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Abstract

The inhibitive effect of E-2-(1-methylpyrrolidin-2-ylidene) hydrazine carbo-thioamide Schiff
base (MPHCA) towards the corrosion of carbon steel in hydrochloric acid media was
examined using various chemical and electrochemical techniques. The rate of metal
destruction in the HCl solution is reduced in the presence of the MPHCA. The inhibition
efficiency is increased with more additions of MPHCA to reach 97.68 % at 5.0 mM
concentration, at 25 °C. The inhibition process is controlled by the adsorption of inhibitive
molecules on the carbon steel surface, obeying the Langmuir model. The computed AGCqq4s
values with the negative sign confirm the spontaneous nature of the adsorption process.
Such values varied between -34.45 and -36.77 kJ mol?, supporting the mixed chemo and
physisorption mechanisms. The lowering in Kqas values with the increase in temperature
could confirm the escape of a few adsorbed MPHCA molecules from the metallic surface
into the examined solution. The theoretical studies by the DFT method and conductor-like
polarizable continuum determined the inhibitor's optimized geometries, providing insights
into their molecular structure and potential properties. Monte Carlo and molecular
dynamics simulations assessed the inhibitors' adsorption energy and comprehensive
adsorption characteristics. MPHCA showed the highest adsorption energy, suggesting
superior corrosion inhibition characteristics.
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Introduction

Various industrial applications of carbon steel in oil and gas fields because to its reputable
mechanical characteristics, besides the relative decrease in the cost of production [1]. Hydrochloric
acid is typically used to remove undesired materials, rust, and sediment from various steel equipment.
Dilute hydrochloric acid is used considerably in metal pickling. The lack of mineral acid use leads to
the deterioration of the examined metallic surfaces, resulting in the waste of metallic resources [2].
Eco-friendly inhibitors inhibit the destructive influence of corrosive acids on metallic surfaces [3]. The
choice of organic compounds to be used as inhibitors to retard the destruction of metals can largely
depend on its frugal utilization and the presence of heteroatoms such as N, S, or O in their molecules,
which should be environmentally harmless [4-12]. Schiff bases have been widely investigated as
corrosion inhibitors for various metallic surfaces in acidic solutions, owing to the ease of synthesis
from relatively inexpensive raw materials [12]. Nowadays, researchers have paid close attention to
developing non-toxic, environmentally friendly inhibitors to protect metals from corrosion in acidic
solutions. A Schiff base containing a C=N azomethine functional group, resulting from the conden-
sation between an amine and a ketone or aldehyde, has been shown to provide better inhibition
performance compared to corresponding amines [13]. The inhibiting influence of such inhibitors was
found to depend on the adsorption of their molecules via active centres on the examined metal. Our
early investigation proved that N, N*-(ethane-1,2-diyl)bis(N*-(4-dimethylamino) benzylidene)ethane-
-1,2-diamine) behaves as an effective inhibitor towards the corrosion of C-steel in acidic medium with
protection efficiency reaching 95.2 % at 5mM and 298 K [14].

Schiff bases are a vast group of compounds characterized by an azomethine group containing the
-C=N- bond that could be synthesized by a dehydration process between an amine and a keto-
aromatic compound [15]. Ferkous et al. [16] utilized 2-(2-methoxybenzylidene)hydrazine-1-carbo-
thioamide as an excellent mitigator against the destruction of mild steel in a dilute hydrochloric acid
medium. They indicated that such a compound exhibits good corrosion protection that reaches 98 %
at optimum concentration, 2.0 mM, at 25 °C. The inhibition performance was dependent on the
hetero atoms, which act as active adsorption centres owing to the presence of lone pairs of free
electrons that can bind with the metallic surface. The gravimetric and electrochemical measure-
ments indicated that the (E)-5-(4-(dimethylamino)phenyl)-3-(4-(dimethylamino)styryl)-2,3-dihydro-
-1H-pyrazole-1-carbothioamide exhibits good inhibition, ascribed to chemisorption and physi-
sorption [17]. The potentiodynamic polarization of carbon steel in HCl solutions confirmed that
2-(2,4,5-trimethoxy-benzylidene)hydrazine carbothioamide behaves as a mixed-type inhibitor [18].
The Nyquist plots indicated a rise in the charge transfer resistance with a lower double-layer capa-
citance by an increase in the inhibitor concentration in the corrosive solution [18]. The 2,2'-(1,4-phe-
nylene bis (methanilylidene)) bis(N-(3-methoxyphenyl) hydrazine-carbothioamide) was examined as
an effective mitigator to decrease the destruction of steel in dilute hydrochloric acid media. The
efficiency of the protection exceeds 95% in the presence of 0.5 mM of this inhibitor. The inhibition
of the metal destruction process is favored by increasing the added amount of the inhibitor and is
reduced with the increase in the solution temperature. The inhibition is controlled by the adsorption
process that obeys the Langmuir isotherm. The data on the free energy of adsorption illustrated the
existence of physical and chemical adsorption [18].
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New Schiff base inhibitors were prepared to mitigate corrosion of the carbon steel in dilute hydro-
chloric acid solutions [14,19]. The protection efficiency reached 97% at a concentration of 0.005 M, at
25 °C, indicating the existence of a mixed adsorption mechanism. In this study, eco-friendly non-toxic
Schiff base inhibitor, namely, (E)-2-(1-methylpyrrolidin-2-ylidene) hydrazine carbothioamide, MPHCA,
was synthesized to investigate the protective influence against the corrosion of the carbon steel in
dilute hydrochloric acid solutions. The MPHCA compound is considered a neutral compound that is
readily soluble in HCI solutions without influencing the conductivity and pH of the solution. Different
experimental studies were performed to deduce the inhibition efficiencies of the MPHCA compound
in the examined acidic solutions. The inhibition mechanism was examined through an adsorption
process at different temperatures. Various thermodynamic functions accompanied by the corrosion
and inhibition processes are computed and discussed.

Density functional theory, DFT, and molecular dynamics, MD, simulations are powerful compu-
tational methods utilized to predict the model of the adsorption attitude of the utilized inhibitor on
the examined metal [20]. Such techniques enable the study of how structural parameters of the
MPHCA molecule affect the efficiency as a corrosion inhibitor by examining the electronic properties
and electron density apportionment derived from DFT calculations. In addition, MD simulations
offer insights into the adsorption characteristics linked to corrosion inhibition efficiency through
molecular modelling. By utilizing these simulations, researchers can analyse the interactions
between inhibitors and metal surfaces, which can help to optimize the design of more effective
organic compounds as corrosion inhibitors.

