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ABSTRACT: The corrosion inhibit ion of (N1E)-N1 ,N2 -bis(4-
(dimethylamino)benzylidene)-ethane-1,2-diamine, DMAB, against the destruc-
tion of C-steel in dilute HCl media (1.0 M) was examined. The techniques of
gravimetry, gasometry, potentiodynamic, and electrochemical impedance
spectroscopy are utilized. The rate of corrosion is found to decrease with
more additions of the DMAB compound. The inhibition efficacy increases with
concentrations to reach 97.7% at 5.0 mM and 298 K. The protection of metal
destruction is controlled by the adsorption of the DMAB molecules on the
metallic surface obeying Langmuir’s pattern. The computed ΔG°ads values are
characterized by negative sign, explaining the spontaneity of the adsorption
process. These values vary between −38.70 and −35.13 kJ mol−1 depending on
the temperature, which proves the physio- and chemisorption mechanisms. The
reduction in Kads values with T can be attributed to the desorption of some
DMAB molecules from the electrode surface. Theoretical quantum computation confirms the adsorption of the DMAB compound
in concurrence with the data obtained by practical techniques.

1. INTRODUCTION
Carbon steel (C-steel) pipes are fundamental to use in oil and
gas applications. The drastic uses of C-steel are linked with its
immoderate utilization in various industrial applications as a
result of its reputable mechanical properties in addition to the
relatively low production cost.1,2 It is known that mineral acids
are generally utilized to remove metallic sediments and rust in
various industrial processes. HCl solutions are extremely
utilized in the metal pickling processes. The harmful usage of
inorganic acids is the damaging impact of such acids on the
investigated metal, which causes a loss of metallic wealth.3 Safe,
environmentally friendly organic compounds are widely used
these days to reduce corrosion processes and withstand the
deleterious effect of such acids against metallic surfaces.4 The
selection of an inhibitor for retardation of corrosion of metals
can rely primarily on its economic uses and the existence of
heteroatoms like nitrogen or oxygen atoms in between its
molecular formula that should be safe and eco-friendly
compounds without leaving harmful effects.5−12

Schiff base comprising a carbon−nitrogen double bond
azomethine functional group synthesized from a dehydration
reaction between a keto aromatic and amine compounds has
been shown to expand more inhibition execution compared
with the related amines.13 The inhibition performance of such
compounds was found to rely on the presence of heteroatoms

that are considered active adsorption centers that can
introduce electron pairs to the investigated metallic surface.
4-Amino-N-benzylidene-benzamide was utilized as a general
mitigator to reduce the damaging effect of dilute hydrochloric
acid media on the steel with a protection efficacy of 79% at a
concentration of 10 mM.14 Betti et al. utilized ((5-mercapto-
1,3,4-thiadiazol-2-yl)imino)indolin-2-one as a cutting-edge
inhibitor to inhibit the corrosion of mild steel in 1.0 M HCl
solution. The data of the chemical and electrochemical
measurements confirmed that the protection efficiency reached
96.7% at a concentration of 0.5 mM at 303 K.15 Zobeidi et al.16

used electrochemical methods and theoretical computation to
examine the protection influence of azo Schiff base compounds
against the corrosion of mild steel in 1.0 M HCl solution. The
maximum inhibition efficiency for such compounds has been
varied between 64.37 and 87.27% at 0.06 mM depending on
the concentration and type of the azo Schiff base compound.
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The inhibition mechanism was attributed to the adsorption
process, which results from the interaction between the N and
O with the Fe on the steel’s surface with a contribution of the
π-electrons of the aromatic system to form an inhibitor film
reducing the corrosion process.16

Our recent study focused on the synthesis of novel Schiff
base compounds as inhibitors to resist the destruction of C-
steel in hydrochloric acid media. N1,N1′-(ethane-1,2-dial)bis-
(N2-(4-(dimethylamino)benzylidene))ethane-1,2-diamine
(EDDB) and N1-(4-(dimethylamino)benzylidene)-N2-(2-((4-
(dimethylamino)benzylidene)amino)ethyl)ethane-1,2-diamine
(DBDB) are synthesized and confirmed as mitigators for the
destruction of C-steel in 1.0 M HCl solution.17,18 The
inhibition efficacy reached 95.20% and 97.00% with EDDB
and DBDB, respectively, at 5 mM and 298 K, confirming a
mixed physical and chemical adsorption mechanism. In
continuation with our work, an eco-friendly, cheap, and easy-
to-prepare organic compound, namely, (N1E)-N1, N2-bis(4-
(dimethylamino) benzylidene)-ethane-1,2-diamine, DMAB,
was synthesized to investigate the protection of the C-steel
surface from the corrosive influence of Cl− ions preventing the
metal damage. The DMAB compound is easily dissolved in the
examined acidic media and does not affect the pH of the
solution. Practical measurements were carried out to estimate
the protection efficacy of such an inhibitor against the
influence of the HCl solution. The mechanism of inhibition
was investigated via an adsorption mechanism at various
temperatures. The activation and adsorption thermodynamics
parameters are evaluated and explained.
Quantum calculations performed by DFC have emanated as

a helpful application for prognosticating the activity and
stability of the organic substances in aqueous solutions.19−21

Theoretical computations have been employed to elucidate the
inhibition character of the DMAB compound by resolving
some theoretical functions that rely on the type and nature of
the adsorption of the utilized organic molecules onto the
surface of the studied C-steel. The computation of theoretical
data demonstrated by DFT was employed to establish the
practical data of corrosion protection to discuss the distinctive
adsorption of the DMAB organic inhibitor on the examined
metal.

2. EXPERIMENTAL SECTION
2.1. Electrodes and Chemicals. The metallic coupons

and the working electrode, WE, were made from C-steel, with
little traces of a few other elements as depicted in Table 1.

Such materials were mechanically abraded utilizing suitable
polishing papers with various grades. The execution for the
metallic preparation and cleaning is similar to that depicted
recently.17 The organic chemicals 4-(dimethylamino)-
benzaldehyde and ethane-1,2-diamine are Belgium chemicals
with a purity of more than 99% without any further
purification.

