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Abstract

N1,N2-Bis(1-Phenylethylidene)ethane-1,2-diamine EBIE was tested as a corrosion
inhibitor for C-steel in a 1.0 M HCI solution, bging potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) tectesi. The results showed that
PEED is a very good inhibitor, as its inhibitionfi@ency reached 93.8 %, with a
concentration of 1.0xIDM, at 298 K. Tafel polarization study revealed tiREED
acted as a mixed type inhibitor that obeyed Langnadsorption isotherm. The
thermodynamic activation parameters for the coomsieaction were calculated and
discussed. Quantum chemical parameters and Fukustiden were obtained by
DMol¥GGA/PW91/DNP+ level of theory, which was performegingMaterials
Sudiov 8.0 software fronBiovia-Accelrys. Monte Carlo simulation was implemented
to search for the equilibrium configurations of AEED/Fe(111) adsorption system, in
a 1.0 M hydrochloric acid solution.

Keywords: corrosion, inhibitor, N1,N2-Bis(1-Phenylethylidene)ethane-1,2-diamine,
Langmuir adsorption isothermgquantum chemical parameters and Monte Carlo
simulation.
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Introduction
Carbon steel (C-steel) is among the most widelyduseterials in many
industrial fields, such as metal processing equigmenarine applications,
nuclear power plants, fossil fuel plants and camion. Acidic solutions,
especially hydrochloric acid (HCI), are often usednany industrial processes,
including acid pickling, chemical cleaning, elimime of localized deposits, and
removal of undesirable scale in metals working. Eeer, materials could be
corroded during these applications, resulting iste/af resources [1].
For reducing materials’ corrosion rate, many meshdédve been used, but
inhibitors remain one of the most practical techesg) for corrosion protection in
acidic media [2], especially organic compounds ammig heteroatoms, such as
nitrogen (-N-), oxygen (-O-), and sulfur (-S-) [3nd also compounds with
multiple bonds £-x), as they adsorb onto the C-steel surface [4-6].
The aim of this study is to investigate the inhdnt effect of N1,N2-bis(1-
phenylethylidene)ethane-1,2-diamine (PEED) on @tsterrosion, in a 1.0 M
HCI solution, using electrochemical measurementger§ quantum chemical
parameter was obtained by DMol3/GGA/PW91/DNP+ l|egtltheory in an
isolated form, which helped to understand PEED igd®m properties. PEED’s
molecular structure is shown in Scheme 1.
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Scheme 1Molecular structure of PEED.

Experimental work

Synthesis of N1,N2-bis(1-phenylethylidene)ethane-1,2-diamine
N1,N2-Bis(1-Phenylethylidene)ethane-1,2-diamine EPE was prepared by
condensation under reflux in ethanol, with two &glents of acetophenone, and
ethylenediamine (Reaction 1). The reaction mixtwes heated at reflux for 4
hours. The solvent was evaporated under vacuumthemdcooled to 0 °C. The
yellow solid was collected and washed with hexam# ether, with a percentage
yield = 60%. Table 1 shows some physical propedifehe reactants and of the
product.
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I R spectroscopy of PEED

IR spectroscopy of the NI1,N2-BIS(1-phenyl ethylid@thane-1,2-diamine
ligand (PEED) showed, by comparison with the irddarspectrum of
ethylenediamine and acetophenone, the disappeamindéetone’s bands of
vibration ofvc=o, located to 1750 cry and ofunnz, at 3300 cnit, characteristic
of a primary amine.

Table 1.Physical properties of the reactants and of thdymb

Molecular Melting . Percentage
Product Formula weight / g.mol* point / °C Solubility vield/ %
Acetophenone 150 120.1 viscous liquid -
Ethylenediaming  &HsN» 60.2 liquid -
Ethanol
PEED GsHa0N2 264 118 and DMSO 60

The IR spectroscopy also showed the appearancenefvaband at 1620 cin
corresponding to the vibration afc=n [7], and another band at 1510 €m
corresponding to the vibration of-c, as illustrated in Table 2.

