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ABSTRACT: Novel Schiff bases (SBs), namely, N;,N,-bis(2-(((E)-4-chloro- = R
benzylidene)amino)ethyl)ethane-1,2-diamine (I), N;,N,-bis(2-(((E)-4-(dimeth- CD i T R 7 |
ylamino)benzylidene)amino)ethyl)ethane-1,2-diamine (II), and N;,N’;-(ethane- lﬁ
1,2-diyl)bis(N,-((((Z)-4-dimethylamino)benzylidene) amino)methylethane-1,2- B

diamine) (IIT), were prepared and characterized by using elemental analysis, IR, ? RN AR )

and '"H NMR spectroscopy. For assessing carbon steel in diverse settings, with

and without inhibitors at varying concentrations, electrochemical frequency wo =

modulation (EFM), electrochemical impedance spectroscopy (EIS), and . —iiorm

potentiodynamic polarization (PP) techniques were employed. The results £ oo s

showed that the synthesized inhibitors effectively decreased the corrosion rate of ® oo

carbon steel in acidic media and the inhibition efficiency reached up to 93% for U _Jssb S

compound III at a concentration of 250 ppm. In addition, all prepared A AN
compounds were successful as anticorrosion agents, and the inhibition e
mechanism followed chemisorption from the Langmuir isotherm. The data obtained from the theoretical analysis show that the
efficiency of the prepared compounds was in the order III < II < I. Furthermore, quantum chemical calculations were performed to
gain insight into the electronic structure of the compounds. The analysis of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) showed that compound III had the highest surface coverage due to its specific
molecular structure and spacer. This observation agreed well with the Langmuir adsorption data.

B INTRODUCTION

Carbon steel is widely acknowledged as a preferred material for
electrochemical, power generation, and chemical industries due
to its cost-effectiveness and corrosion-resistant alloys. How-
ever, its inferior corrosion resistance necessitates a thorough
investigation of corrosion processes in different environments.

carbonyl group, shows promise as an inhibitor. Various Schiff
bases (SBs) have been documented as efficient corrosion
inhibitors for mild steel” '*'®7* and aluminum'*"® in acidic
environments. Currently, numerous Schiff bases (SBs) are
utilized as a solution to address the corrosion issue. For
instance, Sengupta et al® synthesized three Schiff bases,

To counter this issue, various approaches, such as coatings,
cathodic protection, and corrosion inhibitors, have been
employed to prevent corrosion.”” Understanding the corrosion
mechanisms fully is crucial to effectively address specific
corrosion problems with each protective technique.’”
Corrosion of carbon steel in acidic media is a persistent
challenge faced by various industries, impacting the structural
integrity and longevity of the equipment and infrastructure. As
a result, the search for efficient anticorrosion inhibitors has
been the subject of significant research.’™®

In this context, novel Schiff base compounds have emerged
as promising candidates with the potential to provide robust
protection against corrosion in acidic environments.”"” The
compound, characterized by the general formula R-C=N-R/,
where R and R’ represent aryl, alkyl, cycloalkyl, or heterocyclic
groups resulting from the combination of an amine and a
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namely, 2-(2-hydroxybenzylideneamino)phenol (Inh-1), 2-
((2-hydroxyphenylimino)methyl)-4-methylphenol (Inh-2),
and 2-((2-hydroxyphenylimino)methyl)4-methoxyphenol
(Inh-3). The corrosion inhibition efficiency of these
compounds was investigated in 1 mol L™' H,SO, medium
using PP and EIS. The results indicated that the order of
corrosion inhibiting efficacy for the tested inhibitors in 1 mol
L™ H,S0, solution was Inh-3 > Inh-2 > Inh-1. The PP results
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Scheme 1. Synthesis of SBs
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where a= absolute ethanol as solvent,reflux for 4h

Table 1. Elemental Analysis for I, II, and III

C% H% N% Cl %
cpd. cal. obs. cal. obs. cal. obs. cal. obs. yield (%)
I 61.38 60.54 6.18 6.92 14.32 13.82 18.12 19.08 87
11 70.55 71.83 8.88 9.01 20.57 21.67 93
I 67.98 67.01 9.37 8.58 32.65 31.55 96

revealed that these molecules acted as efficient corrosion
inhibitors with a mixed inhibition type.

