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Abstract- The compound ability of 5,5-diphenylimidazolidine-2,4-dione (PID) against mild
steel corrosion in 1 M HCI solution was investigated by various techniques. It is found that
this compound is an effective inhibitor against corrosion which its inhibition efficiency
increases with its concentration. The potentiodynamic polarization curves indicated that PID
acts as mixed inhibitor. In addition, these results were confirmed by the electrochemical
impedance spectroscopy where the resistance transfer of PID increases by its concentration.
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Thus, the inhibitor adsorption which is studied on the mild steel surface conforms to the
Langmuir adsorption isotherm. On the other hand, the quantum chemical parameters were
calculated Dby using the density functional theory (DFT) method with the
6-31G/B3LYP base (d, p) and Monte Carlo simulation. It is shown that PID adsorbs in
parallel ways on the metal surface of low energy iron. Finally, the correlation between
theoretical and experimental results is in good agreement.

Keywords- Mild steel, Medium HCI, Corrosion inhibition, Electrochemical Technique, DFT,
Monte Carlo Simulation

1. INTRODUCTION

Corrosion inhibition study of metal surfaces against corrosion in acidic solutions by
inhibitors is one of the most important industrial subjects and it is a very powerful research
subject. An inhibitor is a chemical compound that has added a small amount to the corrosive
medium to significantly reduce the corrosion kinetics of steel [1-3]. Organic compounds are
good inhibitors of electrochemical corrosion of metals [4]. These organic compounds contain
heteroatoms such as phosphorus, sulfur, nitrogen and oxygen, and aromatic rings in their
structures [5-11]. These important characteristics can determine the adsorption centers of the
inhibitor on the metal surface and separate the effective inhibitors from the others [12,13].

In the present work, the effect of 5, 5-diphenylimidazolidine-2,4-dione (PID) on mild
steel corrosion in 1 M HCI using weight loss and electrochemical measurements. The Kkinetic
activation parameters of the corrosion inhibition process are also evaluated. This
experimental evaluation was coupled with a theoretical study using DFT method and the
Monte Carlo simulation.

2. THE EXPERIMENTAL PART
2.1. Materials and the solution

The mild steel which is used in this study is an ordinary steel whose its chemical
composition (wt. %) is 0.11% C, 0.24% Si, 0.47% Mn, 0.12% Cr, 0.02% Mo, 0.1% Ni,
0.03% Al, 0.14% Cu, 0.0012% Co, 0.003% V, 0.06% W and Fe Balance. The samples are
prepared before each immersion, by polishing with emery paper with granulometry from 180
to 1200, in a parallel manner and similar, followed by rinsing with distilled water and then
rinsing with acetone in order to remove the treatment products and finally drying with a hot
air stream.

The corrosive solution is a 1 M hydrochloric acid solution which prepared by diluting the
37% concentrated acid with distilled water. The used concentration range of PID compound
was from 10° to 10° M and its molecular structure was presented in Figure 1.
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Fig. 1. Molecular structure of 5, 5-diphenylimidazolidine-2, 4-dione (PID)

2.2. The gravimetric measurement

This technique is used with a simple apparatus which is easy to implement and its
principle is based on the loss of weight Am surface samples S during the time t immersed in a
corrosive solution. It consists of measuring the massloss so as to obtain reliable and
reproducible results. The mild steel substrate is subjected before each test, to a pre-treatment.
The used samples are immersed vertically for 6 hours in 1 M HCI at a temperature of 298 K.
The inhibition efficiency n,, was given as follows:

o _
Nw% = W x 100 (l)
Where WY, and W, are respectively the corrosion rates in the absence and presence of
inhibitor.

2.3. Electrochemical measurements

The electrochemical measurements were carried out through the use of a Voltabab
potentiostat/galvanostat PGZ 100 controlled by a computer associated with software
"Voltamaster 4". For all the tests, we used a double-wall thermostated cell (Tacussel type
CEC/TH) containing three electrodes: mild steel as a working electrode (1 cm?); Platinum as
an auxiliary electrode and Ag/AgCl as the reference electrode. Before each experiment, the
surface of the working electrode is well treated as mentioned above. The electrode is
maintained at its free corrosion potential for 30 minutes under normal aeration conditions at
298 K.

The potentiodynamic polarization curves were recorded in a potential range from — 900
mV/Ag/AgCl with a scan rate of 0.5 mV/s.

