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Abstract

The new Schiff base, 2,2'-((1Z,1'Z)-(((propane-1,3-diylbis(oxy))bis(2,1-phenylene))bis(me-
thanylylidene))bis(azanylylidene))diethanol, was investigated as a corrosion inhibitor of
aluminium in 1 M HCI. Polarization and electrochemical impedance measurements were
used for this purpose. Polarization curves showed that the compound is a mixed-type
corrosion inhibitor. Also, the results showed an increase in inhibition efficiency as the
concentration of the compound increased. The maximum corrosion inhibition efficiency of
approximately 81 % was reached at the concentration of 2 mg/L of the inhibitor. The results
of the density functional theory method were consistent with the experimental results. The
surface morphology of the samples was examined under atomic force microscopy.
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Introduction

Corrosion of aluminium is a common process [1]. Aluminium is an active metal, but its corrosion
resistance is high in most situations due to the production of aluminium oxide layer on its
surface [2,3]. This oxide forms a protective layer resistant to most acidic and neutral solutions but
highly vulnerable in HCI conditions [4]. As a result, numerous treatments and investigations are
required to mitigate aluminium corrosion to some level [5]. To address this issue, an efficient and
practical approach to avoiding metal corrosion has usually been employed, i.e., the use of inhibitors
[6,7]. Corrosion inhibitors are chemical compounds that, when introduced to a corrosive medium at
low quantities, decrease or prevent metal corrosion [8-10]. Research on corrosion inhibition has
been ongoing for years [10-14]. One of the most popular strategies for changing the active corrosion
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process to inactivity is to add an organic inhibitor [15]. In industries, adding inhibitors is particularly
prevalent since it can be done without pausing or affecting the process. Researchers are currently
looking for a safe inhibitor that has the best effect on corrosion prevention [5-7]. The success of
such large-scale inhibitor applications is dependent on slowing down the corrosion process. At
present, several organic chemicals are commonly utilized in industry to reduce corrosion and
manage alkaline and acidic environmental conditions [16-21]. Up to now, many organic compounds
have been used to prevent aluminium corrosion in acidic solutions [1,3-5].

Schiff bases are corrosion inhibitors due to the presence of the C = N group, an electron cloud on
the aromatic ring, and electronegative N, O, and S atoms in the molecule [22,23]. In the present
paper, corrosion inhibition of a new Schiff base on aluminium was investigated in 1M HCI. Using
polarization method and atomic force microscopy, the corrosion protection effectiveness of a Schiff
base named 2,2'-((1Z,1'Z)-(((propane-1,3-diylbis(oxy))bis(2,1-phenylene))bis(methanylylidene))
bis(azanylylidene))diethanol (PPMD) for aluminium in 1M HCl was evaluated. In addition, DFT
calculations were employed in conjunction with other quantum chemical methods in order to find
consistency with the PPMD inhibitory performance.

Experimental

Aluminium samples cut out to squared specimens with an area of 1 cm? were cooled in cold epoxy
resin before being polished with emery paper grades ranging from 220 to 2000 and washed with
distilled water and acetone. Then, the samples were dried with air and stored in a desiccator until
used for polarization tests and surface analysis. Chemical composition of Al in wt.% was: Al (99.38
%), Fe (0.25 %), Cu (0.04 %), Ti (0.06 %), Mn (0.06 %), Si (0.14 %), Mg (0.03 %) and Zn (0.04 %). For
corrosion tests, a solution of 1 M HCI was prepared by diluting analytical grade 37 % HCl acid with
double distilled water. Later, the inhibitor with concentrations of 0.5, 1.0, 1.5 and 2.0 mg/L was
dispersed in the corrosion test solution for electrochemical studies. Ligand 2,2'-((1Z,1'Z)-(((propane-
1,3-diylbis(oxy))bis(2,1-phenylene))bis(methanylylidene))bis(azanylylidene))diethanol was prepa-
red according to literature method [24].

2-[3-(2-formyl phenoxy)propoxy] benzaldehyde (0.284 g, 1 mmol) and ethanol amine (0.122 g,
2 mmol) were mixed and heated under reflux for 3 hours in ethanol (30 ml). The solution was refined
and the filtrate was reduced to cca 10 cm?3. Yield: 85 %. Anal. Calc. for C21H26N204: C, 68.09; H, 7.07;
N, 17.28. Found: C, 67.74; H, 7.17; N, 17.39. IR (KBr, cm™): 1638 (v C=N Schiff base), 1490 (v C=C),
3365 (vOH). *H NMR (DMSO, ppm, 300 MHz): 6 2.36 (m, 2H), 3.71 (t, 4H), 3.82 (t, 4H), 4.25 (t, 4H),
6.99 (m, 2H), 7.40 (m, 2H) 7.96 (m, 2H), 7.99 (m, 2 H), 875 (s, 2H). 13C NMR (DMSO, ppm, 300 MHz):
6 62.48,63.57,65.03,76.73, 77.05, 112.20, 121,09, 125.62,125,74, 12684, 127.40, 132.16 (aromatic
rings), 158.88 (Schiff base).