Experimental

Electrodes and chemicals

The samples required for gravimetric and gasometric analysis and the working electrode (WE)
needed for electrochemical investigations, were cut from C-steel with elemental analysis similar to
that reported earlier [14]. The WE was prepared in the form of a small roller bar of C-steel embedded
in epoxy resin with a polytetrafluoroethylene coating, having a free cross-sectional area of 0.38 cm?.
The samples were mechanically polished using different grades of polishing papers, starting with a
coarser grade and progressing to finer grades [14]. The chemicals required for the synthesis process
are 1-methylpyrrolidin-2-one and benzo[d]thiazol-2-amine ethanolic, which were purchased from
Meric Chemicals with a purity exceeding 99 %.

Synthesis of MPHCA compound

The objective of the preparation of N-(1-methylpyrrolidin-2-ylidene) benzo[d]- thiazol-2-amine
Schiff base, MPHCA, was to examine the protection of steel from corrosion processes in hydrochloric
acid media. The synthesis process depicted in Scheme 1, was performed by mixing 0.1 moles of
1-methylpyrrolidin-2-one ethanolic solution with 0.1 moles of benzo[d]thiazol-2-amine ethanolic
solution in a 250 ml three-necked flask. The content of the flask was heated by stirring with a reflux
for 5 hours. The product of the solution was evaporated to get rid of the solvent, followed by a
washing process various times, and recrystallized from ethanolic solvent. The molecular weight of
the produced compound was determined to be 219.28 g mol™.
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Scheme 1. Synthesis of (E)-2-(1-methylpyrrolidin-2-ylidene) hydrazinecarbothioamide, MPHCA, inhibitor

Mass loss investigation

The samples of carbon steel required for mass loss measurements were cut and prepared as re-
ported in the previous work [14]. The dry-cleaned metallic sample with dimensions 7.6x2.2x0.3 cm
was weighed using a highly precise laboratory balance (with readability 0.1 mg), giving a weight Wi.
Such a prepared metallic sample was immersed in 250 ml of the aggressive or inhibitive test solution
for 8 h. The investigated sample of C-steel is locked onto the examined solution, dried, and
reweighed, yielding a weight of W». Each experiment was repeated three times, and the average
value was determined.

The rate of metallic corrosion (rg) was determined by Equation (1) [21]:
. _Aw (1)
At
where AW = W; - W, t/ his the immersion period, and A is the contact area of the metallic surface.
The obtained values of rg were used to deduce the surface coverage () and the protection efficiency
(nw) of the MPHCA inhibitor by Equations (2) and (3) [9]:

,
9:(1— j] (2)
rg

7 {1—%}100 3)
r

8

where r° and rg are the corrosion reaction rates of carbon steel in HCl solutions without and with
added MPHCA compound, respectively.

Gasometry study

The vessel and experimental procedure for hydrogen evolution measurements have been
described earlier [22,23]. The C-steel coupons were cut to the exact dimensions of 7.6x2.2x0.3 cm.
All samples were polished with fine polishing papers and cleaned by washing under running tap
water, then ultrasonically cleaned in distilled water, and finally dried before immersion in the
examined solution. After an induction period, the produced hydrogen begins to increase with
immersion time, being collected over water. The V-time curves of C-steel in 1.0 M HClI, free of, and
mixed with various amounts of MPHCA inhibitor, were constructed. The data of the volume (V) of
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the produced H; at various immersion times (7) were used to deduce the rate of the metal des-
truction, ru. The values ry were used to deduce the values of @ and n via Equations (4) and (5) [23]:

Hz[l— r“] (4)
r H

7, :(1—%“]100 (5)

ry

where r°y and ry are corrosion reaction rates expressed by the rates of hydrogen productionin 1.0 M
hydrochloric acid-free and mixed with various additions of the MPHCA inhibitor, respectively.

Electrochemical study

The electrochemical potentiodynamic polarization (PD) and electrochemical impedance spectra
measurements (EIS) [20] were used to confirm the protection effect of the MPHCA towards corrosion
of the carbon steel in HCl solution. The used electrolytic cell contains three electrodes: carbon steel
as a working electrode, WE, a Pt plate as an auxiliary electrode, and a saturated calomel, SCE, as a
reference electrode. The WE was prepared by mechanical polishing using various grades of abrasive
paper, similar to those indicated previously [14]. The polarization data were recorded when the
potential, E, of the WE was swept with a scan rate of 0.2 mV s between -850 and -350 mV vs. SCE,
starting from the steady state potential, at 25 °C using a voltalab potentiostat PGZ 301 model.

The corrosion current density gained in the corrosive solution (°crr) and in the inhibitive solution
(jeorr) were computed by extrapolation of anodic and cathodic Tafel slopes. The values of #and
inhibition efficiency (77,) were deduced from Equations (6) and (7) [24]:

9:(1_{0&j ©)
J corr

m, =[1—,’0ﬂ]1oo (7)

J corr
The EIS study was done on carbon steel electrodes in the corrosive and inhibitive solutions at Ecorr
and frequencies (f) varied between 100 kHz and 50 mHz with an amplitude of 0.01 V. The data of
the EIS plots were fitted utilizing the ZSimpWin approach [25].
The charge transfer resistances, R°: for the corrosive acid solution, and R.: for the inhibitive acid
solution, were used to compute the values of 6, and the inhibition efficiency () utilizing Equations
(8) and (9):

Roct
9_[1—}?—“} (8)

RO
n._ [1——“}100 (9)
ct
Utilizing @ max = 2Mfmax, the double-layer capacitance, Cq, can be deduced using Equation (10) [26]
Ca=Y° a)maxn_1 (10)

where Y? is a proportional factor and n is the phase shift.

Surface investigation

The surface morphology of corroded and uncorroded carbon steel samples in the examined
solutions can be investigated utilizing a scanning electron microscope, SEM. A clean steel sample
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was examined under SEM before immersion in the test solution. The other samples were investi-
gated after immersion for 4 hours in 1.0 M HCI, free of and mixed with 0.005 M of the MPHCA
compound, at 25 °C.

