate were fused in an oil bath for 

30 minutes then left to cool. The formed solid 

product was washed with ethanol, dried, and 

recrystallized from a mixture of DMF and 

ethanol (1:5) to give yellowish-brown powder; 

with a yield of 91%, and melting point 228-

230˚C. The chemical structures of the 

synthesized compounds were confirmed using 

FTIR, 1H NMR, and mass spectra. The 

spectroscopic analysis of the different 

compounds showed their chemical structures as 

represented in Scheme 1. IR (KBr): υ/cm-1= 

3391 (OH), 3311 (NH), 2268 (C≡N), 671 

(C=O).1H NMR (DMSO-d6): δ 3.82 (s, 2H, 

CH2), 6.75 (d, 2H, 2ArCH aa, AB system), 7.35 

(d, 2H, 2ArCH bb, AB system), 9.29 (s, 1H, 

OH), 10.03 (s, 1H, N–H). MS m/z (%): 177 

(M++1, 7.26), 167 (M+, 67.21), 136 (4.69), 135 

(17.08), 108 (100.00), 81 (22.67), 68 (17.02). 

 

Synthesis and characterization of 3-(4-

chlorophenyl)-2-cyano-N-(4-

hydroxyphenyl) acrylamide [P2] 

 

To an ethanolic solution of the 2-cyano-N-(4-

hydroxyphenyl) acetamide (0.35 g, 2 mmol) 

and p-chlorobenzaldehyde (0.28 g, 2 mmol) 

was added few drops of piperidine, and the 

reaction mixture was refluxed for 30 min. The 

obtained solid product was collected by 

filtration, washed with ethanol, and then 

crystallized from a mixture of ethanol and DMF 

(4:1) to give yellow crystals; yield 89%; 

melting point 150-160˚C. IR (KBr): υ/cm-1= 

3417 (OH), 3328 (NH), 2221 (C≡N), 1671 

(C=O). 1H NMR (DMSO-d6): δ 6.74 (d, 2H, 

2ArCH aa, AB system), 7.45 (d, 2H, 2ArCH bb, 

AB system), 7.66 (d, 2H, 2ArCH a\a\, AB 

system), 7.97 (d, 2H, , 2ArCH b\b\, AB system), 

8.22 (s, 1H, =CH), 9.34 (s, 1H, OH), 10.16 (s, 

1H, N–H). MS m/z (%): 300 (M++2, 46.03), 

298 (M+, 100.00), 232 (7.77), 190 (62.56), 162 

(23.12), 127 (34.06), 108 (40.16). 

 

Synthesis and characterization of 6-amino-4-

(4-chlorophenyl)-1-(4-hydroxyphenyl)-2-

oxo-1,2- dihydropyridine-3,5-dicarbonitrile 

[P3] 

Method A: To a solution of the 2-(4-

chlorobenzylidene) malononitrile (0.37 g, 2 

mmol) in ethanol (20 mL) was added the 2-

cyano-N-(4-hydroxyphenyl) acetamide (0.35 g, 

2 mmol), and few drops of piperidine and the 

reaction mixture was heated under reflux for 1 

h. The formed solid product was collected by 

filtration, washed with EtOH, and then 

crystallized from ethanol/DMF mixture (3:1). 

Method B: To a solution of 3-(4-

chlorophenyl)-2-cyano-N-(4-hydroxyphenyl) 

acrylamide (0.59 g, 2 mmol) in ethanol (20 mL) 

was added malononitrile (0.13 g, 2 mmol) and 

few drops of piperidine, and a reaction mixture 

was heated under reflux for 2 h. The obtained 

solid product was collected by filtration, 

washed with ethanol, and then crystallized from 

ethanol/DMF mixture (3:1) to give yellow 
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crystals; yield 71% [2]; a melting point above 

