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Corrosion of metal pipelines is a huge industrial concern, with potential environmental pollution and eco-
nomic loss. The implementation of a cost-effective technology in using waste palm oil as biobased cor-
rosion inhibitors (CIs) has risen. However, the inhibition mechanism of CIs remains unclear due to the
lack of comprehensive review and a small number of existing experimental data. Density functional the-
ory (DFT) and molecular dynamics (MD) simulation provided significant insights into the adsorption
mechanism. The influence of fatty hydrazide derivatives as effective ClIs on ferrous (110) metal surface
in 1.0 M HCl medium at a temperature ranging from 298 to 383 K was studied. DFT predicted inhibition
efficacies of these Cls based on electronic/molecular properties and reactivity induced through the band
gap energy between the HOMO and LUMO in the range of 7.290 to 7.480 eV. Results from MD simulation
showed that the inhibition efficiency increased at low concentration of Cls (0.04 M) and increasing tem-
perature, which was suggestive of chemical adsorption mechanism with the adsorption energy from
—200 to —400 kJ/mol. . The result further suggested that thermal stability of Cls at high temperature
increased due to adsorption energy of Cl-metal interaction from heat supplied. All the findings were con-
sistent with the experimental data reported earlier. Understanding the adsorption mechanism of fatty
hydrazide derivatives on the metal surface could be used as a basis for future development of specific bio-
based Cls for cost-effective corrosion control technology.
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ity of the pipelines. However, the present-day chemical cleaning
and acid pickling of corroded mild steel pipelines in highly concen-

1. Introduction

Corrosion of steel pipeline systems caused by carbon dioxide
(COz) and hydrogen sulfide (H,S), microbiological activity, flow
velocity, water chemistry, and oil/water composition is a major
concern of the oil and gas (O & G) industry. This is because corro-
sion problems contribute to a substantial portion of the annual
total costs for O & G companies worldwide [1]. Nonetheless, the
system’s damage is predominantly due to CO, in natural gas con-
taining a high concentration of chloride, which creates a common-
place corrosive medium known as sweet corrosion. The reaction of
metals with acidic media further degrades the strength and ductil-
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trated acid to remove scale or rust bring other operational concerns
[2]. The process can be costly and environmentally dangerous if it
is not well controlled.

Therefore, corrosion control is essential in combating this issue
by implementing new advanced technology using green corrosion
inhibitors (CIs). These cheap, biodegradable, and eco-friendly Cls
can be produced from natural sources such as palm oil plants.
Existing effective Cls are constructed from heterocyclic compounds
containing heteroatoms of fatty hydrazide derivatives. Hydrazide
derivatives are excellent Cls because of their capability to identify
functional groups for adsorption on metallic surfaces. They include
m-electrons, electron-donating groups, and planar structures [2].
Structural modifications of hydrazides can produce heterocyclic
derivatives with active centers that facilitate adsorption onto
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metal surfaces. Although the less toxic and more cost-effective
fatty hydrazide derivatives are highly studied CIs of O & G steel
samples, their mechanism of inhibition remains unclear. There is
a general lack of a comprehensive review of experimental reports
in the literature. This deficiency can be addressed through compu-
tational modeling simulation to explicitly describe the adsorption
mechanism of corrosion inhibition by fatty hydrazide derivatives.
Such information could aid future researchers in designing effec-
tive and better heterocyclic derivatives as CIs. In fact, the future
of O & G should focus on developing greener and eco-friendlier Cls.

According to the literature, Mohd et al. [3] reported that fatty
acid hydrazides, namely, palmitate hydrazide (HD44), N-
ethylidene palmitate hydrazide (HD45), and N-phenyl methyli-
dene palmitate hydrazide (HD46) in 1.0 M HCI showed mixed inhi-
bitor behavior towards mild steel corrosion that followed
Langmuir isotherm model. The better performance of the 200 mg
L' of HD46 (85%) at 308 K was ascribed to phenyl groups that delo-
calized p-electrons with empty d-orbital of Fe atoms. The above-
said Cls reduced the corrosion rate up to 94% at minimum concen-
tration. Abdallah et al. [4] synthesized a new hydrazide derivative,
2-(2-hydrazinyl-1,6-dihydro-6-oxopyrimidin-4-yl) aceto hydra-
zide (HD42) in 1.0 M HCl and 0.5 M H,SO4 which inhibited mild
steel corrosion through physisorption. The CI showed a better per-
formance of 90% at 0.05 M in HCl solution than in the H,SO4 med-
ium, lowering corrosion rate up to 92% at minimum concentration.