In another study, Upadhyay et al®* reported on the
corrosion inhibition potential of certain 4-aminoantipyrine-
based Schiff bases, which contained OCH;, OH, and NMe,
substituents in 1 N HCI aqueous medium using electro-
chemical methods. The findings revealed that the compound
with a methoxy group exhibited higher efficiency compared to
the others.

In their study, EL Basiony et al'* synthesized two
unsymmetrical Schiff bases, namely, N-(2-((Z)-2-(benzyl-
ideneamino)ethylamino)ethyl)-3,4,5-rihydroxybenzamide (re-
ferred to as Bz) and N-(2-((Z)-2-(3-methoxy-4-hydroxybenz-
ylideneamino)ethylamino)ethyl)-3,4,5-rihydroxybenzamide

39771

Table 2. Infrared Spectra of (I-III) (Wavenumber cm™")

cpd. CH-H,0 C—H aromatic C—H aliphatic arcoma(t:ic C=N
1 3420 3050 2935-2818 1164 1644
I 3385 3120 2892-2806 1178 1630
I 3406 3001 2822 1166 1660

(referred to as VA). The purpose was to investigate their
inhibitory effect as acid corrosion inhibitors for mild steel
(MS) in a 0.5 M HCI solution using the electrochemical
method. The results indicated that both compounds (Bz and
VA) acted as mixed-type inhibitors. Furthermore, the
inhibition efficiency of VA was found to be superior to that

https://doi.org/10.1021/acsomega.3c05790
ACS Omega 2023, 8, 39770—-39782
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Table 3. Chemical Shifts (§) of Compounds I, II, and III

chemical shifts of different types of protons (§ ppm)

cpd. a b c d e
I 8.20 (s) 7.66 (d) 7.48 (d) 3.60 (t) 3.30 (t)
11 8.03 (s) 7.50 (d) 6.65 (d) 3.67 (t) 345 (t)
111 8.13 (s) 7.80 (d) 6.78 (d) 3.96 (t) 3.73 (t)

s = singlet, d = doublet, t = triplet, q = quartet, and m = multiplet.

f g i h j k
2.6 (q) 1.0S (m)
2.94 (q) 1.80 (m) 2.95 (s)
3.04 (q) 2.93 (m) 2.87 (m) 2.88 (m) 1.88 (m) 2.9 (s)
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Figure 1. IR for prepared compounds I-III. '"H NMR: Data for 'H
NMR for prepared SB derivatives shown in Table 3 and Figures 2—4

of Bz. The study aimed to examine the impact of the spacer in
the Schiff base compound as an anticorrosion method.

B EXPERIMENT PART

Materials. The carbon steel specimen employed in this
research possesses the following chemical composition (ex-
pressed in wt %): 0.093 (C), 0.014 (P), 0.011 (Si), 0.853
(Mn), 0.025 (Cr), 0.012 (Cu), 0.032 (Al), 0.013 (Ni), with
the remaining being iron (Fe). The azo methane compounds
used in the experiment were prepared using chemicals of pure

analytical grade, sourced from reputable suppliers, such as
Sigma and Merck Company. The corrosive acidic solution
utilized in the study is a 1 M HCI solution, prepared from
high-quality HCI (37%, AR grade) obtained from Merck, and
mixed with deionized water. The corrosion inhibitors were
tested at concentrations ranging from 50 to 250 ppm.

