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1. Introduction

Synthesis of a resorcinol-based derivative as
a corrosion inhibitor for low-carbon steel in
0.5 mol L~ HCl medium: chemical,
electrochemical, and theoretical aspects

Medhat M. Kamel, ©*2 Mohamed A. Ghanem, & *® Salah M. Rashwan,?
Mostafa. A. Mahmoud,? Sameh A. El-Mekawy,© Khaled M. H. Mohammed®
and Hoyida E. Ibrahim?®

This work illustrated the synthesis of a new simple resorcinol derivative, 4,6-dimethoxyisophthalohydrazide
(DMIH) and confirmed its structure using *H-NMR spectroscopy. The inhibiting performance of the DMIH
compound in resisting the pitting action of a 0.5 mol L™ HCl solution on low-carbon steel (LCS) was
assessed. The newly synthesized compound had a simple structure and was dissolved in acidic media.
The efficiency of the inhibitor was examined using chemical and electrochemical methods. The DMIH
compound significantly decreased the rate of dissolution of LCS in HCl solution by adsorption. The
adsorption was based on the Langmuir model. The DMIH compound is adsorbed on LCS via both
chemisorption and physisorption. The DMIH compound is a mixed-type inhibitor. An inhibition efficiency
(IE) of 83.8% was obtained using 300 ppm of the DMIH compound at 298 K. The IE decreased to 72% as
the temperature increased to 328 K. When the concentration of DMIH increased from 50 to 300 ppm,
the charge transfer resistance (R increased from 134.7 to 404.8 ohm cm?, and the capacitance of the
adsorbed layer decreased from 38 x 107° to 11 x 107® F cm™2. The high IE of the synthesized inhibitor
was validated by the quantum characteristics. Monte Carlo (MC) simulations revealed that the DMIH
compound adsorbed to the LCS quite well. The presence of a protective film on the LCS specimen was
verified by the scanning electron microscopy (SEM) and atomic force microscopy (AFM) results. DMIH
has significant potential to function as a corrosion inhibitor, as indicated by the comparative study
between its performance and that of previously reported compounds. Although the structure of the
DMIH compound is simpler than that of other inhibitors, it has been proven to be more effective.

superior designs, applying coatings, and using cathodic and
anodic protection techniques.*

Corrosion is the reaction of a material with its environment that
results in the deterioration of material properties. It is inevi-
table for most metals." The process of corrosion affects every
metallic object in our daily lives and all national infrastructure
surfaces, including buildings, highways, chemical plants,
wastewater treatment plants, bridges, and other surfaces. It has
an adverse effect on the environment.>* It is possible to prevent,
or at least minimize, corrosion by using appropriate materials,
changing the corrosive environment, using inhibitors, using
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Low-carbon steel (LCS) is the principal engineering material
used to build oil and gas production systems, vessels, and
pipelines for transporting water, chemicals, and petroleum
products. It is frequently used because of its excellent
mechanical characteristics and reasonable price.®> HCI acid is
used in a variety of industrial operations, particularly in the
petroleum industry, acid cleaning, and acidizing. It acts
aggressively against metallic structures, which results in
financial losses.®

It has been shown that one of the most efficient ways to
control the corrosion process is to utilize an inhibitor because it
is a realistic, economical, and effective strategy.” Various
organic and inorganic substances have been successfully
employed as carbon steel corrosion inhibitors in acidic corro-
sive media.? The molecular structure of the corrosion inhibitor,
which is crucial for its ability to adsorb to the surface of the alloy
or metal and form a protective coating, determines how well the
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inhibitor controls corrosion damage. The organic inhibitors
usually contain oxygen, sulfur, and nitrogen heteroatoms, as
well as m-electrons and specific functional groups like -NH,, -
COOH, or -OH.”® These enable the inhibitors to strongly
interact with the metal and form a potent protective film at its
surface, preventing direct contact with the aggressive medium.
Adenine, triazoles, thiazoles, imidazole, benzimidazoles, ben-
zotriazoles, purines, and ionic liquids are examples of hetero-
cyclic organic molecules that can also be considered favorable
organic inhibitors.” The most frequently used inhibitors for
protecting carbon steel, especially when hydrochloric acid is
present, are organic inhibitors.*®

Many authors have investigated the corrosion of steel in
different corrosion media.>'**® A combination of sodium
dodecyl sulfate bromide (SDS) and cetyltrimethylammonium
bromide (CTAB) was used as a corrosion inhibitor in a 3.5%
Nacl solution."" Both cathodic and anodic reaction rates were
decreased by the inhibitor. Another study employed sodium
gluconate and CTAB for galvanized steel in a 3.0% NacCl solu-
tion.*” The effect of coated-mild steel with SDS inhibitor and Mo
in a 3.5% NaCl solution was studied by Farahmand et al.* At
0.8 mM SDS and 75 mm thickness of Mo, excellent effectiveness
was reported. Nam et al's investigation* focused on the
corrosion inhibition caused by cerium hydroxycinnamate
derivatives on mild steel in 0.6 M NaCl. The investigated
compounds decreased the corrosion rate of mild steel. A novel
imidazole derivative, (N,N'E,N,NE)-N,N'-(thiophene-2,5-diyl-
bis(methanylylidene))bis(1H-benzo[d]imidazole-2-amine), was
synthesized and characterized by Al-Najjar and Al-Baitai.'® They
evaluated the new compound as an inhibitor for the pitting of
LCS in a 0.1 M HCI solution, employing different techniques.
The optimum inhibition efficiency of the compound at 0.5 mM
was 96%.

a-Aminophosphonate was utilized as an innovative corro-
sion inhibitor for LCS in corrosive media containing HCI and
H,S0, acid solutions.® The investigated compound suppressed
the dissolution of LCS in the studied acid solution. At 180 ppm,
the maximum inhibitory efficiency was attained. Ahmed et al.*®
investigated the effects of six synthetic heterocyclic compounds
on the corrosion inhibition of mild steel in 0.5 M hydrochloric
acid by the weight loss method. They reported that the inhibi-
tion efficacy exceeded 95%. Khadom et al.*® conducted a study
on the corrosion inhibition of N80 steel in 0.5 M HCl acid using
(S)-6-phenyl 2,3,5,6 tetrahydroimidazo[2,1-b] thiazole. The
inhibition efficacy was more than 95%. The inhibitor was
adsorbed according to the Langmuir adsorption isotherm
model. 1-[(5-Phenyl-1,3,4-oxadiazol-2-yl)thio] acetone (POTA)
compound was synthesized and examined in 1 M hydrochloric
acid as a potential novel corrosion inhibitor for LCS." FTIR and
NMR measurements were used to diagnose the POTA
compound. The adsorption layer that formed on the LCS
surface was responsible for the inhibitor's performance. Using
a grinding process, six new triazole compounds were created
from substituted benzoic acid and thiocarbohydrazide.'® Tri-
azole compounds were examined in 0.5 M HCI as a corrosion
inhibitor for LCS. The compounds exhibited encouraging
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corrosion-inhibiting properties when applied to LCS in acidic
solutions.

