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1. Introduction

Abstract Inhibition of mild steel corrosion in 1N hydrochloric acid with 4-amino-6-methyl-3-thi
0x0-3,4-dihydro-1,2,4-triazin-5(2H)-one  (AMTDT) and (4-amino-4H-1,2.4-triazole-3,5-diyl)
dimethanol (ATD) was investigated by polarization (Tafel), electrochemical impedance (EIS),
adsorption and computational calculations at 27 °C. The mixed type inhibitor property of these
inhibitor molecules was investigated by potentiodynamic polarization studies. It was revealed that
the effectiveness of inhibition is influenced by several factors such as the nature and state of the
metal surface, the type of corrosive medium, the structure of the chemical compound used as inhi-
bitor and molecular electronic parameters. Obvious correlations were found between corrosion
inhibition efficiency and some quantum chemical parameters. Monte Carlo simulations were
applied to search for the most stable configuration and adsorption energy for the interaction of inhi-
bitors on Fe (11 1) interface. Calculated results indicated that the difference in inhibition efficiencies
between the compounds can be clearly explained in terms of frontier molecular orbital theory.
© 2016 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd
4.0/).

atoms. Also, organic compounds containing functional elec-
tronegative groups and 7 electrons in triple or conjugated dou-

Generally, acid solutions are used for the removal of rust and
scale in industrial processes. Inhibitors are used in these pro-
cesses to control metal dissolution. Most of the well known
inhibitors are organic compounds containing N, S, and or O
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ble bonds are used which enable them to adsorb to the metal
surface and form protective complex layers. The study of cor-
rosion processes and their inhibition by organic compounds is
an active field of contemporary research [1-5]. Recently com-
putational quantum chemical calculations and molecular sim-
ulation studies have also been used to explain the mechanism
of corrosion inhibition [6-12]. The geometry of the inhibitor
molecule in its ground state and the nature of their molecular
orbitals (HOMO; Highest Occupied Molecular Orbital and
LUMO; Lowest Unoccupied Molecular Orbital) are directly
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involved in the inhibitive properties of these molecules. The
present investigation is an attempt to explore the corrosion
inhibition action of 4-amino-6-methyl-3-thioxo-3, 4-dihydro-
1,2,4-triazine-5(2H)-one (AMTDT) and (4-amino-4H-1,2,4-
triazole-3,5-diyl) dimethanol (ATD) on mild steel in 1 M
HCIl by Tafel polarization and electrochemical impedance
spectroscopy. The mechanism of inhibition was ascertained
by scanning electron microscopy, adsorption studies and
Monte Carlo simulation methods.

2. Experimental method

2.1. Inhibitor

About 170 ml of water was taken in a beaker and heated to
boiling. Then, 23 g of thiocarbohydrazide and 14 g of pyruvic
acid was added simultaneously. Light yellow crystals of
4-amino-6-methyl-3-thioxo-3,4-dihydro-1,2,4-triazine-5(2H)-one
(AMTDT) formed were recrystallized from ethanol. The only
method for the preparation of 1,2,4-triazole 4-amino-4H-1,2,4-
triazole-3,5-dimethanol (ATD) is the condensation of glycolic
acid with hydrazine hydrate. Hydrazine monohydrate (3.75 g,
0.75 mol) was added drop wise to 70% aqueous glycolic acid
(54.3 g, 0.50 mol) at 0 °C. The resulting solution was heated
at 120 °C for 6 h. Then, the reflux condenser was replaced with
a downward condenser and the reaction mixture was heated at
160 °C for a further 18 h allowing excess hydrazine and water
to distil off. After cooling, the resulting yellowish crystalline
solid was recrystallized from water to give analytically pure
ATD [9,10]. The geometries of the inhibitor molecules are
shown in Fig. 1.

2.2. Medium

The medium for the study was prepared from reagent grade
HCI (E. Merck) using double distilled water. All tests were per-
formed in aerated medium at room temperature (300 K) and
atmospheric pressure.
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Figure 1  Structure of AMTDT and ATD.

