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ABSTRACT: This work focuses on developing corrosion control and |  aS:%5"
protecting the environment by creating affordable, sustainable, environ- '
mentally friendly, and efficient corrosion resistance chemicals. That is,
through synthesized three hydrazone Schiff bases E-2-(1-hydrazonoethyl)-
thiazole (HTZ), 2-((E)-(((Z)-1-(thiazol-2-yl)ethylidene)hydrazono)-
methyl)phenol (HTZS), and 2-((E)-(((Z)-1-(pyridin-2-yl)ethylidene)-
hydrazono)methyl)phenol (HPYS) and corrosion inhibitors for C-steel in
8 M H;PO, solution that were studied. The chemicals were analyzed by
using '"H NMR and C NMR spectroscopy to learn more about them.
Predominantly, the hydrazone-based Schiff bases have been considered
powerful inhibitors due to their ability to be adsorbed with very low
concentrations through their reactive sites (N, O, and S). Maximum surface
(0max) coverage and inhibition efficiency of 83.33% were sufficiently found at
99.00 X 107 mol/L concentration of HTZS at 293 K. Galvanostatic experiments demonstrated that raising the concentration of
hydrazones improved mass transfer resistance. To study microstructure, scanning, reflectance, and energy-dispersive X-rays were
used. Roughness and qualitative adhesion of the adsorbed layer were estimated by an atomic force microscope. After adding 99.00 X
1073 mol/L of HTZS, the degree of surface brightness and reflectance increases to 137.20, relative to the corroded electrolyte-free
solution 27.70. The roughness (Ra) decreased from 0.468 to 0.088 ym by adding HTZS. A surface morphology study confirmed
that adding hydrazones to the C-steel dissolution bath greatly improves the surface’s look and texture quality. The atomic absorption
spectroscopy technique was used to compare the concentration of the iron ions that remained in the solution after galvanostatic
analysis in the absence and presence of the hydrazones under different conditions; it was found that the inhibited solution contained
lower concentrations of iron ions as compared to the uninhibited solution. The DFT theoretical analysis verified the observation of
hydrazone physical adsorption through bonding electrons that obey kinetic adsorption isotherms. It is based on examining the
highest occupied molecular orbital—lowest occupied molecular orbital (HOMO—LUMO), the Fukui functions, and the Mulliken
atomic charge. Overall, the results suggest that HTZS is a good corrosion inhibitor with a large surface area due to the presence of S,
N, and O atoms, allowing for creating a larger surface due to the large molecular volume of atoms protecting against the corrosion
process.
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B INTRODUCTION effective. The research on carbon steel’s corrosion inhibition
behavior is the most popular in literature surveys, partly
because carbon steel has relatively high strength, is inexpensive,
and is widely used in many industrial fields. Carbon steel, on
the other hand, corrodes easily. Iron is a highly reactive

Metal is a vital raw material that has fostered industrial growth
and played a crucial part in the development of human
civilization. Industrial metals frequently experience corrosion,
which has a negative influence on both their cost and safety.
The use of metals that resist corrosion better is a wise decision.

Cost-effective and commonly used ways to avoid metal Received: January 6, 2024
corrosion include optimizing the metal’s components and Revised:  March 8, 2024
smelting process, using organic/inorganic coating technology, Accepted: March 12, 2024

and adding corrosion inhibitors."* Published: March 28, 2024

Carbon steel (C-steel) is a common metal utilized in the
industry since it is thought to be more efficient and cost-
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material; therefore, corrosion occurs often throughout its
manufacture and usage. This is especially true in the chemical
and petrochemical industries; robust acidic solutions come
into direct contact with carbon steel, shortening their service
life and potentially increasing the risk of major accidents.”*
In many industrial operations, scale and rust are typically
removed with acid solutions. Phosphoric acid (H;PO,) is a
significant industrial chemical used as an intermediary in the
fertilizer industry for metal surface treatment in the metal-
lurgical sector because it is less corrosive than other mineral
acids. It is employed in passivating, phosphating, chemical
coloring, oxide coating removal, chemical and electrolytic
polishing or etching, and surface cleaning. It exhibits
considerable corrosiveness on C-steel despite its relevance.
Accordingly, the C-steel corrosion in phosphoric acid was
slowed down or prevented by adding anticorrosion agents. In
these procedures, inhibitors are utilized to regulate both the
amount of acid consumed and the dissolution of metals.”®
Any inhibitor’s performance can be determined by testing
how well it prevents C-steel corrosion under acidic conditions.
It is assumed that industrial research is currently of interest in
this area. Schiff base compounds are one of the most efficient
and environmentally benign corrosion inhibitors for the
corrosion of metals by acids." ™ They stop metallic corrosion
by obstructing the active areas on the metal surfaces. Their
ability to inhibit this process is determined mainly by the
chemical and structural characteristics of the Schiff base
compounds. Functional group imine (—CH=N-) with
numerous hetero atoms, like N, O, and S, are present in the
overall structure of the Schiff base. Therefore, these can simply
form a monolayer and adhere to the surface of the metal using
hetero atoms. Hydrazones are used as rodenticides, nem-
aticides, pesticides, insecticides, and plant growth regulators.
Hydrazones are regarded as multidentate ligands because of
their ability to chelate, just like Schiff bases. Compared to
uncomplexed ligands, complexes of hydrazones with transition
metal ions may exhibit increased antimicrobial activity.
Different organic additives can be used as corrosion
inhibitors commonly known as ecofriendly dissolution
inhibitors. However, some work has been done on the C-
steel corrosion inhibition in an acidic environment. The
corrosion of C-steel in acid media was investigated earlier in
the presence of ornidazole,” Punica granatum (pomegranate),”
marjoram (Origanum majorana),” and N'-(4-hydroxybenzyli-
dene)-2-(4-oxoquinazoline-3(4H)-yl) acetohydrazide [p-
HBOA],” some new surface active agents.” But some aspects
make hydrazone-based Schiff bases novel and potentially
influential as corrosion inhibitors for C-steel: the hydrazone
chemical structure provides various sites for interaction with
metal surfaces. Nitrogen and oxygen atoms in the hydrazone
group facilitate adsorption on the metal surface. Nitrogen
atoms also increase the electron density, enhancing the
interaction between the inhibitor and the metal surface. This
interaction may form a stable protective film on the metal,
inhibiting corrosion. Hydrazones exhibit electron donor
properties, which can form coordinate bonds with metal ions
on the metal surface. This coordination can block active sites
on the metal, reducing the corrosion rate. The specific
structure of hydrazones may introduce steric hindrance,
affecting the adsorption process on the metal surface. Steric
hindrance can influence the orientation and arrangement of the
inhibitor molecules, leading to improved effectiveness.’™

Considering the above facts, this research aims to develop
renewed anticorrosive, sustainable, eco-friendly compounds for
today’s chemists and technology specialists. On this basis,
galvanostatic techniques investigated three new Schiff base
hydrazones as corrosion inhibitors against the C-steel surface
in 8 M H;PO,. We measured the limiting current value and the
mass transfer rate to assess how the hydrazones affected the
rate of C-steel dissolving in orthophosphoric acid. By the way,
numerous academics claim that the most valuable instruments
for examining the effectiveness of metal corrosion inhibitors
are quantum-chemical methods. DFT and Fukui’s indices act
as quantitative structure—activity relationships between in-
hibitors’ inhibition efficiency and quantum chemical parame-
ters. They also do not need lengthy experimental studies. They
are used to verify that the results of computational chemistry
research on the impact of mass transfer on the corrosion
process of C-steel are consistent with experimental data. AAS
was used to verify hydrazones’ effect on the surface of C-steel,
UV—visible, SEM/EDX, reflectance, and AFM.

B EXPERIMENTAL SECTION

Preparation of Corrosive Environment (Medium) and
C-Steel Specimens. The aggressive phosphoric acid solution,
H,PO, 85% (SLRO/0450/PB17 Fisher Chemicals Ltd.), was a
stock solution that had been diluted with clean, mineral-free
water 8 M H;PO, and the chosen of this concentration is
based on previous research.” Then, the diluted phosphoric acid
(8 M) was used to produce a range of concentrations by mole
for use with different hydrazone inhibitors, taking molecular
weight into account. The concentration range of inhibitors
used was (4.95-99.00 X 107 mol/L). The experiments were
triple-checked to ensure that the measurements were precise,
and the outcomes were under 2% error. The three measure-
ments are averaged to provide the stated corrosion results.