Table 2.IR Characteristics of N1,N2-BIS(1-phenyl ethyliggethane-1,2-diamine
(PEED).

v in cm? Attribution
3100 1Y) (CHaromati() (sp2)
1510 v (Czcaromati()
1620 v (C=N)

2800-2900 v (CHsp3

Material preparation

The chemical composition of the C-steel used is work is shown in Table 3.
The sample surface was prepared by polishing witlerg paper at various
grades ranging from 100 to 1200, rinsing with desti water, degreasing in
acetone, and drying in hot air. The C-steel spessited a rectangular shape. A
1.0 M HCI solution was prepared by dilution of apiglal grade HCI (37% w/w)
with distilled water.

Table 3.Chemical composition of C-steel.

C-Steel composition, (weight %
Element Fe Si C Mn s| P Al
% weight 99.21| 0.38]| 0.21 0.05 0.05 0.09 0.01

Polarization measurements

Electrochemical experiments were carried out uaipgtentiostat (Voltalab-PGZ
301), coupled to a computer equipped with Voltaeragtsoftware. The working
electrode consisted of a 1.0 ©@38 steel disk. Prior to each experiment, the
electrode was polished using emery papers rangmg fL00 to 1200 grades.
After that, the electrode was ultrasonically clehneith distillate water. A
saturated calomel electrode (SCE) was used asreierelectrode. The counter
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electrode was a platinum plate with a large surtaea. In addition, the working
electrode was immersed in the test solution formr®, until a steady state open
circuit potential was reached. Tafel polarizationrves were recorded by
scanning the electrode potential from - 900 mV tb00- mV, under
potentiodynamic conditions corresponding to 1.0 smVand under air
atmosphere.

I mpedance spectroscopy measurement

Electrochemical impedance spectroscopy (EIS) is efficient method for
corrosion studies of metallic materials. It wasrieak out using a transfer
function analyzer (VoltaLab PGZ 100), with a smathplitude a.c. signal (10
mV), over a frequency domain of 100 kHz to 10 mHMhke EIS diagrams have
been illustrated in the Nyquist representation. fidmilts were then analyzed in
equivalence terms.

Quantum chemical calculations

The quantum chemical calculations were carriedtowlucidate the correlation
between the inhibitor molecular structure and fteciency. Quantum chemical
calculations were performed using the D#Molodule implemented in material
studio v8.0, distributed bBIOVIA (formerly Accelrys) [8]. The geometry of the
studied compound was evaluated using GGA/PW91 evelIDNP+ basis set for
all atoms [9-13]. Theoretical parameters, suchresgy of the highest occupied
molecular orbital (Bomo), energy of the lowest unoccupied molecular orbita
(ELumo), energy gapAEg = Enomo - ELumo), dipole momenty(), electron affinity
(A = -ELumo), ionization potential (I = -Bomo), and number of transferred
electrons AN) were calculated.

The absolute electronegativity)(is the measure of the ability of an atom or
group of atoms to attract electrons to them [14[] aan be approached as the
following equations [15]:

x=1/2(I+A) (1)
n=1/2(1-4A) (2)
o=1 (3)

n

wherey is the absolute electronegativityis the hardness, ands the softness.
The dipole momenty) is another index that is often used for the o of
the direction of a corrosion inhibition processisla polarity measure in a bond,
and is related to the electrons distribution in a@leoule [16]. The fraction of
electrons transferred from the inhibitor to the aflet surface AN) was
estimated according to Pearson theory [by]using the following equation:

AN = LFe”%inh (4)

B z(lfFe_nin.Iz)
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where AN is the fraction of transferred electronss andyinn are iron absolute
electronegativity and the inhibitor molecule, amd andninn are iron absolute
hardness and the inhibitor molecule, respectivehe theoretical value for iron
electronegativity wagre = 7 €V, and a global hardnessneé = 0 eV [18].