2.3. Materials

The mild steel samples were of the following compositions
W%), C=02%; Mn=1%; P=0.03%; S=0.02%;
Fe ~ 98.75% as determined by Energy Dispersive Analysis
of X-rays (EDAX) method (Fig. 2). For electrochemical stud-
ies mild steel specimens of 4.8 x 1.9 cm? coupons were used.
But only 1cm? area is exposed during each measurement.
The samples were polished using different grades of emery
papers (600-1200 grade) followed by washing with ethanol,
acetone and finally with distilled water before each measure-
ments as recommended by ASTM standard G-1-82.

2.4. Electrochemical measurements

Polarization and electrochemical impedance spectroscopy
(EIS) measurements were carried out using Gill AC computer
controlled electrochemical workstation (ACM, UK, model no:
1475). Electrochemical data were analyzed using Gill AC soft-
ware. The excitation AC signal had amplitude 10 mV (RMS)
in a frequency domain from 0.1 Hz to 10 kHz. The EIS were
recorded after reaching a steady state open-circuit potential.
The potentiodynamic polarization curves were obtained in
the potential range from —250 mV to +250 mV with sweep
rate of 1 mV/s. The scanning was carried out at a rate of
I mV/s with respect to saturated calomel electrode (SCE).
Prior to the potential sweep, the electrode was left under open
circuit in the respective solution for approximately one hour
until a steady free corrosion potential was recorded. Corrosion
current density, I, which is equivalent to corrosion rate is
given by the intersection of the Tafel line extrapolation. On
the contrary, the current corresponding to the extrapolation
at the corrosion potential of the first pseudo-linear part of
the polarization curve coincides with /..., when the contribu-
tion of other currents in this region is negligible. Each experi-
ment was repeated at least three times to check the
reproducibility.

2.5. Computational studies

The use of quantum chemical calculations has become popular
for screening new potential corrosion inhibitors [13]. The
structural and electronic parameters of the compounds were
calculated by molecular orbital theory in gaseous media. The
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Figure 2 EDX spectrum of mild steel.
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GAUSSIAN-03 W program, SCRF methods (self-consistent
reaction field) were used for the calculations. All the geome-
tries of the inhibitor were optimized using B3LYP/6-311G"
basis set. The most popular parameters which play a promi-
nent role are involved in the hard—soft acid—base (HSAB) the-
ory of chemical reactivity. These involve the Eigen values of
the HOMO and LUMO, the HOMO-LUMO gap (AE), chem-
ical hardness/softness, electronegativity and the number of
electrons transferred from the inhibitor molecule to the metal
surface. Molecular dipole moments and Fukui functions are
also frequently used in corrosion inhibition studies.

The local reactivity of the inhibitor molecule was analyzed
through an evaluation of the Fukui indices. Fukui indices are a
measure of the chemical reactivity, as well as an indicative of
the reactive regions and the nucleophilic and electrophilic
behaviors of the molecule. The regions of a molecule where
the Fukui function is large are chemically softer than the
regions where the Fukui function is small, and by invoking
the HSAB principle in a local sense, one may establish the
behavior of different sites with respect to hard or soft reagents.
The Fukui function f{7°) is defined as the derivative of the
electronic density p(7>) with respect to the number of electrons

N at a constant external potential o(—)
.,

. Ip(—)
f(r)—( N ) (1)
)

P

If the effects of relaxation associated with the addition or
removal of electronic charges are not considered, then

P () = promo () (2)

p~(F) = promo(7) 3)

where p; yvo (7) 1s the density of the lowest unoccupied molec-
ular orbital and pyome () is density of the highest occupied
molecular orbital [14—17]. The condensed Fukui functions
are found by taking the finite difference approximations from
Mulliken population analysis of atoms in the inhibitor,
depending on the direction of the electron transfer.

Je = a(N+1) —q(N) (4)

Jr =q(N) —q(N-1) (%)

where ¢, is the gross charge of atom k in the molecule i.e. the
electron density at a point ‘¥’ in space around the molecule.
The N corresponds to the number of electrons in the neutral
molecule, N + 1 corresponds to an anion, with an electron
added to the LUMO of the neutral molecule and N — 1 repre-
sents the cation with an electron removed from the HOMO of
the neutral molecule. All calculations are done at the ground-
state geometry. These functions can be condensed to the nuclei
using an atomic charge partitioning scheme, such as Mulliken
population analysis in Eqgs. (2)-(5). An easy graphical display
technique was also used based on the Fukui functions. Instead
of calculating the molecular orbitals for the neutral, cation,
and anion, one can just add or subtract electrons from the
molecular orbitals of the neutral molecule. Though this proce-
dure is not as good as the first method, it does give a quick
graphical display of the susceptibility of different kinds of
attack.