The inhibition efficiency was calculated using the following relationship:

o —i
UPP — COI‘I‘iO corr XlOO (2)

corr
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Where i._and i_ are the corrosion current density values without and with inhibitor,

corr

respectively.

For the electrochemical impedance spectroscopy measurements, the frequency range is
from 100 kHz to 0.1 Hz, with 10 points/decade, after 30 min of immersion using a
Potentiostat/Galvanostat type PGZ 100. The ZView 2.80 software was employed to extract
and to model the obtained plots. The inhibition efficiency, ngis %, was calculated according
to the equation (3):

Rct - R:t

Neys (%) = ( jxlOO @)

ct

Where R; and R, are the transfer resistance of mild steel electrode in the uninhibited and

inhibited solutions, respectively.

2.4. Theoretical study
2.4.1. Calculates quantum parameters by DFT theory

The calculations of the chemical structural parameters, which are recently used in the
field of corrosion, have proven their inhibition efficiency against corrosion by organic
compounds [14-18]. All computations were made using the Gaussian package program. For
calculations, B3LYP method, a version of the DFT methods, was employed and polarized
basis sets such as 6-31G (d,p) and the Gaussian software 09W [19-21].

Geometric optimization of the PID inhibitor was also performed to determine the electron
density distribution on the chemical surface of a molecule.

So, the electronegativity (y), electron affinity values (EA) ionization potential (IE), the
energy of the lowest unoccupied orbital (ELUMO), the energy of the highest occupied
molecular orbital, EHOMO and gap ecnergy (AEgap) of any chemical system, were
interrelated as follows [22-25]:

AEgap = ELUMO - EHOMO (4)
El = _EHOMO
®)
EA=—E o (6)
IE + EA
1= (7)

The overall hardness (n) and the chemical softness (c) are given by the following
relations [26]:
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= ®)

(9)

Therefore, the fraction of electrons transferred (AN) from the inhibiting molecule to the metal
atom is calculated according to the following equation [27]:

@ = Xinh
AN = 2 Aih (10)
2(T7Fe +T7inh)

Where @ and ynn represent, respectively, the working function and the absolute
electronegativity of the inhibitor molecule, and nge, njnn, represent, respectively, the absolute
hardness of iron and the inhibitor molecule.

So, the calculation of AN value is more appropriate for the use of the work function ().
For this reason, to measure the AN value, yr. is replaced by @. From the DFT calculations,
the values obtained from @ are 3.91 eV, 4.82 eV and 3.88 eV for the Fe (100), (110) and
(111) surfaces, respectively [28,29]. The overall hardness of Fe=0, assuming that for a metal
mass I=A because they are milder than the neutral metal atoms [30].

The local responsiveness was analyzed by evaluating the Fukui indices (FI). The FlI
calculation is performed by the Material Studio TM software version 8 by Accelrys Inc, by
using the Dmol3 module. All the calculations are performed by using the functional
exchange-correlation (B3LYP) and the digital double polarization (DNP).

The condensed form of Fukui functions in a molecule with N electrons has been proposed
by Yang and Mortier [31]:

fo =R (N+1)—P (N) Nucleophilic attack (11)
f. =R (N)-PR. (N -1) Electrophilic attack (12)
P (N) : Electronic population of the atom k in the neutral molecule.

P, (N +1): Electronic population of the atom k in the anionic molecule.

R, (N —1) : Electronic population of the atom k in the cationic molecule.

Where f," and f_ represent the ability of the atom k to react with a nucleophile and

electrophile, respectively.

2.4.2. Monte Carlo simulation (MC)

The Monte Carlo (MC) simulations were performed so as to calculate the adsorption
energy in the best adsorption configuration of an inhibitor on a clean metallic surface. In this
work, the MC simulations were performed by using the Studio Material TM 8 (from Accelrys
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Inc.) [32]. The Fe crystal was cleaved along the (110) plane, this is the surface the most
stable, as indicated in the literature [33]. Then, the Fe (110) plane was enlarged in a super cell
suitable for providing a large surface area for the inhibitor interaction. the inhibitor and Fe
(110) surface was performed in a simulation box (26.89x26.89x22.13 A) with periodic
boundary conditions, after which a vacuum plate with thicknesses of 50 A was constructed
above the Fe plane (110). All simulations have been implemented with the COMPASS force
field so as to optimize the structure of the system of interest [34,5].

