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ARTICLE INFO ABSTRACT

Keywords: This work evaluates the effectiveness of Schiff base derivatives, namely, 2,2’-((1E,1'E)-((2,2-
COfFOSiOH inhibitor dimethylpropane-1,3-diyl)bis(azaneylylidene))bis(methaneylylidene))diphenol (DAMD) and (2-
Schiff base metal complex ((E)-((3-(((E)-2-hydroxybenzylidene)amino)-2,2dimethylpropyl)imino)methyl)phenoxy) zinc
Electrochemistry

(HDMZ), as corrosion inhibitors for mild steel in a 15 % HCI solution. By employing a blend of
experimental assessments and theoretical computations, such as electrochemical tests, morpho-
logical observations, and theoretical simulations, the study achieved an impressive up to 94.6 %
inhibition efficiency. Notably, HDMZ exhibited significant protective properties. The results of
PDP showed that both inhibitors act as mixed-type corrosion inhibitors. SEM surface analysis of
the uninhibited and inhibited samples revealed the formation of a protective layer of inhibitor
molecules on the mild steel surface to mitigate its corrosion. The Langmuir adsorption model
verified the occurrence of dual adsorption, while theoretical simulations offered insights into the
underlying interaction mechanisms. The identification of Schiff-based inhibitors reveals a pro-
nounced synergistic effect in corrosion inhibition, marking a significant advancement in

Adsorption behavior
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understanding corrosion control mechanisms. This study illuminates the process of forming co-
valent bonds between inhibitor molecules and iron atoms, presenting a hopeful path towards the
advancement of corrosion inhibitors tailored for industrial use. The parallel adsorption config-
uration and mutual interactions form a stable structure, reinforcing the organic-metal bonds and
enhancing both chemical and physical adhesion to the steel surface. These findings indicate that
the synergistic effect of molecular interactions and polar-rich regions offers a promising strategy
for designing functional hybrid materials.

1. Introduction

In today’s dynamic environment, the importance of precise weather predictions cannot be overstated. Similarly, in the oil and gas
industry, the prevention of corrosion is of utmost importance. Corrosion can lead to considerable financial losses and safety risks. Due
to hydrochloric acid being commonly used in various industrial processes, in the pickling and descaling of metals, oil-well stimulation,
and acidizing operations in the gas and oil industry, the inhibition of corrosion in this environment is crucial [1]. For acidification,
petroleum industries typically use 15 % HCl solution as it degrades calcium carbonates into water-soluble calcium chlorides. While the
acidification process is beneficial during petroleum production, it results in huge economic losses due to corrosion of the oil well’s
metallic infrastructure. Carbon steel or mild steel is an excellent material for constructing oil well infrastructure (such as downhole
tubulars, flow lines, transmission pipelines, etc.). Corrosion of the well infrastructures result in an increase in production costs during
the acidification process [2].

As a result, the development of efficient corrosion inhibitors for mild steel in HCI solution is essential to prevent corrosion and
ensure the durability and safety of equipment and infrastructure in these industries [3]. However, most existing corrosion inhibitors
have limitations such as high cost, environmental concerns, and limited effectiveness [4]. Therefore, there is a pressing need to create
novel corrosion inhibitors that are cost-effective, environmentally friendly, and highly effective in inhibiting the mild steel corrosion in
HCl solution [5]. The adsorption of organic inhibitors on the surface of mild steel usually occurs through heteroatoms like N, O, and S.
These heteroatoms contribute to the formation of a protective film on the metal surface, preventing corrosive species from attacking
the metal surface [4].

Various types of organic inhibitors molecules have been synthesized and tested for their corrosion inhibition properties in HCI
solutions. Plant-based and synthetic corrosion inhibitors have garnered significant attention among corrosion and protection re-
searchers due to their promising anti-corrosion properties. Tan et al. investigated the corrosion inhibition performance of Pyracantha
fortuneana alcohol extracts (PFAE) on copper in H2S04 solution, finding that at a concentration of 600 mg/L, the inhibition efficiency
exceeded 95 % [6]. Salim et al. evaluated the inhibitory performance of (E)-1-(5-methylfuran-2-yl)-3-(6-phenylimidazo [2,1-b]
thiazol-5-yl)prop-2-en-1-one (MF-PIT) on copper, mild steel, and aluminum in 1 M HCI, achieving an inhibition efficiency of
around 97.5 %, 95.9 %, and 92.2 %, respectively, at an optimal concentration of 104 M [7]. Fellah et al. studied a salicylhydrazone
derivative (HBMH) as a corrosion inhibitor for XC38 carbon steel in 1 M HCl, demonstrating a maximum inhibition efficiency of 90 %
at 293 K and an inhibitor concentration of 10~ M [8]. Tiwari et al. explored the corrosion inhibition behavior of two thiadiazoline
derivatives, DFAT and DIAT, on N80 steel in 15 % HCI, with inhibition efficiencies reaching 96.02 % and 97.05 %, respectively, at just
50 ppm and 303 K [9]. Lastly, Srivastava et al. synthesized a green inhibitor, (E)-2-styryl-1H-benzo[d]imidazole (STBim), for carbon
steel in 15 % HCIl, achieving an inhibition efficiency of 98 % at a concentration of 200 mg/L [10]. Some of these inhibitors unfor-
tunately have limited effectiveness or pose environmental concerns [11]. However, recent studies have shown promising results for the
application of two synthesized organic inhibitors and their role in preventing the corrosion of mild steel in 15 % HCI solution [4,11].
These inhibitors came to substitute traditional inhibitors due to their cost-effectiveness and environmental friendliness, while still
providing high corrosion inhibition efficiency [12]. Thus, recent advances in corrosion science have introduced N, S-doped carbon
quantum dots (CQDs), which provide efficient, eco-friendly protection against corrosion in acidic environments. These CQDs utilize
heteroatoms like nitrogen and sulfur to create strong adsorption layers on metal surfaces, forming protective films that inhibit the
ingress of corrosive ions [13]. Similarly, biodegradable inhibitors like pumpkin leaf extract exhibit robust corrosion inhibition by
forming stable adsorption films that adhere to the metal surface, even at elevated temperatures [14]. These ligands are used to prepare
a wide range of complexes, either mononuclear, binuclear or polynuclear, endowed with divers applications [15,16]. For these rea-
sons, the synthesis of Schiff base and their metal complexes has been of great interest in many fields such as chemistry [17], biology
[18-20], and physics [21]. As versatile ligands, Schiff bases are formed by the condensation of primary amines onto carbonyl com-
pounds [22,23]. They have been the subject of many research, due to their ease of preparation and their ability to form metal com-
plexes with almost all metals [24]. Schiff bases are versatile ligands capable of coordinating with metal ions to form stable metal
complexes. This flexibility allows for the synthesis of diverse structures with tunable properties by modifying either the Schiff base or
the metal ion. Studying the coordination behavior of Schiff bases with various metals provides insight into new bonding interactions,
electronic characteristics, and molecular geometries. Consequently, the synthesis of these complexes aims to develop more efficient
hybrid materials tailored for specific industrial or environmental applications. Thus, Schiff bases and their metal complexes have been
studied as potential corrosion inhibitors [25-29]. In this study, comparing the molecular structures of various inhibitors provides
valuable insights into their chemical composition, functional groups, and potential interactions with metal surfaces. Schiff bases and
their metal complexes, in particular, emerge as promising candidates for corrosion inhibition due to their aromatic and planar
structures, which promote strong adsorption onto steel surfaces. These structural characteristics enhance their interaction with the
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metal, making them effective inhibitors. This comparative analysis also helps to clarify structure-activity relationships, offering
guidance for the design of more efficient and selective corrosion inhibitors.

