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ARTICLE INFO ABSTRACT

Keywords: Background: Expanding the use of carbon steel in various industrial operations is always associated with chal-
Schiff base lenges due to many engineering factors in the selection of materials. However, carbon-steel corrosion is a sig-
Synthesis

nificant challenge in many industries, particularly the oil and gas sector.

Methods: This study created and employed two novel N2O» ligands to prevent simple carbon steel from corroding
in static and dynamic hydrochloric acid solutions. Corrosion tests were performed in none, 50, 100, and 250 ppm
of the new compounds. Therefore, immersion, potentiodynamic polarization (PDP), and electrochemical
impedance spectroscopy (EIS) tests were used to investigate the anti-corrosion effect. In addition, the impact of
hydrodynamic conditions on performing the inhibitors was also conducted. The B3LYP (Becke, 3-parameter,
Lee-Yang-Parr), HF (Hartree-Fock), M062X approach with 6-31++G(d,p) basis sets was employed using the
Gaussian software to study the inhibitory activities of molecules in the gas and water phases.

Significant findings: According to the PDP test, there is a direct correlation between the amount of inhibitor and
resistance to corrosion in static conditions, where the reduced ligand was more efficient. The EIS data revealed
that, in a 1.0 M HCI solution with an inhibitor concentration of 250 ppm, the ligand and its reduced form
enhanced corrosion resistance by 86.38% and 91.43%. Furthermore, these values were found to be 33.46% and
57.77%, in turbulent environment of 500 rpm. The atomic force microscopy (AFM) studies revealed that the
ligand and its reduced form decreased surface roughness by 13.61% and 85.37% in static conditions and 59.67%
and 61.53% in a hydrodynamic environment in comparison to 1.0 M HCI solution. Additionally, the UV test
demonstrated that the amounts of iron corrosion was less severe in H2L? than in H2L! and 1.0 M HCI. Under
static and dynamic conditions, the samples had lower specific weight changes during the immersion test, indi-
cating that the inhibitory chemicals protected the samples’ surfaces. Both compounds followed the Langmuir
adsorption process. Furthermore, quantum chemical parameters simulations indicate the compounds’ anti-
corrosive abilities.

Carbon-steel

Acid corrosion
Corrosion inhibition
Electrochemical analysis
Modeling studies

1. Introduction

In the past several decades, plain carbon steels have become the most
widely used engineering alloys because of their high strength, low price,
and uncomplicated weldability [1,2]. Some of the essential applications
of mild steel are oil and gas transmission lines, the construction of
tankers, and the automobile industry [3-5]. Unfortunately, despite all
the superior features of plain carbon steels, these alloys are weak against
corrosive environments [6]. For example, Dia et al. [7] reported that in
the US, UK, China, and the EU, 25% of oil transmission lines fail, and
18% of gas transmission accidents are caused by corrosion damage. In
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recent years, accidents caused by the leakage of materials into the
environment caused by pitting corrosion have increased as the pipes
aged over time [8].

One of the essential corrosion factors in mild steels is an acidic me-
dium. Notably, hydrochloric is one of the industrial and academic acids
used to clean surfaces or investigate the corrosion resistance of alloys [9,
10]. Because of this, researchers have often been intrigued by the use of
various chemical compounds to reduce corrosion [11-13]. For example,
Aldehydes and Amines are essential commercial corrosion inhibitors
[14]. Polymeric compounds are also used as well [15]. Natural in-
hibitors are well-known compounds due to their biocompatibility.
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Fig. 1. Synthesis of 2,2'-((1Z,1'Z)-((2,2-dimethylpropane-1,3-diyl)bis(azanylylidene))bis(methanylylidene))bis(4-bromophenol)) (H2LY).
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Fig. 2. Synthesis of 2,2'-(((2,2-dimethylpropane-1,3-diyl)bis(azanediyl))bis(methylene))bis(4-bromophenol) (H2L?).