In our laboratory, we have conducted various scientific
papers to combat the corrosion of LCS in acidic environments,
employing ionic liquids,” organic inhibitors,**** inorganic
inhibitors,”® polymers,> Gemini-type surfactants,” Schiff
bases,*® and plant extracts.>”?®

The aim of the present work is to synthesize, characterize,
and assess the inhibiting behavior of a novel compound (DMIH)
for LCS in a 0.5 mol L' HCl solution. The main objective of this
study is to investigate the performance of the DMIH compound
in a 0.5 mol L' HCI solution to reduce the corrosion rate of
LCS. Potentiodynamic polarization (PDP), weight loss (WL), and
electrochemical impedance spectroscopy (EIS) techniques were
employed. The relationship between temperature, thermody-
namic variables, corrosion rate, and IE was estimated and
studied. SEM and AFM were used to investigate the surface of
LCS. Furthermore, the interaction between DMIH molecules
and the LCS surface was investigated using Monte Carlo simu-
lations and density functional theory (DFT).

2. Experimental details
2.1 Materials and solutions

Low-carbon steel sheets with the composition (wt%) of 0.20 C,
0.60 Mn, 0.04 P, 0.003 Si, and the remainder of Fe were used in
the present study. The steel sheets were used without annealing
processes. At 50, 100, 150, 200, 250, and 300 parts per million
(ppm), the synthesized inhibitor was used. To prepare the
corrosive medium, a fine-grade 37% HCI acid was diluted to
0.5 mol L' HCI solution by distilled water. All chemicals used
in this study were of high purity (99.5%) and purchased from
Sigma-Aldrich. Saturated calomel (SCE) and Pt gauze were used
as the reference and counter electrodes, respectively.

2.2 The DMIH compound: synthesis and characterization

The DMIH was synthesized by the reaction of 11.3 g of 4,6-
dihydroxy-isophthalo hydrazide with 50 mL of Me,SO,. The
mixture was dissolved in 300 mL of acetone, and 82.8 g of K,CO;3;
was added. Subsequently, the mixture was refluxed for 96 hours.
Once the mixture cooled to room temperature, 100 mL of
CH,Cl, was added, and the solution was agitated for 30
minutes. The insoluble residue was filtered, and the organic
layer was thoroughly washed with water. After evaporation of
the solvent, the residue was washed with water and dried under
vacuum. The yield was 92%. Table 1 shows the chemical
structure, ITUPAC name, molecular formula, and molecular
mass of the synthesized DMIH compound. Scheme 1 demon-
strates the schematic preparation of the DMIH compound. ‘H-
NMR (DMSO-d) was performed using a Bruker Advance I1I-400
MHz NMR spectrometer.

2.3 Weight loss (WL) methods

WL experiments were performed in accordance with ASTM-
G1.” Polished carbon steel sheets (2 x 2 x 0.1 cm®) were
completely submerged in 100 mL of 0.5 mol L™ " HCI solution
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Table 1 Chemical structure, IUPAC name, molecular formula, and molecular mass of the synthesized organic compound DMIH

Molecular mass

Compd. IUPAC name Chemical structure Molecular formula (g mole™)
HsCO OCHs
. . . HNHN NHN
DMIH 4,6-Dimethoxyisophthalohydrazide 2 C10H14N,04 254.24
o o
- - TN was investigated using atomic force microscopy (AFM) (Keysight
{ Hot . Llon i LHICOL_A SOCHy 5600LS big stage, USA) and a JOEL JSM-6510 LV scanning
YO Me;SO, /Acetone | .
- T, electron microscopy (SEM).
KoCO3 / Reflux 96h
0 o) 0 0

DIH DMIH

Scheme 1 Synthesis of DMIH based on 4,6-dihydroxyisophthalohy-
drazide (DIH).

for 24 hours at 298-328 K in the absence and presence of
different concentrations (50-300 ppm) of the synthesized
compound. After that, the samples were dried, cleaned, and
weighed. To obtain reliable results, the experiment was con-
ducted three times. The results are presented as the mean
weight loss (mg) £ standard deviation (SD).

2.4 Electrochemical studies

The EC-LAB software and a Biologic SP-150 potentiostat/
galvanostat were used to conduct the electrochemical proce-
dures. A typical electrolytic-jacketed glass cell (250 mL)
employed a three-electrode setup: platinum gauze served as the
counter electrode, LCS as the working electrode, and SCE as the
reference electrode. All the measurements were performed at
298 + 1 K. With a 1 ecm?® surface area available for solution
contact, the LCS electrode was sliced into a cylindrical shape
and coated with epoxy resin. Before any experiments were
conducted, the LCS electrode was abraded with emery paper
ranging in grade from 200 to 1500 and then washed with
distilled water and acetone. The LCS electrode was immersed in
the test solution for 40 minutes to reach the steady state (E,cp).
The PDP curves were scanned from —500 to —250 mV (SCE)
regarding Eop, using a scan rate of 0.2 mV s .

Tests using electrochemical impedance spectroscopy (EIS)
were conducted using a sinusoidal wave with an amplitude of
5 mV at frequencies ranging from 100 kHz to 0.05 Hz. Each
experiment was conducted in triplicate to ensure the reliability
of the electrochemical tests.>*** The results were collected using
a personal computer. Origin 2018 was used to display, graph,
and fit the data.

2.5 Surface morphology study

In the absence and presence of 300 ppm of a synthetic inhibitor,
the surface morphology of LCS was examined. The LCS surface

19430 | RSC Adv, 2024, 14, 19428-19445

2.6 Computational study

DFT and MC simulations were theoretically used to reveal the
optimum molecular structure of the synthetic inhibitor, besides
the mechanism of inhibition. The DFT/6-31+G(d, p) basis set
and the 3-21G(d) basis set of the Monte Carlo MP2 functional
were used to calculate the quantum chemical parameters for all
atom simulations.

3. Results and discussion

3.1 'H-NMR spectroscopy

Fig. 1 shows the "H-NMR spectra (DMSO-dg, 400 MHz) of the
DMIH compound. A singlet peak appeared at 2.519, assigned to
4H in the 2 (NH,) group. However, that appeared at 3.943 owing
to six hydrogens in the 2 (OCHj;) group. A singlet peak appears
at 6.756, ascribed to the 1H proton in the benzene ring, and
a singlet peak at 8.281 because of the 1H proton in the benzene
ring. A sharp peak at 9.089 was assigned to a 2H proton in the
2(NH) group.

3.2 WL study

3.2.1 Effect of DMIH concentration. WL measurements
provide remarkably precise data regarding an inhibitor
compound's efficacy when compared to other tests. Therefore, it
enables the accompanying corrosion statistics to accurately
reflect service conditions.*® In 0.5 mol L™ HCI solutions, the
WL of LCS was examined in relation to immersion time without
and with different concentrations (50-300 ppm) of the DMIH
compound at 298-328 K. Fig. 2 shows the effect of increasing
the concentration of the DMIH compound on the WL of LCS at
298 K. The weight loss per unit time for each line in the figure
reflects the rate of corrosion of LCS at a certain concentration.
The corrosion rate (k), inhibition efficiency (IEy), and surface
coverage (f) by the DMIH compound are calculated by eqn
(1)-(3), respectively, for LCS in the blank solution and in the
presence of different concentrations of the DMIH compound.®*

AW
k= T (1)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 'H-NMR of the DMIH compound.
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Fig.2 WL curves for the corrosion of LCS in 0.5 mole L~ HClin the absence and presence of different concentrations of the DMIH compound at

298 K.
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where AW is the weight loss of the LCS coupon in kg, A is the
surface area of the LCS coupon in m?, and ¢ is the submersion
time in seconds.