3. RESULTS AND DISCUSSION
3.1. Weight loss measurements

The corrosion rate and inhibition efficiency values were determined at different
concentrations of PID at 298K and are collated in table 1. It is clearly indicated that the
corrosion rate of mild steel in the presence of PID decreases compared to uninhibited
solution. As a consequence, the inhibition efficiency increases to reach a maximum value of
93.4% at 10° M. This behavior leads to blockages of existing active sites on the metal
surface.

Table 1. The gravimetric results of mild steel in 1 M HCI with and without different
concentrations of PID at 298 K for 6 h

Medium Conc. Weorr MNw
(M) (mgcm™h™) (%0)

Blank solution 00 1.54 _
10° 0.20 86.9

PID 10° 0.19 87.3
10 0.13 91.2
107 0.10 93.4

3.2. Potentiodynamic polarization curves
3.2.1. Concentration effect

Figure 2 shows the potentiodynamic polarization curves of mild steel in 1 M HCI solution
without and with different concentrations of PID at 298 K.



Anal. Bioanal. Electrochem., Vol. 10, No. 10, 2018, 1375-1398 1381

10% 5

10* 3

—  10°3 !
= 3 o /
< 10" 3 ¥a
<é: E 7;@//4/
= 1072_- ) 7
3 —O— Blank solution i
] —=—10°MofPID i
10°4 ——10°Mof PID
10* Mof PID
1o+ 1 -2 10°MofPID \
T T T T T T
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1

E(V/Ag/AgCl)

Fig. 2. Potentiodynamic polarization curves of mild steel in 1 M HCI containing different
concentrations of PID at 298 K

It is noted that the cathodic and anodic polarization curves are in the Tafel lines form and
the corrosion current densities decrease with inhibitor concentrations in both domains,
reflecting the mixed character of the studied inhibitor. In addition, the obtained decrease is
very remarkable for the optimal concentration 10° M which can be explained by the
formation of a protective film. On the other hand, the formation of this film was justified by
the appearance of a pseudo-plate in the anodic domain. This film was desorbed beyond the
potential of Ecorr = - 260 mV/(Ag/AgCI).

Table 2. Electrochemical polarization parameters and inhibition efficiencies of mild steel in 1
M HCI containing various concentrations of PID at 298 K

Medium Conc. -Eau -Bic Ba icorr nee
QD | mVI(Ag/AgCl) | (mV dec?) | (mV dec?) | (A cm™) | (%)
Blank solation 0o 458 92 104 983
104 460 80 521 10518 854
FID 1043 458 82 36.5 96.33 902
10+ 451 68 528 17.65 821
1073 459 62 638 4915 950

The electrochemical parameters are regrouped in table 2. It is remarked that the addition
of PID results in a decrease in the corrosion current density (icorr) Values. It is observed that
also that the cathodic Tafel slopes (Bc) are slightly varied with PID addition indicating a
simple blockage of cathodic sites with a change in the proton reduction mechanism. On the
other hand, it is noted that anodic slopes are changed with the presence of PID indicating a
change in the mild steel dissolution. According to the literature [36], it has been reported that
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if the displacement in E¢o (inhibitor) is greater than 85 mV compared to Eor (Blank), the
inhibitor can be considered as a cathodic or anodic type; while if the displacement in Ecq
(inhibitor) is lower than 85 mV, the inhibitor can be considered as a mixed type. In this work,
the change in Eco . values is between 38 mV and 47 mV, so that PID compound can classify
as a mixed inhibitor.

3.3. Electrochemical impedance spectroscopy

The Nyquist diagrams of mild steel in 1 M HCI solution without and with different
concentrations of PID are shown in Figure 3 after 30 min of immersion at 298 K and at the
open circuit potential (Eocp). It is noted that the impedance spectra have a single capacitive
loop indicating that the mild steel corrosion is mainly controlled by a charge transfer process
[37,38]. Generally, this capacity is related to the charge transfer of the corrosion process and
the behavior of the double layer. It is also observed that the loops diameter in the presence of
PID increases with its concentration. In addition, remarkably, these capacitive loops are not
perfect semicircles that can be attributed to the effect of the frequency dispersion. This
behavior was generally related to the roughness and inhomogeneity of the metal surface [39].