According to researchers, organic compounds extracted from plants like
Rollinai [16], Fics Tikoua [17], Alba pendula [18], Musa paradisiaca
[19], Azadira indica [20], and Dardagan Fruit [21] can successfully
reduce the corrosion rate of plain carbon steel as an inhibitor. What is
more, according to the reports, the compounds like 5(chloromethyl)
8quino-hydrochloride with 97% efficiency [22], 1-(4-methyl phenyl)—
1H-Pyrrole-2,5dine with 97.5% efficiency [23], pyran [24,25], and
8-hydroxyquinoline with >90.0% efficiency [26,27] can prevent
corrosion of mild steel in acidic media.

Unfortunately, one primary problem with organic inhibitors is their
high price and toxicity to humans; therefore, their widespread use in the
industry faces serious problems [28,29]. For this reason, synthetic
organic inhibitors have attracted more attention because of their high
inhibition efficiency, low price, and uncomplicated solubility in water,
which are recently also becoming more environmentally friendly [30].

According to Hegazi et al. [31], Schiff bases are better inhibitors than
Amides and Aldehydes, effectively reducing the corrosion rate on all
steel, aluminum, and copper alloys. In previous works, we have pre-
pared some Schiff base ligands with various applications, such as anti-
bacterial [32,33], antifungal [34], DNA binding [33], anticancer [35,
36], chemosensor [37] and anti-corrosion [38-41].

Due to their aldehyde rings and imine bond (-C = N-), Schiff bases
tend to stick on the steel surface through the pair of electrons of the ©
layer with d electron layers of iron. The steel surface develops a thin film
as a result of these electron-donating groups, which also reduces the
corrosion’s active zones. Therefore, the corrosion rate will decrease in
both anodic and cathodic reactions in the HCl acid environment.
Furthermore, adding halogens to the Schiff base composition will in-
crease the inhibition efficiency because of the increase in electron
density [42-46]. There are various substitutes for organic compounds in
Schiff bases; for example, -NO,, -CHs, and -Br~ are the most effective
alternates due to their higher electron donation ability, which improves
the inhibition and the substrate physical connection [47]. In
non-metallic Schiff bases, the Br group has numerous applications in
catalysts due to their particular surface properties [48]. Br-containing
Schiff bases also prevent corrosion in HCl media [49]. In addition,
these compounds protect the steel surface against corrosive media,
especially in acidic environments [50].

This work investigated a new synthetic Br-containing Schiff base

(H2LY) and its related reduced form (H2L2). The tests were performed in
static and hydrodynamic conditions for a more detailed investigation.
Atomic force microscopy (AFM) investigations of the samples were also
conducted for corrosion surface morphology. Theoretical calculations
are a standard method used to explain many chemical properties of the
protonated form of the molecules [51]. Calculations are made for some
quantum chemical descriptors. Three alternative methods— B3LYP
(Becke, 3-parameter, Lee-Yang-Parr), HF (Hartree-Fock), and
MO062X—with a 6-31++G(d,p) basis set are used in these calculations
with the help of the Gaussian package program.

2. Experimental

We prepared 5-bromo-2-hydroxybenzaldehyde and 2,2-dimethlpro-
pane-1,3-diamine from Aldrich and Merck Company, respectively.
Fourier transform infrared (FT-IR) spectra of KBr discs were measured
on a BIO-RAD FTS-40A spectrophotometer (4000-400 cm™1). 'H and
I3CNMR spectra were determined using a Bruker 500 spectrometer in
CDCl3 at room temperature. Tetramethyl Silan served as the internal
standard. The elemental analysis were measured using a Perkin-Elmer
model 2400 analyzer (C, H, N, S, and O).