Quantum computations

The density functional theory (DFT) computations were conducted utilizing Gaussian 09 soft-
ware [27] to evaluate the behaviour of the MPHCA compound as a corrosion inhibitor. These
computations included geometry optimizations of the inhibitors using the B3LYP method, which
combines Becke's three-parameter functional (B3) with the gradient-corrected correlation LYP
functional. The 6-31G(d,p) basis set was applied for all atoms in the calculations.

The theoretical evaluation of inhibitor compounds enables a detailed analysis of intermolecular
forces and global chemical reactivity indicators, such as the highest occupied molecular orbital
(Enomo), lowest unoccupied molecular orbital (Elumo), and energy gap (AE), particularly through
CPCM solvation.

Global hardness (77) , softness (o), and the number of electrons transferred (N) can be computed
by Equations (11) to (13):

E —E
77 :( LUMO 2 HOMO j (11)
n
O Xinn
AN, = ——=5— 13
He {2(77& +77inh)] ( )

where @, yinh, 1re and 7inh are the work functions of Fe (110) (4.82 eV) [27], the electronegativity of
the organic substance, the chemical hardness of iron (110) (0 eV), and the chemical hardness of the
organic substance, successively.

Monte Carlo and molecular dynamics simulations

The adsorption of the Schiff base compound MPHCA on the Fe (110) surface was explored
utilizing Monte Carlo simulations with the adsorption locator module in the Materials Studio
software. Molecular dynamics simulations were conducted utilizing the Forcite model in Materials
Studio 17. The simulations used the NVT ensemble with an Andersen thermostat, a 1.0 fs time step,
and a duration of 20 ps at 298 K. The Fe (110) surface was cleaved along the (110) plane, and a five-
layer slab was utilized. The iron (110) was expanded to a (10x10) supercell, and a 2.5 nm vacuum
layer was constructed above the Fe (110) plane, which was filled with 100 water molecules and one
inhibitor molecule. The COMPASS force field was employed to identify equilibrium configurations.
The Ewald method was utilized to calculate electrostatic interactions with a high accuracy of 10°.
The energy of adsorption (Eaqs) of the examined compound on the iron surface was measured to
understand the inhibitor's effectiveness. The radial distribution function (RDF) method assesses the
chemical bonding between the MPHCA molecules and iron atoms.

Results and discussion

FTIR and *H NMR spectra

The elemental analysis of the synthesized MPHCA Schiff base substance was confirmed by FTIR
(Figure 1A) and mass spectroscopy (Figure 1B).
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Figure 1. (A) FTIR spectrum and (B) *H NMR spectrum of MPHCA Schiff base compound

The structure of the pyrrole derivative was elucidated from spectral analysis. Thus, IR spectrum
(Figure 1A) shows the stretching peaks for NH, CHs, C=N, and C=S at 3360, 3177, 1649 and 1282 cm,
respectively.

The *H NMR spectrum of the prepared MPHCA compound is depicted in Figure 1B. The structure
of the pyrrole derivative compound was deduced from spectral tools. Thus, proton NMR of the target
showed signals at low applied field (downfield) at 8.59 and 7.19 ppm, for NCH3 located at 3.37 ppm as
a singlet signal, while cyclic CH’* were observed as multiplets at 2.68, 2.50 and 2.14 ppm.

Mass loss investigation

The mass loss, ML, experiments were performed to examine the destructive influence of HCl on
the examined metal surface in the absence and presence of the MPHCA compound, at various
temperatures. The rg values computed by Equation (1) were used to deduce the surface coverage
and the inhibition efficiency (75), using Equations (2) and (3). In the absence of the MPHCA
compound, the rg is equal to 1.0494 mg cm h, which was decreased with increasing inhibitor
concentration to reach 0.0243 mg cm™ h't, at 5 mM of the MPHCA compound, at 25 °C. Figure 2A
depicts the lowering in the rgvalues with the addition of the MPHCA compound in the examined
solution, at various temperatures. Figure 2B illustrates that the 7w / is increased with higher
additions of the MPHCA compound and decreases as the temperature increases. The sigmoidal
nature of such figures confirms the adsorption of the MPHCA molecules on the steel surface, which
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will be explained later [26,28,29]. The lowering in the data of & and 7. of the MPHCA compound
with the temperature rise could confirm the escaping of some of the adsorbed MPHCA molecules
from the metallic surface, entering the test solution. Such behaviour could be attributed to the
physisorption nature of the adsorption process [30].

1.6 |
1 M HCI + MPHCA 90
12} —=—298K
o —e—318K
".'g —a—338K s |
@ 08| &
s 1 M HCI + MPHCA
—A— 338K
0.0 . . : ' ' ! !
4.2 -3.6 -3.0 2.4 42 3.5 28 21
log (C/ M) log (C/ M)

Figure 2. (A) Variation of the rate of corrosion (r,) of C-steel in 1.0 M HCl and (B) nw with log C
of MPHCA Schiff base compound at different temperatures

Gasometric study

The vessel and experimental procedure for hydrogen evolution measurements have been
described earlier [22,23]. The gasometric technique was utilized to investigate the inhibition
behaviour of the MPHCA substance toward the destruction of carbon steel and hydrogen production
in the acidic medium. The data shown in Figure 3A indicates that the volume of the produced H;
(Vy) starts to increase faster after an incubation time () that reaches 40 min in the free acid solution
(1.0 M HCl), followed by a faster increase as time passes. The incubation time is elongated with more
additions of the MPHCA compound (7 is increased from 100 to 165 min when the inhibitor
concentration increases from 0.05 to 5 mM, at 25 °C), although it is reduced at higher temperatures.
Higher concentrations of the MPHCA compound reduce the amount of the produced hydrogen (V).
The accumulation of produced H; on the metallic surface after a certain time, t, can illustrate the
breakdown of the protective layer on the carbon steel surface due to the influence of Cl ions in the
examined solutions [31,32]. The direct increase in the V4 with the immersion time could be
attributed to the continuous destruction of the bare steel surface. It is noteworthy to see that the
elongation (7) at higher concentrations of the MPHCA compound could be explained by the
enhancement of the inhibition process.