Quraishi et al. [5] explored 11, 12, and 18 carbon atoms fatty
hydrazides derivatives as Cls on mild steel in boiling 15% HCI acid
solution using room temperature weight-loss method and poten-
tiodynamic polarization studies found the Cls revealed a mixed
type of behavior. The substances followed Temkin’s adsorption iso-
therm with a higher inhibition efficiency in the range from 85% up
to 96% at minimum concentration, 500 ppm of inhibitors. They also
assessed corrosion inhibition actions of lauric hydrazide with var-
ious acids (cinnamic acid, succinic acid, nitrobenzoic acid, phthalic
acid, and maleic acid) on mild steel, copper, brass, zinc, and alu-
minum in SO, and chloride atmospheres, by the same methods.
They found that the 100 ppm of lauric hydrazide cinnamate dis-
played up to 98.7% inhibition efficiency, which followed the Tem-
kin adsorption isotherm [6]. Toliwal and Jadav [7] also reported
that fatty acids of 5-alkyl-4-phenyl-4H-[1,2,4]triazole-3-thiol phe-
nyl hydrazides were good Cls on mild steel in 1.0 M HCI acid solu-
tion at all concentrations (100-500 ppm). This CI obeyed the
Langmuir’s adsorption isotherm.

Herein, this study aimed to understand further the adsorption
mechanisms of Cyg, Cq2, Ci4, Ci6, and C;g atoms fatty hydrazide
derivatives as CIs on ferrous metal surface in 1.0 M HCl. Moreover,
information on the adsorption mechanisms of these Cls on a fer-
rous surface has yet to be reported. In this study, the calculations
to comprehend the adsorption phenomena and the accompanying
electronics effects were done using the density functional theory
(DFT) method. The geometry optimization and subsequent elec-
tronic structure calculations were used and performed by the Tmo-
leX program.

2. Methods
2.1. Quantum chemical calculations

The molecular mechanism of corrosion inhibition can be well
explained by quantum chemical calculation. It is a valuable tool
for gaining deeper insight into the adsorption phenomena and
the accompanying electronics effects. The density functional the-
ory (DFT) method calculations were employed to estimate these
aspects in this study. Avogadro program was used to prepare all
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the studied molecules, and the TmoleX program performed geom-
etry optimization and subsequent electronic structure calculations
of the fatty hydrazide derivatives in a non-aqueous (vacuo) envi-
ronment with def-SV(P).h basis set [8,9]. The functional B3LYP
[10,11] and ground-state calculation were inserted under DFT set-
ting to generate the input file. The TmoleX program visualized and
calculated the molecular electronic structures. For validation of the
experimental observations, the highest occupied molecular orbital
energy (HOMO), lowest unoccupied molecular orbital energy
(LUMO), energy gap (AE) were identified to calculate the different
global reactivity parameters such as electron affinity (A), ionization
potential (I), electronegativity (), chemical potential (), global
hardness (77), global softness (o), global electrophilicity () and
the fraction of electrons transferred (AN) [12,13].

Koopman’s theorem explained the calculations from the ioniza-
tion energy (I) and electron affinity (A) of the assigned highest
occupied molecular orbital energy (HOMO) and the lowest unoccu-
pied molecular orbital energy (LUMO), as in Eq. (1) and Eq. (2).

I = —Epomo (1)

A= —Eumo (2)

HOMO implies the ability to donate electrons, known as elec-
trophilic attack, whereas LUMO indicates its nucleophilic attack
through the electron-accepting ability of a molecule. The small
energy gap energy difference between LUMO and HOMO (Eq. (3))
depicts high chemical reactivity.

AEGAP = ELUMO - EHOMO (3)

The study also measured several global reactivity parameters
and compared them to the above-said experimental observations
(% m, o, ™, AN, w, back-donation energy and molecule-metal inter-
action energy). The calculation of first and second partial deriva-
tives of energy (E) with respect to the external potential »(r) and
the number of electrons (N) yields the electronegativity (y) and
global hardness (77) of molecules as in Eq. (4) and Eq. (5).

g ==~ 2o @)
n=—Co20(r) 5)

where the chemical potential (1) corresponds to the first equality in
Eq. (3), describing as the negative of electronegativity. The method
of finite difference characterizes the calculation of y, #, and 7 as
follows:

1 1+A

1= ) (Eromo + Erumo) = 5 (6)
1 1 1-A

n=- 3 (Enomo — Erumo)or = ) (Erumo + Enomo) = — 5 (7)
1 1+A

n= _E(EHOMO + Erumo) = 5 (8)

The inverse of the global hardness defines the global softness
(o) as in Eq. (9).
1 2 2 2