Electrodes were physically polished with several grades of
silicon carbide sheets (P150), cleaned with distilled water, and
degreased with acetone to remove the unwanted layer from the
C-steel specimen. Epoxy glue was used to cover the cathode
and anode’s backs and the anode’s surface, except (2 X 3 cm?),
which represents the dimension of the C-steel specimen used
in galvanostatic measurements. The wt % structure was C =
0.14, Si = 0.03, Mn = 0.56, P = 0.02, Ni = 0.01, Cr = 0.01, V =
0.01, Al = 0.03, S = 0.04, and Fe = 99.15. Data were provided
by European Corrosion Supplies Ltd. (U.K.).”

Galvanostatic Measurements. Since the galvanostatic
method is both straightforward and reliable, it may become the
standard method for determining an inhibitor’s efficacy. The
polarization experiments in the present investigation were
carried out using the established procedures that were
previously published.™”

Synthesis of Hydrazone Inhibitor Molecules. E-2-(7-
Hydrazonoethyl)thiazole (HTZ). To a solution of 1-(thiazol-2-
yl)ethan-1-one (20 mmol, 2.54 g) in S0 mL of ethanol, 10 mL
of hydrazine hydrate (50—60%) was added dropwise, and the
resulting mixture was sonicated for 60 min at 60 °C. A white
solid was produced with a yield of over 90% after the used
solvent was evaporated under a vacuum and extra ether was
added. Chemical formula: C;H,N,S; '"H NMR (400 MHz,
CDCL,) 6 7.70 (d, J = 3.1 Hz, 1H), 7.18 (s, 1H), 5.61 (brs,
2H), 2.23 (s, 3H). *C NMR (101 MHz, CDCl,) § 169.36,
143.20, 142.71, 119.71, 10.74 (Figures S1 and $2)."°

https://doi.org/10.1021/acsomega.4c00199
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1-(thiazol-2-yl)ethan-1-one E-2-(1-hydrazonoethyl) thiazole (HTZ)

2-((E)-(((Z2)-1-(Thiazol-2-yl)ethylidene)hydrazono)methyl)-
phenol (HTZS). HTZ (705 mg, S mmol) and salicylaldehyde
(610 mg, S mmol) were blended with two drops of AcOH
(acetic acid) and 50 mL ethanol. Instantaneous product
precipitation was followed by 60 min of sonication of the
reaction mixture at 60 °C. After a few days of evaporation in
air, the filtrate cooled to ambient temperature and crystallized
into a light yellow block shape. "H NMR (400 MHz, CDCL,) §
11.70 (s, 1H), 11.37 (s, 1H), 8.69 (d, ] = 11.7 Hz, 1H), 7.91
(dd, J = 13.5, 3.3 Hz, 1H), 7.43 (dd, J = 8.1, 3.5 Hz, 1H),
7.40—7.30 (m, 2H), 7.02 (dd, ] = 8.4, 4.9 Hz, 1H), 6.95 (t, ] =
7.5 Hz, 1H), 2.63 (s, 3H, CH;); *C NMR (101 MHz, CDCl,)
6 168.17, 167.57, 164.88, 164.75, 162.26, 160.27, 159.90,
157.68, 143.84, 133.55, 132.67, 122.67, 122.42, 119.90, 119.77,
117.84, 117.37, 117.20, 14.93 (Figures S3, S4).""
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hydrazone

Spectroscopic Studies. Atomic Absorption Spectrosco-
py (AAS). The test C-steel sheets were inclined in 8 M H;PO,
as corrosive media without and with hydrazones (HTZ,
HTZS, and HPYS) at different concentrations and temper-
atures (293—313 K) for 10 min. Quantitative measurement of
Fe* was carried out using an atomic absorption spectrometer
to measure the concentration of the acid (ANALYTIK JENA
CONTRAA 300 Atomic Absorption). Galvanostatic polar-
ization (GP) experiments were performed to quantify and
compare the concentration of ferric ions remaining in solution.

Surface Analysis. Atomic force microscopy (AFM)
equipped with a silicon nitride probe type MLCT from Bruker
and operated in contact mode is used to assess the surface
roughness of the materials. Parameters for the scan were
adjusted in Proscan v 1.8 software. Contact mode, 25 X 2§
um? scan area, 1 Hz scan rate, 256 X 256 data points, and IP
2.1 software were used for this scan.

The specimen’s reflection spectra and surface brightness
degree of the C-steel were deliberated via UV-—visible
reflectance spectroscopy (Jasco V-570) in the 200—800 nm
range.

The alterations on the C-steel surface following corroding
and inhibiting were discovered by using scanning electron
microscope (SEM). Micrographs taken with scanning electron
microscopy revealed an intensive corrosion assault and the
process of coating metal with a protective layer. Electron
dispersion X-ray spectroscopy (EDX) was also used to show
that the composition of the metal surfaces had changed. A

2-((E)-(((2)-1-(Pyridin-2-yl)ethylidene)hydrazono)methyl)-
phenol (HPYS). After adding 1.5 mL hydrazine hydrate (50—
60%) dropwise to a 1-(4,5-dihydro thiazol-2-yl) ethan-1-one
(20 mmol, 2.42 g) solution in SO0 mL ethanol, it was sonicated
at 60 °C for 60 min. A greater yield (>90%) of white solid was
obtained when a vacuum was used to remove the solvent, and

then an excessive amount of ether was added.

N AN
| NH,NH,/EtOH |/
_— =
ultrasound N rJ
60 min, 1h

*NH,

2-acetylpyridine 2-acetylpyridine hydrazone

2-Acetylpyridine 2-Acetylpyridine Hydrazone. In 50 mL of
ethanol and 2 drops of AcOH (acetic acid), we combined 1620
mg, 12 mmol of 2-acetylpyridine hydrazone and 1464 mg, 12
mmol of salicylaldehyde. Instantaneous product precipitation
was followed by 60 min of sonication of the reaction mixture at
60 °C. Light-yellow block-shaped crystals appeared in the
filtrate after a few days of letting the solution slowly evaporate

into the air at ambient temperature.12

T 0

r“N HO"

2-((E)- (((Z) l (pyridin-2-yl)ethylidene)hydrazono)
methyl) phenol (HPYS)

JEOL JSM-IT200 microscope was utilized to capture the SEM
and EDX micrographs.

Using ultraviolet—visible absorption spectrophotometry [Pg
instruments £-80 UV—visible spectrophotometer], we analyzed
the compounds’ corrosive restricting capability with and
without C-steel sample immersion in the restricting solution
at optimum concentration [99.0 X 107> mol/L at 293 K of
inhibin]. This gave us a better understanding of how the
hydrazone inhibitors under study interact with the C-steel
substrates.

Theoretical Approach. DFT calculations were performed in
Gaussian-09 for this investigation."” The theoretical method
was treated via a B3LYP/6-311G (d,p) basis set to provide
reliable hydrazone geometries and electrical characteristics.
The calculations were performed in the gas phase to
demonstrate the connection between the molecular character-
istics of hydrazones and their effectiveness as inhibitors. Due to
its precision when using chemical principles, DFT can give a
useful understanding of chemical reactions theoretically and
selectivity like electronegativity (y), hardness (1), softness (o),
and electrophilicity index (@), in addition to other regional
markers of reactivity, such as Fukui functions f(r).

DEFT is used to find out things like the highest filled and
lowest free molecule orbital energies (Eyomo and Epymo),
which are known as values for the molecular orbital energies at
the periphery (FMO), a gap of energy (AEgap = Eiymo —
Enomo), moment dipole (u4), global electronegativity (y),
ionization energy (I), electron affinity (A), global softness (o),
chemical potential (P;), global electrophilicity (w), global

16471 https://doi.org/10.1021/acsomega.4c00199
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hardness (#), electroaccepting (w*) power, electrodonating

(w™) power, the back-donation energy (AE, 4), fraction of

transferred electrons (AN), and metal/inhibitor interaction
. . 14

energy (AE.. ) using the equations.