300˚C. IR (KBr): υ/cm-1= 3422 (OH), 3315, 

3221 (NH2), 2212, 2193 (2 C≡N), 1671 (C=O). 
1H NMR (DMSO-d6): δ 6.91 (d, 2H, 2ArCH aa, 

AB system), 7.14 (d, 2H, , 2ArCH bb, AB 

system), 7.56 (d, 2H, , 2ArCH b\b\, AB system), 

7.66 (d, 2H, 2ArCH a\a\, AB system), 7.82 (s, 

2H, NH2), 9.88 (s, 1H, OH). MS m/z (%): 364 

(M++2, 33.79), 362 (M+, 100.00), 349 (8.95), 

334 (23.02), 241 (29.28), 214 (20.90), 135 

(19.89). The spectroscopic characterization of 

inhibitor P3 including (FT-IR spectra as well as 

H1-NMR and mass spectroscopy) are provided 

in Supplementary data (Figures S1-S3). The 

surface examination was carried out using a 

scanning electron microscope (JEOL JSM-

5410, Japan). The energy of the acceleration 

beam employed was 20KV. All micrographs 

were taken at a magnification power (100-

500X). EDX system attached with a JEOL 

JSM-5410 scanning electron microscope was 

used for the elemental analysis or chemical 

characterization of the surface of carbon steel 

before and after applying the synthesized P2 

and P3 inhibitor. 

 
Potentiodynamic polarization measurements 

 

A conventional three-electrode glass cell, 

consisting of the carbon steel working electrode 

(WE), a platinum counter electrode (CE), and a 

saturated calomel electrode (SCE) as a 

reference electrode, was used for 

electrochemical measurements as illustrated in 

igure 1. The electrochemical measurements 

were carried out using Volta lab80 (Tacussel-

radiometer PGZ402) controlled by the Tacussel 

corrosion analysis software model (Volta 

master 4). All the measurements were carried 

out in air-saturated solutions and at ambient  

temperature (25 oC). The working electrode 

was first immersed in the formation water for 

1.0 hours to establish a steady-state open circuit 

potential (Eocp). The open-circuit potential for 

the working electrode was recorded over time 

for 3 hours under the testing solution at 25 oC 

with and without different concentrations of the 

synthesized P2 and P3 inhibitors. The test 

period was maintained to ensure achieving a 

stable potential value. After determining the 

open circuit potential, potentiodynamic 

polarization curves were obtained by changing 

the applied electrode potential automatically 

from -900 mV to -30 mV with a scan rate of 1 

mV/s in both cathodic and anodic potentials to 

investigate the polarization behavior. 

 

Electrochemical impedance spectroscopy 

(EIS) 

 

Impedance spectra were obtained in the 

frequency range between 100 kHz and 50 MHz 

using 20 steps per frequency decade at open 

circuit potential after 3 hours of immersion 

time. AC signal with a 20-mV amplitude peak 

to peak was used to perturb the system. EIS 

diagrams are given in Nyquist representation.  

 

Results and Discussion 
 
Potentiodynamic polarization measurements 

 

Figure 2 displays the cathodic and anodic 

polarization curves of carbon steel immersed in 

deep oil wells produced water in the absence 

and presence of different concentrations of the 

synthesized inhibitor. Electrochemical 

parameters such as corrosion potential (Ecorr.), 

corrosion current density (icorr.), cathodic and 

anodic Tafel slopes (bc and ba), and polarization 

resistance (Rp) were calculated. From the 

obtained polarization curves, the corrosion 

current densities (icorr.) were decreased with 

increasing inhibitor concentration concerning 

the blank (inhibitor-free solution). These results 

indicate the production of a good protective 

layer on the surface of carbon steel. The degree 

of surface coverage (θ) and the percentage 

inhibition efficiency (IE %) was calculated 

using the following equations [17]. 

 

0

1
i

i−=
 

(1) 

1001%
0





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where io and i are the corrosion current densities 

in the absence and presence of the inhibitor, 

respectively. The values of polarization 

resistance (Rp) were calculated from the well-

known Stern - Geary equation. 