IE, = (1 - Wi"“) x 100 ()

where W, and Wi,y are the WL of the LCS coupons without
and with the inhibitor, respectively.

0= (1 - W“) (3)

WCOKT

Table 2 shows the obtained WL data for LCS after immersion
for 240 minutes in 0.5 mol L~ " HCI without and with different
concentrations of the synthesized inhibitor at varying temper-
atures. At 298 K and in the presence of 50 ppm of the DMIH
compound, the inhibition efficiency is 63.9%. As the concen-
tration of the inhibitor increases to 300 ppm, the inhibition
efficiency improves to 83.8%. The existence of the DMIH
compound in the pitting solution decreases the corrosion rate
and, therefore, increases the inhibition efficiency.

The corrosion mechanism of LCS in oxygenated acidic
chloride solutions can be summarized according to ref. 35 as
follows:

Fe + H,O + CI- — [FeCIOH],qs~ + H" + e~ (4)

Table 2 Data of WL measurements at 240 minutes for LCS in
a 0.5 mol L™ HCL, in the absence and presence of different concen-
trations of the DMIP compound at different temperatures

Temperature [DMIH| &
() (ppm)  (kgm s x107°) 0 IE,, (%)
298 0.00 78.5 — —
50 27.9 0.639 63.9 + 0.2
100 25.4 0.672 67.2 + 0.1
150 22.5 0.709 70.9 £ 0.3
200 18.7 0.758 75.8 £ 0.1
250 16.3 0.790 79.0 = 0.4
300 12.5 0.838 83.8+0.3
308 0.00 80.00 — —
50 27.98 0.600 60.0 = 0.3
100 25.41 0.642 64.2 + 0.4
150 22.53 0.684 68.4 + 0.1
200 18.74 0.705 70.5 £ 0.2
250 16.32 0.753 75.3 £ 0.2
300 12.50 0.768 76.8 £ 0.1
318 0.00 83.00 — —
50 31.67 0.574 57.4 +0.3
100 28.33 0.590 58.0 £ 0.5
150 25.00 0.631 63.1 £ 0.1
200 23.33 0.662 66.2 + 0.4
250 19.58 0.687 68.7 £ 0.3
300 18.33 0.759 75.9 £ 0.2
328 0.00 86.00 — —
50 34.58 0.527 52.7 £ 0.1
100 33.33 0.565 56.5 + 0.3
150 30.00 0.599 59.9 + 0.1
200 27.50 0.638 63.8 £ 0.4
250 25.42 0.657 65.7 = 0.5
300 19.58 0.720 72.0 £ 0.2
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[FeCIOH],ys~ < [FeCIOH],4s + €~ (rate determining step) (5)
[FeCIOH] + H' < Fe** + CI™ + H,0 (6)

In the presence of oxygen,* the reduction reaction is:
4H' + O, + 4e~ — 2H,0 (7)

e Iron (Fe) reacts with water (H,O) and chloride ions (C17) to
form an intermediate adsorbed molecule ([FeClIOH],qs ) and
releases a hydrogen ion (H') and an electron (e”) (eqn (4)).

e The intermediate undergoes a slower reaction (rate-
determining step) to form ferrous ions (Fe®"), releasing
another chloride ion and water molecule (eqn (5) and (6)).

e In the presence of oxygen (O,) and acidic conditions, the
main cathodic reaction involves oxygen consuming four
protons (H') and four electrons (e”) to form two water mole-
cules (H,0) (eqn (7)).

When the organic inhibitor (DMIH) is added to the HCI
solution, it forms a thin film on the steel surface and slows
down the rate of corrosion. This is the result of a substitution
process that occurs on the metal/solution boundary between
inhibitor and water molecules. The substitution process is
described by eqn (8).*

XH50(aqs) + 0rg(soly = 0r&(ags) + XH2O(s01) (8)

The size ratio, or x, is the number of water molecules that
one organic inhibitor molecule displaces. The effectiveness of
the inhibitor depends on its shape. Planar molecules offer
better surface coverage, leading to stronger protection against
corrosion.*

3.2.2 Effect of temperature. The corrosion rate and the
inhibition efficiency were estimated in the temperature range of
298-328 K. Table 2 shows the obtained results. The corrosion
rate in the absence or presence of the synthetic inhibitor
increases with increasing temperature. This is because the
kinetic motion of the electrolyte (HCl) and hydrogen gas
bubbles increases, causing the protective film to desorb from
the metal surface and increasing the exposed area of the metal
subjected to the HCI solution. By adding DMIH in different
concentrations (50-300 ppm) to the blank solution, the disso-
lution rate significantly decreased. At 298 K and in the presence
of 300 ppm of the DMIH compound, the inhibition efficiency
was 83.8%. Increasing the temperature to 328 K decreases the
inhibition efficiency to 72%. It can be concluded that as the
inhibition efficiency decreases with increasing temperature, the
adsorption of the DMIH compound on the LCS surface belongs
to the physical type.*®

3.3 Corrosion kinetics

Arrhenius and transition-state equations are used to estimate
the activation parameters, such as activation energy (E.),
enthalpy change (AH,), and entropy change (AS,) for the
dissolution of LCS in a 0.5 mol L™" HCI solution in the absence
and presence of various concentrations of the DMIH
inhibitor."***

© 2024 The Author(s). Published by the Royal Society of Chemistry
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k = Aexp (;E7;> ©)

)-8 () ¥

where k is the rate of corrosion, 4 is the pre-exponential factor, R
is the gas constant, N is the Avogadro's number, T is the abso-
lute temperature, and % is the Planck's constant. Arrhenius
plots (logk vs. 1/T) are shown in Fig. 3 (left) for the LCS
immersed in a blank solution in the absence and presence of
a variety of DMIH concentrations. The high values (0.99) of the
regression coefficient (R*) reflect the high quality of the ob-
tained results. The slopes and intercepts of the plots give the
magnitudes of E; and 4, respectively. The inhibiting effect of the
DMIH on the corrosion process is confirmed by the higher
computed values of E, for inhibited solutions compared to the
blank solution (Table 3). The activation energy of the blank
solution is 3.5 k] mol . In the presence of 300 ppm of the
DMIH compound, the activation energy increases to
16.8 k] mol . The enthalpy and entropy of activation can be
calculated from the slopes and intercepts of the transition-state
plots (log k/T vs. 1/T), respectively (Fig. 3 (right)). Their values
are shown in Table 3. It is evident from the data in Table 3 that
AS;, values are negative for LCS in the absence and presence of
the DMIH compound. This suggests that the activated complex
that is formed in the transition state is more ordered at the
surface of the LCS.**'®

It was also observed from Table 3 and Fig. 3 (right) that the
change of AH, values is positive for LCS in the absence and
presence of various concentrations of the DMIH compound.
The endothermic feature of the LCS under study was influenced
by this behavior, which can be attributed to the detrimental
effect of elevated temperatures on the efficiency of inhibition.'®

(10)
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Table 3 Activation parameters for corrosion of LCS in 0.5 mol L™ HCl
without and with different concentrations of the DMIH compound

[DMIH]

(ppm) E, (Kkmol™") AH, (kymol™") -AS,(Jmol 'K ") R
Blank 3.5 0.9 263 0.99
50 10.6 8.0 251 0.99
100 111 8.5 250 0.99
150 12.6 10.0 48 0.99
200 12.9 10.3 47 0.99
250 14.6 12.0 42 0.99
300 16.8 14.2 35 0.99

3.4 Adsorption isotherm

The behavior of a DMIH inhibitor on the LCS surface has been
explained by many kinds of adsorption isotherm models,
including Langmuir, Temkin, Frumkin, Flory-Huggins, and
Freundlich, based on weight loss data.*” The following equation
indicates that the adsorption of the synthesized compound on
the LCS surface followed the Langmuir isotherm.