0O=—=—
n Enomo — Erumo

= = 9
EHOMO - ELUMO 1- A ( )
Pertinently, the electronegativity and global chemical hardness
determine the global electrophilicity index () as follow:
2 m2
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The fraction of transferred electrons (AN) and its associated
energy (AE) from the corrosion inhibitor molecule (mol) to a metal
surface (M) is well explained as follow:

M- ymol  mmol— nM
AN = 2(M + nmol) — 2(yM + nmol) an
AE — (yM — ymol)2 _ (mmol — M2 (12)

4(nM + nmol) 4(nM + nmol)

The electron affinity, A is defined from the enthalpy of the reac-
tion that is good for protonation in an acidic medium. High elec-
tron affinity leads to highly specific binding between inhibitors
and metal surfaces. Ionization energy,l indicates the chemical reac-
tivity of molecules in which small I are preferable following the
high reactivity of the inhibition molecules. The global hardness,
7, portrays the resistance towards the deformation of the electron
cloud around the molecules. Inhibitors with lower values of 7 are
better corrosion inhibitors due to their efficiency in electron dona-
tion to the metal. For electrophilicity index, = measures the ten-
dency of chemical species to gain electrons; hence low w is
superior in portraying the stability of molecules. In the case of elec-
tronegativity, y, it predicts the inhibitive performance of molecules
by attracting electrons. The electron transfer flows from the mole-
cule at low to high electronegativity until they achieve a similar
chemical potential for higher inhibition efficiency in the corrosion
system.

2.2. Molecular dynamics (MD) simulations

The corrosion system composed of mild steel metal and corro-
sion inhibitors structure of fatty hydrazide derivatives with Cyq,
Ci2, Ci4, Ci6, and Cyg carbon atoms were constructed by the Avo-
gadro software. The Fe (110) metal structure was chosen accord-
ing to the recent experimental evidence on the effectiveness and
high inhibition efficiency of the CIs [14]. Fe (110) is the most stable
due to its lowest surface energy of Fe and in the order of Fe
(110) < Fe (100) < Fe (111) facets [15]. The Fe (110) surface is
preferable following its highest stable facet, thermodynamically,
with the largest area of the Fe crystal. Besides, pure iron atoms
are usually used instead of a mixture of iron with alloying elements
in theoretical studies [15-18].

The activity of Cls plays a crucial role in corrosion inhibition of
metals was studied through the adsorption energy and aggregation
of the ClIs. Four layers of Fe (110) metal were placed at the bottom
of a 5.1 x 5.1 x 7.1 nm simulation box with the CI placed at the
center of the box, surrounded by SPC water molecules. To mimic
the actual scenario in the pipeline, the box was filled with the req-
uisite number of water molecules and HCl ions to reach the desired
1.0 M of the acidic medium. Meanwhile, different simulation sys-
tems were constructed by varying the number of Cls molecules
added to represent various concentrations ranging from 0.04 to
0.20 M at fixed 1.0 M HCI to study the aggregation of the CIs.
Details of the number of molecules for different inhibitor concen-
trations’ for different inhibitor concentrations are listed in
Table A1 (Supporting Information). The GROMOS molecular force
fields were adopted to represent the interaction potentials of Cls
and metal, respectively [14]. Throughout the simulation, the inte-
gration step of 1.0 fs was used. The non-bonded interactions were
calculated up to 1.2 nm, and Particle Mesh Ewald (PME) was
applied to treat the long-range electrostatic interactions with a
grid spacing of 1.2 nm and fourth-order interpolation [19]. Neigh-
bor searching was done up to 1.2 nm and updated every five steps.
The bond lengths were constrained using LINCS at fourth order
[20], while the system’s thermodynamic control used the V-
rescale temperature and Parrinello-Rahman pressure control. The
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temperature coupling constant of 0.1 ps was used, and isothermal
compressibility for pressure control was set to 4.5 x 10, The ref-
erence pressure of 1.013 atm and a relaxation time of 2.0 ps were
applied in the corrosion system.

Energy minimization was executed by performing each system
with 10,000 steps of the steepest descent followed by 10,000 steps
of conjugate gradients. The Fe metal layers were position
restrained with a force constant of 10,000 kJ mol . The canonical
ensemble (NVT) was used to calculate the adsorption energy. The
isobaric-isothermal (NPT) ensemble was introduced to observe
the molecule aggregation between CIs on the metal surface. The
simulations were performed for 10 ns at constant temperature
for concentrations 0.04, 0.08, 0.12, 0.16, and 0.20 M, respectively.
Equilibrium is reached once the dynamics manage to characterize
the molecules’ aggregation on the metal surface in the system and
calculate their trajectories. The GROMACS package version 4.5 was
used to perform all the MD simulations [21]. Each system’s energy
was calculated and substituted into Eq. (13).