 

)(303.2/ cacorrcap bbibbR +=
 (3) 

 

From the obtained data, the Tafel lines are 

shifted to more negative and more positive 

potentials for the anodic and cathodic 

processes, respectively relative to the blank 

curve. This means that the selected compound 

acts as a mixed type inhibitor, i.e., promoting 

retardation of both anodic and cathodic 

discharge reactions. Also, the slopes of the 

cathodic and anodic Tafel lines are 

approximately constant and independent of the 

inhibitor concentration. This means that the 

selected inhibitor does not affect the metal 

dissolution mechanism. Complete data 

obtained from polarization measurements for 

inhibitors P2 and P3 are summarized in tables 2 

and 3, respectively. 

 

 

          Figure 1: Schematic representation for the electrochemical cell used in this work. 

 

 1 – Shell 

 2 – Head 

 3 – PTFE inner coating 

 4 – Working electrode 

 5 – Counter electrode 

 6 – Reference electrode 

 7 – Electrochemical connector 

 8 – Thermo-element 

 9 – Gas inlet 

10 – Gas outlet 

11 – Pressure seal 

12 – Electrochemical connector 
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Figure 2: Potentiodynamic polarization curves of carbon steel in 1M HCl aqueous solution in the 

absence and presence of different concentrations of P2 inhibitor at 25 oC. 

 

 
 

Figure 3: Potentiodynamic polarization curves of carbon steel in 1M HCl aqueous solution in the 

absence and presence of different concentrations of P3 inhibitor at 25 oC. 
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Electrochemical impedance spectroscopy 

(EIS) 

 

The corrosion behavior of carbon steel in deep 

oil wells produced water in the absence and 

presence of various concentrations of the 

synthesized inhibitor was investigated by the 

EIS technique. Nyquist and Bode's plots are 

shown in figures 3-5, respectively. It is clear 

from the plots that the impedance response of 

carbon steel in produced water was 

significantly changed after the addition of the 

inhibitor molecules. Various parameters such as 

the charge transfer resistance (Rt), double layer 

capacitance (Cdl), and percentage inhibition 

efficiency IE % were calculated according to 

the following equations and listed in tables 4 

and 5, respectively. The values of Rt were given 

by subtracting the high-frequency impedance 

from the low-frequency one as follows [30]. 

 

tR = .'reZ (at low frequency)

.'reZ− (at high frequency) 

(4) 

  

The values of Cdl were obtained at the 

frequency fmax, at which the imaginary 

component of the impedance is maximal – Zmax 

using the following equation. 

t

dl
Rf

C
1

2

1

.max
=  (5) 

 

The percentage inhibition efficiency IE % was 

calculated from the values of Rt using the 

following equation. 

( )( ) %  1 –  /    100t t inhIE R R x 


=


 (6) 

Where Rt and Rt (inh) are the charge transfer 

resistance values in the absence and presence of 

inhibitor, respectively. Increasing the value of 

charge transfer resistance (Rt) and decreasing 

the value of double-layer capacitance (Cdl) by 

increasing the inhibitor concentration indicates 

that the surfactant molecules inhibit the 

corrosion rate of carbon steel in deep oil wells 

produced water by adsorption mechanism [31]. 

 

 

 
 

Figure 4: Nyquist plots for carbon steel in 1M HCl aqueous solution in the absence and presence of 

different concentrations of P2 inhibitor at 25 oC. 
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Figure 5: Nyquist plots for carbon steel in 1M HCl aqueous solution in the absence and presence of 

different concentrations of P3 inhibitor at 25 oC. 

 

Table 2: Data obtained from potentiodynamic polarization measurements of carbon steel in 1M HCl 

aqueous solution in the absence and presence of various concentrations of P2 inhibitor at 25 oC. 

Conc. 