C 1
= C
0 Kdds *

(11)

where C is the inhibitor concentration, K,qs is the equilibrium
constant of the adsorption process, and (6) is the surface
coverage. Fig. 4 shows the plots of C/f vs. C. The figure demon-
strates linear relationships with regression coefficients of 0.9999.
The slopes of the lines slightly deviate from the value of one due
to lateral interactions between adsorbed molecules.*>* The
equilibrium constant, K,qs, is determined from the reciprocal of
the intercepts of the lines in Fig. 4. The values of K,qs are given in
Table 4. The high values of K, 45 indicate that the adsorbed film is
strong and stable.*” The value of K,4s decreases with increasing
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Fig.3 Arrhenius plots (left) (log k vs. 1/T) and transition-state plots (right) (log k/T vs. 1/T) for the corrosion of low-carbon steelin 0.5 mol L™ HCL

without and with different concentrations of the DMIH compound.
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Fig. 4 The Langmuir adsorption isotherms for the DMIH compound
on low-carbon steel in 0.5 mol L™ HCl at different temperatures.

temperature until 318 K, then increases at elevated temperature
(328 K). Rising temperatures increase the rate of desorption of
DMIH molecules from LCS due to the physical nature of the
adsorption. At elevated temperatures, the physical adsorption
changes to chemical adsorption, and hence the value of K,qs
increases (Table 3).>**® As was previously established, K,qs was
associated with the standard free energy of adsorption, AG, .,
which was calculated from the eqn (12).%*%*°

74‘6;13
RT
Kads = eXp

where R is the gas constant, and 7 is the absolute temperature.
Table 4 presents the computed AG,,, of the synthesized DMIH
compound at different temperatures (298-328 K). The adsorp-
tion of the DMIH compound on the LCS surface was sponta-
neous and stable, based on the negative value of AG,.
Furthermore, chemisorption and physisorption processes have
been distinguished in numerous investigations based on AG,
values.®?® AG,,, with values of —20 k] mol " and lower were
correlated with an interaction of electrostatic charges between
inhibitor molecules and the LCS surface (physisorption), while
values of —40 k] mol ' and higher were associated with electron
transfer between the inhibitor molecules and the LCS surface
(chemisorption). In the current study, the values of AG, 4, for the
DMIH compound are in the range of —26.8 to —28.5 k] mol .
Therefore, the adsorption of the DMIH compound on the LCS

(12)

Table 4 Equilibrium constant K,qs and standard free energy change AG,4

0.5 mol L™! HCl at different temperatures
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surface is a complex mixed form of chemical/physical adsorp-
tion, not typical physisorption or chemisorption.****

3.5 Electrochemical measurements

3.5.1 Open circuit potentials (OCP)-time curves. The open
circuit potential (OCP) of the LCS electrode versus the SCE was
investigated in the absence and presence of various concentra-
tions of the manufactured DMIH inhibitor as a function of
exposure time. The OCP-time curves of the LCS in 0.5 mol L™*
HCI solution, without and with different doses of the synthetic
inhibitor, are shown in Fig. 5a. In the presence of the inhibitor,
the LCS electrode’s corrosion potential (E.,) changed in a more
noble direction until a steady-state potential was attained. The
reason for this behavior is that the synthesized inhibitor adheres
to the LCS surface, reducing the number of active sites. This
implies that the presence of the synthesized inhibitor had
a greater impact on the kinetics of the anodic reaction of the LCS
in a 0.5 mol L™ HCI solution.?® It is worth observing that the
curves for the LCS in the presence of the inhibitor tend to flatten
out over time, whereas the curve for the LCS in the blank solution
continues to decrease. This further implies that a protective film
is being formed by the inhibitor on the steel's surface.

3.5.2 PDP measurements. The relationship between the
overpotential and the logarithmic current density can be shown
using a Tafel plot. The Tafel slopes (6, and {.), corrosion
potential (E.or), and corrosion current density (I.orr) can then be
calculated using the extrapolation method.** The Tafel polari-
zation curves of LCS in a 0.5 mol L HCI acid without and with
different concentrations of synthesized DMIH compound are
shown in Fig. 5b. The steel overpotential-current density line
slopes were altered by the addition of DMIH to the corrosive
medium. A smaller slope is associated with a greater ability to
resist the polarization that occurs at the metallic boundary.** As
the inhibitor concentration increases from 50 to 300 ppm, the
8. value decreases from 242 to 120 mV dec*. This indicates that
the inhibitor makes the anodic reaction (steel dissolution) more
sluggish. A larger potential increase is needed to achieve
a tenfold rise in current density because the inhibitor makes it
harder for steel atoms to dissolve. This translates to a slower
corrosion rate for the LCS. A decreasing (6, with an increasing
inhibitor concentration is a positive sign for corrosion inhibi-
tion.*** The g, value decreases from —322 to —50 mV dec ™ * as
the concentration of the inhibitor increases from 50 to
300 ppm. By reducing the anodic reaction rate (steel dissolu-
tion), the inhibitor could also decrease the overall demand for
electrons. This could lead to a decrease in (..

. of adsorption of the DMIH compound on low-carbon steel in

Temperatures Intercept

(K) Slope x 107° Kags X 1072 (mol ) —AG, 4 (k] mol™) R
298 1.19 77.5 1291.6 27.7 0.9999
308 1.28 90.1 1108.7 26.9 0.9999
318 1.31 91.3 1095.3 26.8 0.9999
328 1.39 45.2 2203.1 28.5 0.9999
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Fig. 5 OCP-time curves (a) and potentiodynamic polarization curves (b) of low-carbon steel in 0.5 mol L™ HCl without and with different
concentrations of the DMIH compound at 298 K.

Table5 Potentiodynamic polarization parameters of low-carbon steelin 0.5 mol L~ HCl without and with different concentrations of the DMIH
compound at 298 K

[DMIH] 7Ecorr (mV

(ppm) vs. SCE) Ba (mV dec™) —B. (mV dec™) Leorr (MA cm™?) 0 IE, (%)
Blank 391 242 322 1.52 — —

50 392 235 213 0.55 0.638 63.8 + 0.1
100 384 220 158 0.50 0.671 67.1 £ 0.4
150 407 210 148 0.45 0.704 70.4 + 0.2
200 388 185 122 0.38 0.750 75.0 £ 0.3
250 406 140 95 0.25 0.836 83.6 = 0.1
300 396 120 50 0.17 0.888 88.8 £ 0.1

As the concentration of DMIH increases in corrosive media,
the anodic and cathodic branches of the observed polarization
curves gradually move toward the lower current density,