On the on the hand, although the importance of experimental studies on the corrosion inhibition properties is undeniable,
computational methods have played a pivotal role in understanding mechanisms of inhibiting corrosion and predicting the adsorption
behaviors of different inhibitors [30]. At the molecular level and to the best of our knowledge, no previous studies have thoroughly
clarified (i) the interfacial interaction mechanisms of the studied inhibitors on metallic surfaces, (ii) the role of various interactions in
structural stabilization, and (iii) the driving forces behind the specific spatial rearrangements proposed to develop a robust and stable
anti-corrosion system. Thus, we have made every effort to provide a more detailed literature review, place greater emphasis on the
novelty of our work, and strengthen the interpretation and discussion of the results. Additionally, we have highlighted the unique
contributions of our study within the broader scope of corrosion science and inhibitor development. Thus, quantum chemical cal-
culations, such as density functional theory (DFT), have been employed to investigate the adsorption behavior and electronic prop-
erties of organic inhibitors on the steel surface [31]. Moreover, molecular dynamics (MD) simulations can provide valuable insights
into the atomic-level interactions between inhibitors and the metal surface [32]. However, the accuracy and reliability of these
computational methods are lacking of precision and sometimes can yield conflicting results with experimental findings [33].
Therefore, other methods such as first-principles calculations and density functional tight binding energy calculations have been
proposed to overcome these limitations and provide more accurate predictions of corrosion inhibition efficiency. In this paper, the
ligand 2,2’-((1E,1'E)-((2,2-dimethylpropane-1,3-diyl)bis(azaneylylidene))bis(methaneylylidene))diphenol (DAMD) as corrosion in-
hibitor and its corresponding zinc complex, (2-((E)-((3-(((E)-2-hydroxybenzylidene)amino)-2,2dimethylpropyl)imino)methyl)phe-
noxy) zinc (HDMZ), were synthesized and characterized to investigate their potential as corrosion inhibitors for mild steel in 15 % HCI
solution. Anti-corrosion activity of the synthesized Schiff base and its zinc complex were evaluated using weight loss method, elec-
trochemical impedance spectroscopy (EIS) and potentiodynamic polarization (PDP) techniques. The surface morphology of the mild
steel samples before and after exposure to the corrosive solution was analyzed using scanning electron microscopy (SEM). To further
understand the behavior of the inhibitors, DFT quantum calculations were performed, and MD simulations were carried out to model
the inhibitors and mild steel surface interactions. Density functional-based tight-binding (DFTB) technique was used to provide more
accurate predictions of interaction energies and what bonds might form between the active sites of the inhibitors and the empty or-
bitals of iron atoms on the mild steel surface.

2. Method and materials
2.1. Materials and inhibitors

The mild steel samples used in this work were obtained commercially and had a composition of 99 % iron, 0.312 % C, 0.193 % Si,
0.922 % Mn, 0.010 % P, 0.008 % S, and 0.21 % Cr. Specimens for weight loss measurements were prepared by cutting the studied metal
into rectangular shapes with dimensions of 1.5 cm x 1.2 cm x 0.4 cm, and polished with progressively finer abrasive papers (from 120
to 2000 grit) to ensure a smooth and clean surface. Then the specimens were cleaned with acetone and deionized water to remove any
surface contaminants, and they were allowed to dry at room temperature with air flow. The acidic medium used in this study was a 15
% HCl solution, which was prepared by diluting concentrated commercial 37 % HCl with deionized water. solutions of the synthesized
ligand DAMD and its zinc complex HDMZ were prepared in various concentrations, spanning from 10~°t0 10~° M in order to evaluate
the limits of their corrosion inhibition efficiency [34,35].

2.2. Synthesis of ligand DAMD and its zinc complex HDMZ

All reagents and solvents used were of analytical grade. Chemicals were purchased from Sigma-Aldrich and used as received. AT-IR
spectra were recorded on a JASCO FT-IR-4100 spectrometer in the range (400-4000) cm™!. Electronic absorption spectra were
recorded in ethanol (10~* M) on a UWR spectrophotometer at room temperature. The element analysis was retrieved with the help of
PerkinElmer 2400 Series II CHNS/O elemental analyzer. The melting-point was determined using a Kofler Bench with a precision of
+2°C.

2.2.1. Synthesis of ligand DAMD

In a 100 mL two necked flask equipped by a condenser, salicylaldehyde (2 mmol, 244.04 mg) was dissolved in ethanol (10 mL).
Then, 2,2-dimethylpropan-1,3-diamine (1 mmol, 102.12 mg) dissolved in ethanol (5 mL) was added dropwise through a dropping
funnel to the salicylaldehyde and the mixture was refluxed for 1 h. A yellow coloration was observed as soon as the two compounds
came into contact. The ethanol was removed under reduced pressure until the formation of a yellow precipitate and cooled in an ace
bath. The resulting yellow solid was isolated by filtration and washed with cold ethanol.

Yellow solid; Yield = 94%; m.p. = 57 °C.

RMN 1H (CDCls, 300 MHz) (5, ppm): 1.10 (s, 6H, (CHs)3), 3.51 (d, 4H, (CHy)y, 4J = 1.07 Hz), 6.91 (dt, 2H, Ar-H, Jm = 1.06 Hz, Jo
= 6.47 Hz), 7.00 (d, 2H, Ar-H, J = 8.08 Hz), 7.28 (dd, 2H, Ar-H, Jm = 1.64 Hz, Jo = 7.65 Hz), 7.34 (dt, 2H, Ar-H, Jm = 1.69 Hz, Jo =
8.40 Hz), 8.35 (t, 2H, CH=N, 4J = 1.07 Hz), 13.60 (s, 2H, Ar—OH). RMN 13C (CDCls, 75 MHz) (5, ppm): 24.49 ((CHs)), 36.26 (C
(CHs)s), 68.13 ((CHy),), 117.06, 118.59, 118.74 (C-CH=N), 131.38, 132.65, 161.22 (C-OH), 166.05 (CH=N). IR (KBr) v (cm 1): 3423
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(OH), 1632 (CH=N), 1459, 1496, 1578, 1609 (C=C-C=C), 1278 (C-0). UV-Vis MeOH (Amay, nm, (¢, M~'em™1): n—n*, 257 (15300),
301 (6800); n—n*, 360 (3700); TC 441 (510).

2.2.2. Synthesis of zin complex HDMZ

In a 100 mL boiling flask fitted with a condenser a mixture of ligand DAMD (1 mmol, 310.17 mg), zinc chloride ZnCl, (1 mmol,
136.28 mg), ethanol (20 ml) and three drops of triethylamine were refluxed under magnetic stirring. The reflux was continued until the
consumption of all reagents as evidenced by TLC. Then, the solvent was removed using a rotary evaporator and the obtained pre-
cipitate was filtered off, washed with diethyl ether and cold ethanol. The isolated solid was recrystallized in ethanol to give pure HDMZ
complex as yellow powder.

Yellow solid; Yield = 76%; m.p > 260 °C.