(ppm) 

-Ecorr 

(mV) 

Icorr 

(μA/cm²) 

Corrosion 

rate 

(mm/year) 

Rp 

(ohm.cm2) 

βa 

(mV dec-1) 

βc 

(mV dec-1) 
θ 

IE 

(%) 

Blank 457.62 546 6.345 49.51 106.65 149.48 - - 

5 448.85 94.55 1.099 297.19 107.8 161.84 0.83 82.68 

10 462.64 69.15 0.803 434.33 106.55 197.03 0.87 87.34 

15 446.46 61.56 0.715 418.61 88.752 178.99 0.89 88.73 

20 459.82 41.35 0.480 702.61 134.04 133.55 0.92 92.43 

25 422.48 37.44 0.435 596.16 73.502 170.9 0.93 93.14 

Table 3: Data obtained from potentiodynamic polarization measurements of carbon steel in 1M HCl 

aqueous solution in the absence and presence of various concentrations of P3 inhibitor at 25 oC. 

Conc. 

(ppm) 

-Ecorr 

(mV) 

Icorr 

(μA/cm²) 

Corrosion 

rate 

(mm/year) 

Rp 

(ohm.cm2) 

βa 

(mV dec-1) 

βc 

(mV dec-1) 
θ 

IE 

(%) 

Blank 457.62 546 6.345 49.51 106.65 149.48 - - 

5 430.96 43.99 0.511 497.46 68.57 190.01 0.919 91.94 

10 431.03 41.02 0.477 591.59 77.78 198.35 0.925 92.49 

15 443.12 36.68 0.426 686.77 82.88 193.19 0.933 93.28 

20 429.96 34.92 0.406 648.74 75.77 167.42 0.936 93.60 

25 434.63 30.96 0.360 719.41 79.77 143.62 0.943 94.33 
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Table 4: Data obtained from electrochemical impedance spectroscopy (EIS) measurements of 

carbon steel in 1M HCl aqueous solution in the absence and presence of various concentrations of 

the P2 inhibitor at 25 oC. 

Concentration, 

(ppm) 
Coefficient 

Rs, 

(ohm.cm²) 

Rt, 

(kohm.cm²) 

Cdl, 

(µF/cm²) 
θ IE% 

Blank 0.979 1.5 49.0 229.1 - - 

5 0.999 2.7 230.2 192.7 0.79 78.7 

10 0.972 1.2 322.5 148.9 0.85 84.8 

15 0.994 2.3 359.3 108.2 0.86 86.4 

20 0.991 1.9 586.9 98.9 0.92 91.7 

25 0.988 2.5 699.1 34.7 0.93 93.0 

Scanning electron microscopy (SEM) 

 

Figure 6a shows an SEM image of a polished 

carbon steel surface. The micrograph shows a 

characteristic inclusion, which was probably an 

oxide inclusion [32]. Figure 6b shows SEM of 

the surface of the carbon steel specimen after 

immersion in produced water for 30 days in 

absence of an inhibitor, while figure 6c shows 

SEM of the surface of another carbon steel 

specimen after immersion in produced water for 

the same time interval in presence of 150 ppm 

of the synthesized inhibitor. The resulting 

scanning electron micrographs reveal that the 

surface was strongly damaged in absence of the 

inhibitor, but in presence of 150 ppm of the 

inhibitor, there is less damage to the surface. 

This confirms the observed high inhibition 

efficiency of the inhibitor at this concentration. 

Energy Dispersive Analysis of X-Rays (EDX)  

EDX spectrum in Figure 6a shows the 

characteristic peaks of some of the elements 

constituting the polished carbon steel surface. 

The spectrum of the polished carbon steel 

surface after immersion in the produced water 

in the absence and presence of the inhibitor for 

30 days, are shown in figure 6b& c, 

respectively. The spectra of Figure 6c show that 

the Fe peak is considerably decreased relative 

to the samples in Figure 6a & b. This decrease 

of the Fe band is indicated that the strongly 

adherent protective film of the inhibitor formed 

on the polished carbon steel surface, which 

leads to a high degree of inhibition efficiency 

[33]. The oxygen signal apparent in Figure 6b 

is due to the carbon steel surface exposed to the 

produced water in absence of the inhibitor. 