2.6. Molecular simulation study

Molecular simulation studies were performed using Materials
studio 4. 3 software from Accelrys Inc. [14]. It has been used
to build the inhibitor molecules on mild steel surface. The
key approximation is that the potential energy surface, on
which the atomic nuclei move, is represented by a classical
forcefield. COMPASS (Condensed-phase Optimized Molecu-
lar Potentials for Atomistic Simulation Studies) [15] is the first
ab initio forcefield that enables accurate and simultaneous pre-
diction of chemical properties (structural, conformational,
vibrational, etc.) and condensed-phase properties (equation
of state, cohesive energies, etc.) for a broad range of chemical
systems. It is also the first high quality forcefield to consolidate
parameters of organic and inorganic materials.

The first step in this computational study is the preparation
of a model of molecules which adsorb on the surface with opti-
mized geometry (i.e. energy minimized). Among the different
steps involved in the modeling approach, is the construction
of the iron surface from its pure crystal, the addition of the
inhibitor near to the surface, followed by the geometry opti-
mization calculation. Once the model has been optimized with
suitable forcefield (COMPASS), we will be able to simulate a
substrate loaded with an adsorbate.

The objective of this computational study is to find the
nearer inhibitor molecule to Fe (111) surface. The MD simu-
lation of the interaction between compound and iron surface
was carried out in a simulation box with periodic boundary
conditions to model a representative part of the interface
devoid of any arbitrary boundary effects. The iron plane was
first built and relaxed by minimizing its energy using molecular
mechanics, after minimizing the mild steel surface and ligand
molecule, the corrosion system will be built by layer builder
to place the inhibitor molecules on iron surface, and the behav-
iors of the these molecules on the iron surface were simulated
using the COMPASS (condensed phase optimized molecular
potentials for atomistic simulation studies) force field. Adsorp-
tion Locator module in Materials Studio 4.3 has been used to
model the adsorption of the inhibitor molecules on to mild
steel surface and thus provides access to the energetic of the
adsorption and its effects on the inhibition efficiencies of inhi-
bitor molecule [18].

2.7. Scanning electron microscopy (SEM)

The surface morphology of the sample under study in the
absence and presence of inhibitors was carried out using a
scanning electron microscope model SU6600 (Serial No: HI-
2102-0003) with an accelerating voltage of 20.0 kV. Samples
were attached on the top of an aluminum stopper by means
of carbon conductive adhesive tape. All micrographs of the
specimen were taken at the magnification of 500x.

3. Results and discussion

3.1. Potentiodynamic polarization studies

Polarization measurements have been carried out to pool
information concerning the kinetics of anodic and cathodic
reaction. Potentiodynamic polarization curves for mild steel
in 1IN HCI solution in the absence and presence of various
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concentrations of the inhibitor molecule are shown in Fig. 3.
The values of electrochemical kinetic parameters like corrosion
current density (/.o.,) and Tafel slopes (f, and f.), determined
from these graphs by extrapolation method, are listed in
Table 1. The corrosion inhibition efficiency (IE) was calculated
using the relation

I

Icorr* — Xcorr
%IE = 2 €T o 100 (6)

corr*

where I¢,,» and I are uninhibited and inhibited corrosion
current density respectively determined by extrapolation of
Tafel lines in the corrosion potential. In acidic solutions, the
anodic reaction of corrosion is the passage of metal ions from
the metal surface into the solution, and the cathodic reaction is
the discharge of hydrogen ions to produce hydrogen gas or to
reduce oxygen. The inhibitor may affect either the anodic or
the cathodic reaction, or both. Inspection of Fig. 3, shows that
the addition of inhibitor has an inhibitive effect on both anodic
and cathodic parts of the polarization curves and shifts both
the anodic and cathodic curves to lower current densities. This
may be ascribed to adsorption of the inhibitor over the metal
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Figure 3 Anodic and cathodic Tafel lines for mild steel in
uninhibited 0.1 N HCI and with different concentrations of
inhibitor: (a) AMTDT and (b) ATD.

surface. Therefore, inhibitor AMTDT and ATD can be con-
sidered as a mixed type inhibitor.