The chemical structure of the prepared Schiff base is shown in Figure 1.
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OH HO Figure 1. Chemical structure of Schiff base
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Autolab instrument was used to perform polarization tests. The tests were performed with a
standard cell having a platinum wire as an auxiliary electrode and a saturated calomel electrode
(SCE) as a reference electrode. The experiments were performed at room temperature. At the
beginning of each experiment, an interval of about 30 minutes was applied to stabilize the potential
of the electrode. The measurements were performed within a potential range of about -900 to -300
mV compared to the open circuit potential, with a scan rate of 1 mV/s.

Electrochemical impedance tests were performed after 30 minutes of immersion in the solutions.
For this purpose, a three-electrode electrochemical cell, including counter electrode (graphite),
reference electrode (SCE) and the working electrode (Al), is connected to a computer-controlled
Autolab potentiostat/galvanostat system (PGSTAT 302) and tested at the open circuit potential in
the frequency range of 100 kHz to 10 mHz, and ac peak amplitude of 10 mV.

Atomic forced microscopy was used to study the morphology of sample surfaces. In this method,
Al samples were immersed for 24 hours in 1 M HCI solution without inhibitor and also in a solution
containing 2 mg/L of inhibitor at room temperature. The samples were then removed from the
solution and washed with distilled water and acetone and scanned by atomic force microscopy
(AFM) NanoSurf easyscan?2.

To optimize adsorption of the corrosion inhibitor on metal surface atoms and prove that they are
effective, it is crucial to properly examine their electronic and molecular properties. It is crucial to
focus on the frontier molecular orbital as a result (FMOs). The inhibitor should affect the metal
surface, in theory. In this respect, theoretical knowledge is essential to estimate the geometrical
structure of adsorption and other corrosive species on the surface of metal atoms. The outcomes of
this investigation, which combins molecular dynamics with Monte Carlo simulation, will be covered
in depth in the following section.

FMOs were investigated using the Materials Studio program DMol® module. The geometrical
properties of all inhibitors were optimized using the M06-L [25-28] functional in combination with
a double numerical basis set and polarization to comprehend better electronic interaction and
correlation (DNP) [28]. The self-consistent field converged at an energy change of less than 10”7 au.
The conductor-like screening model (COSMO) [29-31] was employed in this study to account for the
solvent-water effect.

Furthermore, potential interactions between the inhibitor molecule and Al surface atoms were
examined using a Monte Carlo (MC) approach with the Adsorption locator module in Material Studio
software (Materials Studio package, BIOVIA, Dassault Systemes, San Diego, USA, 2017). A cell with
dimensions of 2.8634x2.8634x2.3370 nm and a vacuum slab 4.0 nm further than Al (111) surface.
The MC simulations were carried out by continuously loading the inhibitor molecules into a
modelled cell with corrosive species such as 750 H,0, 10 H30*, and 10 ClI" using the Adsorption
locator module in Material Studio. Specifically, the top layer of the Al (111) slab was chosen as the
target atoms during the MC simulation because it was thought to have plausible sites for adsorption
of the inhibitor molecules. After the simulation, the equilibrium adsorption configuration with the
lowest energy was explored and assessed.

Molecular dynamic (MD) simulations were used to simulate inhibitor adsorption on the metal
surface. The density functional theory (DFT), MC, and molecular dynamics simulations for this work
were performed using Material Studio. The COMPASS forcefield in Material Studio's Forcite module
was used to change the geometries of the inhibitor, water, and hydronium ion (H30*) [32-37].