Therefore, EDX and SEM examinations of the 

carbon steel surface support the results obtained 

from electrochemical methods that the 

synthesized surfactant inhibitor is a good 

inhibitor for the carbon steel in the oil wells 

produced water. 

Computational Calculations 

Monte Carlo simulation 

 

Monte Carlo simulation was conducted to 

explore the alignment and the lowest 

configuration adsorption energies of the two 

inhibitors on the metallic iron surface in the 

aqueous phase. Inhibitor molecules were 

geometry optimized using the for cite module 

applying the COMPASSII force field with 

Gasteiger charges, and Quasi-Newton 

algorithms at a fine quality [29]. The 

electrostatic and Vander Waals forces 

calculated using atom and group-based, 

respectively. annealing simulation conducted 

between the inhibitor molecules and Fe crystal 

built with a surface cleavage of (-111) and 

vacuum slab thickness of 30.00 Å in a 

simulation box (4.05 °A× 4.05 °A× 30.82 °A) 

with periodic boundary conditions alongside 

with 5 water molecules [34]. The adsorbed 

inhibitors were translated and rotated around 

the metal surface to screen the minimum 

adsorption energy sites for attachment [29]. A 
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sequence of NVT (canonical ensemble) 

calculations were performed at 300 K and 1 atm 

with a timestep of 0.5 fs [17]. Figure 7 displays 

the configuration outputs from the annealing 

simulation.  The chemical descriptors outputs 

from the MC simulation are listed in table 5,6. 

The adsorption energy is an indicator of 

inhibitor efficiency. The more negative value of 

adsorption energies reveals the higher 

inhibition efficiency [22,26,29,35,36]. The 

obtained results in table 6 indicate that the 

inhibition efficiency of P2 inhibitors is higher 

than that of the P3 inhibitor. 

 

Table 5: Data obtained from electrochemical impedance spectroscopy (EIS) measurements of carbon 

steel in 1M HCl aqueous solution in the absence and presence of various concentrations of the P3 

inhibitor at 25 oC. 

Concentration, 

(ppm) 
Coefficient 

Rs, 

(ohm.cm²) 

Rt, 

(kohm.cm²) 

Cdl, 

(µF/cm²) 
θ IE% 

Blank 0.979 1.5 49.0 229.1 - - 

5 0.993 2.8 516.8 98.9 0.91 90.5 

10 0.985 2.6 739.9 97.6 0.93 93.4 

15 0.989 2.4 789.0 89.6 0.94 93.8 

20 0.997 1.9 842.1 78.2 0.94 94.2 

25 0.990 1.2 983.9 72.3 0.95 95.0 

Table 6: Chemical descriptors computed by the MC simulation for the reported inhibitors.  

MC descriptors for P2 inhibitor  

Structures Total energy 
Adsorption 

energy 

Rigid adsorption 

energy 

Deformation 

energy 
P2 : dEad/dNi H2O : dEad/dNi 

Fe (-1 1 1) - 1 67.88269379 -392.97544647 50.43351940 -443.40896587 -223.19703893 -36.26697181 

Fe (-1 1 1) - 2 69.33247197 -391.52566830 51.28867922 -442.81434752 -227.43088863 -37.19090390 

Fe (-1 1 1) - 3 69.90741559 -390.95072467 52.98647063 -443.93719530 -230.88509315 -34.79995454 

Fe (-1 1 1) - 4 70.18238494 -390.67575532 53.26913686 -443.94489218 -223.06596362 -35.10957653 

Fe (-1 1 1) - 5 70.49149355 -390.36664671 53.48781677 -443.85446348 -223.11584141 -35.54520819 