IR (KBr) v (cm—1): 1617 (CH=N), 1451 (C=C), 1250 (C-0), 578 (0O-Zn), 441 (N-Zn). UV-Vis MeOH (4yax, N, (&, M_lcm_): n->7*,
256 (12000), 270 (13000); n—x*, 300 (7100); CT 377 (1100). Anal. Caled for C19HoN202Zn: C, 61.06; H, 5.39; N, 7.50; O, 8.56 %.
Found: C, 61.02; H, 5.11; N, 7.39; O, 8.48 %.

2.3. Methods

2.3.1. Weight loss measurements

WL measurements were carried out to assess the corrosion rate of mild steel in 15 % HCI solution with the synthesized Schiff bases
DAMD and HDMZ. The polished and pre-weighed mild steel samples were immersed in the 15 % HCI solution containing the syn-
thesized inhibitors for 24h at room temperature [36]. After the immersion period, the samples were carefully removed from the so-
lution, rinsed with deionized water, dried thoroughly and weighted again to quantify the mass loss. All WL measurements were carried
out in triplicate for each inhibitor concentration to ensure accuracy and reproducibility of the results. The obtained weight loss results
were used to calculate the mild steel corrosion rate in the presence and absence of the synthesized Schiff bases and their inhibition
efficiency using the following formulas (equations (1)-(3) [37]:

mm K x AW
CR()?(U>7A><p><t m
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n (06) = E— % 100 @
R

where, A W is the change in weight prior and after immersion in the corrosive solution, A is the surface area of the mild steel sample, t is
the immersion time, p is the density of mild steel specimen, and CI*" and C% are the corrosion rates of mild steel in the presence and
absence of the inhibitors, respectively. While 6 theta is the degree of surface coverage by the inhibitors, and 1 (%) is the inhibition
efficiency of the synthesized schiff bases.

2.3.2. Electrochemical tests

Electrochemical experiments were conducted to further evaluate the corrosion inhibition properties of the synthesized Schiff bases,
DAMD and HDMZ, on mild steel in 15 % HCI solution. These tests included potentiodynamic polarization curves and electrochemical
impedance spectroscopy measurements. A three-electrode electrochemical cell setup was employed, comprising a saturated calomel
electrode as the reference electrode, a platinum electrode as the counter electrode, and the mild steel sample serving as the working
electrode [38]. The temperature of electrochemical cell was controlled using a thermostat. The PDP curves were obtained by scanning
the potential range from —800 mV to —200 mV relative to the open-circuit potential at a scan rate of 1 mV/s. The EIS measurements
were conducted over a frequency range of 100 kHz to 10 mHz with a perturbation voltage amplitude of 10 mV. The impedance data
obtained were analyzed utilizing equivalent circuit models to extract pertinent electrochemical parameters, including parameters like
charge transfer resistance and double layer capacitance. Overall, these electrochemical tests provide valuable information about the
effectiveness of the synthesized Schiff bases as corrosion inhibitors by measuring their ability to modify the electrochemical behavior
of the mild steel in the corrosive solution. the inhibition efficiencies of the synthesized Schiff bases can be calculated based on the
obtained electrochemical parameters using equations (4) and (5) [39]:

Inh _ po
Neis (%) :% x 100 (©)]
P
iO _ iInh
Tee(%) =270 5 100 ®)

corr

Where R;"h and R} are the polarization resistances with and without the presence of the inhibitors, respectively. While i and {2, are

4
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the corrosion current densities in the presence and absence the inhibitors, respectively.

2.3.3. Surface characterization

Surface characterization techniques were employed to analyze the morphology and composition of the MS samples before and after
corrosion inhibition using the synthesized Schiff bases. Scanning electron microscopy was applied on the surface of the MS samples
that were exposed to 15 % HCI blank solution and inhibited solution with the highest efficiency during 24h. SEM analysis was per-
formed using an FE-SEM appartus (MIRA3 module, TESCAN) equipped with an energy-dispersive X-ray spectroscopy detector, and
operating at an accelerating voltage of 15V [40,41].

2.4. Theoretical studies

2.4.1. Quantum chemical calculations

To delve deeper into the inhibition mechanism of the synthesized Schiff bases, density functional theory (DFT) calculations were
employed to compute quantum chemical parameters [42]. These calculations involved determining the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies, as well as the global reactivity descriptors such as
chemical potential, hardness, electronegativity, and electrophilicity index. The Dmol3 package in the Materials Studio software was
used for these calculations, employing the B3LYP functional with the 6-31G(d,p) basis set. The COSMO solvent model was used to
simulate the effect of the solvent (15 % HCI solution) on the properties of the inhibitors and their electronic structure. The generalized
gradient approximation was used to calculate the equilibrium geometries and electronic properties of the molecules. All the calcu-
lations were of "fine" quality and were carried and the quantum chemical parameters, such as AEg,, IP, EA, X, 5, and AN were
calculated using equations (6)-(11) [43]:

AEgqy =Erymo — Enomo = IP — EA ©
IP = —Epomo *
EA= — Epymo ®
X :IP + EA o
2
E, — E,
= 0 — Zsouo o
AN = _Dre = Xinn_ 0

2*(7]inh + r]Fe)

Considering @z = 4.82 eV, the total hardness value 7, for iron was considered as zero.

2.4.2. MD simulations

Molecular dynamics simulations were employed to study the interactions occurred between the synthesized Schiff bases and the MS
surface. The simulations were performed using the Materials Studio 6.0 software by BIOVIA with the COMPASS force field. The Forcite
module was utilized to generate the initial model of the MS surface by importing the crystal structure of iron and cleave it to the (110)
plane. the iron surface constructed with 4 layers that extended to a 5x5 supercell. The simulation box was set to be a cube with periodic
boundary conditions in all dimensions and the size was adjusted to ensure that the distance between the iron surface and its sur-
rounding solvent atoms is sufficient to simulate realistic conditions. The simulation box dimensions were (23.56 x 23.56 x 35,65)
comprising the iron surface in contact corrosive solution containing 500 water molecules, 10H30", 10 CI, and one of the synthesized
Schiff bases. The molecular dynamics simulations were run for a total of 5000 ps using a time step of 1 fs in the NVT form at a
temperature of 298 K with "fine" quality [44,45].

2.4.3. First principles DFTB calculations

For a deeper exploration of the electronic structure and binding properties of the synthesized Schiff bases with the MS surface, first
principles density functional tight-binding calculations were performed. These calculations allowed us to obtain deep insights into the
chemical nature and stability of the interactions between the inhibitors and the MS surface through free energy calculations and
density of states analysis. As an outcome of these calculations, we were able to determine and visualize the location and length of the
formed bonds between the Schiff base molecules and the MS surface [46-49]. This calculation process was performed using the Slater
Koster trans3d functional from the DFTB + code in the Materiel Studio software (version 6.0). The SCC-DFTB approximation was used
to manage the Coulombic interactions within the system. The simulations carried out using an 8 x 8 x 8 Monkhorst-Pack k-point mesh
to sample the Brillouin zone of the system. The iron surface was modeled the same as in the molecular dynamic simulations [50]. The
studies molecules were placed near the iron surface in a planar configuration with a distance of approximately 2 A from the iron atoms
to simulate the inhibitor-Fe complex formation, and replaced inhibitor molecule to 7 A above the surface to study the projected density
of states of both the free inhibitor and the inhibitor-Fe complex. The binding energies were calculated according to equation (12)
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bellow:
Eogs :Emol/surface - (Esurf + Emol) (1 2)

Where E; is the binding energy between the inhibitor and the MS surface, Epoy/surface is the total energy of the system with the inhibitor
and mild steel surface, En is the energy of the inhibitor molecule alone, and Eg,y is the energy of the mild steel surface alone.