2.1. Synthesis

2.1.1. 2,2'-((1Z,1'Z)-((2,2-dimethylpropane-1,3-diyDbis(azanylylidene))
bis(methanylylidene)) bis(4-bromophenol) synthesis (H2LY)

The inhibitor (H2L') was created following methods described in the
literature [41]. A stirred solution of 5-bromo-2-hydroxybenzaldehyde
(1.0 mmol, 0.201 g) in methanol was added drop-wise to a solution of 2,
2-dimethlpropane-1,3-diamine (0.051 g, 0.5 mmol) in 20 mL of meth-
anol (30 mL). The mixture was refluxed after stirring for 12 h. The
progress of reaction was checked by TLC. The product was filtered off,
washed with cold ethanol, and dried in vacuo. Yield: (85%). Anal. Calc.
for C19H99BroN»O4: C, 48.74; H, 4.31; N, 5.98. Found: C, 48.89; H, 4.23;
N, 6.22%. IR (KBr, cm ™~ 1): 1630 u(C = N), 1603, 1477 u(C = C). 'H NMR
(CDCls, ppm) 6=1.09 (s, 6H, H-1); 3.52 (s, 2H, H-3); 6.89 (d, 1H, H-8);
7.41 (s, 1H, H-9); 7.45 (d, 1H, H-10); 8.30(s, 1H, H-4); 13.55 (s, 1H,
H-11). 13¢ NMR (CDCl3, ppm) 8=24.35 (c-1); 36.31 (c-2); 68.11 (c-3);
101.34 (c-9); 119.03 (c-7); 120.02 (c-5); 133.49 (c-10); 135.07 (c-8);
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160.27 (c-4); 164.61 (c-6) (Fig. 1). EI-MS calcd 468.18, Found: 468.34
[H2L1*.

2.1.2. 2,2'-(((2,2-dimethylpropane-1,3-diyDbis(azanediyl))bis
(methylene))bis(4-bromophenol) (i H21%)

The inhibitor (H2L2) was prepared using the literature methods [38].
To a methanolic solution of 2,2'-((1Z, 1'Z)-((2,2-dimethylpropane-1,
3-diyl)bis(azanylylidene))bis (methany- lylidene))bis(4-bromophenol)
(0.936 g, 2 mmol), excess NaBH4 (0.76 g, 20 mmol) was added care-
fully in substantial incremental amounts with stirring. The mixture was
stirred for 24 h before filtering and drying the concentrated solution at
low pressure. The progress of reaction was checked by TLC.Yield: 70%.
—Anal. Calc. for CygHo4BroN2O9: C: 48.33; H, 5.12; N, 5.93. Found: C,
48.55; H, 5.03; N, 617%. IR (ATR, cm™!): 3308(v N-H), 1610, 1578, 1480
(UC:C).IH NMR (CDCl3, ppm): 6=1.10 (s, 6H, H-1), 2.50 (s, 4H, H-3),
3.94 (s,4H, H-4), 6.71 (d, 2H, H-7), 7.13 (d, 2H, H-8), 7.24-7.27 (dd, 2H,
H-10). 3¢ NMR (CDCl3, ppm): & 24.32 (c-1), 34.49 (c-2), 52.71 (c-3),
57.23 (c-4), 131.13 (c-5), 131.58 (c-6), 110.87 (c-7), 138.35 (c-8),
124.40 (c-9), 157.11 (c-10) (Fig. 2). EI-MS: calcd 471.21, Found: 471.65
[HoL?]™.

2.2. Measures of immersion times

The samples were trimmed to a size of 1 x 1 x 1 cm® for immersion
measurements. The electrodes were then polished using emery paper
measuring 1500+#, cleaned with ethanol, and dried with a blow dryer.
The samples were submerged for 12 h at room temperature in a
particular volume of inhibitor-containing and inhibitor-free solutions.
Then, the sample was taken out each hour, distilled water and ethanol
were used to wash numerous times and then dried. Finally, the mass of
the pieces was measured using a 4-decimal balance.

2.3. Calculation method

The chemical and biological properties of molecules can be learned
from theoretical calculations [52]. Theoretical computations are used to
determine the number of quantum chemical characteristics. The esti-
mated parameters are employed to explain the molecules’ chemical
behaviors. Molecule calculations are done using a variety of programs.
These programs are Gaussian09 RevD.01 and GaussView 6.0 [53,54].
Using these programs, B3LYP, HF, and M06-2x [55-57] methods were
calculated using the 6-31++G(d,p) basis set in the gas and water phase.
Many quantum chemical parameters have been discovered as a result of
these studies. Each parameter describes a particular molecule’s chemical
characteristics. These factors include chemical potential, electrophi-
licity, chemical hardness, global softness, HOMO (Highest Occupied
Molecular Orbital), and LUMO (Lowest Unoccupied Molecular Orbital).
Other parameters include nucleophilicity, dipole moment, and energy
value [58]. The following formula (Eq. (1)) could be used to calculate
the theorical calculation.