© 2024 The Author(s). Published by the Royal Society of Chemistry

indicating a decrease in the overall corrosion rate.*® Increasing
the DMIH concentration in solution causes the anodic branch
of the polarization curve to shift downward towards lower
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current densities. This suggests a decrease in the rate of the + 2e7). A lower current density in this branch signifies a slower
anodic reaction. The anodic branch represents the current rate of steel dissolution, which means a lower corrosion rate for
density associated with iron going into the solution (Fe — Fe** the LCS. The cathodic branch represents the current density

600
@ 0.5M 1IC]
120 Hz @ 50 ppm
I,wmn,] @ 100 ppm
a < e 2 .‘su ppm
5 200 s
200 -
@ 300 ppm
= = oFitting of 0.5M HC1
- ~Filling of 50 ppm
400 - = Pining o 120 e
"
= = = =Fiting of 300 ppm |
=
© 300
§ 80 Hz
£
' 200
100
0
0 100 200 300 400 500 600

Re(Z)/Ohm

100
——05MHO
JOT R 50 ppm
] - go = 100 ppm 04
b ~ —— 150 ppm c
— - ——200 ppm
a T - 250 pom
80 300 ppmy =10
- ~Fifling o 0.5 M H(1
Fitting of 50 ppm
= <Fitting of 100 ppm
< =Fitting of 150 ppm <20
= =Filling 07 200 ppm
g 60 ifling of 200 ppr ”
= -~ Fitting of 300 ppm 3
o =
=, ] -30
N 2
- _’q 0.5 M 1ICI
A 40 & 40 4 | _ 50 ppm
e 100 ppin
| 150 ppm
! = 200 ppm
50 4 250 ppm
e 300
20 4 Firting 0f 0.9 M HC1
\ Fitling of §0 ppm
i \"/ i 100 ppm
=60 \/ -~ - - Fitling of 150 ppm
TR Se— - T 200 ppen
¢ ri
0 Z 7 ik
T T T T T T -70 T T T T T T
=2 -1 0 1 2 3 4 5 ) 1 0 1 ) 3 4 5
frea)/de: i ;
Log(freq)/deg Log(freq)/deg

.
W —— Wy *
. Rs | Re_| WE
Solution Resistance Charge Transfer Resistance
_CPE d
Constant Phase Element

Fig. 6 Nyquist (a) and Bode impedance (b) and phase plots (c) of LCS in 0.5 mol L= HCl without and with different concentrations of DMIH
compound at 298 K and (d) equivalent circuit used to fit the EIS data.
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associated with the cathodic reaction (formation of water in
oxygenated acidic environments: 4H' + O, + 4e~ — 2H,0).
While DMIH might not directly target the formation of water,
a decrease in the anodic reaction rate (steel dissolution) can
indirectly influence the cathodic branch. The overall corrosion
process involves the transfer of electrons. A slower rate of steel
dissolution (anodic reaction) would mean a lower supply of
electrons to the cathode. This leads to a decrease in the current
density for the cathodic reaction.*

Table 5 shows the electrochemical parameters obtained
from Fig. 5b. The inhibition efficiency (IE,) of the DMIH
compound was calculated using eqn (13).

io iCO T

IEP — corr - X
0

corr

100 (13)
where g, and i . are the corrosion current densities without
and with the DMIH compound, respectively. The corrosion
current density (i.orr) Was calculated by eqn (14).

icorr = BIR, (14)
where (3 is a constant correlated with the scientists Stern and
Geary, and R, is the resistance of polarization.'®

ﬂa’ﬁc

0= 23036, + B

(15)
where 3, and (. are the anodic and cathodic Tafel slopes,
respectively. The type of corrosion inhibitor is identified using
the obtained E.... The inhibitor functions as either a cathodic or
anodic type if the E.,,, value is greater than 85 mV relative to the
blank solution and as a mixed type, if the E.,, value is less than
85 mV. For the present study, the difference between E.,, in the
presence of an inhibitor (300 ppm) and in the blank solution is
16 mV (Table 5), indicating that the DMIH compound is a mixed
inhibitor.** Table 5 displays data revealing a significant decrease
in current density upon the addition of the DMIH compound.
The efficiency of inhibition improves to 88.8% as the concen-
tration of inhibitor increases to 300 ppm. The Tafel cathodic and
anodic constants exhibit a drop in value as the concentration of
DMIH increases in the corrosive medium. Adsorption of inhib-
itor molecules onto the LCS surface may be the cause of these
effects.*® Furthermore, the corrosion potential showed a slight
decrease. According to these results, the tested compound
functions as a mixed inhibitor.*®

3.5.3 EIS measurements

3.5.3.1 Effect of inhibitor concentration. Because impedance
spectroscopy is a non-destructive technique, it can give infor-
mation about characteristics across time and ongoing processes
like corrosion and other electrochemical reactions.*® The shape
of the impedance diagram can provide mechanistic information.
Fig. 6a (Nyquist plot) shows a complex plane impedance diagram
(—Im(2) vs. Re(2)) of a LCS electrode in a blank solution in the
absence and presence of distinct concentrations of the DMIH
compound at 298 K. Double-layer capacitance and the time
constant of the charge transfer are responsible for the depressed
charge transfer semicircle that was seen at high frequencies.*® It
is evident that there is a slight difference between the forms of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the impedance graphs for the inhibited and uninhibited LCS.
The inhibitor improves the impedance but has no effect on other
aspects of the behavior. These findings confirm that the inhibitor
has no effect on the electrochemical reactions that cause corro-
sion, as indicated by the results of polarization experiments.
Adsorption on the metal surface is the main mechanism by
which the DMIH compound resists corrosion. The Nyquist plot
shows multiple semi-circular loops with increasing diameters as
the inhibitor concentration increases from 50 to 300 ppm. This
suggests that the organic inhibitor increases the charge transfer
resistance (R.), signifying a decrease in the corrosion rate as the
inhibitor concentration goes up. The presence of incomplete
semi-circles indicates limitations in capturing the entire
response at high and low frequencies. This can make the esti-
mation of R less accurate. The Bode graphs (Fig. 6b) show that
when DMIH exists, the impedance module |Z| is displaced
towards greater magnitudes compared to the blank, which is
related to the DMIH molecules’ adsorption on the LCS surface.”
Therefore, the LCS corrosion process in an acidic medium was
slowed down in its kinetics by the evaluated DMIH.**

There is a directly proportionate relationship between log Z
and logf for Bode graphs in the middle frequency range
(Fig. 6b). The slope value is close to —1, while the phase angle
value is close to —75° (Fig. 6¢). This validates that the capacitive
performance at intermediary frequencies is not optimal.*® It has
been stated that when the slope is —1 and the angle of phase is
—90 at moderate frequencies, perfect capacitive performance is
achieved.” Inhibited solutions exhibit greater magnitudes of
slope and phase angle compared to uninhibited ones (Fig. 6b
and c). This clarifies how well the investigated compound
suppresses the breakdown of LCS.