The experimental impedance data are simulated an appropriate equivalent circuit shown
in the Figure (4), the circuit used allows the characterization of the electrolyte resistance (Rs),
the polarization resistance (Rp) and the constant phase element (CPE). The introduction of
CPE in the circuit for obtaining an effective description of frequency dependence of non-
ideal capacitive behavior is defined by the flowing relation (13).

Zope = AT (iw)in (13)

Where Q is the CPE constant in (Q's” cm™), n is the CPE exponent which can be used as

a gauge of the heterogeneity or roughness of the surface (ranges from 0 to 1), i>=1 is an
imaginary number and w is the angular frequency (rad s*) (w=2zf, where f is the

frequency), the CPE is presented like an ideal double layer capacitance (Cg), According to
Hsu and Mansfeld [40], the values of the double layer capacitance (Cy) were calculated
according to following equation (14).

C, =(QR;" )% (14)

The derived impedance parameters are presented in Table 3.
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Fig. 3. Nyquist diagram of mild steel in 1 M HCI without and with different concentrations of

PID at Eocp

Fig. 4. Proposed equivalent electrical circuit of metal/PID/HCI
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Table 3. Corrosion parameters and inhibition efficiency obtained from impedance

Medium C B n Q=10 Ca NES ]
(M) (Q cm?) (8" 021 cm™?) | (uF cm™) | (%)

Blank solution 00 34.35 0.890 1.561 81.80 -
104 291.70 0.901 1.120 76.90 88.2 | 0.882
104 306.80 0.896 1.041 69 80 88.8 | 0.888

PID 10~ 356.80 0.888 0.950 61.99 903 | 0.903
104 61520 0.891 0800 36.12 944 | 0.944

The data in table 3 showed that the polarization resistance R, increases while the double
layer capacitance (Cq) value decreases with PID concentration. The increase in R, was
attributed to the formation of a protective film on the metallic surface and the decrease in Cy,
can be interpreted as a decrease in the local dielectric constant and/or an increase in the
thickness of the electrochemical double layer this leads to the adsorption of PID molecules on
the metal surface [41]. On the other hand, the decrease in Cy4 was consistent with the
Helmholtz model given by the following equation [42]:

EgXEXS

Cdl = 5

(15)
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Where 6 is the thickness of the protective layer, S is the electrode zone, ¢, is the vacuum
permittivity and ¢ is the dielectric constant of the medium.

3.2.2. Temperature solution effect

It is known that the temperature can modify the mechanism and action mode of an
inhibitor on a metallic surface. Therefore, in order to evaluate the temperature influence on
inhibitor performance, the potentiodynamic polarization curves were carried out for mild
steel studied in 1 M HCI without and with 10° M of PID at the temperature range from 298 K
to 328 K. the obtained results are in Figure 5 and their extracted parameters are illustrated in
table 4.

i (mAcm?)
i (mAcm?)

. —8—298 K
10° 08K 10 308 K
—&— 318K ——318 K
1 —4— 328K . —7—328 K
104 Trrrrrr o e e e e e e e e e e T 10\’ 1T T T T T T T T T T
-08 07 -06 -05 -04 -03 -02 -01 08 -07 06 05 04 03 02 01
E(V/Ag/AgCI) E(W/AQ/AGE 1)

Fig. 5. Potentiodynamic polarization curves of mild steel in 1 M HCI at different
temperatures (a) without and (b) with 10° M of PID

Table 4. Effect of temperature on the electrochemical parameters for mild steel in 1 M HCI

without and with 10° M of PID

Medium T 'Ecorr icorr Nep
(K) (mV/Ag/AGCl) | (nAcm?) (%)
298 498 983 -
Blank 308 491 1200 -
solution 318 475 1450 -
328 465 2200 -
298 459 49 95.0
308 424 67 94.4
10° M of PID 318 432 243 83.2
328 444 600 72.7

It is remarked that the current density increases with temperature in both cases which is
greater in the case of the blank solution. In addition, it is noted that the corrosion potential
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shifts to the cathodic direction in the case of PID while it stays constant in the case of the
blank solution.