Eads = Evotar — (Esurface+soluti0n + Einhibimr) (13)

Herein, the binding energy of the inhibitor molecule is
expressed as;

Ebinding = _Einteraction (14)

PyMOL visualized [22] and validated all the MD simulations
against previous experimental findings to ensure consistency and
accuracy.

3. Results and discussions
3.1. Quantum chemical calculations

The reactivity of the CI molecules on the metal surface reflects
their inhibition efficiency in the corrosion system by observing
the electronic distribution of Cls molecular orbital. Donating capa-
bility of molecules is associated with HOMO, whereas accepting
capability is associated with LUMO. The geometry optimized fatty
hydrazide derivatives molecules portray electron density over the
entire molecules due to the conjugation effect (Fig. 1). All Cls
donated their electrons to vacant d-orbitals of Fe (110) surface
acceptor to form coordinate type bonds. Fig. 2 proves that the den-
sities of both HOMO and LUMO are relatively uniform due to the
integrated distribution of lone pairs in the heteroatoms from oxy-
gen and nitrogen, resulting in higher HOMO density in adjacent
zones. Therefore, the preferred active sites in releasing electrons
are mainly located around heteroatoms of nitrogen and oxygen
in the CIs structures. In addition, the alkyl chain region located
near the heteroatoms led to high density in LUMO, indicating the
preferred active sites for accepting electrons. However, the popula-
tion of LUMO (Fig. 2) was markedly higher with increasing C-C
length in the alkyl chain of the Cls structures. It is reasonable to
assume that the heteroatoms segment in CIs molecules acts as
the active site in donating electrons that form a coordinated bond
with unoccupied d-orbitals of Fe (110) surface through chemisorp-
tion. In contrast, the C-C region near the heteroatoms became the
dominant site to gain electrons from d-orbitals of the metal’s sur-
face through back-donating bond formation (retro-donation).

The capacity of molecule as a donor-acceptor contributor is
gauged by the Epono of donating electro to appropriate low energy
acceptor molecules and empty molecular orbital. Meanwhile, E;yyo
describes the ability of molecules to accept the electrons in which a
low value is preferable. From Table 1,Egonmo of the five Cls showed
insignificant value differences, portraying the reactivity and kinetic
stability of the molecules towards the Fe (110) surface. The AE val-
ues affirmed the molecules’ stability and reactivity to form coordi-
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Fig. 1. Optimized structure of fatty hydrazide derivatives with different alkyl
chains.

nate bonds with the d-orbitals of Fe (110) surface by donating and
accepting an electron by physicochemical adsorption. The findings
of this study agreed with the empirically determined potentiody-
namic polarization data by Onyeachu et al. [23] for the adsorption
of metformin drug (MET) on the C1018 steel surface in CO,-
saturated 3.5 wt% NaCl plus acetic acid. The oxidation and reduc-
tion between MET and steel surface involved the inhibitor in
impeding the steel corrosion. The inhibitor competes with the
hydrogen ions from acid solution for adsorption on the metal sur-
face. In this way, the CIs block the sink and eventually consume
electrons from iron oxidation through physisorption. These
changes shifted the polarization corrosion potential values from
—649 (without MET) to —746 mV (in 200 ppm MET). The corrosion
current density reduced from 47.70 (without MET) to 4.33 pA cm 2

HOMO ORBITALS
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(with 200 ppm MET), confirming the MET inhibitor’s inhibition
efficiency as high as 86.31% by [23].

The study proved that the synthesized CIs reduced Fe (110) cor-
rosion by existing as a protonated species in the solution. This fact
corresponds with the current study in which the fatty hydrazide
derivatives’ alkyl chain was the protonated species in the corrosion
system. The data also corroborated that the inhibitors’ stable, rela-
tive inhibition efficiencies in the presence of an alkyl chain. The
data proved that the corrosion inhibitions were by physisorption
and chemisorption despite having heteroatoms in the structure.
Therefore, lesser energy is required to remove an electron from
the last occupied molecular orbital for polarization electron trans-
port due to the CIs’ structural stability.