3.5.3.2 Equivalent circuit and impedance parameters. The
computer program ZSimpWin was used to analyze the
measured impedance data. It was based on the electrical
equivalent circuit, shown in Fig. 6d, to compute the impedance
variables of the LCS in the corrosive media in the absence and
presence of the DMIH compound.””* The equivalent circuit
includes the double layer capacitance (Cq;) in parallel to the
charge transfer resistance (R.). Both are in series with solution
resistance (Ry). Since the resultant capacitive loop is a depressed
semi-circle rather than a regular one, one constant phase
element (CPE) is replaced for the capacitive element to provide
a more precise match.*® The CPE is a unique element whose
phase remains constant regardless of the frequency and whose
admittance value depends on the angular frequency (w). Its
impedance and admittance are represented as follows:

Yepe = Yo(jw)" (16)
and
Zeps = — (17)
CPE = Yy (o)

where Y, is the magnitude of the CPE, j is the imaginary number
(j = /1), ais the phase angle of the CPE, and n = «/(1/2). The
factor n normally ranges between 0.50 and 1.0.** A perfect
capacitor is described by the CPE for n = 1. a values are typically

RSC Adv, 2024, 14, 19428-19445 | 19437
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Table 6 EIS data of low-carbon steel in 0.5 mol L=t HCl without and with different concentrations of the DMIH compound at 298 K

[DMIH] x*

(ppm) R, (Q cm?) Rt (Q em?) n Caq1 X 107% (Fem™?) Y, (mQ ™' s" em™?) 0 x 1072 (%) IEg;s (%)
Blank 4.88 48.6 0.84 108 0.180 — 3.42 —

50 5.14 134.7 0.82 38 0.135 0.639 4.15 63.9 + 0.3
100 4.18 144.0 0.79 30 0.098 0.663 6.32 66.3 + 0.3
150 5.89 164.6 0.77 22 0.070 0.705 5.04 70.5 £ 0.2
200 4.51 213.3 0.78 19 0.061 0.772 3.68 77.2 £ 0.4
250 4.43 309.6 0.79 14 0.052 0.843 7.55 84.3 £ 0.1
300 5.24 404.8 0.80 11 0.041 0.888 5.48 88.8 £ 0.2

associated with the electrode surface roughness. The higher the
surface roughness, the smaller the value of «.**** For our
experimental results, a satisfactory match was obtained with
this model. The point of intersection between the semicircle
and the real axis at high frequency gives R;. However, the
intercept at lower frequencies represents (R + R..). Eqn (18) uses
the frequency (Fpax) at which the imaginary component of the
impedance is at its maximum to get Cg;.

1
Cy = —Foux R 18
5= 5P R (18)

The maximum phase angle (0,.) of the impedance, R, and
Cq were used to assess the inhibitor's efficiency of inhibition.
The width of the semicircle increases with the density of the
inhibitor's monolayer, leading to a decrease in Cy, values and an
increase in R, values (Table 6). It has been established that for
Rs = 0, O, for a corrosion interface represented by a straight-
forward R-C parallel equivalent circuit should be 90°. For real
electrode/solution interfaces, depressed semicircles are often
observed, and this has been attributed to the roughness of the
electrode surface. Hydrochloric acid solutions cause the steel to
corrode, which boosts the electrode surface's roughness (please
refer to the SEM image in Fig. 7b, Section 3.6) and lowers the
value of 0,.x.

Eqn (19) was used to determine the IEgy of the DMIH at
different concentrations at 298 K based on the R values.*

Ry — R°

IEEIS = <t % 100 (19)

ct
where Rg and R, are the charge-transfer resistances for the
blank and inhibited solutions, respectively. The data obtained
from EIS measurements for the dissolution of the LCS in the
blank solution without and with different DMIH concentrations
at 298 K are summarized in Table 6. It is apparent that as the
concentration of the DMIH compound increases, the inhibition
efficiency and R increase, but Cq4 decreases. The observed
increase in R and decrease in Cyg with increasing inhibitor
concentrations suggest that the inhibitor molecules affect the
corrosion process through a combined mechanism. This
behavior is characteristic of mixed inhibitors. The previous
findings confirm inhibitor adsorption and the formation of
a protective film on the LCS surface. The values of 7 are close to
0.8, suggesting a non-ideal capacitance at the electrode/
electrolyte interface, with minimal change upon inhibitor
addition. The value of Y, decreases with increasing inhibitor

19438 | RSC Adv, 2024, 14, 19428-19445

concentration. This might indicate a decrease in surface
roughness or inhomogeneity with inhibitor adsorption.** A
small value of the Chi-square parameter (x?) suggests a good fit
of experimental data.

Potentiodynamic polarization and EIS techniques predict
different inhibition efficiencies, which should be noted. In fact,
differences in the electrode material's surface condition are
responsible for the inconsistencies between the two methods.>®

3.6 SEM and AFM analysis

SEM examination is a useful method for investigating the surface
morphology of LCS after it has been immersed in corrosive media.
This method is particularly useful for describing the formation of

SO SO e

5SSO0 500 pun

XS0 SO0 pm

Fig. 7 SEM micrographs of polished LCS (a) and LCS after 48 hours of
immersionin a 0.5 mol L~* HCl without (b) and with (c) 300 ppm of the
DMIH compound at 298 K.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 AFM three-dimensional pictures of LCS (a), LCS after 48 h immersion in a 0.5 mol L™t HCl without (b) and with (c) 300 ppm of DMIH
compound at 298 K.

a surface-protective organic layer that permits a high degree of presence of 300 ppm of the DMIH compound at 298 K are shown
inhibition resistance.®> SEM micrographs of polished LCS and LCS  in Fig. 7. When the DMIH is not present, the pitting actions of C1™
after 48 hours of immersion in a blank solution in the absenceand and H;O' ions cause localized corrosion on the LCS surface

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2024, 14,19428-19445 | 19439
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(Fig. 7b).** However, the rate of corrosion is suppressed when the
DMIH inhibitor is present, as seen by the reduction in localized
corrosion areas. The inhibitor forms an adsorbed film on the LCS
surface (Fig. 7c). Measurements of inhibition efficiency using
chemical and electrochemical techniques demonstrate the film's
protective properties.

To examine the surface features at microscales, AFM is used.
It is a magnificent and innovative instrument to investigate how
the inhibitor affects the corrosion reaction at the LCS solution
interface. The AFM morphologies of polished LCS and LCS in
a blank solution in the absence and presence of 300 ppm of the
DMIH compound are shown in Fig. 8. When the LCS is exposed
to a blank solution, the metal surface is noticeably more dete-
riorated than when the organic compound is present (Fig. 8b
and c). Table 7 provides all height parameters. These are the
maximum peak height (S;,), maximum pit height (S,), maximum
height (S,), arithmetic mean height (S,), and root-mean square
height (Sq).*” In accordance with ISO 25178, they are calculated
in micrometer units. The expression (control) in Table 7 refers
to the baseline or untreated condition for the AFM parameters
of LCS. It serves as a reference point for comparison with the
other substances (0.5 mol L HCl and DMIH). The values for all
parameters in the 0.5 mol L™' HCI solution are significantly
higher than those in the control, indicating that the hydro-
chloric acid solution increased the roughness of the steel
surface. The average roughness (S,) of LCS in a 0.5 mol L™ " HCI
solution is 0.254 pm, and the maximum height (S,) is 9.60 um.
However, in the presence of the DMIH compound, the values of
surface parameters are much lower than in the blank solution
due to the adsorption of the DMIH molecules at the LCS surface
and the formation of a protective film.*® The average roughness
and the maximum height decrease to 0.066 and 1.91 um,
respectively. Consequently, the results of the chemical and
electrochemical analyses indicating that the DMIH compound
is an effective LCS inhibitor in HCI solutions are supported by
SEM and AFM analyses of the LCS surface.