I'=—Epomo A = —Erumo

n=-x xy=U+A4)2 n=~1-4)/2 (1)
o=1/n 2)
B=-x (3)
® =B/ )
AEy = (-n)/4 (s)

The following equation calculates the fraction of transferred
electrons (AN):

()(Fe - )(hyd.) _ (¢Fe - Zhyd.)

AN = =
2, + yg)  200,) (6)

where (¥go, 7g.) and (hyd Whyd.) are, respectively, the
electronegativity and chemical hardness of iron and the

hydrazone inhibitor when ¢g, is the function. In our research,
the theoretical values of electronegativity ¢z, = 7 €V and #g,
are neglected as # of the bulk metals is linked to the opposite
of the number of states they have at the Fermi level; it is a very
minimal amount (equal zero)."> C-steel/hydrazone inhibitor
interaction strength (AW inn) is mathematically defined
using the following formula:

(XFE - )(Hyd. )2

Al//steel/inl-n. =
4(’7Fe + rlHyd.) (7)

To determine the electrodonating potential of a substance,
two novel global markers of chemical reactivity have been
developed (®~) and electroaccepting (w*) powers (eq 8),
which signify, in turn, a molecule’s capacity to give and receive
a very little quantity of charge.

_ @I+ Ay
C16(I - A)’

L (I+34)
©16(I— A) (8)

In addition, the idea of net electrophilicity (Aw*) was
recently suggested by El-Mokadema et al,,'” which measures
and compares a molecule’s electrophilicity in relation to its
original nucleophilicity. Eq 9 was employed to compute this
parameter.

Aw® = {0 = (—0)} or Aw*={w+—(i_)}

1)

€)

Additionally, the inhibitors under study had their molecular
electrostatic potential (MEP) examined. For each atom in the
molecules, the local softness o (o and o, ) and local
electrophilicity @ (w;" and @) were also computed and

connected to nucleophilic and electrophilic assaults, respec-
tively, to understand better the active centers using the

following equations.'®"”
£ _ ok
£ _
wf = of; (11)

Ao, =0 — o = oAf, (12)

Aw, = of — ] = w[Af ] (13)

Also, by utilizing Yao’s dual descriptor, the Fukui parameters
[eq 14] allow us to determine whether an atom is electrophilic
or nucleophilic.

f: = qk(N +1) - qk(N) For nucleophilic attack

fi =a,(N) —q(N - 1) Forelectrophilic attack

Af =, k+ ~f
(14)

The charge on the k atoms in a molecule is determined by
qe(N + 1) when an electron is accepted. While a molecule is in
its neutral state, its k atoms have no charges [g,(N)]; however,
when it loses an electron, they have charges (q,(N — 1)). The
electrophilic and nucleophilic Fukui functions are denoted by
fl:r and fk_ , respectively.20

Results and Discussion. Galvanostatic Polarization and
Effect of Operating Conditions. The limiting current value
that determines the corrosion inhibition efficiency relies on the
rate of mass transfer of Fe*" ions from the diffusion layer to the
bulk of the solution. The mass transfer rate depends on the
geometry of the anode, the relative ionic movement, the
physical properties of the electrolyte, and temperature.”™”

Figure la,b represents the galvanostatic polarization curves
for C-steel in a solution of 8 M H;PO, for blank and different
concentrations of hydrazones. Accordingly, when the inhibitor
is present, the corrosion-limiting current decreases and,
consequently, diminishes the mass transfer. Table 1 indicates

(a)

O blank 4.95E-03 9.90 E-3 2.97E-02 0©O4.95E-02 0O6.90E-02 0O9.90E-02
0.8 7
0.7 1
0.6 1
0.5 1

1(A)

0.4 A
0.3 A
0.2 A
0.1 A

0.0

(®)

0.8 7 ©293K ©298K ©303K 0313K

Figure 1. (a) Anodic polarization plots of C-steel electrode after
exposure to various concentrations of HTZ at 293 K. (b) Anodic
polarization plots of C-steel electrode with optimum concentration of
HTZS (99.0 X 1073 mol/L) at different temperatures.
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Table 1. Calculated Limiting Current (A) and Inhibition Efficiency (I.4%) in Galvanostatic Tests

293 K 298 K 303 K 313 K
hydrazones Chya X 10° mol/L L %I I %I L %I ¢ I %I
HTZ blank 0.60 0.00 0.72 0.00 0.85 0.00 0.98 0.00
4.95 0.38 36.60 0.53 26.38 0.75 11.76 0.89 9.18
9.90 0.32 46.66 0.48 33.33 0.70 17.64 0.86 12.24
29.70 0.27 55.33 0.42 41.66 0.65 23.52 0.76 22.44
49.50 0.23 61.60 0.37 48.61 0.53 37.64 0.70 28.57
69.30 0.19 68.33 0.32 55.585 0.49 42.35 0.67 31.63
99.00 0.12 80.00 0.27 62.50 0.44 48.23 0.55 43.87
HTZS blank 0.60 0.00 0.72 0.00 0.85 0.00 0.98 0.00
4.95 0.33 45.00 0.49 31.94 0.72 15.29 0.87 11.22
9.90 0.28 53.33 0.42 41.66 0.65 23.52 0.81 17.34
29.70 0.24 58.53 0.39 45.83 0.56 34.11 0.69 29.59
49.50 0.22 63.30 0.35 51.38 0.51 40.00 0.66 32.65
69.30 0.17 71.66 0.30 58.33 0.47 44.70 0.61 37.75
99.00 0.10 83.33 0.25 65.27 0.42 50.58 0.52 46.93
HPYS blank 0.60 0.00 0.72 0.00 0.85 0.00 0.98 0.00
4.95 0.42 30.00 0.56 22.22 0.77 9.40 0.90 8.16
9.90 0.35 41.60 0.50 30.55 0.73 14.11 0.86 12.24
29.70 0.30 50.00 0.49 31.94 0.69 18.80 0.80 18.36
49.50 0.26 56.66 0.45 37.50 0.57 32.94 0.73 25.51
69.30 0.21 65.00 0.40 44.44 0.53 37.64 0.69 29.59
99.00 0.16 73.33 0.34 52.77 0.46 45.88 0.59 39.79

Table 2. Adsorption Isotherm Models of the Hydrazones with Values of R Slopes, Intercept, K,q, AG,q;, AH,q, and AS, g,