It can see from table 4 that the corrosion current density (icorr) increases with increase of
temperature which is greater in the case of the uninhibited solution. It is also remarked that
the inhibition efficiency of PID decreases with temperature. This behavior can increase to
increase the corrosion kinetics of mild steel, the PID desorption on the metal surface. In order
to calculate the kinetic parameters of activation of the corrosion process of mild steel, the
Arrhenius equation (16) and its alternative form (17):

] E

i =kexp| ——2 16
corr p[ RT) ( )
. RT AS AH

i =—=ex 4 lexp| ——2 17
BELAWEN WY @

Where E, is the apparent activation energy of corrosion, R is the perfect gas constant, k
is the pre-exponential factor of Arrhenius, h is the Plank constant, T is the absolute
temperature, AS, is the activation entropy and AH, is the activation enthalpy.

However, the apparent activation energies in the absence and presence of 10° M of PID
are calculated by the plot Ln (icorr) according to 1/T (Figure 6), and the obtained results are
listed in table 5. As it is shown in Table 5, the increase of E, in the presence of PID can be
interpreted as a physical adsorption. Indeed, a higher energy barrier for the corrosion process
in the inhibited solution is associated with adsorption to a weak chemical bond between the
inhibitory molecules and the mild steel surface [43,44].

] \

. S
3.04 312 320 328 336 344

1000/T (K"
Fig. 6. Arrhenius plot of mild steel in 1 M HCI (a) the absence and (b) presence of 10° M
PID at different temperatures

Szauer and Brand explained that the increase in activation energy can be attributed to an
appreciable decrease in inhibitor adsorption on the metallic surface as temperature increases
[45]. Figure 7 shows the variation of Ln (icr/T) according to 1000/T with a slope of (AH./R)
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and an intersection of (Ln R/Nh+AS,/R) from which the values of AH, and AS, were
calculated and listed in table 5.

(a)

Lnd_, /T)HA cm® K')

(b)

-3 —r . r 1 r r r r 1 r r r r 1 v r T
3.0 31 3.2 33 3.4

1000/T (K™

Fig. 7. Transient Arrhenius plot for mild steel in 1 M HCI in the absence and presence of 107
M PID at different temperatures

The positive values of AH, in the absence and presence of PID reflect the endothermic
nature of the dissolution process of mild steel. In addition, the value of AS, is higher and
positive for the inhibited solution than for the uninhibited solution (table 5). This has
suggested that an increase in randomness occurs by passing reagents to the activated
electrode/adsorbed species complex [46,47].

Table 5. Activation parameters for mild steel in 1 M HCI in the absence and presence of 10
M of PID

Medium Es AH, AS,
(KJ mol?) (KJ mol?) (J mol* K1)

Blank solution 21.05 18.45 -126.08

10 M of PID 80.27 77.68 43 98

3.3.2. The adsorption isotherm

The adsorption of the inhibitor molecules on the metal/solution interface is a substitution
process, which can allow us to give a view of the adsorption mechanism of the investigated
inhibitor on the metallic surface [48,49]. Several adsorption isotherms were evaluated and the
Langmuir adsorption isotherm remains the best description of the studied inhibitor adsorption
behavior. The surface coverage values, 0 (6=(neis /%)/100), for different concentrations of
PID were used to explain the best adsorption isotherm. This can be expressed by the
following equation (18) [50]:
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Where Ciyy is the inhibitor concentration and Kgs is the adsorption constant.

It is found that the ratio of the variation of Cj,,/6 according to Ci,, gives a straight line
with a slope close to unity. This indicates that the adsorption of PID inhibitor on the mild
steel surface obeys the Langmuir adsorption isotherm.

1.0x10° ]

8.0x10"

= ]
= 6.0x10"

"
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2.0x10* ]

0.0 2.0x10"  4.0x10" 6.0x10" 8.0x10" 1.0x10°
C,, (M)

inh

Fig. 8. Langmuir inhibitor adsorption on the mild steel surface 1 M HCI at 298 K

The free adsorption enthalpy change AG,, was calculated by using the following

expression [51]:

AG;, =-RTLn(555K,,) (19)

Where R is the gas constant, 55.5 is the solution water concentration and T is the absolute
temperature. It is found that the value of AG,, equal to -45.32 kJ mol™.