3. Results and discussion
3.1. Synthesis and characterization of schiff bases compounds

The condensation of 2,2-dimethylpropane-1,3-diamine on two salicylaldehyde molecules leads to the formation of salen ligand
DAMD with ONNO chelating sphere. The ligand DAMD is used to prepare its corresponding zinc complex using the method described
in our previous research [23]. The obtained complex HDMZ is determined as a mononuclear complex with a tetrahedral geometry
(Scheme 1).

The structures of DAMD and HDMZ are established by various analytical methods, namely IR, NMR; UV-Vis, thermal analysis
(DTA-TGA) and elemental analysis.

3.1.1. Infrared spectroscopy

The infrared spectrum of the ligand DAMD (Fig. 1) shows a characteristic absorption band for the vibration of the azomethine C=N
group at 1632 cm™!, and a band around 3423 cm™! corresponding to the vibration of the phenolic (O-H) bond. Four bands of average
intensity can also be observed at 1459 cm™?, 1496 cm ™}, 1578 cm™! and 1609 cm ™ relating to the vibration of the benzene skeleton
(C=C-C=C). The IR spectrum of the complex HDMZ (Fig. 1) reveals the presence of the main vibrational bands’ characteristic of the
main functional groups. In addition, it indicates the absence of the band related to the vibration of the (O-H) bond, which is evidence of
the formation of the (M — O) bond. This formation of the M — O bond is also confirmed by the appearance of new intense bands around
600 cm™!. This confirms the coordination of the ligand with zinc ions by its deprotonation form. The comparison between the ligand
and the zinc complex IR spectra indicates that the C=N band undergoes a hypsochromic shift of 10 cm ™! in the spectrum of the zinc
complex confirming the coordination of the nitrogen atom to zinc ions.

3.1.2. NMR spectroscopy

The 'H NMR spectrum of the free ligand DAMD (Fig. 2), recorded in deuterated chloroform, shows a singlet signal at 13.60 ppm
integrating 2 protons corresponding to the protons of the hydroxyl groups (OH) and a triplet at 8.35 ppm integrating 2 protons due to
the protons of the azomethine groups (C=N). The spectrum also shows the presence of a singlet signal at 1.10 ppm corresponding to
methyl protons and another doublet signal at 3.51 ppm attributable to protons from methylene groups adjacent to the azomethine
group (-CHy-HC=N). The spectrum revealed the absence of the signal between 4 ppm and 6 ppm related to the protons of the two
amino groups NHo.

The '3C NMR spectrum of the DAMD ligand (Fig. 3) shows the presence of signals related to the resonance of all the carbon atoms of
the DAMD ligand. A signal at 24.49 ppm attributable to the carbons of the two methyl groups (-CHs). The signal at 36.26 ppm assigned
to the resonance of the aliphatic quaternary carbon. The carbons of the two methylene groups in the position of the azomethine group
resonate at 68.13 ppm. The signal located at 166.05 ppm corresponds to the carbon of the azomethine group (C=N). The signals
observed at 118.59 ppm and 161.22 ppm are attributable to the two aromatic quaternary carbons linked to the azomethine and
hydroxyl groups, respectively.

We have also attempted to perform the 1H and 13C NMR analyses of the Zn complex but we have failed. It is probably due to the
paramagnetic property of the obtained Zn complex.

3.1.3. UV-visible

The UV-Vis spectra of DAMD ligand and zinc complex (Fig. 4) were recorded in ethanol solution (10~* M) at 298 K in the range of
200-800 nm. The UV-Vis spectrum of the free ligand DAMD shows the existence of four absorption bands in the range of 257-414 nm,
the band located at 257 nm attributed to the —=n* transition involving the localized molecular orbitals of the benzene chromophore.
The two bands located at 301 and 360 nm belong to the n—n* and n—n* transitions of the imine chromophore, respectively. And a faint
band related to charge transfer transients from the ligand donor atom’s bonding orbital to the metal’s non-bonding or anti-bonding
orbital (LMCT). For the zinc complex, the spectrum exhibits new broad with low-intensity band in the visible range of 500-700 nm
attributable to (d-d) transitions of the metal orbitals, which is evidence of the complexation of the ligand with the metal ions.

~
SN Zncl,
_ >
EtOH, A
OH HO

DAMD

Scheme 1. Synthesis of zinc complex HDMZ.
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Fig. 1. IR spectra of DAMD and HDMZ.
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Fig. 2. 'H NMR spectrum of DAMD recorded in CDCls.

3.1.4. TDA and TGA thermal analysis
The thermal stability of the free ligand DAMD and its zinc complex HDMZ was studied using TGA and TDA methods over a

temperature range from room temperature to 1000 °C and illustrated in Fig. 5. The thermograms of the compounds show that the
HDMZ zinc complex is stable up to 400 °C, indicating its high stability. However, the ligand DAMD is degrading around 300 °C. A lack
of loss relative to the hydrated and complexed water molecules shows that the HDMZ complex is not hydrated.

3.2. Weight loss

WL measurements were performed to evaluate the performance of the synthesized inhibitors (DAMD and HDMZ) in inhibiting the
corrosion of MS in 15 % HCI solution at 303 K. The weight loss of the MS coupons without and with different concentrations of the
inhibitors was measured after a specific immersion time. Data obtained from the WL measurements were summarized in Table 1 and
are presented graphically in Fig. 6. It is observed that both DAMD and HDMZ exhibit excellent corrosion inhibition efficiency, showing
a correlation between inhibitor efficiency and their concentration, which increased with higher inhibitor concentrations. At the
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Fig. 4. UV-Vis spectra DAMD and HDMZ.

highest concentration of 10~ M, HDMZ and DAMD achieved inhibition efficiencies of 92 and 89 %, respectively. This increase in
inhibition efficiency was accompanied by a decrease in the corrosion rate, which dramatically reduced from 22.15 mm/y in the blank
solution to only 2.35 and 1.75 mm/y for DAMD and HDMZ, respectively, at the highest inhibitor concentration. The significant in-
hibition efficiencies observed for DAMD and HDMZ can be attributed to the adsorption of these inhibitors onto the MS surface. This
adsorption facilitates the formation of a protective film, effectively hindering the corrosion process [51].

3.3. PDP measurements

Polarization curves are one of the commonly used electrochemical techniques to evaluate the corrosion behavior of MS in corrosive
environments and to comprehend the kinetics of both cathodic and anodic reactions [52]. Data regarding electrochemical parameters
including corrosion potential (Eco), corrosion current density (icorr), as well as anodic and cathodic Tafel slopes (fa and fc) are
presented in Table 2, along with inhibition efficiency values.

A detailed examination of the polarization curves depicted in Fig. 7 elucidates that both DAMD (Fig. 7a) and HDMZ (Fig. 7b) Tafel
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Table 1
Effect of DAMD and HDMZ concentrations on the corrosion data of mild steel in 15 % HCl at 303K
Inhibitor Concentration (M) CR (mm/y) n (%) )
Blank 15 % 22.15 - -
HDMZ 103 1.75 92.12 0.92
104 2.78 87.45 0.87
1075 5.47 75.31 0.75
106 8.69 60.78 0.60
DAMD 103 2.35 89.41 0.89
1074 3.63 83.62 0.83
10°° 6.61 70.14 0.70
10-° 10.81 51.21 0.51
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Fig. 6. Variation of corrosion rate and inhibition efficiency, versus inhibitor concentrations of DAMD and HDMZ for mild steel in 15 wt% HCl

at 303K

slopes in both anodic and cathodic regions are significantly shifted toward lower values compared to the uninhibited MS, suggesting a
reduction in the corrosion current density [53]. This shift implies that the presence of DAMD and HDMZ inhibits both the anodic
dissolution of MS and the cathodic reduction of hydrogen ions. In addition, the similarity between the blank and inhibitor-containing
solutions in the cathodic branch diagrams indicates that the cathodic reaction mechanism remains unchanged with the presence of
DAMD and HDMZ inhibitors [54,55].