Table 1 also shows the value of electron affinity (A) and ioniza-
tion potential (I) of the inhibitors. The affinity values for all inhibi-
tors were insignificantly different, in the range of —0.463 up to
—0.300. The data indicated high electron affinity that led to the
highly specific binding between inhibitors and metal surfaces. In
this context, the results were in line with electrochemical impe-
dance spectroscopy (EIS) reported by Khowdiary et al. [24]. EIS pro-
file of disposed of polyethylene terephthalate (PET), namely W-
PET-1,W-PET-2, and W-PET-3 compounds in 0.5 M H,SOy4, recog-
nized by the surface in-homogeneities and roughness of carbon
steel was due to the inhibitors’ protective layer on the carbon steel
surface. The synthesized inhibitors enhanced the transfer resis-
tance in the acidic solution without modifying the dissolution pro-
gress. The behavior seen here can be accredited to the adsorption
of inhibitors on the carbon steel surface through the high affinity
of strong electron charge transfer between CIs and metal surfaces.
The interaction increases the Cls efficiency in the acidic solution.

Therefore, the good correlation with the previous experimental
studies from Khowdiary et al, [24] proves that the adsorption of
inhibitors on metal surface coinciding between alkyl chain and
electron donors on heteroatoms were allotted to electrochemical
responses in the corrosion system through mixed-type behavior.
In addition, the values of I showed a slight difference in which
the values were small enough, between 6.998 up to 7.023, to
increase the chemical reactivity of the Cls that eventually raised
the inhibition efficiency. Vosta et al.,, [25] described that corrosion
inhibition efficiency increases with reducing ionization potential.
Inhibitors with the highest energy have the least firmly bonded
electrons in the HOMO orbital. In this context, corrosion reaction
can be blocked from HCl acid medium when the inhibitors mole-
cules act as an electron donor to the metal surface, forming a sur-
face layer to block the corrosion.

LUMO ORBITALS

Fig. 2. HOMOs and LUMOs of non-protonated inhibitor molecules using DFT/B3LYP.
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Table 1

Selected quantum chemical parameters for the studied fatty hydrazide derivatives.
Cls Eromo (eV) Erumo(eV) AE(eV) I A n x AN
Cio —7.021 0.460 7.480 7.021 — 0.460 3.280 3.740 —0.497
Ci2 — 6.998 0.300 7.290 6.998 — 0.300 3.351 3.647 —0.500
Cia —7.018 0.463 7.480 7.018 — 0.463 3.278 3.740 —0.497
Cis - 7.015 0.463 7.480 7.015 — 0.463 3.276 3.739 —0.497
Cis —7.023 0.449 7.470 7.023 — 0.449 3.287 3.736 —0.496

Likewise, the y of the hydrazide CIs exhibited a good correlation
with the electron transfer, indicating that electron transfer started
from low to high electronegativity until a similar chemical poten-
tial was achieved. From there, the fraction of electron transferred
(AN) from the CIs molecules to the metal surface can be calculated.
Lukovits et al., [26] reported that AN can be referred to as 'electron-
donating ability*, representing the number of electrons that will be
donated and accepted between the Cls and metal surface. In this
study, the theoretical values used for y, (7.0 eV) and nNnge
(0.0 eV) were adopted from literatures [27-30]. The AN data in
Table 1 shows there is only a slight difference for all the ClIs,
—0.500 up to —0.496. These negative values are AN < 3.6, indicating
that electron-donation occurred from the metal surface to the opti-
mized structure in the corrosion system. Rani et al. [31] stated that
excellent corrosion inhibitors also involved retro-donation despite
donating electrons to the unoccupied orbital of the metal. Previous
studies reported that AN values could result either from electron
donation of heteroatoms to the metal. This behavior proves that
chemisorption occurred by forming a coordinate bond, or metal
to the molecules, portraying retro-donation [32,33].

Zhang et al. [34] also mentioned improvement in inhibition effi-
ciencies, mainly from the electron-donating ability to the metal
surface. Hence, the ability of fatty hydrazide derivatives to donate
electrons to the metal surface supported the findings by Zhang
et al. [34] in yielding a good inhibitory effect for corrosion system
by electron donation of heteroatoms to the unoccupied d-orbital of
iron and vice versa. The electrochemical tests also showed that the
nitrogen atoms in imidazole and pyridine rings of 2-(4-pyridyl)-
benzimidazole (PBI) in 1.0 M HCl on the metal steel favored the
formation of a Fe(II)-PBI complex. This modification of the dissolu-
tion mechanism of iron through chemisorption was due to an elec-
tron donation from lone pair of electrons in the nitrogen atom,
elevating the corrosion system’s inhibition efficiency. Notably,
the experimental report indicated a good correlation with this
study of fatty hydrazide derivatives being good corrosion inhibi-
tors. Hence, the obtained AN values were valid to support
chemisorption as the vital process during corrosion inhibition.