2.2. Synthesis of DMAB Inhibitor. The purpose of the
synthesis of the (N1E)-N1,N2-bis(4-(dimethylamino)-

benzylidene)ethane-1,2-diamine compound, DMAB, is to
examine the inhibition behavior for the destruction of the C-
steel surface in dilute hydrochloric acid solution. 0.2 mol of 4-
(dimethylamino)benzaldehyde was mixed with 0.1 mol of
ethylenediamine into 0.250 L round-bottom flasks provided
with a condenser in the presence of acetone. The reactants
were refluxed by heating on a thermostatic water bath at 343 K
for 4 h. The produced precipitate was evaporated from the
solvent and washed completely utilizing acetone to remove the
unreacted components. The product was evaporated from
acetone followed by recrystallization, utilizing acetone to
obtain a yield of about 99% (buff powder), (N1E)-N1, N2-
bis(4-(dimethylamino)benzylidene) ethane-1,2-diamine,
Scheme 1.
The elemental analysis of the DMAB compound was proved

by FTIR (Figure 1A) and mass spectroscopy (Figure 1B).
2.3. Gravimetry Study. The C-steel coupons have

dimensions 74 mm × 22.9 mm × 2.9 mm. All samples are
cut with the same dimensions and are polished with fine
polishing papers, as indicated recently.17 The polished C-steel
samples were cleaned by washing under running tap water,
then ultrasonically in distilled water, and finally dried before
weighing using a digital electric balance, W1. The weighted
sample was immersed in 0.250 L of the examined solution for 8
h. The examined sample of C-steel was picked up from the
solution, cleaned, and washed, followed by drying before
reweighing again, W2. Each test was achieved 3 times and the
average value was considered. The data showed good
reproducibility with a standard deviation ranging from 0.01
to 0.03. The examined solutions were dilute hydrochloric acid
as a blank and inhibitive acid solutions containing various
amounts of the DMAB compound. The tests were performed
at various temperatures, 25−65 °C, utilizing an open-air
thermostatic water bath supported by a temperature adjuster,
±0.1 °C.
The rate of the dissolution reaction (rg) can be computed

from the difference in the metallic sample weights, (ΔW = W1
− W2), and the reaction time, t, and expressed in mg cm−2 h
utilizing the equation:22,23

=r
W

Atg (1)

where A is the total surface area of the investigated metal.
The coverage surface area (θ) and the percentage of

corrosion inhibition (ηw) of the DMAB compound were
computed from the following relations:10,23
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where rg° and rg are the rate of corrosion in dilute acidic media,
1.0 M (blank), and the inhibitive acid solution containing the
DMAB compound, respectively.

2.4. Gasometry Study. The same C-steel coupons were
prepared as usual in the gravimetric study and utilized for the
investigation of H2 generation. The clean C-steel coupon was
immersed in 0.250 L of the examined solution. After a short
time of immersion, the H2 started to release on the surface of
the metal sample. The volume of the generated H2 increased

Table 1. Fourier-Transform Infrared Spectroscopy Analysis
of C-Steel

element Mn C Si S P Fe

chemical composition,
wt %

0.60 0.20 0.39 0.03 0.03 99.35
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with time and was collected over water in a graduated burette,
as indicated earlier.24 The reaction system used for generating
H2 was depicted early.

24,26

The rate of the evolution of H2, rH, on the metallic surface
was computed from the V−t data. The covered surface area, θ,
and the percentage of corrosion inhibition, ηH, are computed
from rH values, using eqs 4 and 5, respectively:

23
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where r°H and rH are rates of the generated H2 gas in the blank
and the inhibitive DMAB solutions, respectively.

2.5. Electrochemical Study. A potentiostat (potentiostat
PGZ 301-model) was utilized for the potentiodynamic
polarization (PD) and EIS investigations.17 A double-wall
cell provided by a 3-electrode configuration was utilized. A C-
steel was utilized as a working electrode, WE, where its
potential, E, was measured relative to a saturated calomel
reference electrode, SCE. A Pt plate with a surface area of ∼2.0
cm2 was utilized as an auxiliary electrode. The WE was
prepared as a suitable cylindrical rod of C-steel and inserted
into a glass tube, leaving a free bottom area of 0.38 cm2 to be
in contact with the examined solution during measurements.
The WE was polished with various grades of fine emery papers
starting with rough ones. Then, the WE was washed several
times with distilled water and acetone, directly before carrying
the measurement. The WE was first immersed in the
investigated solution till the Est value was attained. Each run
was duplicated to estimate reproducibility and average values
of the electrochemical parameters were reported. The E-log I
plots were organized when the potential of the WE was
allowed to change from −0.85 to −0.35 V to the SCE at Ecorr
with a scan rate of 0.2 mV s−1 at 298 K.
The surface coverage θ and the protection efficacy (ηp) were

computed from the values of the corrosion current densities,
according to the relations:26−28

i
k
jjjjj

y
{
zzzzz=

°
I
I

1 corr

corr (6)

i
k
jjjjj

y
{
zzzzz=

°
I
I

1 100p
corr

corr (7)

where Icorr° and Icorr are the corrosion current densities in 1.0
M HCl solution free of and mixed with the DMAB inhibitor.
The EIS measurements were performed when the frequency

was allowed to vary between 100 kHz and 0.005 Hz at an
open-circuit potential, utilizing an A.C. of 10 mV via the
working cell. The gained EIS data were fitted using the
ZSimpWin approach.19 The charge transfer resistances, Rct° for
the blank electrolyte and Rct in the presence of the DMAB
compound, were utilized to determine the values of the surface

Scheme 1. Synthetic Scheme of the Newly Prepared DMAB Inhibitor

Figure 1. Mass spectrum (A) and infrared spectra (B) of the
synthesized DMAB Schiff base compound.
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coverage, θ, and the protection efficacy (ηI) using eqs 8 and 9,
respectively:28,29
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Utilizing ωmax = 2πfmax, the double-layer capacitance, Cdl,
can be computed utilizing the relation:30,31

= °C Y ( )n
dl max

1
(10)

2.6. Surface Analysis. To explain the change in the
morphology of the surface appearance for the clean dry C-steel
electrodes before and after the corrosion and inhibition
processes, three specimens of C-steel were employed. One
sample was immersed in 1.0 M HCl solution, and the other
was introduced in the same acid concentration containing 5.0
mM of the DMAB compound at 298 K. After a period of 4 h,
the examined specimens were picked up from the different
electrolytes, washed using distilled water, and dried in a
desiccator. The morphology of the examined C-steel surface
was investigated under scanning electron microscopy, SEM, of
a type A Jeol, JSM-5410 (Japan).