Obtained by Using Data from Measurements

adsorption T AG 4 AH, 4 ASTiS
isotherm model linear form equation hydrazones  (K) Y intercept R? Ky (IJ mol™) (I mol™) (J mol™' K')
Langmuir Chyd _ 1 C HTZ 293 1.1998 0.0132 0.9770
Yo T T Cn
298 14751  0.0200  0.9820
303 1.6683 0.0479 0.9405
313 1.8817 00653  0.9210
i ic— 0 — — —
kl?}ftlc P ) log = log K + y log Chyd 293 0.5582 1.0221 0.9150 67.77 20.0S 93.83 245.7
€rmodynamic 298 05210  0.6977  0.9764 21.83 —17.59
303 0.6432 0.5909 0.9681 8.29 —15.45
313 0.6511 0.4717 0.9809 5.30 —14.79
Langmuir Chyd _ 1 C HTZS 293 1.1729 0.0111 0.9735
T Tk T O
298 1.4673 0.0143 0.9814
303 1.7608 0.0290 0.9897
313 1.8493 0.0438 0.9674
i ic— 0 — — —
kllt’l}ftlc o log Yl = logK + ylog Gy 293 03682 07633 09249 11831 21.41 99.82 269.8
€rmodynamic 298 04079  0.615S  0.9325 32.28 —18.56
303 0.5531 0.5579 0.9938 10.00 —15.97
313 0.6093 0.5221 0.9880 7.19 —15.58
Langmuir Chyd 1 HPYS 293 1.2776 0.0156 0.9806
0 © T Ciya
298 1.7999 0.0252 0.9528
303 1.7636 0.0525 0.9802
313 2.0504 0.0737 0.9046
i ic— 0 — — —
kl?}fnc o log iy = logK +ylog Gy, 203 05579 09168 09543 4398 19.00 9121 24831
ermodynamic 298 0.4228 0.3887 0.9145 8.30 —15.19
303 0.6848 05616  0.9552 660  —14.87
313 0.6254 0.3740 0.9767 3.96 —14.04
the values of the corrosion limiting current [ij;,], and When compared to values obtained in the presence of varied
inhibition efficiency [%I.4]. Eq 1S is used to calculate the %I hydrazone concentrations, i;;,, was maximum at all temper-
atures in the blank acidic solution. Increasing the reaction
%l = {[lLim(a) - ’Lim(hyd)]/ ’Lim(a)} X 100 (15) temperature enhanced the iy, at all doses of the inhibitors
tested. The inhibitory efficiency of hydrazone decreased from
where ij;,(,) is the limiting current without an inhibitor, and 293 to 313 + 1 K in 8 M H;PO,, as seen in Table 1. As
the limiting current when hydrazones are present is denoted as temperature rises from 293 to 313 + 1 K, more metal is
iLim(hyd)- dissolved. The protective coating may not be able to withstand
16473 https://doi.org/10.1021/acsomega.4c00199
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prolonged contact intervals due to a decrease in inhibitory
effectiveness as temperature increases. Therefore, inhibiting
corrosion at ambient temperature is preferred over higher
temperatures. The adsorption/desorption equilibrium leans
toward desorption, suggesting a physical adsorption process.’

Compared to the free solution, the corrosion rate was
reduced when hydrazones were present. Inhibition is shown to
be effective at higher hydrazone concentrations, where the
hydrazone ions cause a thicker protective film to develop over
the C-steel electrode.

Table 1 demonstrates that relative to the existence of an 8 M
H,PO, solution alone for Fe, the limiting current values (i)
decrease and the efficiency of inhibition values (%I.4) increase
as the concentration of the compounds under study increases.
As the fraction of surface covering increases, 6 (i.e., the
proportion of the metal surface covered by the hydrazone
molecules) is responsible for the concentration-dependent
improvement in inhibitory effectiveness. Experimental data
support the widespread belief that inhibitor molecules reduce
corrosion by adsorbing to a metal’s surface, forming a
protective barrier layer and slowing down the substrate’s
corroding rate.”’

Adsorption Considerations. When evaluating adsorption
properties, knowledge about surface covering, which can be
found by dividing the percentage blocking efliciency by 100, is
essential. At a fixed temperature, the inhibitor content is tied to
well-known equilibrium adsorption isotherm formulas. Lang-
muir and kinetic—thermodynamics adsorption isotherm
models have been utilized.” The linearization form of these
adsorption isotherms is illustrated in Table 2 and Figures 2 and
3.

o HTZ HTZS HPYS

0.00 +—/—7/"—7F"—"—"7" "7 T 7T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10

Cpyq mol/l

Figure 2. Variation of C,4/0 with C4 for the adsorption of
hydrazones on a C-steel surface at 298 K.

o HTZ HTZS HPYS

log6/1-6

log Chyd

Figure 3. Variation of log 6/1 — 6 with log G4 for the adsorption of
hydrazones on a C-steel surface at 298 K.

Ciyq is the inhibitor concentration, and K is the degree of
adsorption. y is a constant related to adsorbed molecules, and
K’ is a constant (K = K''7?). Figure 2 makes it evident that
Chya/ 0 and Cyq have a linear connection with a slope that is
not 1. This demonstrated that the capacity of hydrazones to
stick to the surface of carbon steel did not follow Langmuir’s
absorption rule. According to the Langmuir model, adsorption
takes place on many layers of the adsorbent, and homogeneous
film formation occurs on the C-steel surface.”’

From Figure 3 and Table 2, we can obtain values of 1/,
which are beyond 1 and demonstrate that an inhibitor
molecule takes up more than one active site. In other words,
the K value increases if the inhibitor sticks to the metal surface
better. In Table 2, the K values are displayed. Using the
following e%uation, AG,y, the adsorption-free energy was
estimated:****

1
K= exp(—AG,y/RT
5.5 xp( d )

(16)

As a constant, 55.5 stands for the molar concentration of
water in the solution; the adsorption parameters are shown in
Table 2. Inhibitor molecules strongly contacting metal surfaces
and spontaneously adhering to them are referred to by the
negative sign of the AG,4. Thus, physical adsorption is the
basis for the adsorption heat values utilized here (often,
physical adsorption may be reached with AG,q4 values of up to
—20 kJ mol™.** From eq 17, the enthalpy of adsorption
(AH,y,) and entropy of adsorption (AS,,) were obtained.

AGads = AI_Iads - TASads (17)

The linear relation between AG, g, versus T gives AS 4 (—ve
of the slope) and AH,4, (intercept of the line with the y-axis).
Since adsorption is exothermic (heat is given off) and
inhibitory efficacy decreases with temperature, we know that
the enthalpy of adsorption is —ve. From Table 2, —ve values of
AS,4 in 8 M H;PO,, the incorporation of inhibitors into the
C-steel surface, and the driving force of the reaction may be
slowed by decreasing the randomization from reactants to the
metal/solution interface.

The value of AS,4< 0 shows that the instability decreases
once the complex compound is created, allowing H,O
molecules to desorb from the surface. This indicates that the
adsorption mechanism is stationary and that the complex
compound creation is connected to the rate-determining
phase. Enhancing K4 values also offers substantial interactions
between inhibitor chemicals and metallic surfaces.”’

Dubinin—Radushkevich Isotherm Model (D—RIM). D—
RIM was used to discriminate between physical and chemical
adsorption; it can be expressed as:**

Inf=In@,, —ad (18)

where 0, is the maximum surface coverage, and J is the
Polanyi potential, it can be correlated as

8=RT In(1 + 1/Cyy) (19)

Chya is the amount of inhibitor present in g/1. The plots of In ¢
versus 5 are shown in Figure 4; isotherm constant values (a)
and the largest possible area covered (0,,,,) may be calculated
from the isothermal slopes and intercepts. All of the
corresponding parameters are listed in Table 3. Furthermore,
the isotherm constant (a) has something to do with the

average free energy of the adsorbate molecules, E_, where 1

https://doi.org/10.1021/acsomega.4c00199
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(a) The magnitude of E provides details about the adsorption
0.0 — type that has been observed. Figure 5 shows D—RIM for the
-0.5 ‘I'-. ....................
o T . 2 - .
o 15 . oHTZ
= 20 201 HTZS
25 1
40 - 18 -2 HPYS
0 05 1 15 2 25 3 35 4 45 5 55 S 16 R »
& kJ?mol? = S~
re o~ e —
293K 298K 303K 313K Sa
12 4
(b)
02 . . . . . . . . . 1.0 A
-0.7 J.. """"""""""""" O o 0.8 . . . . ,
R oe 290 295 300 305 310 315
= T (XK
-1.7 o (69)
22 o Figure 5. Mean adsorption energy vs temperature for hydrazones on
C-steel.
-2.7
0.0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7
8?2 kJ?mol? . 2
adsorption of hydrazones on the C-steel surface. Values of R
® 293K 298K 303K * 313K ) .
obtained from the plots reveal that D—RIM applies to
© hydrazones’ adsorption on the C-steel surface. E, is an index
0.0 , , , , , , for predicting the mechanism of the adsorption of the
05 1o inhibitor. When E,, is less than 8 kJ/mol, a physical adsorption
. &, O mechanism is upheld and vice versa. According to our previous
B I e ° results, the numerical values of E,, reflect the physical
E 151 adsorption mechanism.
2.0 1 . Activation Parameters. By charting a graph of In iy, vs
25 ° 1000/T, the activation energy (E,) for different amounts of
40 hydrazones in 8 M H;PO, was calculated. The resultant
0 0.4 0.8 12 16 2 24 238 plotting curve (Figure 6) gives a straight line with slopes to
82 kJ’mol?