The cathodic branch of polarization curve gives rise to par-
allel lines with the increasing inhibitor concentration while
cathodic corrosion current density decreased considerably.
This reveals that the addition of AMTDT and ATD does
not change the cathodic hydrogen evolution mechanism and
the decrease of H™ ions on the metal surface take place mainly
through a charge transfer mechanism. The suppression of the
cathodic process can be attributed to the adsorption of inhibi-
tor molecules on cathodic sites. Thus, addition of this inhibitor
reduces the iron dissolution as well as delaying the hydrogen
evolution reactions. In the anodic branch of polarization curve
the inhibitor molecule first adsorb on the iron surface and
blocking the available reaction sites [19]. The surface coverage
increases with inhibitor concentration. The formation of sur-
face inhibitor film on iron surface reduces the active surface
area available for the attack of the corrosive media and delays
hydrogen evolution and metal dissolution and provides consid-
erable protection to mild steel against corrosion [17]. The cor-
rosion parameters derived from these curves are listed in
Table 1. It is clearly seen that the corrosion current density
(I.orr) and corrosion rate (CR) value decrease considerably
with increasing concentration of the inhibitor due to the for-
mation of a barrier film on the steel surface, while inhibition
efficiency increases with inhibitor concentration, and maxi-
mum IE% is up to 94.28 of AMTDT and 94.44 of ATD at
200 ppm .

3.2. Electrochemical impedance spectroscopy

Impedance measurements were made under potentiostatic con-
ditions after lhour of immersion. Nyquist plots of uninhibited
and inhibited solution containing different concentrations of
inhibitor molecule are performed over a frequency range from
0.1 Hz to 10,000 Hz and are shown in Fig. 4a. The similarity in
the shapes of these graphs throughout the experiment, indi-
cates that the addition of inhibitor molecule does not make
any change in the corrosion mechanism. The corresponding
Bode plots are shown in Fig. 4b. The capacitive loop at high
frequencies represents the phenomenon associated with electri-
cal double layer. The above impedance diagrams (Nyquist)
contain depressed semicircles with the center under real axis.
Such behaviors are characteristic of solid electrode and often
referred to frequency dispersion attributed to different physical
phenomenon such as roughness, inhomogeneities of the solid
surfaces, impurities, grain boundaries, and distribution of sur-
face active sites. The ideal capacitive behavior is not seen in
this case and hence a constant phase element CPE is intro-
duced in the circuit to give a more accurate fit [20-22]. The
simplest fitting is represented by Randles equivalent circuit
(Fig. 5), which is a parallel combination of the charge-
transfer resistance (R.) and the constant phase element
(CPE), both in series with the solution resistance (R;). The
impedance function of a CPE can be represented as

Zepe = A7 (jo)™" (7)

where A4 is the CPE constant (in Q' S"em™2), ¥ = —1, o is
the angular frequency (w = 2nf where f is the angular fre-
quency) and n is the CPE component which give details about
the degree of surface inhomogeneity [23,24]. Evaluation of
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Table 1 Polarization parameter and corresponding inhibition efficiency for the corrosion of mild steel in 0.1 N HCI at various
concentrations of AMTDT and ATD.
Inhibitor ~ Conc (ppm)  Eeore (mV)  LPR (Qcm?) B, mVdec™!) —f.(mVdec) Loy (mMAcm?) CR (mm/yr) 5 (%)
Blank - —445 4.3107 111 197 3.001 34.781 -
AMTDT 50 —523 5.1665 89 195 1.3635 15.803 54.56
100 —509 5.1244 69 157 0.4174 4.8382 86.09
150 —507 5.5578 66 150 0.3176 3.6811 89.41
200 —509 6.6214 56 129 0.1716 1.9891 94.28
ATD 50 —461 7.65 120 169 2.1290 24.68 29.05
100 —460 7.90 100 145 1.5967 18.51 46.79
150 —475 18.04 80 113 0.4020 4.65 86.60
200 —478 23.41 79 94 0.1666 1.93 94.44
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Figure 4a  Nyquist plots for mild steel in uninhibited 0.1 N HCl
and with different concentrations of inhibitor: (a) AMTDT and
(b) ATD.