Synthesis of Schiff Bases I, Il, and lll. Three SBs were
prepared from the reaction A solution of amine derivatives
N1,N1’-(ethane-1,2-diyl)bis(ethane-1,2-diamine) (I and II) or
N1,N1’-(ethane-1,2-diyl)bis(N2-(2-aminoethyl)ethane-1,2-di-
amine) (III) (0.005 mmol) in the ethanol solvent (15 mL). 4-
Chlorobenzaldehyde (I) or 4-(dimethylamino)benzaldehyde
(I and III) (0.01 mmol) was added drop by drop to a refluxing
solution containing amino derivatives in absolute ethanol (20
mL). The solution obtained was gently refluxed under
magnetic stirring for a period of 4 h, during which a change
in color was noted. Subsequently, the solution was
concentrated under vacuum, reducing its volume to one-
third. Diethyl ether was introduced into the solution, and the
mixture was cooled at 0 °C for 24 h. As a result, yellow crystals
began to form, which were then filtered and dried under
vacuum. However, it is important to note that at room
temperature, these crystals proved to be unstable, and a yellow
oil was obtained instead (see Scheme 1).

Characterization of Anticorrosion. The synthesized Schiff
base compounds were characterized by elemental analysis with
a PerkinElmer 240C elemental analyzer. The infrared spectrum
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Figure 2. '"H NMR for the prepared compound 1.
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Figure 3. '"H NMR spectra for the prepared compound II.
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Table 4. Electrochemical Kinetic Parameters Obtained by the EFM Technique of Steel in 1.0 M HCI in the Absence and

Presence of Different Concentrations of I, II, and III at 25 °C

cpd. conc (ppm). I, (UA cm™2) Pa (mV dec™?) fBc (mV dec™?) CF-2 CF-3 k (mpy) (%] e %

blank 0.00 187.9 84.3 96.8 2.231 3.102 85.84

1 50 63.85 73.32 81.71 3.018 2217 29.18 0.6601 66.02
100 62.82 43.56 50.17 2.886 2.49 28.71 0.6656 66.56
150 51.72 79.67 91.16 1.828 3.376 23.63 0.7247 72.47
200 49.83 38.58 45.82 1.979 1.426 22.77 0.7348 73.48
250 41.2 44.61 58.7 1.889 2.49 18.83 0.7807 78.07

II S50 68.74 54.74 59.82 3.01 2.817 3141 0.6341 63.41
100 63.76 55.2 60.31 3.12 2.464 29.13 0.6606 66.06
150 43.06 49.30 54.82 2.89 2.606 19.68 0.7708 77.08
200 20.84 29.11 32.02 1.221 2.78 9.523 0.8891 8891
250 20.69 25.65 26.58 1. 72 2.75 9.452 0.8899 88.99

III S0 63.27 56.17 63.86 1.041 3.341 2891 0.6632 66.32
100 57.55 41.67 48.30 1.601 2.958 26.30 0.6937 69.37
150 22.71 47.47 52.95 1.69 2.763 10.38 0.8791 8791
200 22.65 55.93 62.44 1.58 3.802 10.35 0.8794 87.94
250 11.77 2443 25.63 1.21 2.13 5.377 0.9373 93.73

was analyzed by using an FTIR Spectrometer Model Type
Mattson Benchtop 961 at wavenumbers 400—4000 cm™' and
'"H NMR spectroscopy was conducted with a BRUKER
instrument operating at 400.19 MHz using a 5 mm broad band
inverse Z-gradient probe in DMSO dé6 solvent.
Electrochemical Measurements. Potentiodynamic polar-
ization measurements were performed using a Gamry
Potentiostat Reference 3000 model number and 992-00051
corrosion software. For the electrochemical experiments, a
conventional three-electrode cell configuration was used,
consisting of a platinum wire counter electrode, a saturated
calomel electrode as the reference electrode, and a carbon steel
working electrode. The working electrode was meticulously
machined into a cylindrical shape with dimensions of 2 c¢m in
length and 1 cm in cross-sectional diameter, following the

procedure described in reference 25. A HCI solution (1 M)
was prepared with distilled water from 37% HCL The
concentration range of the synthesized inhibitor was from 50
to 250 ppm.

The working electrode was immersed in 50 mL of the
aggressive solution (1 M HCI) under varying concentrations of
each compound, ranging from 50 to 250 ppm, all conducted at
a controlled temperature of 25 °C.