Monte Carlo simulations

The Monte Carlo (MC) simulation was used to caltmilne low-configuration
adsorption energy of the interactions between ihngles inhibitor molecule
(PEED) and the clean iron surface in a 1.0 M HQutsan. The Metropolis
Monte Carlo [19] methodology, with the adsorptioocdtor module [20],
implemented in the Materials Studio (Accelrys) pglckage, was used to build a
system (iron substrate / inhibitor / solvent molesy The simulations were
carried out with a slab thickness of 5 A, a supenfes x 6, and a vacuum of 30
A along the C axis in a simulation box, (25.17 x3¥5x 40.26) & with periodic
boundary conditions to model the representativé giathe interface devoid of
any arbitrary boundary effect. For the entire satioh procedure, COMPASS
force field [21] was used to optimize the structucé all the corrosion system
components (PEED / Fe (111) / 1160+ 2 HCI). To mimic the actual corrosion
environment, the effect of ions such as@9 and (Cl) was also taken into
account during the simulation [22-23]. This caltla study aimed to find low
energy adsorption active sites to study the pratedeadsorption of inhibitory
molecules onto the iron surface in an acidic medium order to find a
relationship between the effect of the inhibitorilecular structure and its
inhibition efficiency [23].
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Figure 1. Polarization curves of C-steel in a 1.0 M HCI s for various PEED
concentrations.
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Results and discussion
Effect of concentration

Potentiodynamic polarization measurements

Fig. 1 shows the polarization curves of C-stee&ith.0 M HCI solution, in the
absence and presence of various inhibitor conderiea The inhibition
efficiency for each concentration was calculatedngisEquation 5. The
electrochemical parameters, such as, |IEcon, Tafel slopes f{c andpa) and
percentage inhibition efficiency (IE %), were cadikted using the following
equation:

— Icorr_léarr
[E% = ——

"CGP‘P‘

()

where Lorr and Icorr are the corrosion current densities without anth warious
inhibitor concentrations, respectively.
The corrosion current densities were determinethbyextrapolation of the Tafel

slopes in Table 4, where it can be seen that themiudensity decreases in the
inhibitor presence.

Table 4. Potentiodynamic electrochemical parameters fore@tstorrosion in a 1.0 M
HCI solution, in the inhibitor absence and presence

System ECOI’I’ I corr BC Ba |E%
(mV vs. SCE) | (MA.cm? | (mV.dech | (mV.dec?)

1.0 M HCI solution -452 485 -85 77 -

1.0 M HCI + 1.0x16 M PEED -476 30 -89 74 93.9

1.0 M HCI + 1.0x16¢ M PEED -465 159 -76 64 67.2

1.0 M HCI + 1.0x16 M PEED -475 375 -80 65 22.7

1.0 M HCI + 1.0x16¢ M PEED -473 379 -77 68 21.8

Therefore, the inhibitory efficiency increases whilgher additive concentrations,
reaching a maximum value of 93.8%, at 1.0X0M(Fig. 2).
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Figure 2. Variation of corrosion rate and inhibition efficign with the inhibitor

concentration.
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Literally, when the displacement in the potent&agreater than 85 mV /&, the
inhibitor may be considered as of the anodic ohaadic type; it will be
considered as mixed, if the displacement in themal is less than 85 mV k&
[24]. In our case, the maximum displacement is ldsn 85 mV /kor,
suggesting that PEED acted as a mixed inhibitgy. Fishows that the potential
value of 1.0x16 M is greater than -350 mV vs. SCE. The PEED comgdou
begins to be desorbed, reflecting the formationaabdic protective films
containing oxides, which explains the obtainedbitlan efficiency [25].

Electrochemical impedance spectroscopy (EIS)

C-steel corrosion behavior in an acidic solution, the presence of our
compound, was studied by EIS at 298 K, after 30uteis of immersion at the
corrosion potential. Nyquist C-steel plots, in unbited and inhibited acid
solutions containing different PEED concentratiarg, shown in Fig. 3.

300

= IMHC
® 10°Mof PEED

10°M of PEED
# 10°M ol FEED
% 10°Mof PEED

250 |-

200

E ® [
9 150 - . .
~a
— e .
E . .
™~ L ®
N 100 ¥ 5
= ®
. .
[ ]
50 | @ <
5- "
|:| 1 1 1 1 1 1 1 1 ..
0 50 100 150 200 250 300 350 400 450
qu (C.cm’)

Figure 3. Nyquist diagrams for C-steel in a 1.0 M HCI solatioontaining various
PEED concentrations, at 298 K.