2.7. Quantum Computations. The best geometries for
the DMAB inhibitor molecules were computed by DFT using
the B3LYP and 6−31g (d,p). The calculations were performed
in the aqueous phase as explained in the recent literature,32

where quantum chemical factors were gained with the G09
code.33 Various factors, such as ΔE, η, σ, and the transferred
e−, ΔN, were computed utilizing eqs 11−14, respectively:17

=E E Eenergy gap, LUMO HOMO (11)

= E
hardness,

2 (12)
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1
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+
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where xinh and ηinh resemble the electronegativity and the
hardness of the DMAB inhibitor, respectively, while ηFe and φ
are the hardness of iron and the work function, respectively.
MC simulation was performed to inspect the kind of

interaction between the DMAB and the iron.17 The iron
surface was prepared by cleaving with (110) as the most stable
surface to simulate the adsorption process. The Fe(110) was
enlarged to a supercell (15 × 15) with a vacuum 30 Å
thickness built on the Fe plane (110). The COMPASS force
field and Ewald summation technique were used. The needed
adsorption energy, Eads, between the DMAB compound and
the metal surface was computed by the relation:

=E E E Eads Fe inh inh Fe (15)

where EFe‑inh, Einh, and EFe are the energies of the DMAB
molecules over the metal, the DMAB molecule, and the iron
on the surface of the steel, respectively.

3. RESULTS AND DISCUSSION
3.1. Structure of DMAB Confirmation. The data of

FTIR and mass spectroscopy were utilized to confirm the
chemical structure of the (N1E)-N1,N2-bis(4-(dimethylamino)-
benzylidene)ethane-1,2-diamine compound, DMAB.

3.1.1. FTIR Study. The measured infrared spectra of the
DMAB compound are summarized in Table 2, as depicted in

Figure 1A. The results explain the existence of CH aromatic
stretching at 3074 cm−1, CH aliphatic symmetric stretching at
2893 cm−1, CH aliphatic asymmetric stretching at 2807 cm−1,
C�N stretching at 1605 cm−1, C�C aromatic stretching at
1557 cm−1, CH2 bending 1483 cm−1, CH3 bending at 1356
cm−1, C−N aryl stretching at 1307 cm−1, C−N alkyl stretching
at 1178 cm−1, CH para bending at 814 cm−1, and CH ortho
bending at 723 cm−1.

3.1.2. Mass Spectroscopy, MS, Study. Figure 1B shows the
mass spectra of the synthesized DMAB molecule. The
measurements of the proposed chemical formula of the
DMAB substance show a peak at m/z 322 (1.18%), which is
related to the molecular ion (parent peak). The group of peaks
at 161 (21.77% [(CH3)2-N-C6H4-CH�N-CH2)] served as a
base peak jointly with other ones observed at 80 (100% (C�
N-CH2-CH2-N�C), 134 (15.72% [(CH3)2-N-C6H4-CH2]),
and 148 (26.01% [(CH3)2-N-C6H4-CH�NH)]).

3.2. Gravimetry Measurements. The gravimetry study
was done to investigate the destruction attitude of dilute HCl
solution and the retardation effect of the DMAB substance
toward the C-steel at various temperatures. Table 3 depicts the
values of corrosion rate (rg), surface coverage (θ), and
inhibition efficacy (ηw). The rg value is lowered by raising
the DMAB amount in the aqueous acidic solution and
increased with temperature. Figure 2A represents the reduction
in the corrosion rate, rg, by increasing the DMAB
concentration at different temperatures. Increasing the amount
of the DMAB inhibitor in the aggressive media diminishes the
rg and increases the protection efficacy (ηw), as shown in Table
3 and Figure 2B. The sigmoidal plots of Figure 2B confirm the
adsorbability character of the DMAB compound against the
destruction of the metal surface by the effect of chloride ions in
the aqueous solution.30,45 The reduction in the θ and the ηw
values for the DMAB inhibitor with temperature could explain
the leaving of some of the already adsorbed DMAB molecules
from the metal surface into the bulk of the solution as the
temperature increased. This attitude is owing to the nature of
the adsorption process between the DMAB molecules and the

Table 2. Fourier-Transform Infrared Spectroscopy Analysis
of the DMAB Compound

band ν, 1/cm
C−H aromatic stretching 3074
C−H aliphatic symmetric stretching 2893
C−H aliphatic asymmetric stretching 2807
CN stretching 1605
CC aromatic stretching 1557
CH2 bending 1483
CH3 bending 1356
CN aryl stretching 1307
CN alkyl stretching 1178
CH para bending 814
CH ortho bending 723
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metal surface, which depends on the electrostatic attraction,
i.e., physisorption.37

3.3. Gasometric Measurements. The protection behav-
ior of the DMAB compound against the corrosion of C-steel
and the H2 production was investigated by the gasometric
method. In this study, the volume of the generated H2 (VH) is
increased as the immersion time (t) is elongated, which
depends on the DMAB amount and the solution temperature.
The constructed VH−t plots when the C-steel metal is
immersed in a dilute hydrochloric acid electrolyte without
the DMAB inhibitor and in the existence of different additions
of DMAB are shown in Figure 2C. The decrease in the rH
values with more amounts of the DMAB compound, Figure
2D, is due to the reduction in the generated hydrogen, VH on
the metallic sample, due to the inhibition effect.
The generated hydrogen accumulates on the corroded metal

surface after a certain interval, incubation time, τ, at which the
oxide layer starts to be broken by Cl− ions in the investigated
solution.23,35,36 After the incubation time, VH gradually
increases with the immersion time due to the continuous

dissolution of the bare metal surface.23 The τ is elongated as
the added amount of the DMAB compound is raised and is
decreased with temperature, confirming the inhibition of metal
destruction. Such an attitude would explain the inhibition
influence by the added DMAB compound via the adsorption of
such inhibitor molecules on the investigated metal sample. The
variation in the rate of the produced H2, rH with the amount of
the DMAB compound, at 298 and 318 K, is depicted in Figure
2D and Table 4. The data rH-log Cinh explains S-shaped plots
similar to that obtained by the gravimetric method, proving the
adsorption of the DMAB molecules on the investigated steel
surface.35