©293K 298K 303K ®313K

Figure 4. Dublin—Radushkevich isotherm for the adsorption of (a)
HTZ, (b) HTZS, and (c) HPYS on C-steel surfaces at different
temperatures and concentrations.

Table 3. Some Linear Regression Parameters from the
Dubinin—Radushkevich Isotherm Model for Hydrazone
Adsorption on a C-steel Surface in 8 M H;PO, at Different
Temperatures

hydrazones T (K) R? a (k]2 mol?) Ormax E,, (J mol™)

HTZ 293 0.9500 0.1046 0.5866 2.1860
298 0.9041 0.1568 0.4851 1.7857
303 0.8930 0.2706 0.4041 1.3590
313 0.9532 0.2122 0.2831 1.5350
HTZS 293 0.9448 0.1456 0.6088 1.8530
298 0.9543 0.1953 0.4893 1.6000
303 0.9146 0.4315 0.3879 1.0765
313 0.9050 0.4578 0.3226 1.0450
HPYS 293 0.9588 0.2666 0.5332 1.3695
298 0.9240 0.2006 0.3527 1.5788
303 0.8605 0.5066 0.3166 0.9935
313 0.8649 0.3968 0.2089 1.1225

mol of adsorbate transferred from infinity (bulk solution) to
the adsorbent surface energy as

E, = 1/(2a)"? (20)

permit the calculation of E, by applying the following
equation:27

i, =A B/RD (21)

where A is the reaction’s frequency factor, R is the universal gas
constant, and T is the temperature in Kelvin. Table 4 shows
the expected value of E, for the C-steel in hydrazones. Table 4
shows that the E, values are greater when hydrazones are
present than when they are not, suggesting physical adsorption.
Electrostatic binding has been said to be the reason for this
kind of success.”® The rise in E, in the system where rust is
stopped shows that the energy barrier for corrosion is getting
higher. In the presence of inhibitors, the estimated E, suggests
that the contact between the metal surface and the studied
inhibitors was strong enough to make it hard for the acid to
attack the metal surface, implying that corrosion was stopped.

Adsorption of hydrazones on the C-steel surface can be
exothermic or endothermic depending on the reaction
condition, the nature of hydrazone molecules, and the
mechanism of the reaction. For more proof, you can get an
idea of the heat of adsorption (Q,4,) by looking at how the

. . 29,30
amount of surface covering changes with temperature:™”

Q—ads ]

0
logl —— | =1logA + log C —
Og(l - 9) 8 o8 [2.303RT

(22)

where A is a constant, Figure 7 shows the plot of the log(%)

as a function of @. The adsorption of hydrazone species on
the Fe surface is an exothermic process associated with a high
negative value of adsorption heat (Q,4, = —67.15, —73.13, and
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Figure 6. Arrhenius relation for corroded C-steel under several
concentrations of (a) HTZ, (b) HTZS, and (c) HPYS.

Table 4. Activation Parameters of the Corroded C-steel in 8
M H,;PO, Inhibitor-Free Solution in the Presence of
Different Concentrations of Hydrazones

E, Qs AS* AH* AG*
hydrazones (kJ/mol) (kJ/mol) (J/molK)  (kJ/mol)  (kJ/mol)
Blank 18.50 —194.21 15.96 75.29
HTZ 31.79 —67.15 —152.02 29.27 75.15

37.20 —134.93 34.69 75.40
39.01 —129.93 36.50 75.72
41.40 —123.22 38.89 76.08
47.11 —105.26 44.60 76.36
55.37 —=79.79 52.86 76.94
HTZS 36.57 —=73.13 —136.83 34.06 75.35
40.36 —125.29 37.85 75.65
39.12 —130.50 36.61 75.99
41.01 —124.92 38.50 76.20
47.54 —104.48 45.03 76.55
59.62 —66.46 57.11 77.17
HPYS 29.01 —63.14 —160.91 26.50 75.05
34.09 —144.85 31.59 75.30
36.06 —138.97 33.5§ 75.49
37.08 —136.64 34.57 75.80
42.68 —119.03 40.17 76.09
4391 108.14 4391 76.55

—63.14 kJ mol™"), so the physical absorption process that was
suggested before is clear-cut.”

The usual equation of the transition state was used to
determine changes in (AH*) enthalpy and (AS*) activation
entropy.

Spectroscopy (AAS) Measurements. As an indirect measure-
ment method, atomic absorption spectroscopy (AAS) is
regarded as an optical atomic spectrometric approach that
focuses on the concentration (amount) of iron ions (Fe*") in
the corrosive solution produced by the corrosion of C-steel in
an acidic environment. Figure 8 and Table 5 show the

== Fe ==©==Absorbance
60
Fo1.1
50 g
= F o9 §
EEl‘, 40 .g
E | - 07 2
& L <
@ 20 - 05 5
& &
10 r 03 &
(o] 0.1
290 295 300 305 310

Temperature (K)

Figure 8. Concentration and absorbance of dissolved Fe*" ions in the
solution as a function of temperatures.

absorption, the percentage of inhibition efficiency (%IExs),
and the amounts of the iron metal ions left in the solution after
galvanostatic polarization (GP). The method for figuring out
the %IE g is

C
%IE, ¢ = (1 - chid] x 100

(24)

C* and Cyyq are the amounts of iron dissolved in the fluid with
and without inhibitors, respectively. When the hydrazones
(HTZ, HTZS, and HPYS) were present, less iron metal ions
were left in the 8 M H;PO, solution after rusting than when
the inhibitors were not present, according to an analysis of the
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Table 5. Depict the AAS Study of Dissolved Ferrous (Iron)
Ions in Corroding Solution Against 8 M H;PO, Control
Under Different Temperatures and Concentrations of
Hydrazones

[Fe?*] signal

samples (mg:- L") absorbance %IE,ug

iron + 8 M H;PO, (293 K) 112.10 0.73932 -

iron + 8 M H;PO, (298 K) 127.30 0.75806 -

iron + 8 M H;PO, (303 K) 144.20 0.94251 -

iron + 8 M H ;PO, (313 K) 164.40 1.07050 -

iron + 8 M H,PO, + 31.20 0.38210 78.36
4.95 X 1073 mol/L HTZ (303 K)

iron + 8 M H,PO, + 15.40 0.24291 89.32
4.95 X 1073 mol/L HTZS (303 K)

iron + 8 M H;PO, + 42.20 0.42953 70.74
4.95 X 107> mol/L HPYS (303 K)

iron + 8 M H;PO, + 23.60 0.31233 83.63
99.0 X 107> mol/L HTZS (303 K)

iron + 8 M H;PO, + 15.40 0.24291 89.32
4.95 x 1073 mol/L HTZS (303 K)

iron + 8 M H;PO, + 2.70 0.10959 97.59
4.95 X 107> mol/L HTZS (293 K)

iron + 8 M H;PO, + 8.40 0.21575 93.40

4.95 x 107 mol/L HTZS (298 K)
iron +8 M H;PO, + 4.95 X 1073 mol/L 15.40
HTZS (303 K)

iron + 8 M H,PO, + 51.90
4.95 X 107 mol/L HTZS (313 K)

0.24291 89.32

0.48697 68.43

data in the last table. This finding proves that adding inhibitors
to the aggressive H;PO, solution had the desired effect of
slowing the rate of iron metal corrosion. With a %IE,,g of
89.32%, HTZS demonstrated the highest corrosion inhibition
efficiency of the three inhibitors tested. At 303 K, HPYS was
the least effective at stopping corrosion with a rate of 70.74%.
The values of inhibition efficiency percentage that can be
estingt%ci from the dissolution rate and the AAS method agree
well.”"