Generally, if the values of are close to or greater than -20 kJ/mol, they are related to
electrostatic interactions, for the values of which are close to -40 kJ/mol or inferiors imply the
formation of the bonds of the chemical nature between the molecules of the inhibitor and the

metal surface. For the values of lie -20 kJ/mol and -40 kJ/mol both phenomena applying at
the same time [41,42]. The large value of AG_, and its negative sign is usually characteristic

s
of strong interaction and a highly efficient adsorption. The high value of shows that in the
presence of 1 M HCI chemisorption of PID may occur. The possible mechanisms for
chemisorption can be attributed to the donation of m-electron in the aromatic rings, the
presence of two oxygen and two nitrogen atoms in inhibitor molecule as reactive centers is an
electrostatic adsorption of the protonated inhibitor in acidic solution to adsorb on the metal
surface [52,53].
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3.4. Theoretical study
3.4.1. Density Functional Theory (DFT)
3.4.1.1 Calculation of the main structural parameters of PID compound

In order to correlate the obtained experimental results with the electronic properties of
PID compound, a theoretical study was carried out at the B3LYP/6 -31G (d, p) level using
Gaussian 09 software. The quantum theoretical calculation makes it possible to identify the
different quantum structural parameters. It is known that the HOMO energy is often
associated with the ability of the molecule to transfer its electrons to suitable vacant orbitals.
Thus, the high Eqomo Vvalues of the inhibitor indicate its tendency to donate electrons to an
acceptor with an empty molecular orbital; consequently; facilitates its adsorption. On the
other hand, the energy of LUMO informs on the acceptor character of electrons of the
molecule. Decreasing the E umo Vvalue is an indicator of the molecule's ability to accept
electrons [54,55].

The optimized structure of the tested molecule with the electronic densities HOMO and
LUMO were represented in Figure 9.

PID

9 aad.
2y & ‘?f
> @
{’ 2 B

Optimised HOMO LUMO
Geometry

Fig. 9. Optimized molecular structure of PID with HOMO and LUMO electronic densities

Table 6. Calculated quantum parameters of PID molecules

ELUMO EHOMO AEgap n (o IE b4 EA AEb ANllO TE
(eV) (eV) (eV) (eV) eVh | (V) (eV) (eV) (eV) (eV)
-0.707 | -6.674 5967 |2983 |0.335 |6.674 |3.372 |0.707 |-0.745 | 0.242 | -22825.47

It is observed that the HOMO and LUMO density distribution is located over the entire
studied inhibitor surface. This result indicates that PID has sites available for nucleophilic
and electrophilic attack. The main quantum parameters are collected in table 6.
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It can be shown from table 6 that the tested inhibitor has a high energy HOMO (- 6.674
eV) and low energy LUMO (-0.707 eV), as well as a low energy gap AEg,, (5.967 eV) which
reinforces its inhibitory action on the metal surface. So, the electrons transferred number
(AN11p) from PID molecules to mild steel surface was in the order of 0.242. According to the
Lukovits study [56], if the value of AN<3.6, the inhibitory performance is good. In our case,
ANj1o is lower than the limit value set by Lukovits indicating that the PID is a good inhibitor
for mild steel in 1 M HCI. It is also found that the PID has negative feedback energy AE,=-
0.745 eV which can be indicated that this compound can accept electrons from the mild steel
surface.

3.4.2. Determination of Active PID inhibitor Sites
3.4.2.1. Mulliken charge method and electronic total density of PID compound

In order to determine the active sites of the PID molecules, the Mulliken charges and the
total electron density were evaluated. Atoms with negative charges are those with high
electron density. These atoms (sites) therefore behave like nucleophilic centers when they
interact with the metal surface. Figure 10 shows the Mulliken charges distribution of atoms
and total density mapped to the molecular structure. It can be seen that the oxygen, nitrogen
and certain carbon atoms have high charge densities. These atoms are the active centers that
have the greatest ability to bind to the metal surface [57].

,

Uoral Density

.A"“’-\_
J L

.50

Y
~~

Fig. 10. Distribution of total mapped electron density and Mulliken charges of PID
compound.

Table 7. Mulliken charge distribution of PID inhibitor

Atoms 1C 2C |3C 4C |5C 6 C 7C 9C 11C 15C
Mulliken | 0.620 | -0.047 | 0.746 | 0.110 | -0.118 |-0.089 | -0.089 | -0.096 | -0.079 | 0.136
charges

Atoms 16 C |17C |18 C |20C |22 C 26 N |280 [29 N |31 O
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Mulliken | -0.120 | -0.116 | -0.090 | -0.094 | -0.078 | -0.556 | -0.485 | -0.574 | -0.496
charges

On the other hand, some carbon atoms carry positive charges which can have a low
density and these sites can attack by nucleophilic groups. Therefore the PID can accept and
give electrons through these active centers. The distribution of Mulliken charges is
summarized in table 7.