The values of θ and ηH % computed with various amounts of
the DMAB substance are shown in Table 4, which are
increased with increasing the added DMAB inhibitor and are
reduced with increasing the temperature. The reduction in the
θ and ηH % values with increasing temperature could be related
to the reduction in the rH values, which proves the desorption
of a few of the already adsorbed DMAB molecules escaping
into the bulk of the solution. Such an attitude could explain the

Table 3. Values of Rate of Corrosion, rg, mg cm−2 h−1, Surface Coverage, θ, and the Anticorrosion Efficiency, ηw, for C-Steel in
1.0 M HCl without and with the DMAB Compound at Various Temperatures (Gravimetric Data)

298 K 313 K 338 K

conc., mM rg, mg cm−2 h−1 θ ηw (%) rg, mg cm−2 h−1 θ ηw (%) rg, mg cm−2 h−1 θ ηw (%)
0.00 1.0494 2.0051 3.3874
0.05 0.2962 0.72 71.77 0.7843 0.61 60.89 1.5928 0.53 52.98
0.10 0.2596 0.75 75.26 0.6652 0.67 66.83 1.4459 0.57 57.32
0.50 0.2179 0.79 79.24 0.5635 0.72 71.90 1.2066 0.64 64.38
1.00 0.1570 0.85 85.03 0.4473 0.78 77.69 1.0098 0.70 70.19
5.00 0.0838 0.92 92.01 0.3298 0.84 83.55 0.8526 0.75 74.83

Figure 2. Variation of the rate of corrosion rg (A) and ηw% with log C of the DMAB compound (B), volume−time curves (C), and variation of rHd2

with log C of DMAB (D) for C-steel in 1.0 M HCl.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03135
ACS Omega 2024, 9, 29666−29681

29670

https://pubs.acs.org/doi/10.1021/acsomega.4c03135?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03135?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03135?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03135?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


possibility of the DMAB molecules being electrostatically
adsorbed on the corroded metal surface.34

3.4. Potentiodynamic Polarization, PD, Study. The PD
plots of the investigated C-steel in the HCl solution free of and
mixed with the DMAB compound are depicted in Figure 3.

Different corrosion parameters, i.e., Ecorr, Icorr, βa, βc, Rp, and ηp,
were computed and listed in Table 5. It is noticed that the
values of the corrosion current, Icorr, are reduced with more
additions of the DMAB compound due to an inhibition effect.
Also, the values of the anodic and cathodic Tafel slopes βa and
βc do not display a marked change that is attributed to the
similarity in the corrosion mechanism in the absence and

existence of the DMAB molecules. Such an attitude explains
that the DMAB compound decreases the anodic and cathodic
half-reactions.37,38

In addition, Figure 3 shows that the added DMAB does not
have a serious effect on the values of Ecorr concerning that of
the blank solution. Such an attitude confirms that the DMAB
compound resists the anodic iron dissolution and H2
production reactions. The change in the ΔEcorr values between
the blank solution and that of the DMAB inhibitor solution
varies within 24 mV, proving that the DMAB substance acts as
a mixed-type inhibitor.37,39

The protection efficacy, ηp, of the DMAB compound was
computed from the Icorr values for the blank solution and the
DMAB inhibitive solution utilizing eq 6. The protection
efficacy, ηp, is found to take higher values with higher amounts
of the DMAB compound due to the decrease in the Icorr values.
This could explain the inhibition of the anodic and cathodic
half-reactions by the DMAB molecules that block the reactive
centers on the surface of the investigated metal.17

Moreover, the existence of the DMAB compound increases
the value of Rp from 42 Ω cm2 (in the free acid solution) to
450 Ω cm2 at a concentration of 5.0 mM DMAB compound
that proves the consistency of the formed film on the metallic
surface owing to an adsorption phenomenon. The increase in
the values of Rp and ηp with higher amounts of the DMAB
substance could explain the growth of the adsorbed DMAB
molecule layer on the surface of the investigated metal.17

3.5. Measurements of Impedance, EIS, Study. The EIS
measurements are utilized as a nondestructive tool to
investigate the Nyquist plots of the examined metal in dilute
HCl media devoid of and containing the DMAB inhibitor at
different additions (Figure 4). The EIS spectra of the

investigated metal have been extremely adjusted when the
DMAB molecule is mixed with the aggressive acidic media.
The Nyquist curves can be demonstrated via the equivalent
circuit depicted in Figure 5, which has been used already for
the Fe/H+ interface.40

Figure 4 indicates a depressed semicircle capacitive loop that
appears with the existence of the DMAB molecules mixed with
the destructive hydrochloric acid media, not typical semicircles
as expected from the impedance view. The presence of such

Table 4. Values of rg, mL/cm2, θ, and ηH for C-Steel in 1.0
M HCl without and with the DMAB Compound, at Various
Temperatures, at 298 and 318 K (Gasometry Data)

conc., mM rH, mL cm−2 θ ηH
0.00 0.04759 [0.0871]a

0.05 0.01152 [0.0245] 0.764 [0.719] 76.4 [71.9]
0.10 0.00927 [0.0195] 0.805 [0.776] 80.5 [77.6]
0.50 0.00805 [0.0172] 0.830 [0.803] 83.1 [80.3]
1.00 0.00492 [0.0135] 0.897 [0.845] 89.7 [84.5]
5.00 0.00292 [0.0075] 0.939[0.913] 93.3 [91.3]

aThe second value was obtained at 318 K.