3.7 Quantum chemical calculations

3.7.1 DFT results. The inhibiting impact of the DMIH
compound on LCS in a 0.5 mol L™ HCI solution was explained
by quantum chemistry investigations employing the DFT
method.** DFT-based quantum chemistry investigations were
utilized to provide an explanation for DMIH's inhibitory effect
on LCS in 0.5 mol L™! HCL* Calculating different quantum
chemical properties like dipole moment, energy gap (AE),
HOMO, and LUMO energy can be done with the DFT method.
Fig. 9 shows the optimized geometry of the HOMO and LUMO

Table 7 AFM parameters of low-carbon steel in the blank solution in
the absence and presence of 300 ppm of the DMIH compound at 298
K

Substance Sa (Mm)  Sq(um) S, (um) S, (wm) S, (um)
Control 0.045 0.062 0.234 0.436 0.670
0.5mol L™ HCl  0.254 0.351 6.04 3.56 9.60
DMIH 0.066 0.114 0.488 1.43 1.91

19440 | RSC Adv, 2024, 14, 19428-19445
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frontier molecules, the optimized DMIH structure, and the
molecular electrostatic potentials (MEP) of the DMIH inhibitor.
The different quantum chemical parameters for the DMIH are
listed in Table 8. The values of the parameters are obtained
based on the following relationships:***>

AE = Erumo — Enomo (20)
I' = —Enomo (21)
4 = —ELumo (22)
p=-X (23)
§= (Enomo ; ELumo) (24)
- M (25)
o= 1/ (26)
ANpo = 1 (27)

2

w
- & 28
v=t (28

The calculations showed that the investigated organic
compound's geometrical structures are nearly planned, as Fig. 9
illustrates. The relationship between HOMO and LUMO levels has
been found to affect chemical reactivity.>® The calculated HOMO
and LUMO energies are —0.229 and —0.037, respectively, indi-
cating that the DMIH compound can function as an electron
donor and enhance the formation of a protective layer on the LCS
surface.** DMIH may effectively suppress the corrosion process, as
demonstrated by its computed AE value of 0.192 (Table 8). An
increase in inhibiting efficiency has been reported as AE
decreases.** The HOMO electron density distribution indicates
that the DMIH molecule can transfer electrons to the steel metal
via the m-orbitals of the benzene ring, O of the methoxy and
carbonyl groups, and N of the NHNH, groups (Fig. 9). The
distribution of the LUMO electron density indicates that the entire
structure of the DMIH molecule can accept electrons from the
steel metal. The electron density maps of the DMIH molecule are
displayed in Fig. 9. Based on the mapping of the synthetic organic
compound's molecular electrostatic potential (MEP), the nucleo-
philic centers (the red areas) for adsorption at the steel surface are
the m-orbitals, the O atoms of the methoxy and carbonyl groups,
and the N atoms of the NHNH, groups. This enhances the
potential of the adsorption process and develops a shielding film
on the metal surface that improves the efficiency of inhibition.
The molecule’s adsorption at the steel surface is enhanced by the
electron density, which is distributed throughout the whole
molecule. The blue areas in the DMIH molecule can function as
electrophiles and accept electrons from 3d-filled orbitals of steel.*

Uneven charge distribution among the atoms in the DMIH
molecule causes the dipole moment. According to Table 8, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Compound Electron density of the HOMO and LUMO stereostructures
DMIH

Fig. 9 Geometrical structure, charge density distribution of HOMO and LUMO levels, and electron density plots of the molecular electrostatic

potentials (MEP) of the DMIH compound.

dipole moment of the DMIH compound is 8.210 debye. The low
value facilitates the accumulation of inhibitor molecules on the
steel surface, thereby enhancing the DMIH compound's ability
to adsorb.” The dipole moment of the DMIH molecule is higher
than that of water (1.88 debye), suggesting a strong dipole-
dipole interaction between the DMIH molecule and the steel
metal. Therefore, water molecules are effectively displaced by
DMIH molecules, and the latter are physically adsorbed onto
the steel surface.* The lower hardness value (0.096) indicates
that the DMIH compound is readily absorbed at the steel

Table 8 The calculated quantum chemical parameters, obtained from
DFT theory

Parameter (au) Value
Energy of the highest occupied molecular orbital (Egomo) —0.229
Energy of the lowest unoccupied molecular orbital (Eyymo) —0.037
Energy gap (AE) 0.192
Dipole moment (Debye) 8.210
Chemical hardness (7) 0.096
Chemical softness (o) 10.410
Chemical potential (u) —0.133
Electronegativity (x) 0.133
Electron affinity (4) 0.037
Ionization potential (I) 0.229
Electrophilicity index () 0.092
Maximum charge transfer index (ANpax) 1.385
Total energy (E) —909.39
Volume (cm® mol ™) 139.15

© 2024 The Author(s). Published by the Royal Society of Chemistry

surface.” Another indication that DMIH is an effective corrosion
inhibitor is its high global softness value (10.410).>° If the
ionization potential is small, the molecules are more reactive.
When it is large, the molecules are more stable.® Table 8 showed
that DMIH has a good inhibitory efficiency due to its small
ionization potential value of 0.229. The electronegativity (x) of
DMIH is low (0.133), suggesting that the transfer of electrons
occurs from inhibitor molecules to steel atoms until the
system's chemical potentials are equal.*® Electrophilicity (w)
enables the evaluation of a chemical system's overall electro-
philic character.®® According to the literature, the effective
nucleophile and electrophile have lower and greater values of v,
respectively.”” The more prominent nucleophilic character of
the DMIH molecule is indicated by the reported w value (0.092)
in Table 8. For the DMIH compound, the computed ANy, is
1.385. This indicates the remarkable ability of the DMIH
compound to transfer electrons to steel atoms through coordi-
nation bonds, resulting in the formation of an effective
protective film that hinders metal corrosion.*® Table 8 shows
that the synthesized DMIH compound has a large molar volume
(139.15 em® mol ). This increases the surface contact between
the molecules of the inhibitor and the steel surface, which
enhances the inhibitor's inhibitory efficiency. Considering the
forementioned results and according to the hard and soft acids
and bases (HSAB) theory, steel metal can be regarded as a soft
acid and the DMIH compound as a soft base.*

3.7.2 Monte Carlo simulations. Monte Carlo (MC) simula-
tions were used to investigate the preferred adsorption

RSC Adv, 2024, 14,19428-19445 | 19441
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Side view

Top view

Fig. 10 Side view and top view of the adsorption of the investigated DMIH inhibitor on the LCS surface.

configurations of the DMIH compound on sites of adsorption of
the periodic structure of Fe(110). The Fe(110) face was chosen
because it has a high surface energy compared to other iron
faces, making it more stable and less prone to reconstruction or
rearrangement of surface atoms.®® To find adsorption sites, MC
investigated potential substrate-adsorbate configurations using
a simulated annealing technique.®* To prevent interference
between periodic unit cells, MC was conducted in a periodic
slab model box of super unit cells with a vacuum layer of 30 A. A
supercell of a Fe(110) surface with 9 atomic layers was covered
by a single molecular inhibitor. As illustrated in Fig. 10a and b,
MC simulation provides us with a clear picture of the orienta-
tion and interactions between the synthesized compound and
the steel surface. To maximize contact and increase surface
coverage, the DMIH is arranged horizontally and parallel to the
Fe crystal (110) surface. This results in higher adsorption energy
(Table 9) and implies a higher inhibitory efficiency.>

Table 9 displays the computed adsorption, deformation, and
rigid adsorption energies. Eqn (29) is used to get the adsorption
energy, Eygs.