EIS was performed after allowing the working electrode to
immerse in the aggressive solution for a duration of 1 h while
maintaining the open-circuit potential (OCP) condition. A
small alternating voltage perturbation of 10 mV (peak to peak)
was applied to the cell over a frequency range spanning from
100 kHz to 20 mHz at the same temperature of 25 °C. This
technique provided insights into the electrical properties and
impedance responses of the system. Furthermore, part per

https://doi.org/10.1021/acsomega.3c05790
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Figure 4. '"H NMR spectra for the prepared compound III
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Figure S. EFM for inhibitors I, II, and III in 1 M HCI without and
with inhibitor and with different concentrations.
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microscope (SEM) was used to examine the exterior surface
morphology of the carbon steel surface when the inhibitors (I,
11, and III) were present and absent. SEM was assessed using a
ZEISS EVO 10.

Theoretical Study for Inhibition (I—-Ill). The molecules
under investigation were designed and subjected to geometric
optimization using the DMol; calculation model available in
Materials Studio v7.0.”> The setup involved geometry
optimization with fine quality and the LDA functional,
considering all electrons in the core treatment and utilizing
the DNP basis set.

The energies of the highest occupied molecular orbital
(Eqomo) and the lowest unoccupied molecular orbital
(ELumo) were determined through calculations. From these
energy values, the parameters I, A, y, and 5 were comlputed
using equations previously established in the literature.’

B RESULTS AND DISCUSSION

Characterization of Structures for I-lll. Elemental
Analysis. The data presented in Table 1 demonstrate that the
calculated percentages for each element closely match the
observed values.

FTIR Spectroscopy. Table 2 provides a comprehensive
summary of infrared (IR) spectroscopy data for three distinct
compounds or chemical groups. For compound I, the 3420
cm™' frequency signifies the presence of hydrogen atoms
bonded to oxygen, indicating the presence of water.”” >*

https://doi.org/10.1021/acsomega.3c05790
ACS Omega 2023, 8, 39770—-39782
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Figure 6. Nyquist diagrams for carbon steel in 1 M HCI with different concentrations of I (a), Nyquist diagrams for carbon steel in 1 M HCI with
different concentrations of II (b), Nyquist diagrams for carbon steel in 1 M HCI with different concentrations of III (c), and equivalent circuit

model for the impedance analysis (d).

Additionally, a frequency of 3050 cm™' suggests the presence
of hydrogen atoms within aromatic (ring-like) hydrocarbon
structures, while the range of 2935—2818 cm™' indicates
absorption linked to hydrogen atoms in aliphatic (non-
aromatic) hydrocarbon structures. At 1164 cm™, evidence
emerges of carbon—carbon double bonds within aromatic
compounds, and a peak at 1644 cm™" implies the presence of
carbon—nitrogen double bonds. For compound II, similar
characteristics are observed, such as the 3420 cm™" absorption,
indicating hydrogen atoms bonded to oxygen, and the 3050
cm™ absorption, indicating hydrogen atoms in aromatic
hydrocarbon structures. The range of 2892—2806 cm ™" reveals
the absorption associated with hydrogen atoms in aliphatic
hydrocarbon structures, and an absorption peak at 1178 cm™!
indicates carbon—carbon double bonds within aromatic
compounds, with a peak at 1630 cm™', suggesting carbon—
nitrogen double bonds (Table 3). In the case of compound II,
the 3406 cm™" absorption suggests hydrogen atoms bonded to
oxygen, while the 3001 cm™ frequency hints at hydrogen
atoms in aromatic hydrocarbon structures. Furthermore, the
2822 cm™' absorption corresponds to hydrogen atoms in
aliphatic hydrocarbon structures. A frequency of 1166 cm™
implies the presence of carbon—carbon double bonds within
aromatic compounds, and a peak at 1660 cm™' suggests
carbon—nitrogen double bonds. These distinctive IR absorp-
tion frequencies offer valuable insights into the molecular
compositions and functional groups present in each compound
or chemical group (Figures 1 and 2).

e Compound I exhibits a singlet (s) at § = 8.20 ppm,
indicating a set of equivalent protons in a specific
chemical environment. The other signals in this
compound are doublets (d), triplets (t), quartets (q),
and multiplets (m), each with their own § ppm values,
suggesting the presence of distinct proton environments
within the molecule.