Figure 3. Potentiodynamic polarization curves of C-steel in 1.0 M
HCl solution devoid of and containing different additions of the
DMAB compound.

Table 5. Potentiodynamic Polarization Constants
Computed for C-Steel in 1.0 M HCl Free of and Mixed with
Various Additions of the DMAB Compound at 298 K

conc.,
mM

Ecorr,
mV, SCE

Icorr,
mA cm−2

Ba,
mV dec−1

Bc,
mV dec−1 Rp ηp, %

0.00 −524 1.0697 153 −179 42
0.05 −504 0.3117 155 −174 158 73.41
0.10 −500 0.2691 166 −189 191 78.01
0.50 −503 0.2387 158 −167 204 79.41
1.00 −533 0.1750 162 −166 283 85.16
5.00 −522 0.0915 138 −148 450 90.37

Figure 4. Nyquist plots of C-steel in 1.0 M HCl solution without and
with different additions of the DMAB Schiff base compound at 25 °C.
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capacitive loops in the full investigated frequency range for the
acid-aggressive and the inhibitive media confirms that the
protection process for the corroded metal surface against the
corrosive action of the HCl solution is accompanied by the
charge transfer process between the metallic surface and the
DMAB substance.41,42 The DMAB compound behaves as an
interface inhibitor that adsorbs at the C-steel/H+ interface
forming an inhibitor adsorbed layer that lowers the corrosive
effect of hydrochloric acid.43 Increasing the added amount of
the DMAB substance into the HCl media gradually reduces
the diameter of the capacitive loop, explaining the growth of
the inhibitive adsorbed layer on the surface of the examined
metal that lowers the contact between the metallic surface and
the HCl solution.
The Bode (log f against log imaginary impedance) and the

phase angle curves (log f against log phase angle) are utilized to
investigate the inhibitive influence of DMAB toward the
destruction of the metal surface in dilute hydrochloric media as
depicted in Figure 6. Bode plots indicate a capacitive zone at

intermediate frequencies and a resistive region at high and low
frequencies. The increase in the height of peaks of Bode phase
plots with more additions of the DMAB compound could be
attributed to the formation of a protective film on the C-steel
surface.44,45 Such behavior increases the inhibition efficacy, ηI,
with more additions of the inhibitor.16 Also, in Figure 6, the
phase angle is shifted into the more negative values with more
additions of the DMAB compound, explaining the existence of
an adsorbed film of the DMAB compound that protects the
steel surface from being in contact with Cl− ions.16,46,47

Different corrosion parameters obtained by impedance
measurements, such as Rct, Cdl, and the protection efficacy,
ηI, are determined by analyzing the gained data of the
impedance measurements, which are shown in Table 6. The
rise in the Rct values with more amounts of the DMAB
substance in the hydrochloric acid media (1.0 M) could
confirm the rise in the capability of the DMAB substance to be
adsorbed on the surface of the investigated steel, lowering the
rate of the corrosion reaction.16 Also, the values of the double-
layer capacitance, Cdl, decreased as the amount of the DMAB
molecules increased, which could confirm the greater thickness
of the electrical double layer due to the reduction in the rate of
metal corrosion, emphasizing the adsorption of the DMAB
substance on the investigated metal.16,48

3.6. Comparison of the Inhibition Efficacy with Other
Schiff Base Compounds. The inhibition efficacy of the
DMAB Schiff base compound as an acidic inhibitor was
compared to that of other Schiff base derivatives in various
acidic solutions.13−19 The computed η % has been determined
and matched with comparable types of the Schiff base
molecules,13−19,24,49,50 as depicted in Table 7. The results
reveal that the examined DMAB is projected to work similarly
to, if not better than, other previously examined Schiff base
compounds when utilized at significantly lower amounts.

3.7. Mechanism of Adsorption. The protection of
metallic surfaces from the corrosion process by adding organic
molecules into the corrosion environment is controlled by the
adsorption of the inhibitive organic compounds on the
invested metallic surface. The adsorption process is found to
be dependent on some variables, including the number of
adsorption sites located on the inhibiting molecule as well as
the temperature of the solution. The adsorption process
involves a substitution step between the used inhibitive organic
molecules and the H2O molecules adsorbed on the metallic
surface. Such a process is considered a quasi-exchange process
that can be summarized by the relation:51

+ +zW zWDMAB DMAB(sol) (ads) (ads) (sol) (16)

where z resembles the number of desorbed water molecules,
W(ads), substituted by only a DMAB(ads) molecule.
Temkin, Freundlich, Frumkin, and Langmuir’s adsorption

isotherms were used to investigate the adsorption of the

Figure 5. Equivalent circuit model was used to fit the EIS data in the
absence and presence of the DMAB Schiff base compound.

Figure 6. Bode and phase angle plots of C-steel in 1 M HCl solutions
without and with various concentrations of the DMAB Schiff base
compound.

Table 6. EIS Data of C-Steel in 1.0 M HCl Free of and Mixed with Various Additions of the DMAB Compound at 298 K

conc., M Rs, Ω cm2 Qdl, 104, Ω−1 sn cm−2 n error of n Rct, Ω cm2 Cdl, μF cm−2 ηI %
0.00 839.7 0.2215 0.83 1.22 25.4 280.4
5 × 10−5 2.40 0.513 0.85 1.04 89.10 89.3 71.5
1 × 10−4 2.60 0.437 0.64 1.12 102.0 70.0 75.1
5 × 10−4 2.30 0.359 0.80 0.83 118.0 108 78.5
1 × 10−3 2.70 0.246 0.70 0.50 169.0 75.0 85.0
5 × 10−3 4.60 0.110 0.70 0.50 290.0 73.0 91.2
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utilized DMAB compound on the carbon steel surface in the
oilfield-produced water. The adsorption isotherm models are
given by the following equations:52,53

=K CTemkin eads
f (17)

= K CFrundlich n
ads (18)

= K CFrumkin
1

e 2f
ads (19)

= +C
K

CLangmuir
1

ads (20)