oE 1 1
X=—\5c =5 +A) = —(Enomo + ELumo)
Wy 2 2

IE 1 1
n=- (—> =3 (I-A) = ) (Exomo — ELumo)
v(r)

ON?
1
c=- @
n
2
X
cufz’7
1
£=—
®
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2.4. Preparation of electrodes and solution

The carbon steel’s chemical makeup is as follows: 0.05 wt.% C, 0.22
wt.% Mn, 0.01 wt.% Si, 0.01 wt.%P and Fe balance were used as a
working electrode (WE) to investigate the corrosion performance of
inhibitors. The WEs were divided into 1 x 1 x 1 cm® pieces, and their
five surfaces were subsequently varnished so that just 1 x 1 cm? of
surface area was accessible to the electrolyte. The WEs were consistently
polished with 600# to 2000# emery paper before each test, washed
with distilled water and ethanol, and dried with a blow dryer. The
corrosion solution, which included 1.0 M HCl, was created by combining
distilled water with analytical grade (37%) HCL. Two inhibitors, H2L!
and H2L2 were added to the corrosion solution to prepare corrosion
solutions with ligand concentrations of 0 ppm, 50 ppm, 100 ppm, and
250 ppm.

2.5. Electrochemical experiments

The electrochemical impedance spectroscopy (EIS) experiments
were carried out using a potentiostat/galvanostat set (Iviumstat
compact 20,250 H) controlled by Ivium soft electrochemistry software,
while the potentiodynamic tests were carried out using a GSTAT101N
potentiostat (Metrohm Autolab) controlled by Nova software (Version
2.1.4). A three-electrode system comprised of a working electrode (WE:
carbon steel), a reference electrode (Ag/AgCl), and an auxiliary elec-
trode was used to conduct corrosion tests at ambient pressure and
without stirring (platinum).

At the start of each test, the WEs were immersed for 30 min in the
solution with and without inhibitor to stabilize the open circuit potential
(OCP). The potentiodynamic potential range was +0.70 V vs. OCP, and
the scan rate was a constant of 1 mV/s. EIS tests were conducted at OCP
with a 107'-10° Hz frequency range and perturbation alternating
voltage of 10 mV. The Nyquist diagram was fitted with Zsim software.
For the electrochemical measurements, the values of standard deviation
are lower than 3.3%, which demonstrates relatively excellent repro-
ducibility of the electrochemical experiments. The calculated charge
transfer resistance (R ) was used to measure the inhibition efficiency (i)
of the inhibitors by the Eq. (2):

0
(%) :% « 100 @

ct

Where R, and R, represent the carbon steel’s charge transfer resistance
with and without inhibitors, respectively.

2.6. Surface characterization

The surface morphology of carbon steel was examined using atomic
force microscopy (AFM) after 12 h of immersion in 1.0 M HCI with and
without an inhibitor at room temperature. Using spring constants of
20-80 N/m at 5 m, the AFM analysis was carried out using a BRISK
atomic force microscope (ARA Research) at 335-363 kHz.

2.7. Examination of ultraviolet-visible (UV) spectroscopy

To evaluate the components dissolved in HCl media, the samples
were immersed in each solution for 10 days and then the Bell (BEL UV-
M51) machine was used to conduct a UV spectrum test.
3. Result and discussion
3.1. Characterization of H2L' and H2I?
3.1.1. FT-IR spectra

A Schiff base ligand (H2L') was created by condensing 2,2-dimethl-
propane-1,3-diamine  and  5-bromo-2-hydroxybenzaldehyde in
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Fig. 3. PDP diagram for carbon steel in the absence of various concentrations of (a) H2L! and (b) H2L? inhibitors in 1.0 M HCI static solution.