3.4.2.2. The local reactivity of the studied PID (Fukui indices)

Generally, the local reactivity is analyzed by using Fukui's condensed function. The latter
allowed us to determine the atoms which are responsible for an electrophilic or nucleophilic
attack [58, 59]. Fukui indices calculated for the PID inhibitor are shown in table 8.

Table 8. Fukui indices calculated for the PID compound using the function GGA/BOP with
the low DNP (3.5)

Cl Cc2 C3 C4 C5 Céo Cc7 co Cl11
0.128 | 0.128 | 0.038 | 0.007 | 0.005 | 0.018 | 0.016 | 0.008 0.039
0.011 | -0.004 | 0015 | 0.028 | 0.027 | 0.023 | 0.028 | 0.016 0.052

C15 Clé C17 C18 C20 Cc22 N26 028 N20 031
0.002 | 0012 [ -0.003 | D011 | 0020 | 0.017 | 0016 | 0127 [ 0.017 | 0.056

hh%hh%

-0.001 | 0010 | -0.000 ( 0.010 | 0025 | 0.025 ( 0.007 | 0100 | O.018 | D.O73

It is shown from table 8 that the compound PID has the highest values which are located
on the atoms C1, C2, 028, and O31. These sites can be accepted electrons from the mild steel
surface. So, the atoms C11, 028, and O31 are capable of giving electrons.

3.4.3. The impact of protonation on the main structural parameters of the studied neutral
molecule

The organic molecules have several active centers available for protonation acidic
medium. So, the PID compound is very likely to be protonated at several sites, such as N26,
028, N29, and 0O31. Among these sites, atom O31 is the most favorable center for
protonation. This choice was based on two considerations: firstly, this site has a considerable
negative Mulliken charge; secondly, this atom has a high total density.

The representation of the distribution of the electron density HOMO and the total density
charge mapped of protonated and unprotonated PID compound are shown in Figure 11. From
this Figure, it is clear that the low total electron density which is represented by a blue color
is the positive region and was distributed over all the surface of the protonated molecule.
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These observations indicate that the protonated PID(H") molecule exhibits more reactive
characters with mild steel surface in acid medium.

However, the distribution of HOMO electron density of neutral and protonated PID(H")
compound is also shown in Figure 11. It is noted that the HOMO density is a little less with a
comparison to neutral form. Thus, after protonation of PID, the total density mapped
appeared on its surface when the backsides were empty in neutral form. This result indicates
that the protonated form might become very reactive

FLI HOMOY) PIDIT pHIONMOY)

Fig. 11. Distribution of total mapped and HOMO density of protonated and unprotonated PID

Table 9 represents the principal quantum parameters values of the protonated and
unprotonated of PID.

Table 9. Principal quantum parameters values of protonated and unprotonated PID

Inhibitors ELumo Enomo AEgap ANj1g
(eV) (eV) (eV) (eV)

PID -0.707 -6.674 5.967 0.242

PID (H" - 4,489 -9.830 5.341 - 2.340

It is shown from table 9 that the Enomo Vvalue of protonated PID shifts to more negative
values compared to for the neutral form of PID. This result indicated that the electron donor
capacity of PID decreases after protonation [60,61]. Moreover, this phenomenon is supported
by the electrons transferred number (AN110) between the inhibitor molecules and mild steel
surface. In addition, it is observed that all the calculated AN;;¢ values for surface Fe (1 1 0)
are negative. This means that donating electrons from inhibitors to the metal surface is no
longer possible [62].
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Therefore, the protonation of PID compound indicated that this compound has vacant
orbital’s available to accept electrons. This result confirms the method used by Fukui indices
and Mulliken's charge of atoms.

3.4.4. The Monte Carlo simulation study

In order to study the interactions between an organic molecule and a metal surface, Monte
Carlo simulation (MC) was used. This method is a modern way to consider the most stable
configuration of adsorption [63,64].

The lateral and upper views of the best low-energy, more stable adsorption configuration
of PID compound on the Fe (110) surface by using MC simulations are shown in Figure 12. It
is noted that the PID adsorbs parallel at iron surface.