39775

e Compound II also displays a singlet (s) at 5 = 8.03 ppm,
and, like compound I, features doublets (d), triplets (t),
quartets (q), and multiplets (m) with varying § ppm
values. These different shifts represent different proton
environments within the compound.

Compound III, like the previous compounds, has a
singlet (s) at § = 8.13 ppm. Additionally, it exhibits
doublets (d), triplets (t), quartets (q), and multiples (m)
with their respective 6 ppm values, demonstrating
diverse proton environments. Overall, the 'H NMR
spectrum can provide valuable information about the
identity and structure of compounds (Figure 3).

Evaluation of the Inhibitor as Anticorrosion. EFM
technique has been used to obtain Tafel slopes as well as
corrosion current densities for carbon steel immersed in 1 M
HCI with and without SB, and the data for inhibitor III are
tabulated in Table 4 and shown in Figures 4 and 5.393 The
following equations present the parameter obtained from the
EFM technique for all SB derivatives with different
concentrations.

2
Ly

i =
o \/482iu)i3w = iy, (1)
ﬂ — i(l)[]O
a . . .2
2iy,, + 2\/3\/ 2130}1’,” ~ b (2)
ﬂ — in:;
¢ . .2 .
2\/5\/213(1}1',” = by = 2iy, (3)
. i(uZi(ul
causality factor(2) = === = 2.0
Lot (4)
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Figure 7. Bode plots of carbon steel in 1.0 M HCl with an inhibitor (I-III).

2w2+wl

causality factor(3) = : = 3.0

L3p1 (5)

where [i] denotes the current density at an instant, measured
during the frequency [@], while [U,] refers to the amplitude of
the sine wave distortion.

Furthermore, the corrosion current densities acquired from
the experiments were employed to determine the inhibition
efficiency. This was achieved by substituting these values for
the following equation

i
Mg = [ 1-= | X 100

Leorr ( 6)

The results clearly indicate a decrease in the corrosion current
densities for carbon steel as the inhibitor concentration
increases. Notably, inhibitor III showed an impressive

inhibition percentage of 93% at a high concentration of 250
ppm. Figures 6 and 7 display the Nyquist plots obtained at
OCP and 25 °C, both with and without the compounds, in 1
M HCL. The corresponding results are presented in Table 5,
utilizing the equivalent circuit shown in Figure 6d. As the
concentration of SBs increases for all derivatives, a notable
increase in the diameter of the semicircle is observed.
Additionally, the capacitive loop of the Bode plot becomes
more pronounced with increasing SB concentrations, indicat-
ing a lower corrosion rate in the presence of SB.”