Table 2 shows that the values of R, and Cy have opposite
trend at the whole concentration range and it may be due to
the formation of a protective layer on the surface of the elec-
trode. The double layer between the charged metal surface
and the solution is considered as an electrical double capacitor.
The adsorption of inhibitor molecule on mild steel surface
decreases its electrical capacity through the displacement of

10' 10° 10
Frequency (Hz)

(b)

Figure 4b  Bode plots for mild steel in uninhibited 0.1 N HCl and
with different concentrations of inhibitor: (a) AMTDT and (b)
ATD.

water molecule and other ions originally adsorbed on the metal
surface [24]. The increase in the thickness of the protective
layer and decrease in the value of Cg4; with increase in inhibitor
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Figure 5 Equivalent circuits used to fit for the EIS data mild
steel in 0.1 N HCI and with different concentrations of inhibitor.

concentration shows the inhibitor molecule electrostatically
adsorbs on the electrode surface. This trend is in accordance
with the Helmholtz model given by the equation

T34
7 (8)

where d is the thickness of the protective layer, > is the dielec-
tric constant of the medium, X is the vacuum permittivity and
A is the surface area of the electrode.
The equation used for calculating the percentage corrosion
inhibition efficiency (IE) is
R — Rct

%IE = —<——% % 100 9)
Rct

Cdl =

where R and R are values of the polarization resistance
observed in the presence and absence of inhibitor molecule.
Impedance parameters are summarized in Table 2.

3.3. Adsorption studies

The selection of these inhibitor molecules are based on their
mechanism of action, for example their ability to donate elec-
trons. The adsorption of inhibitor at an electrode/electrolyte
interface may take place through displacement of adsorbed
water molecules at the inner Helmholtz plane of the electrode,
likely in agreement with the following equation:

Orgaq + X -Hy0,4 <= Org,q + X - HyOyq

where X, the size ratio, is the number of water molecules dis-
placed by one organic inhibitor molecule. Adsorption plays a
significant role in the inhibition of metallic corrosion by
organic molecules. Attempts were made to fit the 0 values to
various isotherms, including Langmuir, Temkin, Frumkin
and Flory-Huggins. By far, the best fit is obtained with Lang-
muir isotherm [23,24]. The Langmuir isotherm gives a straight-
line graph for the plot of C/0 vs C. The straight line obtained
for the inhibitor molecule is given in Fig. 6. The strong corre-
lations (R?> = 0.9427 and 0.9894) confirm the validity of this
approach [25].

3.4. Quantum chemical calculations

The molecular sketches of the inhibitor were drawn using
Gauss View 5.0. All the quantum chemical calculations were
performed with complete geometry optimization using stan-
dard Gaussian 03 software package. Geometry optimization
and quantum chemical calculations performed using Density
Functional Theory (DFT). The Becks three parameter hybrid
functional was combined with the Lee, Yang and Parr (LYP)
correlation functional and denoted as B3LYP and was
employed in the DFT calculations using 6-311G™ basis set.

220 -

200 W AMTDT, R? = 0.9427

B ATD, R? =0.9894
180 4

160

i~

O 140 -
120
100 -

© 60 80 100 120 140
Conc: C(ppm)

L L
160 180 200 220

Figure 6 Langmuir adsorption isotherms for the inhibitor.

Table 2 Impedance parameter for the corrosion of mild steel in 0.1 N HCI at various concentrations of AMTDT and ATD.
Inhibitor Conc. (ppm) R (WF cm™2) Cyr (pA cm?) Reomn (Q cm?) n n (%)
Blank — 8.05 562.60 6.547 0.80 -
AMTDT 50 25.20 152.10 11.321 0.88 68.05
100 93.07 96.49 18.674 0.85 91.34
150 95.71 95.05 33.938 0.84 91.58
200 113.43 66.08 48.452 0.86 92.90
ATD 50 24.77 208.50 10.563 0.87 67.50
100 26.92 203.30 17.045 0.87 70.01
150 100.00 88.60 31.970 0.90 91.95
200 113.31 84.50 46.827 0.90 92.89
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HOMO-1 HOMO
LUMO
(@)
HOMO-3 HOMO-2 HOMO-1
HOMO LUMO
(b)

Figure 7  Frontier molecular orbitals of (a) AMTDT and (b) ATD in particular HOMO-3, HOMO-2, HOMO-1, HOMO and LUMO

are plotted; Label HOMO-n stands for nth MO below the HOMO. The isosurface of +0.04(e/bohr®)/2.