Figure 3B depicts the variation of the ry values with the concentration of the MPHCA compound,
at 298 and 318 K. Sigmoidal curves are obtained, a behaviour similar to that gained by the mass loss
measurements, emphasizing adsorption of the MPHCA Schiff base molecules on the examined metal
surface [31]. The values of corrosion parameters, as evaluated from H, gasometry and equations (4)
and (5), are listed in Table 1. Although fand 74 are increased with an increase in the MPHCA
concentration, they are decreased with the temperature. Such behaviour confirms the escape of
some of the adsorbed MPHCA species from the examined solution, indicating the physisorption
process [33].
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Figure 3. (A) V4 vs. immersion time curves of C-steel in 1.0 M HCl without and with various concentrations of
MPHCA, and (B) the rate of corrosion, expressed by the rate of hydrogen production (ry) vslog C of MPHCA
at 298 and 318 K

Table 1. The values of corrosion parameters deduced from gasometry data for different concentrations of the
MPHCA inhibitor on C-steel immersed in 1.0 M HCl, at 298 and 318 K

c/mM rq £ SD* / ml cm™?min? o i/ %

298 K 318 K 298 K 318 K 298 K 318K

0.00 0.04760 £ 0.0015 0.0871 +£0.001

0.05 0.01410 + 0.0015 0.0327 + 0.001 0.704 0.625 70.4 62.5

0.10 0.00850 + 0.0014 0.0271 + 0.001 0.821 0.689 82.1 68.9

0.50 0.00660 + 0.0012 0.0222 +0.001 0.861 0.745 86.1 74.5

1.00 0.00532 +0.0010 0.0142 + 0.001 0.888 0.837 88.8 83.7

5.00 0.00128 + 0.0010 0.0063 + 0.001 0.954 0.928 95.4 92.8

*standard deviation

Potentiodynamic study

The potentiodynamic, PD, curves of the carbon steel in the aggressive (HCI) and inhibitive solutions
(HCl mixed with MPHCA) are shown in Figure 4. Figure 4 suggests that the presence of the MPHCA
does not show an effective influence on Ecorr compared to the corrosive HCl solution. Such behaviour
explains that the MPHCA Schiff base inhibitor retards the anodic dissolution of iron and cathodic
reduction of H* ions. Here, the difference of Ecorr in the corrosive and inhibitive solutions lies within
121 mV, which confirms that the MPHCA compound attitudes as a mixed-type inhibitor [30]. The
protection efficiency, np, of the MPHCA Schiff base inhibitor was deduced from the jcorr values in the
aggressive HCl solution without and with the MPHCA inhibitor using Equation (6).

The various electrochemical corrosion factors, i.e. corrosion potential (Ecor) polarization
resistance (Rp), corrosion current density, (jcorr), cathodic and anodic Tafel slopes (4 and f), and
inhibition efficiency (77,) were calculated and tabulated in Table 2. The value of jcor, in the dilute HCI
solution, is equal to 1.07 mA cm and is reduced to 0.04 mA cm2in the presence of a 5 mM MPHCA
inhibitor. The values £ and £ do not indicate a remarkable variation that is owing to the likeness in
the mechanism of corrosion in the free acid and the inhibitive solutions [33].
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Figure 4. The potentiodynamic polarization curves of C-steel in 1.0 M HCl solution, free of and mixed with
various amounts of MPHCA inhibitor

Table 2. Potentiodynamic polarization parameters for C-steel in 1.0 M HCl, in the presence of different
amounts of MPHCA inhibitor, at 298 K

C/mM Ecorr / MV VS. SCE joorr £SD* /mAcm? B /mVdec?! A /mVdec! R, /Qem? 1,/ %

0.00 -524 1.0697 = 0.0015 153 -179 42 -

0.05 -504 0.2888 +£0.0013 155 -174 158 73.00
0.10 -500 0.1821 +£0.0011 166 -189 191 82.98
0.50 -503 0.1321 +£0.0010 158 -167 204 87.65
1.00 -533 0.0923 + 0.0009 162 -166 283 91.37
5.00 -522 0.0412 +0.0009 138 -148 450 96.15

*standard deviation

As seen in Table 2, np increases with the addition of the MPHCA inhibitor, resulting in a decrease
in jeorr. Such behaviour can be illustrated by the shift of both the anodic and cathodic branches of
the curves in Figure 4 toward lower values, which is attributed to a decrease in the rates of anodic
Fe dissolution and cathodic H* ion reduction due to the inhibitory effect of the MPHCA inhibitor [14].
The presence of the MPHCA Schiff base compound in the corrosive acidic media increases the R,
value from 42 Q cm?in the corrosive dilute hydrochloric acid solution to 450 Q cm? when 5 mM of
the MPHCA compound is mixed with the corrosive solution, proving the uniformity of the adsorbed
protective layer formed by the adsorption process. The rise in the R, and 77, values with more
additions of the MPHCA inhibitor could indicate an increase in the thickness of the adsorbed film of
MPHCA molecules on the investigated carbon steel surface [14].

EIS investigation

The EIS is considered a rapid non-destructive technique that is utilized to examine Nyquist curves
of the investigated carbon steel in the aggressive acid solution, free of, and mixed with various
amounts of MPHCA Schiff base inhibitor. Figure 5 shows that the EIS curves of the examined carbon
steel surface have been highly modulated when the MPHCA Schiff base compound is mixed with the
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corrosive acid solution. The Nyquist data can be explained via the electrical equivalent circuit
represented in Figure 5 [33].

350+ [—8— Free
0.00005 M
4-—(.0001 M
280 ¥—0.0005 M
—4—0.001 M
0.005 M
~ 20F
g
G
; 140 F
P AR I
70+ $ ﬂ’va
|] \ A |
140 le] Z 5 420
Z: ] Q) cm?