Fe (-1 1 1) - 6 70.87335588 -389.98478438 53.88512054 -443.86990492 -229.51794844 -35.97194977 

Fe (-1 1 1) - 7 71.33366517 -389.52447510 54.97667421 -444.50114931 -222.71381808 -35.37157546 

Fe (-1 1 1) - 8 71.91369440 -388.94444586 54.06082869 -443.00527456 -227.02263641 -37.54443502 

Fe (-1 1 1) - 9 72.60618508 -388.25195519 54.91363468 -443.16558986 -227.11959510 -36.03445885 

Fe (-1 1 1) - 10 73.07910164 -387.77903862 55.28849145 -443.06753007 -227.93181195 -34.63524736 

MC descriptors for P3 inhibitor  

Structures Total energy 
Adsorption 
energy 

Rigid adsorption 
energy 

Deformation 
energy 

P3 : dEad/dNi H2O : dEad/dNi 

Fe (-1 1 1) - 1 591.28877497 -117.94720461 386.68521181 -504.63241643 45.11693388 -38.38668267 

Fe (-1 1 1) - 2 591.85941767 -117.37656192 386.23829981 -503.61486173 48.00791853 -39.31475606 

Fe (-1 1 1) - 3 592.22935342 -117.00662617 386.97297937 -503.97960553 48.17312511 -39.51740113 

Fe (-1 1 1) - 4 592.82407168 -116.41190791 387.78975605 -504.20166396 49.20286227 -39.64943306 

Fe (-1 1 1) - 5 593.04471017 -116.19126942 388.95554806 -505.14681748 45.71359050 -38.07056052 

Fe (-1 1 1) - 6 593.50208015 -115.73389944 389.38118420 -505.11508364 45.03914864 -38.02989046 

Fe (-1 1 1) - 7 594.46015995 -114.77581964 387.63876576 -502.41458540 51.33624495 -38.90272510 

Fe (-1 1 1) - 8 595.16657007 -114.06940952 390.44683719 -504.51624671 51.84292535 -39.86295907 

Fe (-1 1 1) - 9 595.74881126 -113.48716832 390.52790589 -504.01507422 47.44533191 -38.33210013 

Fe (-1 1 1) - 10 596.19597052 -113.04000907 391.25200822 -504.29201730 48.64770360 -38.31975613 
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(a) 

  

(b) 

  

(c) 

 
 

(d) 

  
 

Figure 6: SEM images and EDX spectra for the carbon steel surface: a) polished sample, (b) after 

immersion in 1M HCl aqueous solution, (c) after immersion in 1M HCl aqueous solution in the presence 

of 25 ppm of P2 inhibitor, and (d) after immersion in 1M HCl aqueous solution in the presence of 25 ppm 

of P3 inhibitor. 
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Fe (-111) vacuum slab crystal 
Adsorption annealing of P2 inhibitor on 

Fe (-1 1 1) surface 

 
 

Fe (-1 1 1) adsorption annealing 

fields of P2 inhibitor 

Adsorption annealing of P3 inhibitor on 

Fe (-1 1 1) surface 

 

 

Fe (-1 1 1) adsorption annealing 

fields of P3 inhibitor 
 

 

Figure 7: Monte Carlo annealing simulation of the adsorbed inhibitors on Fe (-111) surface. 
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Figure 8: Optimized structures, HOMO, LUMO, and Electron density in the gas phase. 
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Density function theory (DFT)  