Table 6 provides a summary of the changes observed in the
solution resistance (R,), charge transfer resistance (R.), and
double-layer capacitance (Cy). It is evident that the R, values
increase as the inhibitor concentration increases, while the Cy
values decrease. The reduction in Cy; is attributed to a decrease
in the local dielectric constant or an increase in the electrical
double layer’s thickness, indicating the adsorption of inhibitors
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Table S. EIS Parameters of Steel in 1.0 M HCl in the Absence and Presence of Different Concentrations of I, II, and III at 25
°C
cpd. conc (ppm). R, (R,) (Q cm?) R (R,) (2 cm?) Y, (u Q's" em™?) x 107> n X% x 1073 0 n, %
blank 0.00 1.68 119.8 612 0.805 1.38 - -
1 S0 9.96 200.8 542 0.808 3.28 0.4033 40.33
100 2.503 219.6 671 0.821 2.48 0.4544 45.44
150 2.03 318.3 457 0.832 1.88 0.6200 62.00
200 3.157 320.1 492 0.839 3.66 0.6257 62.57
250 1.064 456 531 0.742 6.78 0.7372 73.72
I S0 2.04 208.6 603 0.84 2.13 0.4257 42.57
100 1.85 241.8 556 0.851 1.23 0.5045 50.45
150 2.437 326.1 909 0.848 3.95 0.6326 63.26
200 1.356 352.8 804 0.808 5.04 0.6604 66.04
250 2.407 526.2 788 0.774 8.35 0.7737 77.37
111 NY 1.23 254.2 411 0.825 1.57 0.5287 52.87
100 2.698 460.2 860 0.772 8.2 0.7396 73.96
150 2.01 553.7 354 0.785 1.56 0.7836 78.36
200 2.37 656.1 387 0.807 8.43 0.8174 81.74
250 1.57 711.9 358 0.708 2.59 0.8317 83.17
Table 6. Corrosion Parameters Obtained from Potentiodynamic Polarization Measurements of Steel in 1.0 M HCI in the
Absence and Presence of Different Concentrations of I, II, and III at 25 °C
cpd. conc (ppm). -Eco. mV vs SCE Ico. (uAcm™2) fa (mV dec™!) fc (mV dec™!) X2 k (mpy) (7 n, %
blank 0.00 396 320 142.1 224 33.79 146.3 - -
I S0 415 171 143 188 36.44 77.98 0.4656 46.56
100 413 159 134 192 24.32 72.79 0.5031 50.31
150 401 139 133 199 17.04 63.69 0.5656 56.56
200 418 120 139 201 47.44 54.78 0.6250 62.5
250 411 70.7 101 160 33.8 32.29 0.7791 7791
I 50 411 138 114 171 28.28 63.20 0.5688 56.88
100 394 114 107 194 48.42 51.94 0.6438 64.3
150 423 87.3 128 213 54.27 3991 0.7272 72.72
200 411 65.9 111 221 71.23 30.10 0.7941 79.41
250 419 60.4 122 194 66.25 27.61 0.8113 81.13
111 50 392 107 111 158 158.7 48.70 0.6656 66.56
100 391 86.9 108 157 23.01 39.72 0.7284 72.84
150 381 77.7 102 175 42.4 35.50 0.7572 75.72
200 379 61.9 98 157 29.63 28.28 0.8065 80.65
250 376 46.8 87 162 40.95 21.38 0.8538 85.38

at the metal/solution interface. The inhibition efficiency was
determined using the following equation’®*’

0= [(Roct - Rct) /Roct]

)

— R)/R,] X 100

oct

n.% = [(R (8)
where R represents the charge transfer resistance in the
presence of inhibitors, while R, signifies the charge transfer
resistance without the inhibitors. The inhibition efliciency
exhibits a positive correlation with the inhibitor concentration,
reaching a peak value of 83% for inhibitor IIL

Figure 8 illustrates PP curves for carbon steel in 1 M HC],
both in the presence and absence of inhibitors I, II, and III at
25 °C. The values of various electrochemical parameters,
including corrosion current density (I,,), corrosion potential
(Ecorr), cathodic and anodic Tafel slopes (5. and f3,), as well as
inhibition efficiency, are summarized in Table 5.

The figures provide clear evidence that the synthesized
inhibitors effectively reduce the corrosion rate, leading to a
noticeable shift in both the anodic and cathodic branches of
the Tafel plots toward lower current density values across all

39777

concentrations. This suggests that these compounds effectively
inhibit both hydrogen evolution and carbon steel dissolution
reactions. The highest inhibition efficiency, reaching 83%, was
observed for compound III at a concentration of 250 ppm. The
inhibition efficiency (IE) and degree of surface coverage (6)
were determined using the following equations

6 = [(Iycorr — Icorr) /I corr] (9)

IE% = [(Ijcorr — Icorr)/I,corr] X 100 (10)
where I, and Iycorr denote the inhibited and uninhibited
corrosion current densities, respectively.