Figure 5. Nyquist plots of C-steel in 1.0 M HCl solution, free of and mixed with various amounts of MPHCA
inhibitor, at 25 °C; Inset: electrical equivalent circuit model used to fit the EIS data in the absence and
presence of the MPHCA inhibitor

The Nyquist plots depicted in Figure 5 show depressed and non-perfect semicircle capacitive loops
formed in the absence and presence of the MPHCA compound in dilute HCI. The presence of capacitive
loops in the examined frequency range for corrosive hydrochloric acid, both free and mixed with the
MPHCA Schiff base inhibitor, indicates that the MPHCA Schiff base compound has a protective effect
against the corrosion of the carbon steel surface. Such an effect proves that the inhibition mechanism
is associated with the charge transfer between the carbon steel and the MPHCA Schiff base molecules
[12,13]. Such inhibitive molecules act as interface inhibitors that can easily adsorb onto the corroded
interface, forming a protective layer that reduces the destructive effect of HCl on the metallic surface
[12]. The addition of the MPHCA inhibitor to the investigated solution progressively increases the
diameter of the capacitive loop, indicating the formation of a protective film on the examined carbon
steel that reduces the contact of the HCl solution with the surface.

Bode plots shown in Figure 6A are used to illustrate the inhibitory role of the MPHCA compound
on the metallic surface against the destructive influence of HCl. The Bode impedance magnitude
diagram reveals a capacitive zone at moderate frequencies and a resistive zone at the highest and
lowest frequencies. The rise in the height of peaks of Bode phase plots at higher concentrations of the
MPHCA Schiff base could be related to the presence of a passive film on the investigated metallic
surface [13]. Such influence would raise the protection efficiency, 7, of the MPHCA Schiff base
molecules by increasing the concentration of the MPHCA Schiff base compound in the solution.
Additionally, in Figure 6B, the phase angle shifts to less positive values with increasing concentrations
of the MPHCA Schiff base inhibitor, confirming the formation of a protective layer of MPHCA
molecules that hinders the approach of the acidic solution to the carbon steel surface [13].

Various electrochemical impedance parameters gained by impedance measurements, such as Yj,
Rs, Ret, and n were deduced by analysing the obtained data and listed in Table 3, while n; and Cq
values are computed using equations (9) and (10), respectively. The addition of the MPHCA Schiff
base compound to the corrosive acid solution increases the R. values, which could indicate an
increase in the ability of MPHCA molecules to be adsorbed on the carbon steel surface, thereby
reducing the rate of metal destruction [19]. The values of the Cq are reduced with the higher
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concentrations of the MPHCA compound, which could be related to the increase in the thickness of
the electrical double layer owing to the lowering in the metal destruction rate, confirming the
adsorption of the MPHCA molecules on the carbon steel surface forming a protective layer [34].

@ 3.0 |~ ®) ok ) 1.0 M HCI + MPHCA
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P Free
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Figure 6. Bode magnitude (A) and phase angle (B) plots of C-steel in 1 M HCl solutions free of and mixed
with various amounts of MPCHA inhibitor, at 25 °C

Table 3. EIS data of C-steel in 1.0 M HCI, free of and mixed with various amounts of MPHCA Schiff base
inhibitor, at 298 K

C/mM R/ Qcm? Y,x10%/ Q7 1s" cm™ n R + SD* / Q cm? Ca/UWFem?  n/%
0.00 839.7 0.2215 0.83 25.4 +£0.009 280.4 -
0.05 2.40 0.803 0.85 82.4+0.011 173 30.8
0.10 2.60 0.751 0.64 142 £ 0.016 141 82.1
0.50 2.30 0.598 0.80 174 £0.011 91.4 85.4
1.00 2.70 0.429 0.70 240 £0.011 52.9 89.4
5.00 4.60 0.391 0.70 385 +0.095 23.1 93.4

*standard deviation

Adsorption mechanism of MPHCA inhibitor

The inhibiting influence of the MPHCA inhibitor against the corrosion of carbon steel in hydrochloric
acid solutions is supposed to be dependent on the adsorption of such organic species on the examined
carbon steel surface. The adsorption of the inhibitor depends on several factors, including the
chemical potential of the investigated metal, the chemical structure of the adsorbed molecules, and
the temperature. The adsorption is increased with the increase in the number of adsorption sites and
their electron density on the inhibiting molecules. The adsorption process is considered as a
replacement process between the used MPHCA species and H,0 molecules that are already adsorbed
on the metallic surface via the equilibrium reaction represented by Equation (14) [35]:

MPHCA (sol) + ZH20 (ads) €2 MPHCA (ads) + ZH20 (son) (14)

where z represents the number of desorbed H;O@ds) molecules replaced by one molecule of
MPHCA ads) inhibitor.

For approval, the general adsorption isotherms, including the Freundlich, Frumkin, Temkin, and
Langmuir isotherms, were tested to obtain the most adequate isotherm for adsorption of
MPHCA(ags) molecules on the surface of the utilized metal. It was found that the best-approved

model is the Langmuir isotherm, which obeys Equation (15) [36,37]:
.1 ¢ (15)
9 Kads
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where C is the equilibrium molarity of the utilized MPHCA Schiff base compound added to the
corrosive solution (1.0 M HCI), @ is its surface coverage on the carbon steel, and K.qgs is the
adsorption-desorption equilibrium constant.

Equations for different adsorption isotherms and linear regression coefficients (r?) are listed in
Table 4. The values of 8 were computed from gravimetric data by equation (2) and used to find the
most suitable adsorption isotherm. According to the highest r?, the superior model was found to be
the Langmuir isotherm as the most appropriate adsorption model for MPHCA molecules on the inves-
tigated C-steel surface, which is explained by the formation of a monolayer of MPHCA molecules [22].

Table 4. Various adsorption isotherms with obtained values of the regression coefficient, R?

Type Equation r’
Temkin Kags = e/ 0.856
Frundlich 0= Kags C" 0.843
Frumkin 0/ (1-0) e’ = K,4sC 0.785
Langmuir C /0= KasC 0.999

Figures 7A-C show the Langmuir isotherm plots, i.e. C8* vs. C curves for the MPHCA Schiff base
compound at 298, 318, and 338 K, respectively. Such plots depict straight-line relations with slopes
very near 1, which confirms the Langmuir model with positive strong correlation coefficients (R ~1).