Table 1
Carbon-steel PDP diagram data that was extracted in the absence of various
concentrations of H2L! and H2L? inhibitors in 1.0 M HCI solution.

Sample  Conc. Feorr feore O/ PV

(ppm) (mV) (A/cm?)x dec) dec)
1074

HCI1.0M 0 —418 7.94 0.39 0.25

H2L! 50 —422 4.68 0.28 0.16
100 —440 3.89 0.21 0.17
250 —442 3.09 0.20 0.17

H2L2 50 —422 3.31 0.16 0.15
100 —444 3.23 0.17 0.16
250 —446 3.02 0.18 0.15

methanol for six hours in a 1:2 molar ratio. The generated Schiff base
was characterized using microanalysis and a number of spectroscopic
techniques. The sharp band at 1630 cm™" in the FT-IR spectra of the
Schiff base ligand, which is associated with the stretching vibration
frequency of the mine group, is indicative of the condensation of the
precursors to produce the Schiff base ligand.

3.1.2. NMR spectral studies

The 'H and '3C NMR spectra of the compounds were recorded in
CDCl3. The peaks obtained were consistent with the structures of the
synthesized compounds. The imino proton of ligand was observed at
8.30 ppm. The 13¢ NMR spectrum showed the signals due the aromatic
carbons which appeared in the range 101.34-164.61 ppm. The signal
due to the imino carbon of the H2L! appeared at 160.27 ppm.

n
K

0 100 200 300

Zreal (Q)

400

3.2. Electrochemical measurements in 1.0 M HCl

3.2.1. Potentiodynamic polarization

The potentiodynamic polarization (PDP) measurements of carbon-
steel in corrosion solution with and without inhibitors are presented
in Fig. 3. The deduced corrosion parameters from the PDP diagram,
including corrosion current density (icor), corrosion potential (Ecorr),
PDP slopes (f, and f3.) are illustrated in Table 1. Overall, the form of the
PDP curve of the carbon-steel immersed in 1.0 M HCI (inhibitor-free)
does not alter reasonably in comparison with the PDP curves with in-
hibitors H2L! and H2L?, suggesting no reasonable variation in the po-
larization resulting between with and without inhibitors solutions. The
icorr Of carbon steel in the inhibitor-containing solution also drops
significantly simultaneously. The results showed that adding two in-
hibitors did not alter the reactions on the metal’s surface but that it did

Table 2
EIS specifications for a comparable circuit of Fig. 4.
Inhibitor Concentration R Qa 7 n (%)
type (ppm) «Q
cm?) -
Yo(@Qs™ ™ n
HCl 1M - 44.38 1.032x107%  0.83  0.009 -
H2L! 50 176.5 3.076x10™*  0.74 0.009 74.85
100 273.1 1.936x10°*  0.78 0.007 83.75
250 325.8  2.252x107* 077 0.006 86.38
H2L? 50 279.2 2.521x107*  0.76  0.003  84.10
100 4363  2.310x107* 078 0.007 89.82
250 517.9  2.302x107° 072  0.004 91.43
(b) H21.2
300' le
S
-’
200 -
o0
<
£
N
100 -
0%
0 100 200 300 400 500
Zreal (Q)

Fig. 4. Nyquist diagram of carbon steel at OCP in free and inhibitor-containing solution was measured and simulated.
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Fig. 5. Simulated and measured Nyquist impedance spectra of carbon-steel at OCP in 1.0 M HCl, H2L}, and H2L? solutions with a concentration of 250 ppm under

hydrodynamic electrolyte conditions with an intensity of 500 rpm.

Table 3
PDP diagram information for carbon steel in solutions containing 250 ppm in-
hibitors and 1.0 M HCI under hydrodynamic conditions.