MD simulations were provided here to investigate the interactions between a particular inhibitor,
metal surface, and aqueous hydrochloric acid. Following that, the solution slabs were optimized.
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Second, nine atom layers of thickness were used to construct an Al slab with a (111) plane. This slab
is referred to as Al (111). This plane surface was used for the computations due to its dense structure
and low energy surface. Following its development, the simulation box was geometrically optimized
in order to avoid unfavorable chemical combinations and produce an energetically minimal model
for future simulations. During the optimization process, the 'smart' algorithm was used.
Optimization was successful since the temperature and energy fluctuation curves remained
unchanged. Our next step was to run MD simulations in Material Studio's Forcite module at 295 K
using the COMPASS forcefield on the optimized simulation box with all Al (111) atoms frozen but
the two top layers (with a time step of 1.0 fs). The simulation was run for 1.5 ns [34,35]. Using the
trajectory of the MD simulation, the radial distribution function (RDF) was generated in order to
predict how the inhibitor molecule adsorbs.

Results and discussion

Polarization diagram

Figure 2 shows the polarization diagram of aluminum in 1M HCl without the presence of inhibitor
and with different concentrations (0.5 — 2 mg/L) of inhibitor.
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Figure 2. Tafel plots of Al in 1.0M HCI without and with corrosion inhibitor: blank (1); 0.5 (2); 1.0 (3); 1.5 (4);
2.0 (5) mg/L

Electrochemical parameters, including corrosion potential (Ecorr), corrosion current density (jcorr)
and anodic and cathodic Tafel slopes (4, /) are estimated from Figure 2, and shown in Table 2. The
degree of surface coverage (6) and inhibitory efficiency (/E / %) are calculated by the following
equations [12,13]:

.0 .
g con = Jeon (1)
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where j°corrand jeorr are corrosion current densities in solution without inhibitor and in the presence
of inhibitor, respectively. As shown in Table 1, the corrosion current density decreases with
increasing inhibitor concentration.

Table 1. Results derived from Tafel plots in Fig. 2

Concentration, mg/L -Ecorr / MV jeor/ MAcm? 3, (¥1) / mV dec? -B.(#1)/mV dec? 6(x10?) IE/ %

0.0 729 28.1 221 223 seem eemeee
0.5 732 17.8 203 219 0.37 37
1.0 756 12.7 197 281 0.55 55
1.5 767 8.4 195 211 0.70 70
2.0 773 5.3 194 238 0.81 81

Also, with increasing Schiff base concentration, both Tafel anode and cathode slopes didn’t show
any specific trend. This confirms that the inhibitor prevents corrosion by covering the active points on
the metal surface [22]. The value of corrosion potential in the presence of inhibitor is reduced
compared to the solution without Schiff base and with increasing concentration of the inhibitor. On
the other hand, the corrosion potential is shifted to higher negative values when the inhibitor
concentration rises (Figure 2), indicating a certain inhibitor impact on the cathodic branch of the
polarization curve. Table 1 shows that the effectiveness of the inhibition is improved with increasing
ligand concentration. Due to its clear impact on both the cathodic reaction (hydrogen and oxygen
reductions) and the anodic reaction (metal dissolution), the inhibitor was of the mixed type, although
the cathodic reaction is more clearly affected. In other words, the anodic dissolution energy gain is
less than the hydrogen reduction energy increase. In addition, the corrosion potential changes slightly
with increasing concentration, indicating a mixed mechanism of corrosion inhibition [19-21].

EIS test

Figure 3 shows the Nyquist diagrams of the aluminium electrode in HCl solution without inhibitor
and with different concentrations of inhibitor.
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Figure 3. Nyquist plots of Al in 1.0 M HCl in the absence and presence of the corrosion inhibitor: blank
solution (1) and 0.5 (2), 1.0 (3); 1.5 (4); 2.0 (5) mg/L
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In agreement with already reported impedance spectra of aluminium AA2219-T6 alloy in HCI
solution with and without ferrocenyl Schiff bases [5], impedance spectra in Figure 3 show semicircle
responses at higher to medium frequencies and inductive responses at lower frequencies. As shown
in Figure 3, the radius of the semicircle increases significantly with the increasing concentration of
the inhibitor.

It has already been established that the appearance of a semicircle in impedance spectra of
aluminium corrosion in acid media is primarily connected with double layer capacitance (Cq) and
charge transfer resistance (Rct) at the aluminium/corrosive electrolyte interface [4,5]. A significant
increase of circle diameters in Figure 3 suggests that with increasing inhibitor concentration, charge
transfer resistance (Rct) increases, meaning that the degree of corrosion of the aluminium in solution
decreases. As the Schiff base concentration increases, the double-layer capacitance (Cq) value
decreases. This indicates that inhibitory molecules replace water molecules on the metal surface.
The decrease in Cq values caused by adsorption of inhibitor indicates that the exposed surface area
decreased. On the other hand, a decrease in Cq, can result from a decrease in local dielectric
constant and/or increase in the thickness of the electrical double layer, which suggests that Schiff
base inhibitors act by adsorption at the metal-solution interface.