(A)0.006 (B) 0.006
0.004 0.004 -
= =
2 3
@) @]
0.002 0.002
0.000 s 1 N 1 N 1 N 1 N 1 0.000 1 1 1 1 1
0.000 0.001 0.002 0.003 0.004 0.005 0.000 0.001 0.002 0.003 0.004 0.005
C/'M C/'M
(C) 0-006
0.004
=
<
]
0.002
0.000 —
0.000 0.001 0.002 0.003 0.004 0.005
C/'M

Figure 7. Langmuir adsorption isotherms of the MPHCA inhibitor on the C-steel surface in 1.0 M HCl at
various temperatures: (A) T=298 K, (B) T=318 Kand (C) T =338 K
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The computed Kags values are tabulated in Table 5. The decrease in the Kag4s values with an
increase in temperature (T) explains the decrease in the number of adsorbed MPHCA molecules
from the corroded metal surface escaping into the investigated solution. The computed Kaqgs data
listed in Table 5 were used to determine AG°.q4s via Equation (16) [25]:

AGP®ags = -RT (In Kags + 4.0164) (16)

The digit 4.016 represents the natural logarithm of the molar concentration of H,0. The values
AGP°.q4s are listed in Table 5 and take values between -34.45 and -36.77 k) mol ™. The negative sign of
the AG®,4s could be attributed to the spontaneous nature of the adsorption of the MPHCA species
on the examined carbon steel surface [38]. The computed values of AG®,4s are lower than 20 kJ/mol
and more than 40 kJ mol?, which could prove the probability of physical and chemisorption
processes of the MPHCA molecules on the examined steel [17]. The lowering in the AG°,q4s values at
higher temperatures would explain that protection from corrosion by the MPHCA Schiff base
molecules is an endothermic process [39].

Table 5. The values of Kaas, AG®aas, AHaas and AS°qas, Of adsorption of the MPHCA inhibitor
on C-steel in 1.0 M HCl, at various temperatures

T/K Kags / mM1 AG®,4s / kI mol™? AH®,¢s/ kJ mol? AS%aqs /) molt K1
298 19.73 -34.45 -173
318 12.57 -35.57 -26.56 -166
338 8.68 -36.77 -160

The values of Kags can be used to deduce the AH%,qs value utilizing the Equation (17) [14]:

HO
InK,,, = 2 |+ constant (17)
RT

Figure 8 depicts In Kags values vs. T to produce a straight-line plot. The slope of such a figure can
be used to deduce the AH%qs value as listed in Table 5. The negative sign of the AH%,4s explains that
the adsorption of MPHCA Schiff base molecules is exothermic [14]. This behaviour confirms that the
decrease in the 7 values at high temperatures supports the desorption process. A chemisorption
process could be attained if the AH%g4s values exceed 40 k) mol™* and can approach 400 kJ mol™.

Here, the AHC4s = -26.56 k) mol™?, which affords the electrostatic adsorption of the MPHCA mole-
cules on the investigated metal.

9.8 |
”-; 9.6
<

= 94t
9.2+

90 1 " 1

0.0030 0.0032
T/ K!
Figure 8. Vant’s Hoff plot (In Kaas vs. T?) for the corrosion of C-steel in 1.0 M HCl in the presence of MPHCA
inhibitor
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The standard entropy, AS°qs can be calculated from Equation (18) [13]:
AG®ds = AH®ds - TAS®ads (18)
The computed AS°.q;s listed in Table 5 have negative values that become less negative with the

rise in temperature, confirming the adsorption of MPHCA Schiff base molecules on the investigated
metal surface.

Temperature study

The importance of temperature lies in deducing the activation energy (E.) that accompanies the
corrosion process through the application of the Arrhenius equation. The rg values computed by the
mass loss method in the corrosive and inhibitive solutions at different temperatures (T) were utilized
to verify the relation between the rg values and T via Equation (19)[14]:

-E
logr, =| ——2— |+ constant (19)
&% (2303RT]

where R is the gas constant.

Figure 9A shows the variation of such relation for the carbon steel in the aggressive media
(1.0 M HCl), free of and mixed with various concentrations of the MPHCA. This figure shows linear
segments with slopes very near 1, which supports the implementation of the Arrhenius equation.
The computed E, values are tabulated in Table 6. The higher values of the E; gained in the presence
of MPHCA compound could suggest the physisorption of the MPHCA Schiff base compound on the
examined metal [39-41].

(A)
1.0 M HCl + MPHCA (B)
05| 20k 1.0 M HCI + MPHCA
~ 00 2 st
: g
= =
o0 0.5 o0 -3.0
O B
) -
< ®  0.00005 M &, ® [.0MHCI
S-1.0F A 000010M L 35 e 0.00005M <
v 0.00050 M g A 0.00010 M
0.00100 M v 0.00050 M
15F < 0.00500M 4.0 L * 0.00100M
< 0.00500 M <
1 " 1 " 1 " . 1 . 1 . 1
0.00300 0.00315 0.00330 0.00300 0.00315 0.00330
/K1 k!
Figure 9. Arrhenius (A) and transition state plots (B) for different amounts of MPHCA inhibitor on C-steel in
1.0 M HCI

The transition state equation is utilized to compute the AS* and AH* values for the corrosive and
inhibitive solutions containing the MPHCA Schiff base using Equation (20) [26,39]:

. R AS* AH*
log(r, T™") =log + - (20)
N,h 2.303R 2.303RT

where h and Na are Planck’s and Avogadro’s constants, respectively. The plots of Figure 9B confirm

the transition state equation by representing the variation of the log (rgT ) with T for corrosive
HCI solutions free of and mixed with MPHCA to give straight line relations with regression coef-
ficients very near to one. The calculated AH* values are tabulated in Table 6. The computed value
of AH* with a positive sign could confirm the endothermic nature [32,40]. The AS* are calculated to
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be -171 J mol? K'! with inhibitor-free acid solutions and vary between -143 to -99 J mol* K in the
inhibitive solutions, relying on the amounts of MPHCA inhibitor in the solution. The negative values
of AS* for all concentrations of MPHCA could confirm the constancy of the inhibitor-formed film
that adsorbs on the examined carbon steel surface [26]. The rise in the value of AS* with higher
amounts of the MPHCA compound would explain that the activated complexin the rate-determining
process indicates an association rather than dissociation [42-47].

Table 6. Activation thermodynamic parameters for C-steel in 1 M HCl solutions free of and mixed with various
amounts of the MPHCA inhibitor

Cwpea / M Ea/ k) mol™ AH* 545 / k) mol? AS*a45 / ) mol T K
Free 24.56 21.92 -171
0.05 34.62 33.29 -143
0.10 43.59 40.95 -122
0.50 43.64 40.90 -123
1.00 43.10 4074 -127
5.00 55.37 52.73 -99
Surface study

The surface morphology of the samples was examined under SEM and by EDS analysis. Figures
10 and 11 display the SEM images and EDS results of various electrodes of carbon steel samples.