Global hardness (#7) has also been used as a molecular descrip-
tor of selectivity and reactivity based on the Lewis theory of acid
and bases. The 7 values for all CIs exhibited slight differences, with
values between 3.276 up to 3.287, signifying their similar hardness
and high inhibition efficiency. This was due to the CIs’ high profi-
ciency in donating an electron to the metal surface, preventing
the resistance towards the electron cloud deformation. The frontier
molecular orbitals and orbital energies data collectively proved
that the inhibition efficiency correlated well with the CIs’ ability
to accept electrons from the Fe (110) surface and vice versa. The
values thereby demonstrated the mixed-type inhibitors in this
study. Boughoues et al,, [35] reported that nitrogen atom in amine
derivatives inhibitors on Fe (110) in 1.0 M HCl enhances the corro-
sion inhibition performance by facilitating the electrons transfer to
the vacant Fe-orbital by obeying the Langmuir isotherm. In another
work by Kumari et al. [2] on polarization also revealed a mixed-
type 2-[(2-methylquinolin-8-yl)oxy] acetohydrazide (HD47) inhi-
bitors in HCI (0.5 and 1.0 M) media towards mild steel. The findings
followed the Langmuir adsorption isotherm model that reduces the

corrosion rate by 76%. Polarization studies and weight loss method
from Quraishi et al., [5] on fatty thiosemicarbazide derivatives on
Fe (110)in 1.0 M HCl also proved the compounds’ mixed behavior
was mainly due to the presence of heteroatoms in the moieties of
CI molecules contributed that contributed electrons to the metal
surface, raising inhibition efficiency 17.1% to 97.4%.

3.2. Molecular dynamic (MD) simulation

3.2.1. Adsorption energy

The interaction between the active sites of Cl-based fatty hydra-
zides and Fe (110) surface was explained using MD simulation. A
deeper understanding of the interaction between each inhibitor
and metal surface was gained through visual simulation of the cor-
responding adsorption mechanism of the Cls. Their different
adsorption energies with different alkyl chains and metal surfaces,
Fe (110), are illustrated in Fig. 3. The results supported a
chemisorption process since the adsorption energies (E.4) were
between —200 to —400 kJ/mol [36]. As predicted, the adsorption
energy increases when the length of the alkyl chain increases.
The increase in chain length increases the tendency of the
hydrophobic tail to displace surface water molecules and improves
attraction towards the metal atom. Furthermore, the adsorption
energy became increasingly negative with increasing temperature
(Fig. 3), reflecting the exothermic nature of the chemisorption pro-
cess. Hence, higher performance of the fatty hydrazide CIs were
expected at high temperatures. Such behavior can be interpreted
on the basis that desorption of adsorbed inhibitor molecules from
the Fe (110) surface would not happen with the temperature rise.

The simulation result was in good agreement with a previous
report by Bouassiriaa et al. [36] for corrosion inhibitors 5-(4-met
hylpiperazinyl)-methylquinolin-8-ol (MPMQ). The CI showed
a ~ 95% inhibition performance on carbon steel in 1.0 M HCl
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Fig. 3. The adsorption energy of corrosion inhibitors at different alkyl chains with
temperatures between 298 and 383 K.
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Fig. 4. The adsorption energies of Cls at different alkyl chains and orientations.

because of the heteroatoms’ electron-donating groups that
increased the electron density around the CI adsorption sites. The
heteroatoms provided additional anchoring sites for Cl-metallic
adsorption with increasing temperatures from 298 to 328 K. They
also mentioned that the chemisorption process in their study was
well-explained and proven through XPS analysis. The diffrac-
togram revealed chemical interaction between inhibitors on the
exposed area of mild steel due to heteroatoms such as C = O and
C-O-H groups.

Furthermore, inhibition efficiency of CIs reported by Gomma
et al. [37] improved with increasing temperature, which delayed
the corrosion rate. This finding is associated with the diffusion pro-
cess in which the number of CIs reaching the metallic surface is
greater at a higher temperature than at lower temperature condi-
tions. This indicates that higher activation energy is available for
adsorption processes with a risinh electron density in the vicinity

Fig. 5. Top and side view of adsorption configurations of fatty hydrazide inhibitor
(Cyg) on Fe (110) in 1.0 M HCI environment-H,0 molecules and ions were removed
for clarity.
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of the adsorption centers. These changes favor the higher diffusion
rates of Cls, leading to high inhibition efficiency. Therefore, our
findings suggest that the number of adsorption sites, mode of
interaction between Cl-metal surface, the charge density of alkyl
chain, and the lone pair of heteroatoms were the factors influenc-
ing adsorption efficiency of ClIs, hence agreeing with findings by
Bouassiriaa et al. [36].