The impedance parameters derived from these pletegrouped in Table 5.

Table 5. Electrochemical impedance parameters, and theesmonding inhibition
efficiencies, for C-steel in a 1.0 M HCI solution,PEED absence and presence.

Rs

Ca

Rct

fmax

System @.cn?) | wF.em?) | @cn?) | (Hz) | B | ©
1.0 M HCI solution 1.9 162 28.0 50 - -
1.0 M HCI + 1.0x16 M PEED | 3.3 435 4258 | 8| 934| 0.3
1.0 M HCI + 1.0xX10 M PEED | 1.5 113.0 845 | 20| 66.8| 0.668
1.0 M HCI + 1.0x10 M PEED | 1.2 121.0 359 | 40| 22.0] 0.220
1.0 M HCI + 1.0x1G M PEED | 0.9 126.0 356 | 40| 21.3] 0213

Double layer capacitance valuessj@nd charge-transfer resistance valueg (R
were obtained from the impedance measuremendsvdRies were used to
calculate the inhibition efficiency (IE%), accordito the following equation (6):

28



F. El Hajjaji et al. / Port. Electrochim. Acta 37 (2019) 23-42

IE% = Rchf «100 (6)

where Rt and Re: are the charge transfer resistance, in the idniabsence and
presence, respectively.

The presence of a single capacitive loop in theettamce diagrams indicates the
formation of a protective layer on the metal sugfateading to corrosion
inhibition. This capacitive loop is generally aiited to the electronic charge
transfer process [26].

From the results shown in Table 5, it can be sdext the charge transfer
resistance (R increases with higher inhibitor concentration$iile the double
layer capacity (&) decreases. The decrease i ¥alues could be attributed to
the inhibitory molecule adsorption (PEED) onto thetal surface [27], and to the
replacement of the water molecules at the electintk¥face by the organic
inhibitor [28]. Therefore, the inhibitory efficiegancreases with higher inhibitor
concentrations, reaching a maximum value of 93 8%,0x1G M.

The Nyquist plots impedance was analyzed by fittimg experimental data to a
simple equivalent circuit model presented in Fig.itdincludes the solution
resistance (B and the constant phase element (CPE), which keeg in
parallel to the charge transfer resistancg) (R

R, CPE
NNV N
IV N
R

Figure 4. The equivalent circuit model used to fit the expental EIS data.

Effect of temperature

Polarization curves

The effect of temperature on C-steel corrosionhitioin efficiency in a 1.0 M
HCI solution with optimal inhibitor concentratioat temperatures ranging from
298 to 328 K, was taken by potentiodynamic poldidremeasurements (Fig. 5).

E3 1 1 1 1 1
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Figure 5. Polarization curves for C-steel at various temjppees in(a) a 1.0 M HCI
solution andb) optimal PEED concentration.
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The results obtained from the polarization curvessiiown in Table 6.

Table 6. Electrochemical polarization parameters and theesponding inhibition
efficiencies for C-steel in a 1.0 M HCI solution,the absence and presence of optimal
PEED concentrations (1.0x20).

Ecorr |corr C a IE
System T(K) (mV vs. SCE) | (pA.cm?) (mVFdecl) (mVl?decl) %
298 -452 485 -85 77 -
1.0 M HCI 308 -491 1200 -184 112 -
solution 318 -475 1450 -171 124 -
328 -465 2200 -161 118 -
1.0 M HCI 298 -476 30 -89 74 93.8
+ 308 -463 92 -67 60 92.3
1.0x10° M 318 -467 132 -66 57 90.8
PEED 328 -456 246 36 39 88.8

Table 6 shows that the inhibition efficiency slighincreases with the decrease
in temperature in the inhibitor presence, whichaatks that higher temperatures
may cause a slight inhibitor desorption from thet€el surface.