The effectiveness of DAMD and HDMZ in inhibiting corrosion can be attributed to their capability to adhere to the surface of mild
steel, creating a protective layer. This layer restricts the penetration of corrosive agents onto the metal surface, thereby impeding the
corrosion process [56-58]. This appears in the significant decrease in the current density from 1568 pA/cm? in the blank solution to
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Table 2
Electrochemical parameter values estimated according to PDP curves of mild steel in 15 % HCI solution without and with various concentrations of
DAMD and HDMZ at 303K.

Inhibitor Concentration (M) —Ecorr (mV/SCE) —B, (mV/dec) B, (mV/dec) icorr (WA cm™2) Nppp (%)
Blank 15 % 441 153 102 1568 -
103 437 124 75 137 91.26
HDMZ 104 429 120 83 213 86.42
105 449 121 87 317 79.78
106 442 115 79 648 58.67
103 464 141 81 180 88.52
DAMD 10~ 449 107 76 290 81.51
10°° 438 111 69 453 71.11
10°° 452 132 71 760 51.53
(a) 10
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Fig. 7. Tafel plots of mild steel in 15 wt% HCIl without and with various concentrations of (a) DAMD and (b) HDMZ at 303 K.

180 and 137 pA/cm? for DAMD and HDMZ, respectively, at the highest inhibitor concentration. As a result, a maximum inhibition
efficiency of 88 % and 91 % was achieved for DAMD and HDMZ, respectively. On the other hand, as stated by several researchers, the
type of inhibition mechanism tested compounds can be deduced from the change in corrosion potential, if it is surpassing +85 mV, it
indicates that the inhibition mechanism is either cathodic or anodic dominant. Otherwise, if the shift in corrosion potential is less than
+85 mV, it indicates a mixed type of inhibition mechanism.

3.4. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy technique is one of the simplest yet most effective electrochemical techniques for
investigating the corrosion behavior of metals. The EIS technique was utilized to further analyze the corrosion behavior of the mild
steel in the presence of the DAMD molecule and its zinc complex HDMZ inhibitors [59-61]. Figs. 9 and 10 depict the Nyquist plots and
Bode diagrams, respectively, derived from the EIS measurements conducted on mild steel samples immersed in a 15 % HCI solution,
both with and without inhibitors. It can be observed from the Nyquist plots in Fig. 9 that the impedance single arcs are similar in shape

Table 3
Electrochemical parameters values estimated according to EIS curves of mild steel in the presence and absence of several concentrations of DAMD and
HDMZ in 15 % HCI at 303 K.

Inhibitor Concentration (M) Rs (Q cm?) Rp (@ cm?) n Q x 10~* (pF/Qcm?) Ca Ngs (%)
(uF em~2)
Blank HCI 15 % 1.51 24.57 0.90 197 96.85
103 1.24 454.6 0.80 11 20.92 94.60
HDMZ 104 1.16 228.1 0.78 17 37.99 89.35
105 2.31 108.8 0.83 24 52.44 77.42
10°¢ 1.36 56.94 0.78 27 72.42 56.85
103 1.13 257.6 0.79 16 34.14 90.44
DAMD 104 1.12 139.1 0.81 20 39.95 82.45
103 2.07 81.93 0.87 26 44.71 69.67
106 1.45 49.93 0.76 29 82.24 49.86

10
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for the blank solution and the solutions containing DAMD (Fig. 9a) and HDMZ (Fig. 9b) inhibitors, indicating the presence of a
consistent corrosion mechanism [62,63]. However, they are different in terms of their diameter, reflecting the variation of the used
concentrations, as they get larger while increasing the concentration of inhibitors. This mirrors the EIS parameters summarized in
Table 3, which show that the polarization resistance increases with the addition of both DAMD and HDMZ inhibitors in the corrosive
environment. At the highest inhibitor concentration, the polarization resistance values for HDMZ and DAMD were 454.6 and 257.6 Q
cm?, respectively, compared to 24.5 Q cm? for the blank solution. Consequently, a maximum inhibition efficiency of 90 % and 94 %
was achieved for DAMD and HDMZ, respectively, as evidenced by the significant decrease in the double layer capacitance from 96.85
puF/cm? in the blank solution to 34.14 and 20.92 pF/cm? for DAMD and HDMZ, respectively. This behavior also mirrors the findings of
Tan et al., where an increase in R;, due to inhibitor adsorption on the metal surface was similarly observed. The protective layer formed
by the inhibitors prevents the access of aggressive chloride ions to the steel surface, reducing corrosion [6]. The adsorption of organic
inhibitors often leads to the formation of a compact and stable film, reducing corrosion by impeding both anodic and cathodic re-
actions [64]. It is noteworthy to mention that the double layer capacitance Cg and other EIS parameters such as solution resistance Rg,
polarization resistance Rp, and the constant phase element (CPE) parameters (i.e. Q and n) were derived by fitting the experimental
data to appropriate equivalent circuit exposed in Fig. 8. The CPE parameters were obtained to accurately represent the behavior of the
double layer capacitance. Those parameters were calculated through the impedance of CPE presented by equation (13) [65]:

1
Zopp = ———— 13
CPE Q(jw)n ( )

where j is the imaginary unit, o is the angular frequency, and a represents the fractional exponent.
Using CPE parameters Q and n, polarization and solution resistances R, and R, the double layer capacitance then can be calculated
using Brug’s formula (eq. (14)) [66]:

1 n—1
Cora=Q x (}% + Rip) I (14)
Moreover, the single capacitive loops in the Nyquist curves indicate the presence of a charge transfer process taking place at the
electrode surface. While the depressed Nyquist semicircles suggest the presence of impurities or heterogeneities on the electrode
surface [67]. Additionally, Bode phase angle and Bode magnitude plots provide deeper insights into the underlying mechanisms of
corrosion and the processes involved in corrosion inhibition, as shown in Fig. 10(a-d). These diagrams illustrate the variation of
impedance magnitude and phase angle with the frequency of the applied sinusoidal signal. The impedance magnitude shows a notable
increase at lower frequencies for both DAMD (Fig. 10(a and b)) and HDMZ (Fig. 10(c and d)) inhibitors compared to the blank solution,
indicating a higher resistance to the corrosion process. This increase in impedance magnitude corresponds to the formation of a
protective film due to the adsorption of inhibitors on the MS surface [68]. Furthermore, the phase angle for both inhibitors exhibit a
shift towards higher values at lower frequencies, implying a reduction in the rate of corrosion due to inhibition. This shift indicates that
the presence of DAMD and HDMZ alters the electrochemical response of MS in the corrosive environment, leading to enhanced
corrosion protection.