Based on the results obtained from electrochemical
frequency modulation (EFM), electrochemical impedance
spectroscopy (EIS), and polarization (PP) experiments, it is
evident that the Schiff base compounds (I, II, III) possess a
remarkable capacity to efficiently inhibit the corrosion of steel
in acidic solutions. This inhibitory effect can be attributed to
the presence of electronegative atoms, such as N, unsaturated
double bonds, azomethine linkage, and planar conjugated
systems within their aromatic rings.”' ~*

https://doi.org/10.1021/acsomega.3c05790
ACS Omega 2023, 8, 39770—-39782


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
o] 350
-1
2 300 -
£ -3
@
=<4
T s 250
-6 4 g_
-7 4
T T T T T T T Q
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.6 05 200
E vs. SCE (V) 3
o] 150
-1 4
e~ o _
Lo = 100
S 3 50 ppm
=< 100 ppm
- ] i 150 ppm 50 T T T T T T T T T
-5 | —— 200 ppm
5 ‘ 250 ppm 50 100 150 200 250
S C, ppm
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
E vs. SCE (V) Figure 9. Langmuir adsorption isotherms for SB, obtained from EFM
data.
04
-1 Table 7. Langmuir Adsorption Parameters for the
~ 24 blank Adsorption of SB on Carbon Steel at 25 °C
rp
IE 50 ppm
S -3 100 ppm s 1 2 -1 0
< ] 150 tom inhibitor R K4 (ppm™) AG® 4
— ! 200 ppm I 0.9936 0.0459 —58.57
7] i =250 ppm it 0.9737 0.0234 —54.88
7] | I 0.9802 0.0269 ~55.67
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

E vs. SCE (V)

Figure 8. PP curves for the corrosion of carbon steel in 1 M HCl in
the absence and presence of different concentrations of I, II, and IIL

Adsorption Isotherm. The adsorption isotherm serves as a
valuable means of characterizing the types, locations, and
frequencies of interactions between a metal surface and an
inhibitor. It establishes the connection between the surface
coverage (6) of the metal and the concentration (C) of the
inhibitor in a corrosive environment. In this study, we utilized
the Langmuir adsorption isotherm, described by the equation,
as it more accurately depicts the adsorption behavior of SB on
mild steel surfaces.'****® The data collected from EFM were
utilized in the subsequent application of the following equation

c 1 +

0 k¢ (11)
In Figure 9 and Table 7, the obtained values are for K4, which
represents the equilibrium constant of the inhibitor adsorption
process. These higher K4, values indicate a more robust
adso?tion of the azo compounds on the surface of carbon
steel.””*® The calculation of the free energy of adsorption
AG,, was performed using the following equation™”’

AGyy, = — RT In (10°K 4 (12)

The factor 10° corresponds to the concentration of water
molecules in the solution (measured in mol/L), and R denotes
the universal gas constant with a value of 8.314 J K™! mol ™.
The AG,, values for I, II, and III are determined as —58.57,
—54.88, and —55.67 kJ/mol, respectively.

The AG,,,” value determines the type of adsorption process
as follows: (i) If AG,q, is less negative than —20 kJ/mol, the

adsorption is considered physical (referred to as physisorp-
tion), which occurs through electrostatic interactions. (ii) If
AG,y is more negative than —40 kJ/mol, the adsorption is
classified as chemical (known as chemisorption), where
coordinate bonds are formed via electron transfer from
inhibitor molecules to the metal surface. (iii) When AG,4’°
falls between —20 and —40 kJ/mol, the types of adsorption,
physisorption, and chemisorption are involved.>°™>* For SB,
the AG,,” value is more than —40 kJ mol™, which indicates
the occurrence of chemisorption processes.

Surface Morphological Study. The SEM image of CS
submerged in 1.0 M HCI at room temperature 25 °C for 6 h is
shown in Figure 10a, which represents the micrograph of a
blank sample in the absence of inhibitors; the steel surface had
a hard corroded appearance with significant surface deterio-
ration. In comparison, in the micrographs of the specimen CS
samples in the presence of 250 ppm of the inhibitors into the
acid solutions I, II, and III (Figure 10b—d), respectively, the
corrosion rate of metal is significantly reduced, and the steel
surface was smooth; the corroded areas were clearly lessened
that indicates the surface protection because of the adsorption
of I, II, and III inhibitors onto the steel surface.