The adsorption abilities of CIs on Fe (110) surface can be trans-
lated to binding energy that can indicate the performance of stud-
ied inhibitors against metal corrosion. The binding energy values
were positive, indicating easy adsorption on the metal surface,
with the CIs’ inhibition efficiency affected by the length of the alkyl
chain. In this study, the CIs performance was observed in the fol-
lowing order: Cyg < Cy3 < Cq4 < Cy6 < Cyg. It was shown that the inhi-
bition efficiency inhibited a higher negative value of adsorption
energy ranging from —72.306 to —426.003 kJ/mol. These values
were consistent with the DFT calculation as discussed previously,
suggesting a chemical adsorption mechanism. The order was com-
patible with inductive effects of the heteroatom moieties (N and O)
of the Cls adsorbed on the metal surface in a near-horizontal orien-
tation, portraying their optimum interactions with the Fe (110)
surface. In addition, the presence of lone pair on the nitrogen atom
causes the CI molecule to be more polarizable for an easy donation
of electrons to the metal surface. The inductive effect of the het-
eroatoms also influenced the calculated binding energies. This
proved that the adsorption energy was comparable to potentiody-
namic polarization, where the value of corrosion energy affects the
inhibition efficiency. The negative value seen here proved that the
CIs hindered the transfer of H" ions from HCI towards metal, facil-
itated by the presence of the protective film on the metal surface.
The protective film formation enhanced the adsorption process by
transferring the electrons to form a chemical bond with the metal
surface [38]. As the alkyl chain increases, the higher the adsorption
energy as the alkyl chain contributes to replacing water molecules,
thus increasing binding ability. The highest magnitude of adsorp-
tion energy was obtained for Cyg, proving that C;g has the strongest
interaction with Fe (110).

The horizontal orientation of the CIs on the Fe (110) surface
portrays how the CIs can minimize the contact area between cor-
rosive elements and metal surfaces in a corrosive environment of
HCI. Fig. 4. shows that horizontal orientation inhibited higher
adsorption energy for C10 inhibitor and the insignificant difference
with the increasing alkyl chain length in the corrosion inhibitor’s

1.9+ A& —=—C10 —¥--C16
| e -e-Ci2 --4-C18

v --A--C14

Diffusion Coefficient. x 10-10 m?/sec

| |
o s g
0.2- - --7-'-‘-1%—————*;:; ————— *
e
0.0 T T T T T T T T T
0.04 0.08 0.12 0.16 0.20

Concentration, M

Fig. 6. Diffusion trend of corrosion inhibitors at different alkyl chains with
increasing concentration ranging from 0.04 to 0.20 M.



N. Mazlan, K. Jumbri, M. Azlan Kassim et al.

0.04M

C10 @ %

C14

C18

Journal of Molecular Liquids 347 (2022) 118321

0.20M

0.12M

Fig. 7. Cluster size at different alkyl chains of inhibitors with different concentrations at 10 ns, H,O molecules, and ions were removed for structures clarity in the vacuum

phase.

structure. The Monte Carlo (MC) simulation study on MPMQ inhi-
bitors by Bouassiria et al., [36] showed that they adsorbed similarly
on the Fe surface. The interaction led to high negative adsorption
energy values of —1149 kJ/mol, indicating chemisorption process
with maximal metal surface coverage by the corrosion inhibitors.
In addition, Verma et al., [39] reported that sodium 2-
quinoxalinecarboxylate inhibitor on a Fe substrate with a planar
orientation is preferred for better inhibition performance in the
corrosion system because it covers a larger surface area of metal
with a higher binding energy. Therefore, Cjo-fatty hydrazide
derivative in this study was in line with previous computational
works in portraying high inhibition efficiency with a planar orien-
tation as in Fig. 5.

3.2.2. Molecular aggregation

Fig. 6 shows the diffusion coefficient of CI molecules at various
concentrations. The diffusion trend of inhibitors was high at a low
concentration of 0.04 M. The trend seen here agreed with the
experimental finding reported by Quraishi et al. [40], where lauric
hydrazide (LH) inhibitor enhanced the inhibition efficiency (IE) as
high as 87% even at a low concentration of 250 ppm of LH. This
was due to an interaction of metal and inhibitor molecules that
formed a physical barrier between the corrosive environment
and the metal surface. It can be proven in this study where the dif-
fusion trend of CIs decreases with increasing concentration. Cyq

molecules diffused faster than Cy,, followed by Cq4, Ci6, and Cyg
due to the increasing number of molecules in increasing inhibitors
concentration. The diffusion trend decreased due to clusters forma-
tion of corrosion inhibitors in the system over high concentration,
as the number of molecules increases. Aggregation of molecules
occurs in the system due to the increasing molecule cluster size,
thus reducing Cls diffusion and adsorption to the metal surface.
As reported by Xia et al [41], the inhibition efficiency of a CI
decreases with the increasing concentration of inhibitor, as
observed from gravimetric measurement and potential polariza-
tion curves.