Surface morphology study

The morphology of the surface of Al samples in 1 M HCl solution was examined by AFM in the
presence of 2 mg/L Schiff base and without Schiff base at 25 °C and after 24 hours of immersion.
The results are shown in Figure 4.

Mean fit 1.82pum
Mean fit 840nm

Figure 4. AFM of aluminium electrode after 24 h of immersion in 1 M HCl solution: (a) without inhibitor;
(b) with 2mg/L of inhibitor

In the absence of an inhibitor, a rough surface is observed due to rapid corrosion by 1 M HCI.
Corrosion, in this case, is relatively uniform and there is no sign of local corrosion. In the presence
of the inhibitor, the aluminium surface roughness is reduced, which indicates the formation of a film
on the metal surface.

DFT analysis

A conformer search (Boltzmann jump technique; the number of conformers: 8000; utilizing the
COMPASS Il forcefield) was undertaken in the early phase of the procedure in order to acquire the
lowest feasible starting energy for the molecule while speeding up DFT computations [29-42]. Cal-
culations for DFT were started with the lowest-energy conformer shown by the image in Figure 5.
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Figure 5. Energies of the conformer search and the resultant structure of the inhibitor

The o-profile (Figure 6) reveals the charge density distribution on the molecule's surface and may
be used to evaluate the solubility of the conjugate in various solvents (in our case, water) [29,43].

The sigma-profile charge density curve is generated using COSMO model simulations. Partially
charged atomic nuclei are utilized in COSMO to illustrate the electrostatic potential [44]. Figure 6
indicates that the inhibitor is both acceptor and donor of H-bonds. Since water molecules establish H-
bond acceptor/donor connections when an inhibitor is dissolved, its solubility is regulated by this
capacity.
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Figure 6. o-profile of the inhibitor

O and N heteroatoms, which are near the inhibitor-HOMO electron density, are also near the
LUMO electron density, which is represented in Figure 7. HOMO electron density is diffused towards
the molecule heteroatoms (O and N), meaning that these molecules can transmit electrons to the
Al surface, as can be noticed in Figure 7. Coating a protective organic layer on metal surfaces arises
from this electron sharing, which shields the metal from corrosion [41]. Electron acceptors termed
LUMOs are connected to parts of the inhibitor that receive electrons from an electron surface rich
in metals, such as that found in Al [44].
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Figure 7. HOMO, LUMO and ESP surface of the inhibitor

Adsorption on the metal-surface is expected to be considerably increased due to the interchange
of lone pair electrons between heteroatoms (N and O) and the vacant Al d-orbital, which results in
a minor boost in surface absorption potential [43].

Table 2 lists the most often reported descriptors (the formulae used to construct them may be
found elsewhere [41]). A better understanding of the adsorptive behavior of inhibitors may be
achieved by analyzing the DFT simulations of inhibitor adsorptive reactivity [41]. Due to their low
electron affinity and high ionization potential, it is commonly thought that the adsorption of
inhibitors onto the Al(111) surface is supported by its capacity to exchange electrons with the Al
surface (Table 2) [41]. Chemical softness and hardness are predicted values representing the
inhibitor adsorption affinity for the metal surface, as are high values of chemical softness. Inhibitors
reflect the capacity to accept electrons from the Al surface [40].

Table 2. Calculated theoretical chemical parameters for the inhibitor

Descriptor Inhibitor

HOMO, eV -5.7460

LUMO, eV -2.2190
AE(HOMO-LUMO) / eV 3.527
lonization energy (// eV) 5.7460
Electron affinity (A / eV) 2.2190
Electronegativity (X / eV) 3.9825
Global hardness (n /eV) 1.7635
Chemical potential (i1 / J kg?) -3.9825
Global softness (o /eV) 0.5671
Global electrophilicity (w /eV) 4.4968
Electrodonating (w-) power, eV 6.7085
Electroaccepting (w+) power, eV 2.7260
Net electrophilicity (Aw+-), eV 2.5769
Fraction of transferred electrons (AN /eV) 0.0787
Energy from inhb to metal (AN/eV) 0.0109
AE back-donation / eV -0.4409
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Mulliken atomic charges (MAC) are a reliable and persuasive indication of the inhibitory sites
(atoms) involved in metal adsorption. There are numerous possibilities for a description of the
reaction between atoms on the Al surface with the inhibitor molecules [42].