The experimental data obtained from gravimetry are utilized
to fit the best suitable adsorption isotherm. The best-fitted

isotherm was Langmuir with a regression coefficient, R2, as well
as the slopes close to unity, confirming that the Langmuir
model is the suitable adsorption isotherm for the DMAB
compound on the C-steel surface, which is illustrated by the
formation of a single adsorbed layer.24,25

According to the Langmuir equation represented by eq 20,
C resembles the equilibrium concentration of the DMAB
compound in mol L−1, θ represents the surface coverage
induced by the DMAB molecules, and Kads is the equilibrium
constant of the adsorption−desorption process. The data of
Figure 7 affirms the plotting of Cθ−1 against the DMAB
concentration, C. The figure shows straight lines with strong
positive correlation coefficients (r ∼ 1) with slopes equal to 1,
which proves that adsorption is controlled by Langmuir’s
model. The Kads value can be computed from the intercept

Table 7. Comparison of η % Values of DMAB with Other Similar Compounds

Schiff base compound and the corrosive solution concn. η% ref.

2,2′-(heptane-1,7-diylbis(azanylylidene)bis-(methanylylidene))diphenol, 0.5 M H2SO4 1 mM 93.6 2
3-((5-mercapto-1,3,4-thiadiazol-2-yl) imino)indolin-2-one, 1.0 M HCl 0.5 mM 96.4 15
N-(2-((Z)-2-(benzylideneamino)ethylamino)- ethyl)3,4,5-trihydroxybenzamide, 0.5 M HCl 250 ppm 88.6 16
N1,N1′-(ethane-1,2-diyl)bis(N2-(4-(dimethylamino) benzylidene)ethane-1,2-diamine), 1.0 M HCl 5 mM 95.2 17
2,4-bis-(2- hydroxynaphthaldehyde)diiminotholuene, 1.0 M HCl 5 mM 85.6 19
N1-(4-(dimethylamino)benzylidene)-N2-(2-((4-(di- methylamino)benzylidene)amino)ethyl)ethane-1,2-diamine, 1.0 M HCl 5 mM 97.0 24
4-((E)-(3-((E)-(Hexylimino)methyl)-4-hydroxyphenyl)diazenyl)benzonitrile, 1.0 M HCl 100 ppm 90.1 49
4-((E)-(3-((E)-(Dodecylimino)methyl)-4-hydroxyphenyl)- diazenyl)benzonitrile, 1.0 M HCl 100 ppm 92.4 49
4-amino-N-benzylidene-benzamide, 1.0 M HCl 10 mM 96.0 50
(N1E)-N1,N2-bis(4-(dimethylamino)benzylidene)ethane-1,2-diamine 5.0 mM 97.7 present study

Figure 7. Adsorption isotherms of the DMAB Schiff base compound on the C-steel surface in 1.0 M HCl at various temperatures.
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point with the Y-axis of Figure 7, Kads = 1/intercept. The Kads
values listed in Table 8 are reduced with the rise in
temperature, explaining the desorption of some molecules of
already adsorbed DMAB molecules leaving the steel surface
escaping into the bulk of the solution, as the temperature
increased. The computed Kads values, Table 8, are used to
determine the thermodynamic function ΔG°ads, which is
known as the standard free energy of adsorption utilizing the
relation:54

° = [ + ]G RT Kln 4.0164ads ads (21)

where 4.016 is a constant that corresponds to the logarithmic
concentration of H2O. The values ΔG°ads are depicted in Table
8 and vary between −35.13 and −38.70 kJ mol−1. These data
are characterized by the minus sign that could confirm the
spontaneity of the adsorption of DMAB molecules on the
investigated C-steel surface.55,56 The value ΔG°ads is less than
20 kJ mol−1 and higher to reach 40 kJ mol−1, emphasizing the
physical- and chemisorption mechanism of the DMAB
molecules on the corroded C-steel.55 The reduction in the
values of ΔG°ads with temperature would illustrate that the
inhibition process by the DMAB inhibitor molecules is
endothermic.39,56

In addition, the computed Kads values are useful to
determine the thermodynamic function standard enthalpy,
ΔH°ads, for the adsorption process via the relation:54

i
k
jjjj

y
{
zzzz=

°
+K

H
RT

ln constantads
ads

(22)

Such a relation can be represented in Figure 8, ln Kads values
versus T−1, which produces straight line plots of a slope equal
to −ΔH°ads/R. The deduced ΔH°ads values shown in Table 8
indicate the negative sign, which proves that the adsorption of

DMAB inhibitor molecules on the corroded steel surface is an
exothermic process.57 Such a conclusion could explain the
decrease in the protection efficacy with the temperature, which
confirms the desorption of a few numbers of already adsorbed
DMAB inhibitor molecules from the corroded metal surface
into the bulk of the solution, as the temperature increased. On
the other hand, a chemisorption process is approved when the
ΔH°ads take values more than 40 kJ mol−1 and can reach 400 kJ
mol−1. The computed ΔH°ads is equal to −8.51 kJ mol−1,
which sustains the electrostatic adsorption of the DMAB
molecules on the corroded steel.
Also, the thermodynamic function standard entropy, ΔS°ads,

values can be computed from the relation:54

° = ° °G H T Sads ads ads (23)

The obtained ΔS°ads values take a positive sign and almost
have the same value, Table 8, which illustrates that the
adsorption of DMAB inhibitor molecules is associated with a
small variation in entropy value.

3.8. Adsorption Modes for DMAB. The large values of
Kads indicate the strong adsorption of DMAB on C-steel. This
agrees with the higher values of the inhibition efficacy obtained
from different methods reaching 97%. The value of free energy,
ΔG°ads, tends to be −40 kJ mol−1, also, the enthalpy, ΔH°ads,
has a negative value and near to be zero. This confirms that the
adsorption of DMAB on the C-steel surface tends to be more
chemisorption than physisorption. The inhibition of DMAB on
C-steel in 1.0 M hydrochloric acid can occur through the
adsorption of lone pairs of electrons of two nitrogen atoms and
double bonds of two benzene rings on cathodic sites of the C-
steel surface as shown in Figure 9.