The surface morphology of the dry steel sample, before immersion in the aggressive or inhibitive
solution, is shown in Figure 10A. The morphology of the surface of such a sample appears to be smooth
without indication of any destruction; only scratching and continuous lines appear due to the abrading
process. The second sample of the C-steel was immersed in 250 mL of the aggressive 1.0 M HCI
solution for four hours, followed by washing and drying, and then investigated under SEM. The surface
morphology of a corroded C-steel sample is shown in Figure 10B, which depicts a damaged surface
surrounded by corrosion products resulting from the corrosive acid's effect, which tends to dissolve
iron atoms from the carbon steel. Figure 10C displays the surface micrograph of the examined metallic
surface after being picked up from the inhibitive solution that contains 0.005 M MPHCA in 1.0 M HCI
solution. This micrograph shows a less damaged metallic surface due to corrosion. The presence of
MPHCA inhibitor retards the destructive effect of hydrochloric acid through adsorption process.

phs of C-steel before (A), and after immersion in 1 M HCI, free of (B), and mixed
with 5 mM MPHCA inhibitor (C)

Figure 10. SEM microgra

The data of the EDS analysis could confirm the destructive and inhibitive effects of HCl and the
MPHCA inhibitor via the chemical composition of the formed protective film on the metallic
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surfaces. Figure 11A depicts the EDS spectrum with some characteristic peaks for the polished C-

steel with an iron composition of 98.75 %.
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Figure 11. EDX spectra of C-steel before (A), and after immersion in 1 M HCI, free of (B) and
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mixed with 5 mM MPHCA inhibitor (C)
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The EDS spectrum in the case of the C-steel sample immersed in 1 M HCl solution free of inhibitor
(Figure 11 B) showed a decrease in the intensity of the Fe peak owing to the dissolution of Fe during
the corrosion process (Fe content = 85.53 %). In the presence of 0.005 M of MPHCA inhibitor, the
surface of the C-steel sample was greatly improved due to the formation of a protective film of the
organic inhibitive molecules, as indicated by the decrease of the iron band with Fe content reaching
91.84 %. Figure 11C indicates that the protective film formed was strongly adherent to the surface,
resulting in a high degree of inhibition efficiency.

DFT computations

The MPHCA inhibitor was optimized in an aqueous medium using the CPCM model. The
optimized geometry presented in Figure 12A supplies valuable insights into the structure and
potential characteristics of the investigated molecule. The MPHCA is characterized by the bond
lengths between C-N and C-C for a single bond around 0.14 and 0.15 nm, respectively. The bond
angles between C3-N11-C4 are close to the expected 113.43° for sp® hybridized C and N atoms. The
negative dihedral angle (-179.26°) between N11-C4-N16-N17 in the MPHCA inhibitor suggests some
degree of conjugation.

y optimized geometry

B

LUMO

Figure 12. The optimized geometry (A), frontier orbital, FMO (B), and the electrostatic potential map (C) of
the MPHCA Schiff base inhibitor

The frontier orbital theory includes HOMO and LUMO, aiding in identifying the adsorption sites
of inhibitive organic molecules during interactions with metal surfaces. The inhibitors likely function
as electron donors to the metal surface, emphasizing the importance of HOMO electron density
distribution. LUMO shows the electron-accepting areas of the organic compounds during their
interaction with a metal surface. Additionally, the energy gap (AE) between HOMO and LUMO levels
is a key aspect to consider when assessing inhibitor molecules. The 3D plots of frontier molecular
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orbitals for the MPHCA inhibitor are depicted in Figure 12 B, which shows that HOMO and LUMO
orbital distributions are the same for the MPHCA molecule.

The molecular electrostatic potential (ESP) serves as a valuable tool for identifying reactive sites for
nucleophilic and electrophilic attacks. ESP is linked to a molecule's polarity, dipole moment, and
charge distribution. ESP maps of the MPHCA inhibitor can be seen in Figure 12C. The maps use yellow
and red colours to represent negative potential, while blue and green signify positive and neutral
potential, respectively. Highly electronegative regions are found on the nitrogen and sulphur atomsin
the MPHCA inhibitor. In contrast, positive potentials are found in the methyl pyrrolidine group.

These observations highlight that the electron-rich regions on these molecules make them
preferred sites for adsorption on metal surfaces. This is important for understanding how these
inhibitors interact with metal surfaces and their effectiveness in preventing corrosion.

The electron-rich sites on MPHCA enhance its ability to interact with the metal surface, forming
a protective layer. This selective adsorption mechanism, guided by the ESP map, is crucial for
maximizing the inhibitor efficiency and ensuring comprehensive protection against corrosion. The
identification of nucleophilic and electrophilic sites is crucial for predicting how inhibitors will
behave during the corrosion inhibition process.

The negative sign of Exomo (-5.31 eV) is owing to the association with the power of the inhibitive
molecule [48,49], which explains the inclination of the inhibitive species to contribute electrons to the
acceptor molecule Eiumo. Concerning the energy gap, AE = 5.05 eV, a lower value will reflect the higher
protection ability due to the higher reactivity of such a molecule. This can be attributed to the low energy
needed to repel an electron from the last occupied orbital [50,51]. This energy gap facilitates the transfer
of electrons between the inhibitor and the metal, promoting adsorption and forming a protective layer.
Quantitative comparison between theoretical and experimental inhibition efficiencies further validates
these findings. Theoretical calculations for the inhibition efficiency of MPHCA, derived using DFT
parameters such as AE and global descriptors, show a strong correlation with experimental efficiencies
exceeding 95 % at a concentration of 5.0 mM. Such consistency confirms the reliability of computational
methods in predicting and explaining the mechanisms of corrosion inhibition.