Figure 8 illustrates the inhibitor-MAC values. The inhibitor O and N atoms have strong negative
charges, indicating that these centers have the maximum density of electrons and are consequently
the most effective in attaching to metal surfaces. Figure 8 displays the molecular electrostatic
potential (MEP) of the inhibitors in different concentrations (the region in red).

Figure 8. Optimized structures of the inhibitor and their Mulliken atomic charges (MAC)

MC and MD simulations

Using the Al(111) surface as a starting point, the adsorption energetics of the system may be
calculated readily. It is feasible to compute the adsorption energy (Eads) by using the following
equation (3) [42]:

Eadsorption = Eal(111)|jinhibitor — (EAl(111) + Einhibitor) (3)
where Eai111)inhibitor IS the total energy of the simulated system, Eai111) and Einnivitor is the total energy
of the Al(111) surface and the corresponding free inhibitor molecules.

After MC calculations were completed successfully, a comprehensive investigation of the
inhibitor-adsorption geometry was done to validate the findings. The MC simulation capacity to
establish equilibrium may be validated using the steady-state energy levels. The system-minimal
energy state was obtained roughly halfway through the experiment. As demonstrated in Figure 9,
the real arrangement of the adsorbent inhibitors is represented on a simulated Al (111) plane.

Figure 9. MC and MD possess the lowest adsorption configurations for inhibitor adsorption in the simulated
corrosion media on the Al substrate
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Al (111) surface is being decorated by the inhibitor in virtually (in the case of MD) a parallel
direction to the inhibitor. We suggest that this adsorption pattern on the Al (111) plane may be
induced by an inhibitor molecule's backbone binding the plane's surface atoms (overseen by
heteroatoms). The molecules' inclination to expose their heteroatoms and electron rings to the
surface leads to adsorption, which provides the molecules with their adsorptive abilities [42].

Inhibitor's adsorption reflects a relatively large Eaqgs (Figure 10) on the metal surface. Because of
the extraordinarily high adsorption energies, the inhibitor has a strong adsorption interaction with
the metal. Using this contact, the metal surface is protected from corrosion by the development of
a protective layer [41].

0187 Eads. =-50.23 ) mol* 7
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Figure 10. Distribution of adsorption energies of the inhibitor obtained from MC calculations

MD is extensively considered a correct representation of the adsorption dynamics [32,33,35,39].
It is evident that after several hundreds of ps of NVT simulation, the inhibitors (Figure 9) adopt a
somewhat flat structure on one side of the molecule rings onto the metal surface and is strongly
adsorbed onto the Al surface. As demonstrated in Figure 11, the adsorption energy is rather high,
with a minor decline in energy as temperature increases, which is consistent with the experimental
findings.
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Figure 11. Interaction energy of the inhibitor at the Al surface during the second half of MD
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Corrosion inhibitor adsorption on metal surfaces may be explored utilizing the RDF analysis of the
MD trajectory obtained during corrosion simulations, which is a basic and uncomplicated way [42].

Adsorption processes on metal surfaces may be determined from the RDF graph if peaks occur at
a given distance from the metal surface [42]. Heights are believed to reflect chemisorbable processes
when detected in the region of 0.1-0.35 nm in length; nevertheless, for physical adsorption, RDF peaks
are expected to be present at distances larger than 0.35 nm. Al surface and inhibitor heteroatoms (N
and O) showed RDF peak values at distances of less than 0.35 nm (Figure 12) [42]. In this scenario, the
inhibitor appears to be strongly interacting with the metal surface, as suggested by its comparatively
high negative adsorption energy (as obtained for MC and MD) value and RDF peaks.
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Figure 12. RDF of heteroatoms (O and N) for the inhibitor on Al surface accomplished from MD trajectory
analysis

Conclusion

In this study, the effects of corrosion inhibition and the ability of adsorption of a new Schiff base
(PPMD) on the Al surface were investigated and the following results were obtained: The organic
compound PPMD has inhibition properties in 1 M HCI medium. AFM analysis supports the creation
of a preventive layer of inhibitor on Al surface, which facilitates the lowering of corrosion rate. This
inhibitor affects both anodic and cathodic branches and reduces the corrosion rate by blocking
existing sites by reducing the exchange current of reactions. It has been demonstrated by the MD
calculations that inhibitors are relatively flat-adsorbed only on one side of the molecule, resulting in
the exposure of their adsorption centers to the surface of aluminium. The adsorption energies that
have been obtained are relatively high and compatible with experimental findings. This implies that
a large quantity of inhibitor adsorption takes place on the metal, resulting in greater corrosion
protection.
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