3.9. Influence of Temperature. Arrhenius equation is
used to compute the activation energy (Ea) accompanied by
the dissolution process and investigate the mechanism of
corrosion protection of C-steel in 1.0 M HCl solutions. The
values of rg computed by gravimetric measurements in the
absence and presence of the DMAB inhibitor at various
temperatures are used. The rg values are varied with
temperature, T, according to the relation:54
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2.303

constantg
a

(24)

where Ea represents the energy of activation of the dissolution
reaction and R is the Arrhenius constant. Figure 10 represents
the variation of the log rg values versus T−1 for all the
investigated dilute HCl free of and mixed with various amounts
of the DMAB compound. Such plots produce straight line
relations with strong positive correlation coefficients very close
to one, which confirms applications of the Arrhenius relation.
The Ea values are deduced from the slope of the constructed
line plots that are listed in Table 9. The higher values of Ea
computed in the existence of the DMAB compound with a
decrease in the protection efficacy would offer the probability
of the physisorption process of the DMAB compound on the
examined metal surface.58−61

Table 8. Values of the Equilibrium Constants, Kads, Free Energy, ΔG°ads, Enthalpy, ΔH°ads, and Entropy, ΔS°ads, of the
Adsorption of the DMAB Compound on C-Steel in 1.0 M Hydrochloric Acid at Various Temperatures

T, °C Kads × 104, M−1 ΔG°ads, kJ mol−1 ΔH°ads, kJ mol−1 ΔS°ads, J mol−1 K−1

298 2.59 −35.13 89.32
308 2.05 −36.87 −8.51 89.17
318 1.72 −38.70 89.32

Figure 8. Van’t Hoff plots (ln k versus 1/T) for the corrosion of C-
steel in 1.0 M HCl.
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Also, the values of the thermodynamic functions ΔS* and
ΔH* for different additions of the DMAB can be computed via
the equation:32
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where NA and h refer to Avogadro’s and Planck’s constant,
respectively. Figure 11 depicts the plotting of the log (rg T−1)
with T−1 for all of the examined aggressive and inhibitive
solutions. Such plots give straight line relationships with slopes
= −ΔH*/R. The computed values of ΔH* are listed in Table 9
and have a positive sign that explains the endothermic nature

of the transition state accompanied by the corrosion inhibition
process.38,62 The values of −ΔS* can be computed from the y-
axis intercept of Figure 11 and computed to be 26.70 J mol−1
K−1 with dilute hydrochloric acid solution and vary from 51.2
to 83.9 J mol−1 K−1 with various amounts of the DMAB
inhibitor, Table 9. The increase in the negativity of ΔS* with
more additions of the DMAB inhibitor would indicate that the
activated complex in the rate-determining process represents
an association rather than dissociation.63−,11

3.10. Surface Investigation. The morphology of the
surface of some of the corroded and noncorroded metallic
surfaces was investigated using SEM, complemented by the
EDS analysis. Figures 12 and 13 depict the SEM and EDS
analysis of three different samples of C-steel, respectively. The
morphology of the surface of a clean and dry steel specimen,
not exposed to any corrosive or inhibitive solution, is depicted
in Figure 12A. The surface appeared to be smooth without any
signs of corrosion, only occasional scratches resulting from
polishing operations. Figure 12B depicts the morphology of
the surface of the steel specimen after being offered into dilute
HCl media for 4 h. Such a micrograph explains that the steel
surface has several pits surrounded by corrosion products
accommodated on the corroded metallic surface. The
appearance of the highly destructive surface is owing to the

Figure 9. Schematic diagram representing adsorption of DMAB on the C-steel surface in 1.0 M HCl.

Figure 10. Arrhenius plots (log k vs 1/T) for the DMAB Schiff base
compound on C-steel in 1.0 M HCl.

Table 9. Activation Thermodynamic Functions for C-Steel
in Dilute Hydrochloric Acid Solutions Free of and Mixed
with Various Amounts of the DMAB Compound

conc. of DBDB
(mM)

Ea
(kJ mol−1)

ΔH*ads
(kJ mol−1)

ΔS*ads
(J mol−1 K−1)

0.000 24.56 21.92 −26.66
0.05 36.10 33.47 −51.16
0.10 35.70 33.06 −53.92
0.50 38.07 35.43 −56.97
1.00 41.38 38.74 −65.15
5.00 48.23 45.60 −83.87

Figure 11. Transition state plots of ln k/T versus 1/T for the
corrosion of C-steel in 1.0 M HCl solution without and with different
amounts of the DMAB compound.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03135
ACS Omega 2024, 9, 29666−29681

29675

https://pubs.acs.org/doi/10.1021/acsomega.4c03135?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03135?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03135?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03135?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03135?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03135?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03135?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03135?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03135?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03135?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03135?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03135?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


presence of the corrosive chloride ions, which destroy the
metallic surface in the absence of the DMAB inhibitor. Such a
sample was analyzed to indicate a low value of Fe % in its
metallic surface due to its dissolution in dilute HCl solution
(1.0 M), Figure 13B. Figure 12C shows the SEM micrograph
of the steel surface being offered for 4 h into a dilute
hydrochloric acid containing 5 mM DMAB inhibitor. The
micrograph explains the less corroded surface with corrosion
products spreads on the metallic surface, owing to the
existence of DMAB molecules that resist the corrosive
influence of HCl by an adsorption process. In the EDS
analysis of the metallic steel surface after exposing it to the
hydrochloric acid containing the DMAB inhibitor, the Fe %
appears to become greater than that of the free acid solution
(Figure 13B), suggesting that the steel surface is covered by
DMAB, so, the percent of iron loss into the HCl solution
becomes lowered (Figure 13C).