DFT calculations are widely implemented in 

computational chemistry due to the reliability 

and compatibility of their predictions with the 

experimental data [37]. Moreover, B3LYP has 

been assigned for systems comprising transition 

metal atoms during corrosion inhibition study, 

since the inhibitor adsorption on the metal 

surface depends on donor-acceptor interaction 

between the conjugated π-electrons of the 

heterocyclic atom and the vacant d-orbitals of 

the metal atoms [37]. Density functional theory 

(DFT) was conducted at the Becke’s three-

parameter exchange functional (B3) along with 

the Lee-Yang-Parr (LYP) gradient corrected 

nonlocal correlation functional (B3LYP) at 

medium quality [22,25,26,34,38]. The relation 

of the quantum chemical descriptors to the 

corrosion inhibition behavior of the reported 

inhibitors was investigated [38]. The definition 

and formula of these chemical descriptors are 

reported elsewhere [22,26,28,34,38-40]. Table 

7 summarizes the chemical descriptors 

calculated by DFT- theory. The optimized 

geometries of the reported inhibitors as well as 

Frontier molecule orbital (HOMO & LUMO) 

delocalization, and electron density map are 

shown in figure 8.  

 

Table 7: Chemical descriptors of P2&P3 

inhibitors. Chemical 

descriptors 
P2 P3 

EHOMO, eV -0.2154 -0.2342 

ELUMO, eV -0.0997 -0.0817 

I, eV 0.2154 0.2342 

A, eV 0.0997 0.0817 

ΔE gap, eV 0.1157 0.1525 

χ 0.1575 0.1580 

η, eV 0.0579 0.0762 

σ, eV -1 17.2809 13.1177 

μ -0.1575 -0.1580 

, eV  0.2144 0.1636 

 4.6631003

71 
6.11107 

ΔN 59.1218 44.8759 

ΔE Back-donation, eV -0.0145 -0.0191 

 

The molecular distribution of the HOMO and 

LUMO orbitals are mostly localized on the 

hetero O and N atoms and aromatic rings 

containing hetero N atoms in the reported 

inhibitors. Consequently, the hetero O and N 

atoms are conjugated in the electron’s 

transferee during metal/inhibitors interactions. 

The molecular electrostatic potential (ESP) 

map has been characterized by different colors 

which indicate the electron density distribution 

through the inhibitor molecule [26]. Red colors 

are designated for negative electrostatic 

potential, while blue regions are related to 

positive ones [25]. Ö and N atoms contain lone 

pairs of electrons, so displayed as red regions 

possessing the most negative charges. Ö and N 

atoms are the negatively charged sites that give 

electrons to the Fe atoms to form a coordinate 

bond [29,41]. The -OH and Cl- have more 

positive charges and display dark blue regions. 

The white regions were assigned for zero 

electrostatic potential of the phenyl rings 

[25,26,42]. The stabilization of the HOMO and 

LUMO orbitals for the reported inhibitors 

reveals their electron-donating ability to the 

metallic surface [25]. By analyzing the 

chemical descriptors as displayed in table 7. 

The highest value of EHOMO (-0.2154 & -0.2342 

eV) indicates the higher inhibition efficiency of 

the P2 and P3 inhibitors owing to their higher 

electron-donation ability to the Fe surface. The 

lower the ELUMO, the easier is the electron's 

acceptance from the (d) orbital of the Fe metal 

[38]. The lower energy gap (ΔELUMO-HOMO) in P2 

inhibitor (0.1157 eV) rather than P3 inhibitor 

(0.1525 eV) indicate a good inhibition 

efficiency and relative chemical reactivity of P2 

inhibitor towards the metallic surface, owing to 

the lower energy needed to remove the electron 

from the highest-energy occupied molecular 

orbital [29]. The lower ionization energy 

(0.2154 eV) of the P2 inhibitor assures its 

higher inhibition efficiency [25,43]. By 

screening the global softness and hardness 

values, P2 inhibitors exhibit the highest global 

softness (17.2809 eV) and the lowest global 

hardness (0.0579 eV) compared to P3 inhibitor 

so, it is evident to be an efficient corrosion 

inhibitor rather than a P3 inhibitor [44]. This 
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assumption is based on the Lewis acid-base 