Please cite this article in press as: S. John et al., Corrosion inhibition properties of 1,2.4-Hetrocyclic Systems: Electrochemical, theoretical and Monte Carlo simulation
studies, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.10.005



http://dx.doi.org/10.1016/j.ejpe.2016.10.005

8 S. John et al.
Table 3 The calculated quantum chemical properties of AMTDT and ATD.
Inhibitor HOMO (eV) LUMO (eV) AE (eV) 1 A x n AN
AMTDT —2.3578 —6.4997 4.1419 1.9863 2.3578 6.4997 4.4287 2.0709 0.6207
ATD —0.1382 —6.9805 6.8423 4.9367 0.1382 6.9805 3.5504 3.4212 0.5028

(b)

Figure 8 Electrostatic properties of (a) AMTDT and (b) ATD:
side views of the dipole are displayed on the left while the middle
and right panels show the contour and isosurface representation of
electrostatic potential respectively.

Molecular orbitals are designated with respect either to
HOMO or LUMO orbital [26-29]. The label HOMO-n stands
for nth orbital below the HOMO and LUMO orbitals shown
in Fig. 7. There are two different definitions used for the chem-

ical hardness, 1, that differ by a factor of two [30]. This affects
all other electronic parameters that depend on n. We use the
definition based on the following two equations;

(10)

where E is the total energy of the system, N is the number of
electrons, and p is the electronic chemical potential. The other
definition drops the factor 1/2 from the definition of 1. The
HSAB parameters can be derived by Eq. (5) using finite differ-
ence approximation for the first and second Eigen values of
HOMO and LUMO, —FEyomo and —Ejymo, for the ioniza-
tion potential and electron affinity [31,32]. The electronegativ-
ity, x, is the negative of chemical potential and hence given by

% = —u~ —1/2(Enomo + ELumo)

while chemical hardness, 1) is approximated by

n ~ 1/2(Enomo — ELumo)

The work function @ of the metal surface is taken as elec-
tronegativity; whereas chemical hardness is neglected, because
g of bulk metal is inverse of their density state at the Fermi
level which is an exceedingly small number. The number of
electrons transferred from the molecule to metal AN, will be
given by

(%Fe = Xinni)
AN 2(Npe = Minni) (D
where Fe is considered as Lewis acid according to HSAB con-
cept [33]. The difference in electronegativity drives the electron
transfer, and the sum of the hardness parameters act as a resis-
tance. In order to calculate the fraction of electrons trans-
ferred, a theoretical value for the electronegativity of bulk
metal was used yp, ~ 7 ¢V, and a global hardness of ng, ~ 0,
by assuming that for a metallic bulk I = A [34.35] because
they are softer than the neutral metallic atoms. Some of the
calculated electronic parameters like the highest occupied
(Eanomo) and lowest unoccupied (Epymo) molecular orbital
energies, the energy gap (AE = Erumo — Enomo), and the
dipole moment are presented in Table 3. Fyomo is often asso-
ciated with the electron donating ability of inhibitor molecule
to the unoccupied d orbital of metal. Thus, the less negative
values of Exyomo and, similarly, the lower value of the gap
energy should both increase the effectiveness of inhibition.
The low value of dipole moment has often been associated
with good inhibition properties [36-39]. The direction of the
dipole can be understood by considering the electrostatic
potential (middle and right panels of Fig. 8). Dipole moments
are substantially enhanced for both inhibitors on going from
the gaseous to the aqueous phase, indicating an increase in
the stability of the inhibitors due to the interaction with water.
The local reactivity was analyzed by means of the condensed
Fukui function. The condensed Fukui functions allow us to

studies, Egypt. J. Petrol. (2016), http://dx.doi.org/10.1016/j.ejpe.2016.10.005
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Table 4 Fukui functions and local softness values for a nucleophilic and electrophilic for AMTDT & ATD.