E.qs = Epeinh — (Einh — Ere) (29)

where Eg. and Ej,, stand for the total energies of the steel
surface and the inhibitor, respectively. It is assumed that the
surface energy of Fe(110) is zero.® The energy evolved or
absorbed during the adsorption process of the relaxed inhibitor
molecule on the steel surface is known as the adsorption
energy. It is the sum of the inhibitor molecule's deformation
and rigid adsorption energies. The energy generated or absor-
bed during the unrelaxed inhibitor molecule's adsorption on
the steel surface is the rigid adsorption energy. The energy

evolved when the adsorbed molecule relaxed is known as the
deformation energy. It is clear from Table 9 that E,qs has
a significant negative value (—1476.59 k] mol ). This indicates
that the tested compound can substitute corrosive ions and
water molecules to create a barrier film that protects the steel
surface from the corrosive medium.>

3.8 Mechanism of inhibition

The experimental findings indicated that DMIH molecules
significantly reduced LCS corrosion in a 0.5 mol L™" HCI elec-
trolyte. To comprehend the method of inhibition, one can
utilize the DMIH's structure and adsorption process. As illus-
trated in Fig. 9, the DMIH structure contains carbonyl, hydra-
zine and methoxy groups, and m-electrons. DMIH molecules
can therefore adsorb on the metal surface.®**

The capability of an inhibitor to adsorb depends on a variety
of factors, including its molecular size, chemical structure, the
kind of metal and its charged surface, and charge distribution
throughout the inhibitor molecule. Two types of adsorptions,
chemisorption and physisorption, were considered. The chemi-
sorption mechanism permits the neutral molecules of the DMIH
to be adsorbed on the surface of LCS by pushing H,O molecules
away from the LCS surface and sharing electrons between O
and N in the DMIH compound and LCS. Additionally, the metal
surface does not just passively accept electrons. In return, some
electron density from the filled d-orbitals of the metal can flow
back into the 7-system of the aromatic ring (retrodonation). This
“back-donation” strengthens the overall interaction.*

It is commonly recognized that the LCS surface has a positive
charge in acidic media.®® Hence, the protonated DMIH mole-
cules find it difficult to get too close to the positively charged

Table 9 The descriptors calculated by the Monte Carlo simulation for the adsorption of the DMIH compound on the steel surface

Total energy
(kJ mol ™)

Adsorption energy
(kJ mol ™)

Deformation energy
(k] mol ™)

Rigid adsorption
energy (k] mol™")

—414.74 —1476.59

19442 | RSC Adv, 2024, 14, 19428-19445

—905.60 —570.99
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Table 10 Comparison between the tested DMIH compound and other inhibitors in the literature

Compound name E (%) Reference

e a-Aminophosphonate 92.4 5

¢ (N,N'E,N,N'E)-N,N'-(Thiophene-2,5-diylbis(methanylylidene))bis(1H-benzo[d]imidazole-2-amine) 96.0 10

e Dimethyl-4,6-dihydroxyisophthalate 79.9 22

e Succinic acid 97.5 33

e 4,6-Dihydroxyisophthalaohydrazide 86.2 20

e 4(p-Tolyldiazenyl)-2-((E)-(p-tolylimino)methyl)phenol 55.0 67
3-(2-((4-Hydroxybenzylidene)amino)thiazole-4-yl)}-2H-chromen-2-one 52.9 68

e N-(Pyridine-4-ymethylene)-3,4-dihydropyridine-4-amine 88.0 69

e N-(4-N,N-Dimethylaminobenzal)-p-anisidine 80.6 70

e N-(4-N,N-Dimethylaminobenzal)-p-toluidine 79.1 70

o N-(4-N,N-Dimethylaminobenzal)-2,4-dinitroaniline 75.9 70

e 4,6-Dimethoxyisophthalohydrazide (DMIH) 83.8 This work

-\ P ‘NH3
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Q l Q'@Q'QQ ’@Q 'ﬁ Q.

‘b o0
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—  Physisorption

woe - Retrodonation

IS
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Fig. 11 Schematic figure of LCS corrosion inhibition in a 0.5 mol L™ HCl solution in the presence of the DMIH compound.

LCS surface (H;O'/metal contact) because of the electrostatic
repulsion. ClI™ ions have the potential to produce additional
negative charges close to the interface because they are less
hydrated than other ions. Therefore, they enable the protonated
DMIH compound to adsorb on the negatively charged LCS
surface through electrostatic interactions or physisorption.
Fig. 11 shows the inhibition mechanism.

3.9 A comparison of DMIH's inhibitory effectiveness against
different organic inhibitors reported in the literature for LCS
corrosion

Table 10 displays results from a comparison of the inhibition
efficiency established in this study with that of other reported
organic inhibitors. The investigation's results were compared
favorably with several types of organic inhibitors that are
employed to protect LCS. These findings show that the DMIH
compound is a good inhibitor.

© 2024 The Author(s). Published by the Royal Society of Chemistry

4. Conclusions and future prospects

In the current investigation, a new resorcinol derivative, namely
4,6-dimethoxyisophthalohydrazide (DMIH), is synthesized and
characterized by "H-NMR spectroscopy. The inhibiting perfor-
mance of the DMIH compound towards the corrosion of low-
carbon steel in a 0.5 mol L™ HCI solution was evaluated. The
effectiveness of the inhibitor was examined by chemical and
electrochemical methods. The steel morphology was examined
by SEM and AFM techniques. The DMIH compound signifi-
cantly decreased the rate of dissolution of LCS in HCI solution
by adsorption. MC and DFT simulations were used to confirm
the adsorption of the DMIH compound on the steel surface.
The DMIH compound significantly reduces the corrosion of
LCS in a 0.5 mol L™ HCI solution. The highest percentage of
inhibition (83.8%) was obtained by 300 ppm of the DMIH
compound at 298 K. The IE decreased to 72% as the

RSC Adv, 2024, 14,19428-19445 | 19443
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temperature increased to 328 K. The anticorrosion performance
of the LCS was attributed to the adsorbed DMIH inhibitory film,
as confirmed by SEM and AFM analyses. The adsorption of the
DMIH compound is categorized using the Langmuir adsorption
isotherm. Both chemisorption and physisorption participate in
the adsorption of the DMIH compound on LCS. According to
the polarization measurements, the DMIH compound is
a mixed inhibitor. The potentiodynamic polarization, EIS, and
weight loss methods all agreed well with one another. The
adsorption of the DMIH compound on LCS through the inter-
action of O and N atoms is the main factor influencing the rate
of LCS specimen degradation in acidic electrolytes. According to
different quantum chemical parameters and the hard and soft
acids and bases (HSAB) theory, LCS metal can be regarded as
a soft acid and DMIH compound as a soft base. The ability of
the DMIH compound to form a barrier film that protects the
steel surface from the corrosive solution is evidenced by its
highly negative adsorption energy (—1476.59 k] mol ™).

Soon, we will try to prepare new environmentally friendly
organic inhibitors derived from the resorcinol compound to
protect low-carbon steel from corrosion and degradation in oil
and gas fields and achieve high inhibition efficiency. The work
will be based on chemical, electrochemical, and theoretical
aspects.
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