3.5. Effect of immersion time on inhibition performance

The immersion time effect on the inhibition performance of the HDMZ, was investigated through EIS. The impedance measure-
ments were carried out at different immersion times of 0.5, 24, 48, 72, 96, and 120 h to evaluate the prolonged efficacy of the inhibitors
in mitigating the corrosion of mild steel within a 15 % HCI solution [69-72]. The Nyquist plots in Fig. 11 display the impedance spectra
over the various immersion times. It is observed that the impedance single arcs undergo changes in shape and size with increasing
immersion time. The diameter of the arcs decreases with longer immersion times, indicating the variations in the inhibitor’s per-
formance over time. The EIS tests reveal that the polarization resistance values for and HDMZ inhibitor show decreasing trend with
longer immersion times. Specifically, the polarization resistance values were found to be 454.6, 371.7, 336.6, 212.9, 183.7, and 56.36
Q cm? for immersion times of 0.5, 24, 48, 72, 96, and 120 h, respectively. The findings suggest that the inhibition efficiency of HDMZ

Fig. 8. Electrical equivalent circuit used to fit EIS data.

11



B. El-Haitout et al. Heliyon 10 (2024) e40662

(@ (b)

300
e © Blank
L ® 10°M
| < 10°M
5 10°M
i * 10°M
2004 © ——Fitting
& . o
£ E
(3] o
(<] <3
E E
N N
0 100 200 300 0 100 200 300 400 500
z,(@cm?) z,(Qcm?)

Fig. 9. Nyquist diagrams for mild steel corrosion in 15 wt% HCI with and without various concentrations of (a) DAMD and (b) HDMZ inhibitors.
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Fig. 10. Bode diagrams of corrosion behavior for mild steel in 15 wt% HCI with and without various inhibitor concentrations: (a, b) HDMZ and (c,
d) DAMD.

inhibitor is influenced by the duration of immersion, with decreased performance over the investigated time frame. The investigation
of immersion time regarding inhibition performance offers significant insights into the time-dependent behavior of the synthesized
inhibitors, shedding light on their potential for sustained corrosion protection in industrial settings. Further studies to explore the
inhibitors’ performance under varying environmental conditions and exposure durations would contribute to a comprehensive un-
derstanding of their practical applicability [73-76].
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Fig. 11. (a) Nyquist curves for mild steel in 15 wt% HCI with the optimum concentration 10~> M of HDMZ during various periods of immersion.
3.6. Adsorption isotherm

The previous gravimetric and electrochemical tests indicated that the steel’s metallic structure was protected from dissolution by
the formation of an inhibitive monolayer on the MS surface. However, the thermodynamic mechanism through which this occurred is
still not fully understood. To shed light on this area, several models have been created and used to investigate the adsorption process of
inhibitors on the MS surface. These models include Flory-Huggins, Freundlich, Temkin, Frumkin, and Langmuir [77-80]. The Lang-
muir model, in particular, has been frequently used by scientists due to its detailed explanatory approach, making it a suitable model to
adopt [81-83]. This model provides a comprehensive understanding of the adsorption process of inhibitors on the MS surface, offering
valuable insights into the inhibition performance. It is also characterized by its correlation between the surface coverage parameter
and the inhibitor concentration, expressed by equation (15) [84]:

Com _ 1
0 _Kads

+ Cinn (15)

where Cipp, represents the inhibitor concentration, 8 represents the surface coverage of the inhibitor on the steel surface, and Kygs is the
adsorption equilibrium constant. Plotting C;,;,/6 against C;,, results in straight lines, as shown in Fig. 12, and Table 4 provides a list of
the important linear regression parameters.

The Kags high values presented for both DAMD and HDMZ inhibitors indicate a favorable adsorption process on the mild steel
surface [85]. The free energy of adsorption AGYys is another important parameter that can be calculated using the Kags value obtained
from the Langmuir isotherm model through equation (16) [86]:

0.006 ® HDMZ
® DAMD
ooosd— R?=0.9998
’ R?=0.9999
0.004
s
3 0.003 o
(8]
0.002 4
0.001 <
0.000

0.000 0001 0002 0003 0004  0.005
c(m)

Fig. 12. Langmuir adsorption isotherm fitted to experimental data from weight loss tests.
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Table 4
Adsorption descriptions for the corrosion of mild steel in presence of both compounds at 303 K.
Inhibitor Slope Kags (M) AG,, (KJ/mol)
HDMZ 1,0731 63347 —38.581
DAMD 1,1131 52632 —38.106
AGY, = — RTIn(55.5 x Kygs ) (16)

Where R = 8.314 J K" mol™!, T = 303 K, and 55.5 mol/L is the concentration of water in the metal/solution interface.

The next step is to predict the adsorption process that might occur based on the calculated AGS,, value. According to literature, the
adsorption mechanisms are categorized as physical, chemical, or mixed type (physicochemical) [87]. The AG;, parameter obtained
for both DAMD and HDMZ inhibitors lies in the range of —20 kJ/mol to —40 kJ/mol. As per literature, if the AG,, value is in this range,
it indicates a mixed type adsorption process, a combination of both physical and chemical adsorption mechanisms taking place on the
mild steel surface[88-90]. This mixed type adsorption mechanism signifies that the inhibitors exhibit characteristics of both physical
and chemical adsorption on the mild steel surface [91,92]. Understanding these adsorption mechanisms is crucial for evaluating the
long-term performance and practical effectiveness of the inhibitors in real-world applications. Further exploration of the adsorption
process using characterization and computational methods is essential to gain comprehensive insights into the inhibitors’ behavior and
practical applicability. This will facilitate a more profound comprehension of the interplay between physical and chemical adsorption
mechanisms, providing valuable information for potential industrial use.

3.7. SEM observations

In addition to the electrochemical and adsorption studies, SEM observations were performed out to visually assess the surface
morphology of the steel samples under different conditions. The pre-prepared steel specimens were immersed for 24 h in acidic so-
lutions without and with the presence of 10~ M HDMZ [93,94]. Fig. 13 illustrates the SEM images of the uninhibited and inhibited
surface morphology of the studied samples [80]. Fig. 13a clearly shows the extent of damage that occurred on the metallic surface in
the blank solution, attributed to the aggressive nature of the 15 % HCI solution. In contrast, the inhibited sample displayed in Fig. 13b
exhibits a remarkable change in surface morphology, manifesting a smooth surface with minimal destruction. This considerable
improvement is a result of the central role of the novel Schiff-base compounds in retarding the corrosion rate by adsorbing onto the
steel surface, effectively separating it from the corrosive media. The SEM observations complement the findings from the electro-
chemical and adsorption studies, providing visual evidence of the protective effect of the inhibitors on the steel surface. This
comprehensive assessment further reinforces the potential practical applicability of the synthesized inhibitors in the corrosion pro-
tection [95,96].

3.8. COSMO-RS sigma-profile analysis

COSMO-RS (conductor-like screening model for real solvents) stands as a computational tool of considerable importance for
unraveling the solvation tendencies of molecules. It enables researchers to grasp complex molecular interactions within solvents [97,
98]. During the investigation of DAMD and HDMZ, the utilization of COSMO-RS provided significant insights into their solvation
characteristics. Fig. 14 depicts the sigma profiles of these molecules, unveiling a nuanced interaction within the solvent environment.
Upon closer inspection of Fig. 14, it becomes apparent that DAMD and HDMZ molecules exhibit a complex sigma profile, distinct from
that of water. Peaks are observed in both the hydrogen bond donor and acceptor domains, signifying the polar nature of these

SED 20.0kVWD10mmP.C.40 HV x40 500|M  S— SED 20.0kVWD10mmP.C.40 HV x40 500um
CRS_FSA_UIZ CRS_FSA_UIZ

Fig. 13. SEM images of mild steel in (a) 15 wt% HCI and (b) inhibited with 103 M of HDMZ after 24 immersion time.
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Fig. 14. Calculated sigma-profiles of DAMD and HDMZ molecules using COSMO-RS model at DFT/GGA level.

molecules. These peaks suggest a tendency for these molecules to establish connections with water molecules via hydrogen bonds.
Such bonding dynamics can profoundly impact the solubility of these organic molecules, implying a heightened propensity for
enhanced solubility [97,98].