AMTDT ATD

Atom e Val Sk~ Sk* Atom Va Vi N Sk*

1C 0.0407 0.0412 0.0842 0.0853 1C 0.0268 0.2664 0.0212 0.2108

2N 0.0181 0.0940 0.0374 0.1946 2C 0.0265 0.2675 0.0209 0.2116

3C 0.0018 0.1352 0.0372 0.2798 3N 0.2039 0.2025 0.1613 0.1602

4C 0.0032 0.2366 0.0066 0.4898 4H 0.4807 0.0425 0.3803 0.0336

SN 0.0126 0.2880 0.026 0.5962 SH 0 0 0 0

60 0.0098 0.1051 0.0203 0.2175 6H 0 0 0 0

7C 0.0012 0.0025 0.0024 0.0052 TN 0.1181 0.0524 0.0934 0.0414

8H 0 0.0077 0 0.0159 8N 0.1186 0.0531 0.0938 0.0420

9H 0.0006 0.0078 0.0012 0.0161 9C 0.0009 0.0122 0.0007 0.0096

10H 0.0002 0 0.0004 0 10H 0.0032 0.0225 0.0025 0.0178

11N 0.0115 0.0347 0.0238 0.0718 11H 0.0032 0.0225 0.0025 0.0178

12H 0.0034 0 0.0071 0 120 0.0053 0.0006 0.0042 0.0004

13N 0.0960 0.0120 0.1987 0.0248 13H 0 0 0 0

14S 0.7916 0.0292 1.6387 0.0604 14H 0.0009 0.0123 0.0007 0.0097

15H 0.0009 0.0040 0.0018 0.0082 15H 0.0032 0.0225 0.0025 0.0178
16H 0.0032 0.0226 0.0025 0.0021
170 0.0053 0.0006 0.0042 0.0004
18H 0 0 0 0

Table 5 The outputs and descriptors calculated by Monte Carlo simulation for adsorption of inhibitor on Fe (111) plane.

Inhibitor Total energy Adsorption energy Rigid ad energy Deformation energy Atomistic: dEad/
(kJ mol ™) (kJ mol ™1 (kJ mol ™1 (kJ mol 1) dNi

ATD 44 4 —14472.4 5.04 —14472.4 —14472.4

AMTDT 66.4781 —90809.3 2.08 —90809.3 —90809.3

distinguish each part of the molecule on the basis of its distinct
chemical behavior due to different functional groups or sub-
stituents. Thus, the site for nucleophilic attack will be the place
where the value of f{ is a maximum and the site for elec-
trophilic attack will be the place where the value of f,  is max-
imum. The values of the Fukui functions for a nucleophilic
and electrophilic attack are given in Table 4 (only for the nitro-
gen, oxygen, sulfur and carbon atoms). Inspection of the val-
ues of Fukui functions presented in Table 4 shows that the
inhibitor AMTDT and ATD has propitious zones for nucle-
ophilic attack located on AMTDT (3C, 4C, and SN), and
ATD (1C and 2C) while electrophilic attack has on AMTDT
(13N and 14S) and on ATD (3N and 4H). Data in Table 4 also
show that AMTDT has more susceptible sites for adsorption
on the metal surface, which reflects its highest inhibition per-
formance. The HOMO location on each system agrees with
the atoms that exhibit greatest values of indices of Fukui, both
indicate the zones by which the molecule would be adsorbed
on the mild steel surface.

3.5. Monte Carlo simulation study

Molecular modeling studies give more insight into the nature
of attraction between iron and inhibitor AMTDT and ATD.
The modeling studies were designed to examine this theory
by predicting the inhibitor-surface interactions that lead to
optimal molecular binding at the mild steel surface. Monte