Kinetic parameters

In order to get more details on the corrosion pssceactivation kinetic
parameters, such as activation energies in freeimbited acidic solutions,
were calculated using Arrhenius equation:

Lorr = Ae(x1) @)
where A is Arrhenius factor, sEis the apparent activation corrosion energy
(KJmol™), R is the gas constant (8.314mol*-K™Y and T is the absolute
temperature (K).
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Figure 6. Arrhenius plots of C-steel in a 1.0 M HCI solutiavithout and with 1.0x1®
M of PEED.
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The activation energy @ewas calculated from the plots slope (L&) versus
(1000/T) (Fig. 6), for C-steel in a 1.0 M HCI sobrt, with and without 1.0x1®
M of PEED, and is listed in Table 7.

The enthalpy and entropy of the corrosion processewletermined from the
effect of temperature, using the alternative Aribieriormulation [29].

leorr = % exp (A?S*) exXp (_ %) (8)

where N is the Avogadro’'s number, h is the Plamtsistant, R is the gas
constant, andAS* and AH* are the entropy and enthalpy of activation,
respectively.

Table 7.C-steel thermodynamic parameters in a 1.0 M HGltsmi, in the absence and
presence of 1.0x10M of PEED.

System Ea AH* AS*
(kJ.mol?) | (KJ.mol?) (J.molt.K1)
1.0 M HCI solution 38.6 36 -71.3
1.0 M HCI + 1.0x1¢ M PEED 54.46 51.86 -41.3

Fig. 7 shows the Ln {/T) plot of C-steel, as a function of 1000/T in ® M
HCI solution, in the absence and presence of 1:®l00f PEED at different
temperatures.

@ 10°M ol PEED
o= & 1M HEI

STy imAem K"
L

arr
/e

Ln(l,__

-3 L 1 f 1 L 1 L 1 1 L 1

1 1 1 L
apn 305 310 345 320 325 330 335 340
1000/T (K')

Figure 7. Variation of C-steel Ln ¢b/T), in terms of 1000/T in a 1.0 M HCI solution,
in the absence and presence of 1.0xW0of PEED at different temperatures.

Table 7 clearly shows that the activation energy ¢Ethe inhibited solution was
higher than that of the uninhibited solution. Hentean be suggested that the
inhibitor molecule (PEED) adsorption onto the Gesteurface in a 1.0 M HCI
solution was carried out via physical adsorptios][2

The enthalpies positive sign reflects the endotiernature of the C-steel
dissolution process. The entropy activation valga$*) increase with the
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optimum PEED concentration, which implies that aaréase in disordering is
taking place on going from reactants to the aatidatomplex [29].

Adsor ption isotherm

Several adsorption isotherms were tested, and dngrhuir adsorption isotherm
was found to be the best one to describe the afisorppehavior of the

investigated inhibitor. The Langmuir isotherm isvey@n by the following

equations:

Cin 1
Bh =k + Cinn 9)

AG® 4 = —RTIn(55.5 X K) (10)

where C is the inhibitor concentratiof,is the fraction of the C-steel surface
coverage, which is determined by IE%/100, K iseleilibrium constant for the
adsorption/desorption procege3a4sis the standard free energy of the adsorption
reaction, R is the universal gas constant, T isttie@modynamic temperature,
and the value of 55.5 is the water concentratiathénsolution, in mol.L.

The plot of Giw/0 as a function of G yielded a straight line, as shown in Fig. 8.
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Figure 8. Plot of Langmuir adsorption isotherm of 1.0M of PEED in a 1.0 M HCI
solution onto the C-steel surface.

The linear regression coefficient (R?) was almagiat to 1 (R2 = 0.9999), and
the slope approached unity, indicating that PEEBogation onto the C-steel
surface is well described by the Langmuir adsomptmodel. The calculated
values ofAG’assand Kagsfor PEED are regrouped in Table 8.

Table 8. Adsorption parameters of 1.0x3® of PEED inhibitor for C-steel corrosion
ina 1.0 M HCI solution, at 298 K.