UV—-Visible Responding Complexes. UV—visible spectros-
copy can be used to analyze adsorption on the surface of the
C-steel to observe the dissolution of iron (Fe?*) and validate
the formation of the iron/inhibitor complex. This was
explained by the difference between the wavelength A, of
an 8 M H;PO, corrosive solution with and without
hydrazones. Figure 9 demonstrates the UV—visible absorption
spectra for the blank, with the optimum concentration of the
three hydrazones before and after coating with C-steel. By
analyzing spectra, it is possible to see how pure inhibitor
inhibit C-steel sample absorbance values and intensities differ
when compared to blank sample. It is also interesting to note
that the peak of the blank solution, which was seen at 235 nm,
is weaker than those of the three inhibitor solutions. Strong
evidence for improved interaction between inhibitors and
acidic media is shown by the wavelength values A, of pure
inhibitors mixed with H;PO, traveling to higher values of 250,
245, and 240 nm for HTZS, HTZ, and HPYS, respectively.
Two events happened following metal exposure, as shown in
the diagram. The peak positions for HTZS, HTZ, and HPYS
were slightly shifted to 245, 240, and 238 nm, respectively, to
correspond to z—7 *lone pair electron transmissions with a
minor reduction in the absorbance’s intensity. According to the
literature,>>*° a shift in the location of the absorbance
maximum and the absorbance value in an inhibited solution
are signs that a complex between the metal ions and the
inhibitor has formed. So, the hydrazones—Fe*" complex acts as

a barrier that effectively protects the surface of the C-steel from
corrosive H;PO, solution attack.

Corrosion Appearance Analysis. Corrosion Attack
Morphology and Elemental Analysis (SEM and EDX). The
inhibitory potential and potential creation of the protective
barrier by the investigated molecules on the C-steel surface
were assessed by using quantitative EDX studies and
qualitative microscopic SEM investigations to validate the
galvanostatic tests. The C-steel morphology of steel samples is
shown in before (Figure 10A), after (Figure 10B), and with
and without hydrazones (Figure 10C—F). According to the
images, the steel coupon in Figure 10A has a rough surface,
cavities, clear pits, and porous layers packed with tiny fractures
before submerging in an 8 M H;PO, solution devoid of
inhibitor.

In turn, the chemicals can readily corrode the plate by
penetrating the steel.*>*” The C-steel surface in Figure 10b is
exceedingly rough, with thick, uneven layers covering the
surface when exposed to a very powerful solution without
inhibitors (blank). The presence of a strong oxygen peak in the
C-steel EDX spectra of the blank makes it obvious that
corrosion-induced processes produce iron oxide (rust). The
presence of the phosphorus peak, which indicates the existence
of this element on the surface because it originates from the 8
M H;PO, solution in the solution, should also be seen
following immersion in a strongly acidic solution. The SEM
image shows that the C-steel surface with hydrazone inhibition
appears undisturbed.”™*”

The C-steel surface becomes less harmed than the blank by
adding 4.95 X 107> mol/L HTZS (Figure 10C), and some
larger pores and cracks are created on the surface. The C-steel
surface (Figure 10D) becomes extremely smooth and
corrosion-free as the concentration of HTZS (99.0 x 1073
mol/L) increases. Steel is less likely to dissolve when HTZS is
used under corrosive conditions because it generates an
extremely uniform adhesive layer on the metallic surface. This
shows that the inhibitor’s corrosion resistance was improved at
increasing concentrations. Adding 99.0 x10~> mol/L inhibitors
of HTZ and HPYS significantly reduces iron dissolution and
surface damage, as shown in Figure 10E,F, compared to the
blank solution (Figure 10B). These can be compared to find
that the test materials’ surface smoothness is on the order of
HTZS > HTZ > HPYS. It is evident that the samples’ surfaces
have an effective protective coating that prevents corrosion.

The metallic surface exposed to unrestricted acidic media
produced specific indications for oxygen, iron, and carbon,
according to EDX analysis. Even though the metallic surface
exposed to hydrazone-inhibited acidic medium exhibits the
same signals, the intensity of the oxygen signal is diminished,
there is a notable decrease in the phosphorus peak, and there is
an increase in the appearance of the nitrogen peak when
compared to raw and blank. These findings support the
anticorrosion effect of hydrazones by demonstrating that oxide
production is reduced when they are present. This indicates
the compounds’ inhibitory capabilities since they can block
electrolyte access and minimize the corrosion phenomenon by
forming a protective layer on the surface of the C-steel.

AFM. The primary measure utilized to assess localized
corrosion activity and the kinetics of the corrosion of metallic
materials was surface visualization of the surface topography.
AFM analysis was done to examine the surface morphology
thoroughly, and the results are shown in Figure 11. It is easy to
see how the surface morphology has changed with the
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Figure 9. UV—visible spectra of 8§ M H;PO, free solution, containing 99.00 X 107> M of (a) HTZS, (b) HTZ, and (c) HPYS before and after the

test with a C-steel electrode.

performance of different inhibitors in corrosion protection.
The hydrazone’s adsorbed layer was visualized by AFM and
characterized by roughness parameters (Figure 11). The
resistance of the C-steel surface to the corrosive environment
was analyzed and represented by 3D-dimensional AFM images
(Figure 1la—c). The C-steel 3D images without adding
hydrazones reveal that the metal surface was damaged severely
because of the corrosive attack of the 8 M Hy;PO, (Figure 11b)
and the peaks and valleys around 4.31 ym. However, adding
hydrazones to the corrosive medium reduces the aggressive
medium’s corrosive attack, as shown in Figure 11d—f, with
smooth surfaces.

The valleys and peaks are located at 1.01 ym (HTZS), 1.74
um (HTZ), and 2.03 um (HPYS). The AFM data further
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support the order of the inhibitory efficiency discovered by
electrochemical measurement experiments. Also, Table 6
compares the Ra and Rq parameters, which are usually used
to describe the surface roughness of solids, which were
decreased from 0.213 and 0.301 ym to 0.088 and 0.119 pm
upon increasing the concentration of HTZS from 4.95 x10~
mol/L to 99.0 X 107 mol/L (59% and 60% reduction),
respectively.

The smoothest surface roughness was obtained in the C-
steel sample with HTZS, which is about 0.088 and 0.119 um,
and the maximum surface roughness belongs to HPYS, which
equals 0.206 and 0.283 um, respectively. One could conclude
that tiny delamination and microcracks significantly impact
surface roughness measurement.
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Figure 10. SEM, EDX spectra, and EDX parameters for C-steel in the
uninhibited and inhibited media at 293 K: (A) raw, (B) blank, (C)
HTZS 4.95 X 10~° mol/L, (D) HTZS 99.0 X 107> mol/L, (E) HTZ
99.0 X 1073 mol/L, and (F) HPYS 99.0 X 103 mol/L.

Additionally, the surface grains were growing larger, and the
dome-shaped surface grains’ diameter was increasing. These
findings utterly validate the SEM image results and their
widespread praise. The section on brightness measurements
that follows will provide more evidence that roughness
measures support scanning electron microscope pictures.zm‘41

UV Spectral Reflectance Studies (Gloss Value). Improve-
ments in the circumstances used, such as inhibitor type,
concentrations of the electrolytic solution, and temperature,

significantly impact the brightness and smoothness of the C-
steel surface under corrosion by the aggressive. There is a
strong inverse association between the brightness and surface
roughness. The gloss of C-steel surfaces in the company of
hydrazones increases with decreasing roughness, as indicated
in Table 6. It is known that when Rp-v rises, brightness drops,
and light scatters when it is reflected.

According to this investigation, the reflectance (gloss value)
gradually increases for the specimen dipped in an 8 M H;PO,
solution and is the lowest for raw C-steel samples. The
production of thin films on the metal surface may cause these
variations in gloss value. The reflectance percentage of the
inhibitor-used specimens is higher than that of the blank
sample. This demonstrates that the development of a coating
on the surface has resulted in a further alteration of the surface
properties.

Due to an increase in the inhibitor’s adsorption, the
reflectance percentage rose as the inhibitor concentration
did. Figure 12a displays reflectance curves for specimens
corroded, dipped in a blank solution, and at various inhibitor
doses. Additionally, several samples revealed a decline as the
inhibitor type changed (Figure 12b).**~**

Computational Details. To acquire a deeper understanding
of the mechanism of corrosion inhibitors on metal surfaces, we
looked into the relationship between the electronic structure
and inhibition mechanism of hydrazone molecules in neutral
forms under gas phase circumstances using DFT. The FMOs
and the global reactivity descriptors generated from quantum
mechanical calculations for describing the I (%) structural
characteristics were used to assess the anticorrosion potentials
of hydrazones. HOMO, LUMO, and electrostatic potential
maps of the inhibitors are shown in Figure 13.