Carlo, molecular dynamics simulation was performed on a sys-
tem comprising AMTDT and ATD and iron surface. Inhibitor
is firstly placed on the iron surface, optimize and then run
molecular dynamics. The Monte Carlo simulation process tries
to find the lowest energy for the whole system. The structures
of the adsorbate components are minimized until they satisfy
certain specified criteria. The outputs and descriptors calcu-
lated by the Monte Carlo simulation are presented in Table 5.
The parameters presented in Table 5 include total energy of the
substrate—adsorbate configuration. The total energy is defined
as the sum of the energies of the adsorbate components, the
rigid adsorption energy, and the deformation energy. In this
study, the substrate energy (steel surface) is taken as zero.
Also, adsorption energy reports energy released (or required)
when the relaxed adsorbate components are adsorbed on the
substrate. The adsorption energy is defined as the sum of the
rigid adsorption energy and the deformation energy for the
adsorbate components. The rigid adsorption energy, reports
the energy, in kcal mol™', released (or required) when the unre-
laxed adsorbate components (i.e., before the geometry opti-
mization step) are adsorbed on the substrate. The
deformation energy, reports the energy released when the
adsorbed adsorbate components are relaxed on the substrate
surface. Table 5 shows also, (dE,qs/dNi) which defines the
energy of substrate—adsorbate configurations where one of
the adsorbate components has been removed. High values of
adsorption energy confirm experimental results and explain
why the amino derivative gives the highest inhibition effi-
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ciency. The “total energy” of a molecule presented in Table 5
refers to the energy of a specific arrangement of atoms. The
zero energy reference is taken to be the infinite separation of
all electrons and nuclei, so the total energy is generally nega-
tive, corresponding to a bound state. Fig. 9 shows the pre-
dicted adsorption density of AMTDT and ATD on the mild
steel surface. As can be seen from Table 5 the adsorption of
inhibitor shows the highest ability to adsorb on Fe (111) sur-
face with highest adsorption energy. Also, it has the highest
binding energy to iron surface as seen in Table 5. Adsorption
density calculation presented in Fig. 9 is identified by carrying
out a Monte Carlo search of the configurational space of the
substrate—adsorbate system. This process is repeated to
identify further local energy minima. During the course of
the simulation, adsorbate molecules are randomly rotated
and translated around the substrate. The configuration that

results from one of these steps is accepted or rejected according
to the selection rules of the Metropolis Monte Carlo method.

3.6. Scanning electron microscopy (SEM)

Surface examination using SEM was carried out to understand
the effect of inhibitor molecule on the surface morphology of
mild steel. Fig. 10a shows the SEM image of a polished mild
steel surface. Fig. 10b shows SEM image of the surface of mild
steel after immersion in acid without inhibitor molecule for 48 h.
This micrograph shows the effect of acid on surface damage.
Fig. 10c shows SEM image of the surface of mild steel immersed
in acid solution containing 200 ppm of AMTDT and ATD. So it
can be concluded that corrosion is much less in the presence of
inhibitors and the appearance of more polished surface
obtained which proves its higher inhibition efficiency.

Figure 9

(b)

Modes of adsorption of (a) AMTDT and (b) ATD on Fe (111) plane.
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Figure 10 SEM images of (a) blank mild steel, (b) in 0.1 N HCI without inhibitor, (c) in the presence of 200 ppm of AMTDT after 48 h,

and (d) in the presence of 200 ppm of ATD after 48 h.

4. Conclusions

(a) The inhibitor molecules show very good inhibitive effi-
ciency for mild steel in 1 M HCL

(b) The polarization plots indicated that the compounds act
as mixed type inhibitors which inhibit both anodic metal
dissolution and cathodic hydrogen evolution reaction.

(c) EIS plots indicated that the inhibitor increases the
charge transfer resistance, and the inhibitive perfor-
mance depends on the adsorption of the triazine deriva-
tives on the metal surface.

(d) The inhibitive action of AMTDT and ATD follows
Langmuir adsorption isotherm.

(e) The fraction of electrons transferred, AN, cannot be
taken as a direct theoretical measurement of the inhibi-
tion efficiency. Hence change in the geometry of the
molecule during adsorption is also considered theoreti-
cally and these values agree reasonably well with exper-
imental results.

(f) The inhibitor molecules adsorb on the metal surface and
block the reaction sites. Higher surface coverage on the
metal surface was obtained with higher inhibitor concen-
trations. Scanning Electron Microscopy results also con-
firm the adsorption of inhibitor molecules on the metal
surface.

(g) From Monte Carlo simulation studies it is clear that the
inhibitor AMTDT is nearer to the surface of Fe (111)
plane.

(h) At higher concentration of the inhibitor, both the inhibi-
tor AMTDT and ATD have almost same inhibition effi-
ciency, but at lower concentration the inhibitor
AMTDT had greater efficiency than ATD.
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