Inhibitor | Slope R2 K ads(M2) AG aq5 (kJ.mol?)
PEED 1.04 0.999 37.5x10 -36
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WhenAG%gsvalues are around -20 kJ mpthe interaction between the inhibitor
molecule and the metal surface is associatedpfyisisorption, while those of -
40 kJ.mof' or higher involve a strong coordinate covalent dyon.e.,
chemisorption [30-33]. In the present work, th&%gs valueis equal to -36
KJ.mol?, which means that the inhibitor molecule (PEED) apison onto the C-
steel surface is chemisorption.

Theoretical calculations

Molecular reactivity

The calculated global descriptors responsible foe tnhibition efficiency,
obtained from theoretical calculations, such asetergy of the highest occupied
molecular orbital (Eomo), the energy of the lowest unoccupied moleculaitalr
(ELumo), the energy gapAE), and other descriptors obtained by DMwiodule
at (GGA/HCTH/DNP+) level of theory in vacuum, atew/n in Table 9.

Table 9. Quantum chemical parameters of PEED calculated MolB module at
(GGA/HCTH/DNP+) level in vacuum.

Exomo | ELumo | AEgap n c X AN M
€v) | (eV) | (eV) | (eV) | (eV]) | (eV) (D)

Values -5.975 -0.428 554 2.773 0360 3.201 0.5684322

Parameters

The optimization energy curves of the single infoibimolecule, as well as the
frontier molecular orbital distributions for PEEDi®eutral form, are shown in
Figs. 9 and 10.

HOMO of PEED shows the electron density obtaineamfrphenylethylidene
rings, while LUMO predominantly came from the ngem atoms of ethane-
diamine; consequently, these are the favorite $dedhe interaction with the
metallic surface.
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Figure 9. Geometry Optimization of PEED in an isolated foralculated by DMol3
code.

Generally, the inhibitor adsorbs onto the metadlicface by a donor-acceptor
interaction between the vacant d-orbital of therniaboms and the-electrons of

the compound studied [34]. The energy gap valueiges a measure for the
stability of the formed complex on the metallic fage. As a result, there was
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good inhibition efficiency, due to the energy reqdi for removing an electron
from the lowest occupied orbital to the higher ungued orbital [35].

If the value of the charge transfer rateNj was < 3.6, the inhibition efficiency
increased with an increasing electron donor caypawit the steel / electrolyte
interface [36], which was our case. The lower dgpoloment valuesuj will
favor the inhibitor accumulation onto the metalface layer; therefore, a higher
inhibition efficiency will be reached [37].

HOMO LUMO
Figure 10. HOMO and LUMO plots of PEED calculated by DMomodule at
(GGA/HCTH/DNP+) level in vacuum.

The calculated local Fukui functions and Mullikeloraic charges were used to
analyze the local reactivity of the PEED inhibit@nd to reflect its local

nucleophilicity and electrophilicity trend [37]. €lcalculated values of the local
reactivity descriptors on the PEED’s nitrogen atdid87 and N38) are given in
Table 10.

Table 10.Calculated PEED’s local Fukui functions and Mulikatomic charges in gas
phase.

f- fr Mulliken atomic charges
N37 (+0.046) N37 (+0.072) N37 (-0.415)
N38 (+0.050) N38 (+0.077) N38 (-0.416)

It can be seen from Table 10 that the largest gabid" are located on the N37
and N38 heteroatoms, which indicates that theseh®teroatoms prefer to form
a chemical bond by electrons donation to the metalirface. In its turn, the
largest values of*fare located on the N37 and N38 heteroatoms, whidhdr
suggests that these are responsible for formingck bond by the acceptance of
electrons from the metal surface to the inhibiREED), and vice versa.

Monte Carlo ssimulation

Monte Carlo (MC) simulations, using the adsorptidacator module
implemented in the Biovia Material Studio v8.0 saite from Accelrys Inc.
USA, were adopted to compute the interaction adsorgenergy for the PEED
inhibitor molecule /Fe(111) system in an hydrocigloacid medium. Fig. 11
shows the interaction energies fluctuant curveghlierPEED inhibitor molecule
/Fe(111)/110K0/2HCI) system. All calculations of total energylWIs energy,
average total energy, electrostatic energy ancinmiiecular energy between
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PEED and the Fe(111) surface, in the adsorptiortga® obtained by the
adsorption locator module, are depicted in Fig. 11.
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Figure 11. Interaction energies fluctuant curves of PEED om Fe(111) surface in a
hydrochloric acid solution.