Side

Fig. 12. Top and side views of the most stable adsorption configurations of PID at the iron
surface

The different descriptors and outputs calculated from MC simulation for PID are
summarized in table 10. It can be concluded that the adsorption energy (Eags) is negative and
strong which indicates that the adsorption of PID on the iron surface is well noticed [65-68].
It is found that there is a good agreement between the quantum chemical parameters and the
MC outputs.
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Table 10. Outputs and descriptors calculated from Monte Carlo simulations of the best stable
adsorption configuration of PID on Fe (110) surface (all in kcal mol™)

Structures Total Adsorption Rigid Deformation PID:
energy energy adsorption energy (Eger) | dEad/dN;
(E) (Ead) energy (Er.)
Fe(110)(2)-1 -115.149 -59.559 -48.679 -10.8790 -59.559
Fe(110)(2)-2 -114.441 -58.850 -49.142 -9.708 -58.850
Fe(110)(2)-3 -113.007 -57.417 -47.557 -9.859 -57.417
Fe(110) (-4 | -112.178 -56.587 -46.208 -10.378 -56.587
Fe(110)(2)-5 -111.679 -56.088 -45.805 -10.283 -56.088
Fe(110)(2)-6 -111.293 -55.702 -44.607 -11.094 -55.702
Fe(110)(2)-7 -111.066 -55.475 -44.291 -11.184 -55.475
Fe(110)(2) -8 -110.850 -55.260 -44.083 -11.176 -55.260
Fe(110)(2)-9 -110.214 -54.623 -43.270 -11.352 -54.623
Fe(110) (2) -| -110.006 -54.415 -43.505 -10.910 -54.415
10

The adsorption density of inhibitor molecules (PID) on a metallic surface is given in
Figure 13. It is shown that PID is likely to adsorb on the iron surface (110) to form stable
organic adsorption layers, and can be seen as a barrier to protect metal surface from

corrosion.

Fig. 13. Adsorption density field for Fe (110)/PID interface

Carlo simulation

obtained through the Monte
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3.5. Inhibition mechanism of PID

In acidic solutions, the organic molecules inhibit mild steel corrosion phenomenon by
adsorption on metal/electrolyte interface. In this sense, it has chosen to propose a simple
acceptable inhibition mechanism based on both experimental and theoretical results.

In hydrochloric acid, the PID compound can exist in the protonated form in equilibrium
with its corresponding molecular form:

PID +HCI « PIDH" + CI

So, the electrostatic interactions are the first step in the adsorption of the test compound.
Indeed, cationic adsorption of PIDH" will be favored by the concentration of CI" anions on
the metal surface [69]. Therefore, the chemical adsorption is done by donor interactions
between the free electron pairs of heteroatoms (N, O) and the unoccupied orbital of the iron
atoms. Finally, the bonds of the retrodonation occur by electron transfer from the orbit of iron
to the vacant «* orbital (anti-binding) of PID molecule [70,71].

According to this study, the mode of adsorption of PID inhibitor on the mild steel surface
can be described by the diagram presented in Figure 14.

+ EBlecrostane mleraciion } Phivesisorplion

— Trantert dis dlectrons pf & o
onation
Electron transfer o i of w  Chimisnrption

Fig. 13. Adsorption scheme of PID inhibitor on mild steel in 1 M HCI medium

4. CONCLUSION

The inhibition of mild steel corrosion was achieved by PID compound in 1 M HCI
medium using various experimental and theoretical techniques. The results obtained show
that the PID inhibitor is a good inhibitor for mild steel in acidic medium and it is considered a
mixed type inhibitor. The impedance spectroscopy was composed by one capacitive loop
which is controlled by the charge transfer process. The increase in temperature leads a
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decrease in the inhibition efficiency of the studied compound. In addition, the adsorption of
PID molecules on the mild steel surface in HCI solution was performed according to the
Langmuir isotherm. On the other hand, the calculations of quantum parameters for PID are
well correlated with the inhibition efficiency of the experimental study. The adsorption of
PID on the metallic surface of the low energy iron was performed in a parallel manner and
according to the Monte Carlo simulation. This result indicates that this inhibitor is well
adsorbed on the mild steel surface. Finally, the experimental and theoretical results are in
good agreement taking into consideration both the Fukui indices and the molecular charges
by Mullikin.
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