theorem which states that the metal (Fe) surface 

will interact with softer molecules faster than 

the harder molecules [25]. According to 

Sanderson’s electronegativity equalization 

principle [45,46], the lower electronegativity 

value of both P2 & P3 inhibitors ascertains its 

higher inhibition efficiency [44]. The results of 

electrophilicity indicate that reactive, and 

efficient nucleophile is characterized by a low 

value of electronic chemical potential (μ) and 

electrophilicity index () [38]. The fraction of 

electron transferred (ΔN) value confirms that 

the P2 inhibitor has a higher value of electron 

transfer (59.1218) so it exerts high inhibition 

efficiency attributed to the higher electron-

donating ability to the metallic surface 

according to Lukovits’s study [38,47]. The 

electron flows from the molecule orbitals to the 

Fe surface until the chemical equilibrium is 

attained [25]. ΔE Back-donation was calculated 

relevant to the global hardness and revealed that 

back-donation is favored for P2 and P3 as a 

good inhibitor [44]. Since ΔE Back-donation < 0, so 

the electron-back-donation process is 

energetically favored, and the adsorption of the 

inhibitor molecule on the Fe surface is 

strengthened [25]. The efficiency of P2 and P3 

for corrosion inhibition resort to the presence of 

oxygen and nitrogen heteroatoms with 

abundant π-electrons so adsorb efficiently on 

the metallic surface and withstand the corrosion 

[22,25]. The polar heteroatoms energize the 

inhibitor-metal cation adsorption interaction 

[25]. As a result, active binding sites on the Fe 

surface are overcrowded, so, the 

anodic/cathodic interactions diminished during 

the electrochemical process [25].  

 

 

 

 

 

 

 

 

 

Conclusion 
 

The corrosion inhibition performance of the 

synthesized cyanoacetamide derivatives was 

investigated in 1 mol HCl for mild steel through 

conducting experimental and computational 

methodologies. Based on the obtained results 

from Potentiodynamic polarization and 

electrochemical impedance measurement, the 

following aspects can be highlighted; 

 

1. The investigated nonionic surfactant is 

an effective inhibitor for corrosion of 

carbon steel in oil well produced water.  

2. The adsorption of the inhibitor 

molecules obeyed the Langmuir 

adsorption isotherm. 

3. The values of the percentage inhibition 

efficiency obtained from 

potentiodynamic polarization and 

electrochemical impedance 

spectroscopy are in good agreement. 

4. The potentiodynamic polarization 

curves indicated that the inhibitor 

molecules inhibit both anodic metal 

dissolution and also cathodic oxygen 

reduction so that the undertaken 

surfactant is classified as a mixed-type 

inhibitor. 

5. The inhibition mechanism is attributed 

to the strong adsorption ability of the 

selected surfactant on the carbon steel 

surface, forming a good protective 

layer, which isolates the surface from 

the aggressive environment.  

6. The produced good protective film on 

the carbon steel surface was confirmed 

using SEM and EDX techniques. 

7. The data obtained from the 

experimental techniques are confirmed 

by theoretical data obtained from 

quantum chemical calculations.  

8. The Monte Carlo simulation and DFT 

approach indicate the higher inhibition 

efficiency of P2 inhibitor rather than P3 

inhibitor.  
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Abbreviations 

 

EHOMO& ELUMO, eV Frontier molecular orbitals (FMO) energies 

I, eV Ionization potential 

A, eV Electron affinity 

ΔE gap, eV The energy bandgap 

χ Absolute electronegativity 

η, eV Global hardness 

σ, eV -1 Global softness 

, eV Global electrophilicity index 

 Nucleophilicity 

μ Electronic chemical potential 

ΔN The fraction of electron transferred 

ΔE Back-donation, eV Total energy change 

Supplementary data 

 

 

Figure S1: FT-IR spectrum of the Synthesized inhibitor P3. 
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Figure S2: 1H NMR spectrum of the synthesized inhibitor P3. 

 

 

 

Figure S3: Mass spectroscopy of the synthesized inhibitor P3. 
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