The geometry optimization for the inhibitor molez(PEED) was carried out
using an iterative process, where atomic coordmate adjusted until the total
energy of the individual structure reaches the mum energy, i.e.it
corresponds to a local minimum in the potentialrgnpesurface. In this study,
PEED has been placed on the iron (111) surfacehydeochloric acid solution
to find out the lowest adsorption energy sites,n@lowith their suitable
configuration obtained by the adsorption locatordoie, as shown in Fig. 12.
Side and top views of the stable adsorption conéijons, for one inhibitor
molecule (PEED)/Fe(111)/1108/2HCI system obtained by the adsorption

(a) Side view (b) Top view
Figure 12. Side and top views of the stable adsorption conditjons for one inhibitor

molecule (PEED)/Fe(111)/11Q8/2HCI interface obtained by the adsorption locator
module.

It can be noticed from Fig. 12 that the adsorptmtive sites of the PEED
inhibitor, on the Fe (111) surface in an acidic medg are the lone pair of
nitrogen (=N37- and =N38-) atoms amek electrons of the benzene ring. It was
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also observed that PEED adsorbed almost paraltel the Fe (111) surface in
the hydrochloric acid medium (1108/2HCI), in order to maximize the contact
and surface coverage, ensuring a strong interadbemveen adsorbate and
substrate. This is mainly due to the extension ohigh inhibition effect
experimentally observed (%IE = 93.8 %). For PEERE talculated dihedral
angles around the phenyl-ethylidene ring were clos@° or 180°, indicating
planarity of the phenyl-ethylidene ring.

The measured shortest bond distances (Fig. 12)eketwhe active sites (=N37-
and =N38-) and the Fe(111) surface of the Fe—itdriPEED) complex, in an
hydrochloric acid solution at equilibrium, werefaiows: (dee-ns7 3.452 A, and
dre-nzg 3.444 A). The two distances of the bonds werevalibe value of 3.4 A,
which indicates that the interaction is of the v@Wipe. The strong interaction
of the system ensures that the chemical naturehefaidsorption process is
chemisorption, which was confirmed by the high ggevalue of R.A.E (in
absolute values). This indicates that PEED inhibg@n efficient inhibitor.
Several outputs and descriptors calculated by dseration locator module are
presented in Table 11.

Table 11. Outputs and descriptors for the lowest adsorptionfigurations of PEED
inhibitor molecule /Fe(111)/1108/2HCI interface calculated by the adsorption locat
module.

ETotal Eads R.A.E D dEadddN; dEadd/dN; dEadd/dN;
System x10%3 x10%3 10+ kcEaI molL Inh. water HCI

kcal.mol* kcal.mol* kcal.mol* ) kcal.mol* | kcal.mol?* | kcal.mol?!
Substrate 0.0000 - - - - -
PEED +202.18
H-0 +0.0303
HCI +1.6940 - - - - - -
Fe (111) -1 -1.229 -1.438 -1.313 -125.09 -289.53| 0.209 -4.871
Fe (111) - 2 -1.219 -1.428 -1.305 -123.26 -290.07| 0.093 -17.440
Fe (111) - 3 -1.198 -1.407 -1.285 -122.43 -280.55| 0.747 -19.560
Fe (111) - 4 -1.185 -1.394 -1.264 -129.34 -287.01| 0.394 -22.100
Fe (111) -5 -1.171 -1.380 -1.254 -125.79 -284.85| 0.229 -17.870
Fe (111) - 6 -1.163 -1.372 -1.245 -127.04 -288.83| 0.1%0 -20.560
Fe (111) -7 -1.158 -1.367 -1.239 -127.20 -287.01 0.080 -19.160
Fe (111) - 8 -1.147 -1.356 -1.230 -125.80 -294.42| 0.3060 -7.110
Fe (111) -9 -1.137 -1.346 -1.210 -127.24 -285.38| 0.640 -19.560
Fe (111) - 10 -1.135 -1.344 -1.210 -128.80 -289.70( -0.250 -10.410