Lewis-based molecules, known for their ability to donate and accept electrons, are particularly
effective at corrosion prevention. Softer molecules outperform harder molecules due to their
enhanced reactivity and capacity to form stable interactions with metal surfaces. This allows softer
molecules to create protective layers, improving corrosion resistance [52]. In this study, the MPHCA
inhibitor with lower hardness and higher softness is found to be an effective inhibitor for corrosion
prevention. The electron transfer fraction (AN =0.4 eV) measures the transfer of electrons from a
molecule to a metal when AN > 0, and from a metal to a molecule when AN < 0 [51]. The positive
value of AN suggests that electrons are transferred from the metal to the inhibitor molecule. The
AE and AN parameters are critical in predicting the performance of corrosion inhibitors like MPHCA.
The AE for MPHCA (5.05 eV) signifies a balanced combination of molecular stability and reactivity,
facilitating effective electron donation and acceptance during adsorption on the carbon steel
surface. Similarly, the AN parameter quantifies the fraction of electrons transferred between the
inhibitor and the metal surface. A positive AN value indicates that the inhibitor donates electrons
to the metal, promoting adsorption and the formation of a protective barrier [14].

To understand how a molecule interacts with specific sites on a metal surface, the molecule
should ideally target the active corrosion sites. The Fukui function helps provide insight into a
molecule's local reactivity by showing how its electron density changes when it either gains or loses
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an electron. This function is split into two types: f* for nucleophilic attack and f~ for electrophilic
attack, which can be computed by Equations (21) and (22)

fr=a(N)-q(N+1) (21)

f=q(N-1)-q(N) (22)
where g(N), g(N + 1), g(N - 1) are the charges of atoms for N, N+1, and N-1 electron systems,
successively. A higher f* value for a given atom suggests a preference for a nucleophilic attack,
indicating the atom is more likely to donate electrons. Conversely, higher f- values point to a
preference for electrophilic attack, suggesting the atom is more likely to accept electrons. This
differentiation helps determine how the inhibitor interacts with the metal surface, influencing its
efficacy in corrosion prevention. MPHCA Schiff base inhibitor molecule shows that the sites for
nucleophilic attack are C (19) and S (20), while the sites for electrophilic attack are N (16) and S (20).

Monte Carlo and molecular dynamics simulations

The effectiveness of the MPHCA Schiff base compound in preventing corrosion through
adsorption on Fe (110) can be obtained from the results of the Monte Carlo simulation. This
simulation provides energy values for the system, including the iron (110) surface, Schiff base
species, and 100 molecules of H,0 solvent. The equilibrium configuration of the adsorbed Schiff
base species on the iron (110) surface, shown in Figure 13, manifests that the MPHCA compound is
aligned parallel to the Fe surface.

G =7 T2 ST
L é-

Figure 13. Adsorption of the MPHCA inhibitor on the Fe (110) surface

MPHCA inhibitor exhibits the most negative adsorption energy (1764.9 kJ mol?), indicating the
highest interaction with the Fe surface.

The radial distribution function (RDF) is employed to analyse bonding characteristics, depicted
by the RDF (radial distribution function), or g(r). Peaks at 1 and 0.35 nm signify chemisorption,
indicating a strong chemical bond between the MPHCA Schiff base molecules and the Fe atoms. In
contrast, peaks beyond 0.35 nm suggest physisorption, representing weaker physical interactions.
Figure 14 displays the first noticeable peak at less than 0.35 nm, pointing to the dominance of
chemical bonds between the MPHCA molecules and Fe atoms.

20 (ec)



M. G. A. Saleh et al. J. Electrochem. Sci. Eng. 15(5) (2025) 2546

&0
=]

40

gtr)

a0

D .\U
r/nm

Figure 14. Radial distribution function g(r) analyses for MPHCA inhibitor on the Fe (110) surface
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The stability of the parallel alignment of MPHCA on the Fe (110) surface is supported by molecular
dynamics (MD) simulations, which reveal that the inhibitor remains consistently adsorbed over time
due to strong interactions between its electron-rich regions and the metal surface. This stability is
further corroborated by the high adsorption energy (-1764.9 kJ mol?), indicating robust adsorption.
Such results align with experimental findings, particularly the high surface coverage (#) values and
the significant inhibition efficiencies observed, confirming the reliability of the computational
predictions. The radial distribution function (RDF) analysis provides additional insights into the
nature of the adsorption process. The peaks at distances less than 0.35 nm signify chemisorption,
as they indicate strong chemical bonding between the MPHCA molecule and the Fe atoms. In
contrast, peaks at greater distances represent weaker physical interactions (physisorption). The
dominant chemisorption observed in the RDF analysis is consistent with the high adsorption energy
and the experimental observation of stable and effective inhibitor layers on the carbon steel surface.
This comprehensive understanding of the adsorption mechanism underscores the synergistic
relationship between simulation and experimental data. Additional peaks beyond 0.35 nm highlight
the presence of physical interactions. The data support the comprehensive adsorption of the
examined MPHCA Schiff base compound on the investigated carbon steel surface. The highest
adsorption energy and a greater degree of chemisorption demonstrate the superior corrosion
inhibition properties of the MPHCA inhibitor. Finally, the data of the MD and RDF techniques are
strongly proportional to the experimental data.

Conclusions

The MPHCA inhibitor was synthesized and structurally confirmed by the FTIR and mass

spectroscopy measurements.

e Such a compound is a mixed kind mitigator that retards the metal destruction and hydrogen
generation in dilute HCl solutions.

e The data of the rate of corrosion (reorr), surface coverage, (€) and the inhibition efficiency (7)
gained by various experimental techniques are consistent with the theoretical calculations.

e The reor, € and 7 values were found to rely on the MPHCA amount and temperature.

e The protection process is based on the adsorption of the MPHCA species on the carbon steel
surface according to Langmuir's isotherm.

e Lowering the surface coverage values and percent inhibition with temperature could approve
the physisorption of the MPHCA species on the carbon steel surface.
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The higher values of Kags could indicate the strong adsorption of the MPHCA on the carbon steel
surface.

The minus sign of the AG°.4s manifests the spontaneous nature of the adsorption of the MPHCA
molecules on the carbon steel surface.

The adsorption of MPHCA Schiff base molecules on the examined carbon steel surface can be
explained by the chemisorption mechanism.

The data of the quantum study proved that the adsorption of the MPHCA is consistent with the
data of the experimental measurements.

The study might provide advice on using the MPHCA compound as a good inhibitor for the
corrosion of steel in petroleum fields.
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