As shown in Figure 13, hydrazones may interact with the
corroding C-steel surface in acidic solutions via heteroatoms
and z-electrons, which may function as nucleophilic adsorption
centers and 7—7 stacking, resulting in the expected inhibitory
mechanism. The optimized shape of the B3LYP/6-31G (d,p)
displays the tested inhibitors” active centers.

In general, the ability of a compound to donate electrons to
LUMO acceptors is determined by the energy of HOMO
(Exomo)- In contrast, a molecule’s ability to accept electrons
depends on the energy of the LUMO (E;yp0) orbital. As the
energy gap value (AE) decreased, the energy required to
remove an electron from the HOMO orbital (excitation
energy) decreased, which increased the ability of compounds
to adsorb on the surface of the metal. As a result, electrons
were readily donated to the Fe atom’s vacant d-orbital,"’
resulting in a stable inhibitor metal complex with improved
inhibition abilities. Table 7 demonstrates that the energy gap
values were in the following order: HTZS < HTZ < HPYS. It
has been suggested that a molecule with a smaller energy gap
may be more polarizable. Soft molecules are those with low
kinetic stability and strong chemical reactivity.

Additionally, scientists noted that the site of the molecules
with the largest global softness (o) is where inhibitor
molecules adsorb onto the surface of the C-steel. It is evident
that HTZS has the highest degree of softness and, hence, the
greatest ability to protect the surface of the C-steel, which is
consistent with experimental findings.'®™'® The interaction
between C-steel and hydrazone inhibitor molecules is related
to the ionization energy (I) and electron affinity (A) of
produced inhibitors."”
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Figure 11. 2D and 3D roughness profiles for the C-steel scanned area with hydrazones.
Table 6. Change of Gloss Values and Roughness Parameters 160 1 (a) HTZS (99.00x10%)

of C-Steel after Exposure to the Corroded 8 M H;PO, Free
Solutions and under Optimum Hydrazone Concentrations
at 293 K

brightness
éloss Rq Ra Rp-v
corrosion conditions value) [pm] [um]  [pm] %L
raw sample 16.30 0.789  0.624  4.99 -
after corrosion without 27.70 0.364 0.468 4.31 0.00
additives
after corrosion with 43.40 0.301 0213  2.79 53.33
4.95 x 107 mol/L of
HTZS
after corrosion with 137.20 0.119 0.088 1.01 83.33
99 x 10° mol/L of
HTZS
after corrosion with 77.60 0.138 0.098 1.74 80.00
99 x 1073 mol/L of
HTZ
after corrosion with 54.60 0.283 0.206 2.03 73.33
99 x 107% mol/L of
HPYS

Recently, some authors have utilized the dipole moment to
measure the effectiveness of molecules’ ability to inhibit
corrosion, where the dipole moment’s magnitude increases the
inhibition’s effectiveness. The process of transporting electrons
is made more accessible by the increasing value of the dipole
moment. Others, however, suggested the opposite relationship,
stating that a low value of dipole moment favors the
aggregation of inhibitor molecules on the surface of the C-
steel, improving the inhibitory performances. The computed
dipole moments for the examined hydrazones agree with the
second suggestion, as shown in Table 7. However, the review
of the literature® reveals a number of irregularities in the
relationship between dipole moment and inhibitor effective-
ness. Therefore, in general, there is no noteworthy correlation
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Figure 12. (a) Effect of HTZS concentrations on the gloss value of C-
steel samples at temperature 293 K. (b) Effect of inhibitor type on
measured gloss value (G) of C-steel samples at the concentration
(99.00 X 107> M) and temperature 293 K.

between the magnitudes of the dipole moment and the
efficacies of inhibition,*~*

This outcome, therefore, motivated us to explore the
researched systems’ accepting and donating properties further.
The effectiveness of the hydrazones’ experimental inhibition
and their ability to give and/or take electrons were compared
using three models for this purpose: (i) the electrodonating
(w™) and the electroaccepting (w*) powers, proposed by
Gazquez et al,” (i) the net electrophilicity index (Aw*)
(Chattaraj et al),”' and (iii) the back-donation (AE,.)
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Figure 13. Optimized structures, frontier molecular orbitals, and ESP
distribution of the hydrazone molecules calculated using the B3LYP/
6-311G (d,p) method.

Table 7. Calculated Molecular Electronic Structure
Parameters of Studied Prepared Hydrazones in Neutral
Form in the Gas Phase

hydrazone inhibitors HTZS HTZ HPYS
Enomo (eV) —5.8580 —6.1078 —5.9457
E oo (eV) —2.4409 —2.0871 —1.3864
AEg, (eV) 3.4172 4.0207 4.5593
1 5.8580 6.1078 5.9457
A 2.4409 2.0871 1.3864
z 4.1494 4.0975 3.6661
P; —4.1494 —4.0975 —3.6661
g (Debye) 1.7608 1.8486 2.6645
7 (eV) 1.7086 2.0104 22797
o (eV) 0.5853 0.4974 0.4387
o (eV) 5.0386 4.1757 2.9478
[N 7.3271 6.4757 5.0658
w* 3.1776 2.3782 1.3997
w* 10.5046 8.8539 6.4655
w* 3.0411 2.2238 1.2023
AE, 4 (eV) —0.4271 —0.5026 —0.5699
AN (eV) 0.8342 0.7219 0.7312
T.E (Hartee) —1101.7303 —780.9610 —757.2583
%IE 83.33 80.00 73.33
Aeanya (eV) 1.1889 1.0476 1.2189

(Martinez-Gomez et al.).”” From the results in Table 7, the
observed increase of the experimental inhibition efficiency
results in the rise of ®™, %, Aw*, and AE, 4 with increasing
size of heteroatoms of researcher inhibitors. These findings
support the conclusion that HTZS was the best inhibitor.
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Inhibitor interactions with C-steel surfaces may be affected
by the electronic back-donation process, as predicted by the
simple charge transfer hypothesis for charge donation and
back-donation.”” According to eq 5, the energy shift is
proportional to the inhibitor molecule’s hardness when the
electron transfer and back-donation processes occur con-
currently. Therefore, the charge transfer from a molecule,
followed by a back-donation to the molecule, is energetically
favored, as shown by the AE;_; < 0 because # > 0. According to
this concept, the inhibitor’s effectiveness should rise when the
molecule can better adsorb onto the metal surface. As the
hardness increases, it stands to reason that E,_j will fall. As seen
in Table 7, our computed AE,_4 has the following trend, which
is consistent with the experimental results: HTZS > HTZ >
HPYS.'*™'*

The global electrophilicity index represents the molecule’s
propensity to take electrons and quantifies the energy
stabilization that occurs when a system gains AN electron
charges from its surroundings. The current research shows that
the global electrophilicity index, @, correlates well with the
corrosion inhibition effectiveness. Since HTZS’s electro-
philicity index is the greatest of the three compounds, it
stands to reason that it will also be the most potent nucleophile
(donor).

Global electronegativity (y) refers to the molecule’s
propensity to take in electrons. The negative heteroatoms
(N, O,S) improve electronegativity, corrosion resistance, and
inhibitor adsorption on the C-steel surface by boosting donor—
acceptor interactions. This enhances the electrostatic contact
between the C-steel and the inhibitor. Through a high
electronegative C-steel (7 eV) — low electronegative
hydrazone (Table 7) interaction, electrons migrate from the
donor hydrazones to the acceptor C-steel until equivalency was
achieved."”