3.9. Theoretical results

3.9.1. Global and local reactivity results

Drawing upon existing literature, this approach has allowed researchers to analyze the overall reactivity of inhibitor molecules
belonging to diverse organic families, including hydrazones, carboxylic acids, ketones, and amines [99-101]. Typically, these mol-
ecules are employed to prevent the corrosion of MS in acidic environments like HCl, HF, and H2SO4. In our study, we utilized DFT to
enhance our comprehension of the reactivity of two specific molecules (DAMD and HDMZ) in inhibiting MS corrosion within a 15 %
HCl acidic medium. We contend that DFT serves as a suitable method for assessing the reactivity of molecules within this family and is
well-suited for preventing MS corrosion in acidic environments. Furthermore, we posit that DFT is an effective tool for evaluating both
the global and local reactivity of these molecules [102,103]. Fig. 15 provides a schematic representation of the optimized molecular
orbital structure, illustrating the most occupied (HOMO) and least occupied (LUMO) molecular orbitals. Additionally, various

Optimized HOMO LUMO

DAMD (¢ O C
o C [
C
LEE Lgi
Fig. 15. Optimized geometry, LUMO, and HOMO of the inhibitor molecules DAMD and HDMZ. DFT/GGA theoretical models were used to
determine these properties.
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theoretical chemical parameters were calculated in the study, including HOMO energy (Egomo), LUMO energy (Erumo), gap energy
(AEgzp), electronegativity ()inn), and transfer electrons (ANjyp). These findings are detailed in Table 5.

As depicted in Fig. 15, the HOMO and LUMO isosurfaces exhibit a uniform distribution over the phenyl ring and heteroatoms of
both inhibitor molecules, DAMD and HDMZ. This uniformity signifies that these specific sites serve as active adsorption sites on the MS
surface, indicating the molecules’ capacity to accept electrons from donor substances [104-106]. Examining Tables 5 and it is clear
that both inhibitors possess elevated HOMO energies and low LUMO energies, suggesting facile electron transfer between the mole-
cules and the MS surface. These findings are corroborated by the electron transfer results, all exceeding 0, signifying an enhancement
in the molecules’ affinity to receive electrons at the MS surface and augment inhibition efficiency [107,108].

To further analyze the molecular characteristics, each atom within the examined inhibitors was assigned a number, and their
electrophilic and nucleophilic Fukui function indices are depicted in Fig. 16. The Fukui index outcomes unveil that both DAMD and
HDMZ exhibit a significant quantity of active sites able to interact with the iron surface. This underscores the significance of electron
donor and acceptor properties in the corrosive solution, amplifying their corrosion protection capabilities. Ultimately, these results
validate the experimental findings, affirming that the molecules provide robust protection against mild steel corrosion under the acidic
conditions of HCI 15 % [109].

To gain deeper insight into the intermolecular interactions within the complex structure, the DFT method was utilized to analyze
the charge-transfer dynamics and the fundamental properties of the HDMZ complex. In this context, the electrostatic potential (ESP)
represents a scalar field that characterizes the electrostatic forces within a molecular structure. Regions with positive ESP values
signify areas of low electron density (indicating a positive charge), while negative ESP values point to areas of higher electron density
(indicating a negative charge). ESP is commonly employed to investigate and anticipate various molecular attributes, such as reactivity
and interactions between molecules. In Fig. 17a, the ESP analysis reveals that the N and O atoms in HDMZ display elevated electron
density, suggesting their potential to interact with other groups to form the complex, as highlighted by the red coloring in the cor-
responding ESP region. Given that intermolecular interactions can impact the adsorption behavior of molecules on a metallic surface,
we performed the reduced density gradient (RDG) analysis to identify both hydrogen bonds and weaker interaction regions in the
HDMZ complex. By evaluating the RDG analysis, we can better understand the nature of these intermolecular forces and their influence
on molecular adsorption. The RDG analysis for HDMZ was carried out, with the results displayed in Fig. 17b. The RDG isosurface and
scatter plot illustrate the intensity and nature of noncovalent interactions via the sign(A2)p function, where different colors represent
varying interaction strengths [95,96]. The structures exhibit van der Waals (vdW) interactions across multiple regions, indicating that
the system has optimized into its most stable configuration, with vdW forces and hydrogen bonds with Zn through the involvement of
OH groups. In line with the RDG visualization, the scatter plot in Fig. 17c displays a scattered region at lower RDG values, reinforcing
that this anion exhibits vdW interactions and steric effects. Regions with varying RDG values correspond to different interaction
strengths: high RDG values indicate strong covalent interactions, while lower values represent weak interactions or areas with no
significant interactions. This effect is mainly influenced by bonding interactions within the complex. The key advantage of incorpo-
rating the complex is its ability to minimize steric hindrance, leading to stronger and more effective binding between HDMZ and the
surface. This enhanced binding improves the overall efficiency and performance of the anticorrosion system.

3.9.2. First-principles DFTB calculations

DFT calculations offer a more precise and intricate depiction of the interactions occurring between the inhibitor and the iron
surface [110]. These simulations not only reveal the most stable configurations and orientations for adsorption but also facilitate the
computation of different properties like interaction energies, adsorption energies, and the projected density of states (PDOS). As a
result, they enhance our understanding of the atomic-level interactions between the inhibitor and the MS surface. Fig. 18 illustrates the
adsorption structure with the highest stability of DAMD and HDMZ on the Fe surface, determined through geometric optimization
employing first-principles DFT simulations [111].

Observations reveal that the DAMD and HDMZ molecules adhere to the Fe surface in a flat orientation, underscoring the stability
and consistency of their adsorption behavior. In the case of HDMZ, the molecule predominantly interacts through its oxygen, carbon
and nitrogen atoms, establishing robust covalent bonds with the iron surface. On the other hand, DAMD adheres through carbon,
leading to the formation of multiple bonds between the inhibitor and the iron surface. Evaluating the strength of inhibitor-iron surface
interactions through computed adsorption energies, both DAMD and HDMZ exhibit negative values, suggesting exothermic processes
and favorable adsorption on the Fe surface. Notably, HDMZ marginally higher adsorption energy (1.49 eV) in comparison to DAMD
(1.05 eV). This implies that HDMZ possesses a more robust interaction with the MS surface, suggesting its potential as a corrosion
inhibitor with higher efficacy.

Furthermore, a PDOS analysis provides the robust adsorption characteristics of DAMD and HDMZ on the Fe surface (Fig. 19),
revealing significant overlap between the inhibitor’s molecular orbitals and the Fe d-orbitals. This points to a substantial electronic
interaction between the inhibitor molecules and the iron surface, reinforcing their stability and potential effectiveness in inhibiting
corrosion. In summary, the outcomes of computational simulations, including analyses of adsorption behavior, bonding distances,
adsorption energies, and electronic interactions, collectively indicate that both DAMD and HDMZ serve as effective inhibitors for mild
steel in 15 % HCI corrosive media [112,113].