3.11. Quantum Computations. 3.11.1. DFT Computa-
tions. DFT calculations are utilized to examine the activity of
the DMAB inhibitor to adsorb on the corroded metal. Figure
14 illustrates the optimized geometry of the DMAB compound
with constant quantum parameters depicted in Table 10.
Frontier molecular orbital, FMO, provides acquaintance about
the activity of the DMAB molecules. The active centers that
provide electrons to the surface of corroded steel are in the
HOMO. On the other hand, the LUMO can institute feedback
links by taking electrons from the investigated metal surface.
The FMO distributions are shown in Figure 15.
The investigated DMAB substance has a little ΔEg and a

high σ that confirms the high activity toward the adsorption on
the examined metal surface.66,67 Furthermore, molecules with a
low σ and a high ΔE are considered indicators of the high
stability of such molecules. The higher EHOMO values sustain

the investigated substance to donate e− to the active sites on
the Fe surface with vacant d orbitals. The larger the EHOMO
value, the higher the reactivity of such substance to share with
e− on the examined metal surface. Moreover, ELUMO with a low
value raises the probability of such substance accepting
electrons, increasing the protection capacity. ΔEg is a useful
parameter in the reactivity of the DMAB compound to be
adsorbed on the surface of the iron metal. The smaller ΔEg
value, the increases in the capability of the investigated DMAB
substance to adsorb on the examined C-surface steel, Table 10.
A substance that has a small softness value, σ, and a high

energy gap value, ΔEg, becomes confidently stable. A severe
molecule that has a wide value of the energy gap, ΔEg, is
considered less stable than a soft one with a cramped ΔEg. The
substance with high global softness (lowest global hardness) is
prophesied to have an excellent protection influence on the
damaged metal surface68 (Table 10).
The MEP, molecular electrostatic potential map, is

predominantly accompanied by nucleophilic and electrophilic
active sites located in the DMAB compound. The centers that
appeared with a blue color in Figure 16 postulate the +ve sites
while those with a red color assume the −ve regions located on
the N-atom, designating the active centers on the adsorbed
DMAB molecule.
The protection efficacy can be influenced by electron

transfer, e−. The ΔN deducts the transfer of e− from the
examined surface of C-steel to the DMAB compound if ΔN is
< 0 and from the inhibiting molecules to the surface of C-steel
if ΔN is > 0.69,70 The quantum computation data collected in
Table 10 indicates that the electron transfer, ΔN, is equal to
0.42 e with a positive value. Such data emphasizes that ΔN
occurs from the DMAB molecule into the iron atom on the
metallic surface. Such behavior proves that the theoretical

Figure 12. SEM micrographs of (A) carbon steel surface, (B) carbon steel in 1.0 M HCl devoid of, and (C) containing 0.005 M EDDB inhibitor at
25 °C.
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computations are harmonious with the obtained experimental
measurements.

The examined DMAB molecule in the acidic phase could be
protonated owing to its chemical structure characterized by the
presence of the heteroatom, nitrogen, which is rich with lone
pairs of free electrons. Such atoms are active centers with high
negative charges that make the DMAB compound be
protonated easily. Figure 16 depicts the high negative charge
centered on the N-atom of the dimethyl group in the DMAB
compound and FMO of the optimized geometry of the DMAB

Figure 13. EDX spectra of (A) carbon steel surface, (B) carbon steel in 1.0 M HCl devoid of, and (C) containing 0.005 M DMAB inhibitor at 25
°C.

Figure 14. Optimized geometry of the DMAB Schiff base inhibitor.

Table 10. Theoretical Quantum Functions of the DMAB
Compound on C-Steel in Hydrochloric Acid Solution

EHOMO, eV ELUMO, eV ΔE, eV σ (eV−1) η (eV) ΔN (e)

−5.16 −0.89 4.27 0.47 2.135 0.42
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molecule. As explained in Figure 17, the FMO of the optimized
geometry of the DMAB molecular, the EHOMO for the
protonated DMAB substance is shifted to a more −ve value
concerning the neutral EHOMO. Such a situation explains the
decrease in the e− donation of the DMAB compound molecule

to give e− to the metallic surface. The ELUMO value is shifted to
a more -ve value than its neutral form, proving the capability to
receive e− from the protonated one..

3.11.2. Monte Carlo. The Monte Carlo (MC) simulation
proceeded to investigate the probability of the DMAB
molecule reacting with the metallic surface of iron(110). The
inhibitor molecules adsorb onto the Fe(110) surface in a
nearly parallel way, covering the maximum surface area of the
C-steel surface. This behavior is mostly attributed to the strong
tendency of DMAB inhibitor compounds to donate electrons
to vacant Fe orbitals and receive electrons from Fe d-orbitals
via back-bonding71,72 (Figure 18). Such orders of adsorption
assume that the DMAB compound may be capable of donating
and accepting e−. The adsorption energy of the DMAB
inhibitor molecule, E, is computed to be equal to −413.48 kcal
mol−1. Such data assume that the DMAB substance explains
the high protection efficacy of the DMAB molecules against
the corrosive effect of the chloride ions toward the metal
surface, which comes in consistent with other practical data.

4. CONCLUSIONS

• The DMAB Schiff base compound was synthesized and
assured by FTIR and mass spectroscopy.

• It behaves as an effective mixed-type inhibitor for the
destruction of C-steel in 1.0 M HCl solutions.

• The gravimetry, gasometry, and electrochemical techni-
ques were in good convention.

• The protection efficacy is found to be dependent on the
inhibitor concentration and temperature.

Figure 15. Frontier orbital, FMO, of the DMAB inhibitor.

Figure 16. Molecular electrostatic map, MEP, of the DMAB inhibitor.

Figure 17. Frontier orbital energies of protonated and unprotonated
forms for the DMAB Schiff base inhibitor.
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• The inhibition process was based on an adsorption
mechanism obeying Langmuir’s pattern.

• The reduction in the θ and the ηw values with
temperature could confirm the physisorption process.

• The large values of Kads confirm the strong adsorbability
of DMBA on the C-steel surface.

• The negative value of ΔG°ads revealed the spontaneity of
the adsorption process.

• The values of ΔG°ads and ΔH°ads confirm the adsorption
of DMAB on the C-steel surface to be a chemisorption
mechanism.

• Theoretical quantum computation confirmed the
adsorption of DMAB in concurrence with the data
obtained by practical techniques.
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