The parameters include: total energyrof for PEED inhibitor molecule
/Fe(111)/110K0/2HCI system, which is defined as the sum of thergies of
the adsorbate components, the rigid adsorption ggn€R.A.E), and the
deformation energy (E). The substrate energy (Fe(111) surface) is talkerero
(Table 11). The adsorption energyad§ is related to the energy released (or
required) when the relaxed adsorbate component adsorbed onto the
substrate. The adsorption energy is defined assuine of the rigid adsorption
energy and the deformation energy for the adsorbateponent. The rigid
adsorption energy is related to the energy relegsedrequired) when the
unrelaxed adsorbate component (before the geonuogttiynization step) was
adsorbed onto the iron (111) surface. The defoonaginergy () reports the
energy released when the adsorbed component wasedelon the substrate
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surface. Table 11 also shows (d&N;), which reports the energies of PEED
inhibitor, HO, and HCI configurations, where one adsorbate co@apt has
been removed. The values for the outputs and gsrsj calculated by the
adsorption locator module for the Fe (111)/PEEDBtey in an acidic solution,
are displayed in Table 11.

Table 11 clearly shows that the adsorption energiyes of the Fe-inhibiting
(PEED) complex is negative (-1.438%1kcal.mot?), indicating that adsorption
spontaneously occurs. The large negative valuecaes that the Fe-(PEED)
inhibitor complex is very stable, and that strongs@aption occurs in
hydrochloric acid. The adsorption energy valuethef PEED configuration was
-289.53 Kcal.mot at equilibrium, which is much higher than thattbé HCI
molecules (-4.871 kcal.n®), and than that of the water molecules (-0.209
kcal.motl). This indicates the possibility of a progressieplacement of FD
and HCI molecules on the iron surface, leadinght formation of an inhibitor
stable layer, which can protect the metallic swefagainst aqueous corrosion.
These results indicate that the inhibiting molec(l&ED) has the strongest
interaction on the iron surface in a hydrochlog@sasolution, which corroborates
very well the experimental results. The adsorptaensity of the inhibiting
molecule (PEED), on the iron surface in a hydrogbl@acidic solution, is
presented in Fig. 13.

PEED-Potential
--1677e2
--1944e2
-2211e2
--2 47822
--2.744e2
--3011e2

PEED-Density
- 4.894e-1
- 3.916e-1
- 2936e-1
- 1.967e-1
- 9.787e-2
- 0.000

Figure 13. Adsorption density field of PEED-inhibitor moleeulonto the Fe(111)
substrate.

Fig. 13 shows a range from the minimum to the maxnmvalue of the force
field of PEED adsorption centers onto the Fe(1llt)ase in an acidic medium,
and shows the minimum and average values of theedigld. The iso-surface
colors change to reflect the minimum and maximunnes associated with the
field that has been mapped to the electron denssing the electrostatic
potential. Higher density of the dots means mdtelyi adsorption actives sites
onto the metal surface. In addition, the inhibitas high binding energy to the
Fe surface, as observed in Table 11.
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Conclusions

>

The studied PEED compound showed very good inbibigiroperties for C-
steel corrosion in a 1.0 M HCI solution, reachir8y8% at a concentration of
1.0x10°M, and held at 298 K.

The inhibition efficiency of the studied inhibitancreased with its higher
concentrations.

The polarization curves study showed that PEED @amg was classified as
a mixed type inhibitor.

The electrochemical impedance study showed that ube of PEED
significantly increases the charge transfer valaesl decreases the double
layer capacitance in a 1.0 M HCI solution, whicHigates the formation of a
protective film on the metallic surface.

PEED adsorption on the C-steel surface obeys thegrbhair adsorption
isotherm.

Quantum chemical study revealed that PEED, in tketral and isolated
forms, had greater adsorption onto the iron surfadelecular dynamic
simulation also corroborated the experimental tesul
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