Findings from the MD simulation also corresponded well with
the DFT calculation discussed previously. In this study, all Cls
exhibited decreasing diffusion trend with increasing concentration
due to the formation of clusters with the increasingly hydrophobic
Ci4, Ci6, and Cyg alkyls. These molecules rapidly aggregated com-
pared to Cyo and C;,. However, the CIs showed better inhibitory
performance at 0.04 M as no cluster aggregation was observed
(Fig. 7). The outcome seen here correlated linearly with previous
experimental findings on electrochemical impedance data
reported by Chakravarthy et al. [42] for nicotinamide derivatives
for concentrations 200 to 500 ppm in 0.5 M HCI solution. They
found that the double layer capacitance decreases, and polarization
resistance (RP) increases as the concentration of the inhibitors
increases from 303 to 333 K. A reduction in diffusion coefficient
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Fig. 8. Schematic illustration of the adsorption mechanism of fatty hydrazide derivatives CIs on Fe (110) surface in a 1.0 M HCI solution.

was a consequence of both the concentration and aggregation
effects. It was also observed that all the CIs aggregate in clusters
of diameters greater than half the box length at high concentra-
tions, forming system-spanning micelles. Pertinently, this study’s
computational findings mirrored the earlier results by Zhang

et al. [34].

3.2.3. Mechanism of adsorption and inhibition

The adsorption mechanism of the Cl-metallic interaction in

1.0 M HCl is illustrated in Fig. 8. The Fe (110) surface experienced
rapid oxidation in an aggressive environment and adopted a posi-
tively charged metal surface. This is in turn, caused the negatively
charged counter chloride ions to form a negatively charged layer
over the metallic surface by electrostatic attraction. The addition
of CI into the system resulted in physisorption. The protonated
inhibitor molecules bind to the negatively charged metal surface.
This was followed by electrons donation by the lone pair electrons
of unprotonated nitrogen and oxygen atoms in the CI to the vacant
d-orbitals of the Fe-atom, leading to chemisorption. The accumula-
tion of electron clouds might occur during the electron transfer,
resulting in inter-electron repulsions. Subsequently, retro-
donation of electron transfer from d-orbital to the unoccupied
molecular orbitals of the CI must take place to reinforce the
adsorption of the CI on the metal surface.

In this study, the expected adsorption, physisorption,
chemisorption, and retro-donation processes also transpired in
the adsorption mechanism of the fatty hydrazide derivatives Cls
on the Fe (110) metal surface. The above outcome was due to
the CIs mixed type behaviors, which concurred with the previous
computational work reported by Bouassiria et al,, [36]. The simu-
lated 5-(4-methylpiperazinyl)-methylquinolin-8-ol (MPMQ) also
showed a mixed-type behavior in 1.0 M HCI. Protonated MPMQ
molecules interacted through physisorption via adsorbed Cl” ions
after forming positive charges on the metal steel through electro-
static attractions between Cl” ions in HCI solution. Chemisorption

also occurred via Fe-unfilled orbitals by electron donated from
the lone pairs in heteroatoms of MPMQ and 7 electrons via Fe
empty orbitals.

4. Conclusion

In this study, DFT calculations showed a good correlation with
experimental and molecular dynamics simulation. Molecular
quantum chemical calculations revealed that the reactive sites
mainly from N and O-atoms affected the inhibition efficiency of
CIs on the corrosion of Fe (110). The adsorption mechanism in
terms of energy, aggregation, and self-assembly of CIs on mild steel
surface in bulk aqueous met the Langmuir isotherm expectation.
The low and negative adsorption energies of between —200 to
—400 kJ/mol at low concentration of Cls were estimated at
0.04 M, in planar orientation. The data proved the fatty hydrazide
derivatives as effective biobased CIs on Fe (110). The inhibition
efficiency ranking of the studied Cls in preventing iron corrosion
was identified in the following order of hydrazide derivatives: C;o-

> Cy3 > Cy4 > Cy6 > Cyg. The Cyg hydrazide derivative was estimated
to be the most effective inhibitor against the corrosion of the Fe
metal surface. MD simulations revealed that these fatty hydrazide
derivatives have strong binding and interactions with Fe (110)
surface. The quantum calculation and MD simulation outcomes
could therefore be used a future reference in the respective field.
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