Quantum Chemical Calculations. Molecular orbital
density, HOMO, and LUMO are presented in Figures 11,12,
and 13, respectively, while the quantum chemical parameter is
shown in Table 8. Electron density of HOMO indicates that
most atoms tend to donate electrons to lower-energy empty
molecular orbitals in the order III > III > L

In addition, in this molecule, a feedback bond can be formed
depending on Ejyy0, suggesting that electrons from the d
orbital of the metal can be easily accepted.”* The electron
densities of HOMO are localized on and around the azo
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Figure 10. SEM images for the carbon steel surface in the solutions after 6 h immersed at room temperature: (a) 1.0 M HC, (b) in the existence of
250 ppm of I, (c) in the existence of 250 ppm of II, and (D) in the existence of 250 ppm of IIL

|
i

Figure 11. Electron densities for I-IIL

methane group for the I, II, and III molecules. It is observed
that the side chains (Cl and N(CH,;),) affect the electronic
density distribution of the HOMO of the studied compounds.
In addition to the spacer in compound III more than I and II,
this led to an increase in the surface area covered by
compound III and agreed with the Langmuir adsorption data.

Table 9 compares one of the inhibitors we investigated with
those from the literature that are comparable in terms of
chemistry and active function groups.'®*>*°

1

111

Figure 12. HOMO for I-IIL

B CONCLUSIONS

In conclusion, the novel Schiff base compounds I, II, and III
were successfully synthesized and characterized using ele-
mental analysis, FTIR spectroscopy, and '"H NMR spectros-
copy. These compounds were investigated as potential
anticorrosion agents for carbon steel in acidic environments.
The electrochemical experiments, including EFM, EIS, and PP
measurements, revealed that all three compounds effectively
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Table 8. Chemical Parameter for Compounds I-III

chemical parameter I I 11

high occupied molecular orbital (eV) Eyomo —0.1652 —0.1655 —0.1679
low unoccupied molecular orbital (eV) Erumo —0.0554 —0.0576 —0.0905
energy gap (eV) AEg,, Erumo—Enomo 0.1098 0.1079 0.0774
ionization potential (eV) I —Enxomo 0.1652 0.1655 0.1679
electron affinity (eV) A —E umo 0.0554 0.0576 0.0905
absolute electronegativity X (I+A)/2 0.1103 0.1116 0.1292
global hardness (eV) n (I-A)/2 0.0549 0.039 0.0387
global softness (eV)™ S 1/n 18.215 2.5.641 25.839

12/2n where —0.0549 —0.039 —0.0387
n/4 0.0137 0.0098 0.0097

global electrophilicity index (eV) ®

back-donation energy (eV) AE g,k donation

Table 9. Comparison of the Inhibition Efficiency of Our Investigated Inhibitors with Other Inhibitors from the Literature

IE%, according To PP

inhibitor medium metal concentration technique (%) ref
(E)-2-(1-triazylidineethyl)pyridine 1 M HCI mild steel 107 M 77.7 s
quinolinyl thiopropano hydrazone derivative 1 M HCI mild steel 11.08 X 10™* M 88.9 56
N(-benzo[d]thiazol-2-yl)-1-(thiophene-2-yl)methanimine 1 M H,SO,  steel 1x107° 95.6 16
N,,N';-(ethane-1,2-diyl)bis(N,-((((Z)-4-dimethylamino )benzylidene) 1 M HCI mild steel 250 ppm 85.38 this study

amino)methylethane-1,2-diamine
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reduced the corrosion rate of carbon steel, with compound III
showing the highest inhibition efficiency of 93% at a
concentration of 250 ppm. The Langmuir adsorption isotherm

provided insights into the adsorption behavior, and the
calculated K4, values indicated strong adsorption of the
compounds on the carbon steel surface. The free energy of
adsorption AG,;" values suggested that the inhibition
mechanism was chemisorption. Furthermore, quantum chem-
ical calculations provided additional understanding of the
electronic structure, and the analysis of HOMO and LUMO
indicated that compound III had the highest surface coverage
due to its specific molecular structure and spacer. This
observation agreed well with the Langmuir adsorption data.
Overall, the synthesized Schift base compounds showed great
promise as efficient anticorrosion agents for carbon steel in
strongly acidic media, with compound III demonstrating the
highest inhibitory performance. These findings open new
possibilities for the design and development of effective
corrosion inhibitors to protect carbon steel in various industrial
applications.
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