The electronegativity/hardness equalization method may be
used to generate AN as a descriptor. It was said that molecules
play the role of electron donors if the number of electrons
transferred (AN) is positive and the opposite if AN is negative.
All AN values in this work are positive, indicating that
molecules donate electrons during adsorption. When it comes
to inhibiting corrosion, a larger AN suggests that the inhibitor
is more likely to interact with the metal surface. Table 7 shows
that HTZS has the highest net positive proportion of
transferred electrons (AN), making it the most electron-rich
molecule. The total energy (E) and starting energy (Ay) of the
molecule—metal interaction (AN) are also crucial factors. The
data show that HTZS has the greatest value of total energy
(T.E) and is favorably adsorbed through active adsorption
sites. Table 7 lists the computed values for the studied
inhibitors Ay. However, in this research, the trend of AN and
Ay values does not match well with the trend of inhibition
efficiency as assessed experimentally.'®

Mullikan population analysis may be used to predict where
the hydrazones’ inhibitors will adsorb. The primary calculation
is the charge distribution throughout the whole skeleton of the
molecule. The atoms in the adsorbed core are more willing to
donate an electron to the metal’s unfilled orbital if they have a
higher negative charge. Strong adsorption of the inhibitors on
the C-steel surface is guaranteed by the presence of O, S, and
N atoms as well as numerous electrons on these molecules.
Table 7 lists the net charges on the atoms in the hydrazone
(not including hydrogen atoms). Therefore, N, O, and certain
C atoms have the greatest binding affinity to the C-steel
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Figure 14. Graphical representation of the dual local descriptors and Fukui indices for selected atoms in the gas phase for (a, b) HTZS, (c, d)

HTZ, and (e, f) HPYS.

surface and function as electron donors due to their role as
active adsorption sites.

However, the inhibitor effectively interacts with a metal
surface because certain C atoms have positive charges that
nucleophiles will target. Therefore, this contact will slow the
corrosion process. Molecular electrostatic potential (MEP) and
Fukui indices corroborate this finding.

The electrophilic and nucleophilic reactivities may be
inferred from the change in color of the areas of electron
density in MEP, as shown in Figure 13, which helps to
understand the adsorption process and detect the probable
reactive sites of inhibitors. The positive (nucleophilic) and
low-density (blue) regions indicate nucleophilic reactivity,
whereas the negative (red) regions denote electrophilic
reactivity. Red has the highest electron density, followed by
orange, yellow, green, and blue. High electron-rich patches
(yellow to red hue) were shown to be concentrated on (C9)
and (N14) in HTZ; (C23), (C25), (C18), (N14), and (O16)
in HTZS; and (C18), (C14), (C11), (N3), (N7), (09), and
(C18) in HPYS. For HPYS, C8 and C24 are the electron-poor
locations (colored green to blue). In addition, as the MV of the
hydrazones grows, so does the inhibitor’s capacity to shield the
C-steel surface. Thus, the S-containing heterocyclic compound
often displays good corrosion inhibition performance due to
the presence of high-density electron clouds around the
substitutive atoms/groups on the ring,** which will generate an
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electronic interaction with the iron’s vacant d orbitals and
imply that adsorption between hydrazone molecules and the
iron surface occurs spontaneously.*’

Fukui indices are the appropriate method for investigating
the nucleophilic and electrophilic local reactive sites respon-
sible for an inhibitor’s behavior. Table 7 and a line graph of
Figure 14 show the results of calculating the condensed Fukui
functions with Mulliken charges (f;*, fi"), local electrophilicity
(0, @), and local softness (0", 6,”). We calculated (Afy),
which is equivalent to the difference (fi* — f,7), to help us
compare the relative attractiveness of sites for nucleophilic and
electrophilic attacks on any given atom (k). If Af is greater
than zero, then the site is preferable for a nucleophilic attack,
and if Af is less than zero, then the site is preferable for an
electrophilic attack.>”

The tabulated results reported in Table S1 reveal, for the
nucleophilic attack, the highest f;,~ values of Inh. HTZS N14,
016, C18, C23, and C25 atoms. For Inh. HTZ, the most
nucleophilic sites are N14 and C9 atoms. For HPYS, the most
reactive sites are N3, N7, 09, C11, C14, and C18. This
demonstrates a tendency to form coordinating bonds with iron
by donating electrons to empty molecular orbitals on the
metal’s surface. The findings from the calculated global
reactivity are consistent with this. Out of the three investigated
inhibitors, C8 and C24 in HPYS have the highest f;* values for
the electrophilic attack, suggesting that these sites are most
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suited for an electrophilic assault in which the molecule takes
electrons to form feedback bonds with the Fe surface. Local
dual index values (Af, Ac, and Aw) corroborate these findings
by pointing to a high concentration of active sites inside these
inhibitors. Some atoms were discovered to have values greater
than O for all three descriptors, however, suggesting that these
centers are electrophilic (see Figure 14). In accordance with
the frontier orbital results, a closer look at the molecular
structures would reveal additional reactive sites that play a key
role in increasing the reactivity of the investigated molecules,
thereby enhancing interactions with the metal surface via a
back-donation process.

These findings suggest that there will be several active sites
in the Inh. HTZS molecule that may interact with the iron
substrate. Bonding to the iron surface through electron
donation to the Fe 3d orbitals'® is more likely to occur at
places containing N and O atoms. Furthermore, it is
hypothesized that the binding between the metal’s surface
and the Inh. HTZS is more robust than those in the cases of
HTZ and HPYS. In conclusion, the aforementioned regional
descriptors show that the theoretical order for the change in
inhibition efficiencies of the investigating inhibitors is as
tollows: HTZS > HTZ > HPYS, which agrees with the current
experimental evidence.

Proposed Protection Mechanism. The adsorption of
hydrazones on the C-steel surface may entail at least one of
the following interactions, as shown by the aforementioned
experimental and theoretical findings: the iron oxide coating
has a positive surface charge; therefore, it attracts PO, ions
when placed in an 8 M H;3PO, solution. Hydrazones are good
inhibitor adsorbents because they contain either an electron
aromatic ring or an electronegative donor atom (N, O, or S) or
both. As a result, the electrostatic interaction between the
positively charged molecules of the inhibitor and the negatively
charged metal surface promotes the physical adsorption of the
inhibitor onto the C-steel surface (Figure 15). After that, the
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Figure 1S. Schematic diagram for the C-steel corrosion inhibition
process in the presence of hydrazones.

presence of these molecules protects the metal from the
corrosive fluid. Additionally, the ionized Fe atoms on the
surface interact with z-electron clouds on the aromatic ring
through a donor—acceptor mechanism known as retrodona-
tion. Also, on the other hand, it can be based on the size of the
inhibitor molecule. The large surface area of the Inh. HTZS,
due to the presence of S, N, and O atoms, allows for the
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creation of a larger surface due to the large molecular volume
of atoms protecting against the corrosion process. This may be
the primary reason that this compound has higher inhibitory
characteristics than Inh. HTZ and HPYS, which are superior to
previously reported inhibitors under the same conditions
(Table S2)*’ The corrosion resistance of C-steel in acidic
solutions might be improved by increasing the concentration
of hydrazones. The barrier created for mass and charge transfer
is achieved by increasing the surface covering and the amount
of adsorbed inhibitor molecules. Therefore, the order of the
hydrazones’ %I ¢ is HTZS > HTZ > HPYS, as predicted by the
quantum chemical calculations and confirmed by the
experimental study.””*

B CONCLUSION

e Galvanostatic experiments proved that a mass transfer
mechanism was responsible for corrosion inhibition.
Three hydrazones have been researched as C-steel 8 M
H;PO, solution corrosion inhibitors. They have effective
corrosion inhibition.

A maximum inhibition efficiency (%I.) of 83.33% was
attained using an optimum concentration of HTZS at
293 K.

The physical adsorption of inhibitors, which obeys the
kinetics adsorption isotherm, was observed.

By applying the Dubinin—Radushkevich isotherm
model, the numerical values of E_, confirm the physical
adsorption mechanism.

The UV-—visible studies revealed complex formation,
which may also be responsible for the observed
inhibition.

SEM, EDX, reflectance, and AFM morphology results
indicated that forming a protective film on the C-steel
surface protected it from corrosion in the 8 M H;PO,
solution.

The findings from DFT and the Fukui indices
correspond well with the experimental data.
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