3.9.3. MD modeling

Examining the design of inhibitor molecules and their interactions with metal surfaces, such as Fe (110), is effectively facilitated
through MD simulations. Fig. 20 illustrates the optimized adsorption geometries of HDMZ (Fig. 20a,b,c) and DAMD (Fig. 20a’,b’,c’),
which exhibit stability in a parallel arrangement on the Fe (110) surface, as depicted in both top and side views. These molecules
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Table 5
Calculated quantum chemical descriptors for DAMD and HDMZ molecules using DFT/GGA theoretical model. All quantum parameters are presented
in eV.

Parameters Enomo Erumo P EA AEgap Xinh Ninn ANinn
Molecules
DAMD —5.457 —2.515 5.457 2.515 2.942 3.986 1.471 0.283
HDMZ —5.194 —2.235 5.194 2.235 2.959 3.714 1.479 0.469
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Fig. 16. Fukui indices values for nucleophilic and electrophilic attack for the same two inhibitor molecules HDMZ and DAMD. These values were
also determined using the theoretical DFT/GGA model.
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Fig. 17. (a) ESP distribution, (b) RDG visualization, and (c) RDG scattered plot of HDMZ complex.

feature focused heteroatoms (oxygen and nitrogen), polar functional groups, and n-bonds that promote robust interactions with the
unoccupied 3d atomic orbitals of Fe (110) [114-116]. Upon optimizing the adsorption configuration, molecules of this kind are
capable of providing comprehensive surface coverage, influencing the proximity of Fe atoms. Moreover, a deeper understanding of the
role of solvent particles enhances our precision in comprehending how these molecules effectively function as corrosion inhibitors. In
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DAMD

Fig. 18. First-principles DFT-optimized adsorption geometries of HDMZ and DAMD on the Fe (110) surface.

simpler terms, inhibitor molecules align parallel to the iron surface, facilitating penetration [117]. Consequently, a protective layer
forms more uniformly over the metal surface, effectively hindering the ingress of detrimental substances, such as Cl~ ions, and thereby
reducing corrosion [114,117].

3.10. Corrosion protection mechanism for mild steel in 15 % HCI solution

According to the experimental and computational findings presented, a proposed adsorption of corrosion inhibitors mechanism on
MS in 15 % HCl solution is outlined in Fig. 21. Initially, the corrosion inhibitors undergo physisorption where they are electrostatically
attracted to the negatively charged metal interface. This is followed by chemisorption, where covalent bonds are formed between the
inhibitor molecules and the Fe atoms on the steel surface, resulting in formation of a protective layer [118,119]. The protective film
formed during the chemisorption stage is believed to be the main factor contributing to the protection of mild steel corrosion in HCI
solution [120]. This film acts as a barrier, preventing the corrosive ions from reaching the metal surface and thus reducing the rate of
corrosion [121]. Besides the physisorption and chemisorption mechanisms, a comprehensive understanding of the molecular char-
acteristics of the inhibitors, validates the experimental findings and affirms the robust protection provided by the molecules against
mild steel corrosion in the acidic conditions of 15 % HCI [122]. In addition to the aforementioned mechanisms, the molecular dy-
namics simulations further support the proposed protective mechanism by illustrating the optimized adsorption geometries of the
inhibitor molecules, exhibiting stability in a parallel arrangement on the Fe surface. This alignment facilitates the formation of a
protective layer that effectively hinders the ingress of detrimental substances, thereby reducing corrosion [82]. The combined insights
from the experimental, computational, and MD modeling studies present a deep understanding and validation of the proposed
corrosion inhibition mechanism, shedding light on the efficacy of the inhibitors in mitigating mild steel corrosion in 15 % HCl solution.

4. Conclusion

This study provides a comprehensive evaluation of the synthesized Schiff base DAMD and its Zn complex HDMZ as corrosion
inhibitors for mild steel in 15 % HCI solution. By employing a combination of experimental techniques—including weight loss
measurements, EIS, PDP measurements, and SEM analysis, along with computational methods such as DFT, MD simulations, and SCC-
DFTB calculations, significant insights were gained into the corrosion inhibition mechanisms of these compounds.

The key findings are summarized as follows.

18



B. El-Haitout et al. Heliyon 10 (2024) e40662

250 250
b DAMD o HDMZ
DAMD-p
DAMD-s :g:g-p
s
2004 (a) 200 (b)
H =
s s
% 150 = 150 4
-~ [}
- @
|3 ‘s
>
Z 100 4 £ 100 4
5 2
a a
50 50
o 0
6 5 -4 3 2 4 0 1 2 3 4 5 6 6 5 4 3 2 1 0 1 2 3 4 5 &
E-Ef(ev) E-Ef(ev)
250 250
Fod DAMD e HDMZ
DAMD-p HDMZ-p
DAMD-s ) HDMZ-s
200 - (a ) 200 (b')
= =
s s
@ 150 = 150 <
§ £
s ‘s
£ 100 4 £ 100 4
& 5
a a
50 o 50 4
6 5 -4 -3 2 1 0 1 2 3 4 5 & 6 5 4 3 2 1 0 1 2 3 4 5 6
E-Ef(eV) E-Ef(ev)

Fig. 19. Projected density of states (PDOS) for isolated and adsorbed DAMD and HDMZ molecules on the Fe (110) surface. (a, b) PDOS of isolated

molecules positioned 7 A above the highest iron layer and (b, b’) PDOS of the adsorbed molecules. A Fermi energy point is chosen as a reference for
the zero-energy state.

1. High inhibition efficiency: Both DAMD and HDMZ demonstrated excellent corrosion inhibition, with efficiencies of 90.44 % and
94.60 % respectively, at the maximum concentration (10~ M). This highlights their strong potential for mitigating corrosion in
aggressive environments. During immersion time tests HDMZ exhibited a continuous decrease in inhibition efficiency over time,
indicating a gradual loss of inhibitory action.

2. Time-dependent efficacy: The study revealed that HDMZ experienced a gradual decline in inhibition efficiency during prolonged
immersion, suggesting the need for further investigation into the long-term stability and durability of these inhibitors.

3. Adsorption mechanism: Adsorption of the inhibitors followed the Langmuir isotherm model, indicating strong monolayer coverage
and significant interaction with the mild steel surface, which was further confirmed through SEM analysis.

4. Computational validation: Computational methods, including DFTB and MD simulations, provided crucial insights into the elec-
tronic structure and adsorption behavior of the inhibitors, affirming their stability and practical viability in industrial applications.

While this study demonstrates the effectiveness of DAMD and HDMZ as corrosion inhibitors, further research is required to address
the limitations observed. In particular, future work should focus on a more detailed analysis of the inhibitors’ long-term performance
in varying industrial conditions, such as temperature fluctuations, pH variations, and the presence of other corrosive species. Addi-
tionally, exploring modifications to the chemical structure of these inhibitors may enhance their stability and adsorption character-
istics, ensuring more consistent performance over extended periods. In summary, this study establishes DAMD and HDMZ as highly
promising corrosion inhibitors for mild steel in 15 % HCI solution. Their high inhibition efficiency, strong adsorption properties, and
the formation of a protective surface film point to significant industrial relevance.
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Fig. 20. Stable configuration of DAMD (a,b,c) and HDMZ (a’,b’,c’) in an aqueous system. representations are provided, and molecular dynamics
simulations determine these configurations.
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Fig. 21. A graphical representation of the corrosion inhibition mechanism representing different interactions between inhibitor molecules and mild
steel surface.
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