Type solution HCl 1.0 M 250 ppm H2L! 250 ppm H2L2
icorr 19.95x107* 2.40x107* 1.74x107*
Eeorr —308 —-395 -350

Table 4

EIS specifications for a comparable circuit of Fig. 5.
Inhibitor type Ret Qai 7 n (%)

(Q ecm?) -
Yo(Qs™ ™ n

HCl 1M 62.8 5.592x107* 0.87 0.001 -
H2L! (250 ppm) 94.4 4.734x107* 0.84 0.002 33.46
H2L?2 (250 ppm) 148.7 3.548x10°* 0.75 0.003 57.77

slightly slow down the cathodic hydrogen evolution reaction (HER) and
the anodic dissolution of carbon-steel, which reduced the rate of
corrosion reactions on both the cathodic and anodic sites [59]. For
example, the i Of the carbon-steel in inhibitor-free (1.0 M HCI) is
7.94x10"* A/cm? demonstrating a considerably decreasing to
3.09x10~* A/cm? for inhibitor H2L! and 3.02x10~* A/em? for inhibi-
tor H2L2. The highest i.o,r value proves the fastest corrosion rate in metal

4
(a) Static
~ 3| = HCI IM
(o]
= H2L!
et H2L2
g
2 [
2
=
.20
o 1 F
=
0 B——— — —_—— .
0 2 4 6 8 10
time (hr)

electrodes [60]. The lower i. value for inhibitor-containing solutions
may result from forming a protective layer with an inorganic component
on the metal’s surface [61]. The same result has been reported by Rbaa
et al. [62,63], in which there is a reduction in ico by increasing the
inhibitor concentration. The i.,, value for carbon steel in the presence of
H2L! is reduced from 4.68x10™* to 3.09x10~* A/cm? as the corrosion
inhibitor concentration increases from 50 to 250 ppm. The same trend
can be seen for inhibitor H2L?, in which the PDP curves were shifted
towards lower i.or by the increment of inhibitor between 50 and 250
ppm. This shift is more evident with the rise in the inhibitor concen-
tration relative to the inhibitor-free solution (1.0 M HCI) [52,58].

As seen in Table 1, H2L? has a lower i than H2L! at the same
concentration. The corrosion inhibition of a reduced form of Schiff base
compound has been studied by Emregul and Atakol [64] in 1.0 M HCL
The findings demonstrated that the strength of the adsorption process
might be controlled by the electrons of the imine group [64,65]. In
addition, the imine group (-C = N-) in Schiff base molecules causes a
higher inhibition efficiency in the acidic solution [58]. The reduced form
of the H2L? molecules does not hydrolyze in acidic media because of the
high stability of the amine bond (—C—NH) [66].

By Assessing Table 1, in all solutions, f, and f. values decrease with
the addition of the inhibitors relative to the inhibitor-free solution. The
cathodic and anodic slopes show that the two inhibitors’ addition to 1.0
M hydrochloric acid decreases the cathodic and anodic reactions (HER
and anodic dissolution). The variation in E.o values between solutions
with and without inhibitors was less than 85 mV, indicating that the

4
(b) Hydrodynamic
~3 Fr ® HCI IM
o
g H2L!
o H2L2
g
~2
172}
2
=
=
o1
=
0 & : :
0 2 4 6 8 10

time (hr)

Fig. 6. Corrosion rate of carbon steel under static and hydrodynamic conditions and in the presence and absence of 250 ppm of H2L! and H2L? inhibitor.
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Fig. 7. (a): The UV spectra of the solutions comprising 1.0 HCl, 250 ppm H2L',
and H2L? following ten days of submersion. (b): Images of specimens after 4
and 10 days.

inhibition mechanism follows mixed-type behavior [67]. As stated in
previously published papers, the rate of anodic and cathodic reactions
was equal on the metallic surface [68].

3.2.2. EIS evaluation

The EIS of carbon steel acting as the working electrode in 1.0 M
hydrochloric acid solution with and without inhibitors at room tem-
perature is recorded to examine the two inhibitors’ inhibition perfor-
mance further. The interface behavior of carbon steel and solution can
be studied using the EIS experiment. Whether or not inhibitors are
present, the Nyquist impedance spectra of carbon steel at the OCP
exhibit the same patterns, as illustrated in Fig. 4. (a single depressed
loop in the testing frequency range). Their depressed loop corresponds
to the roughness and inhomogeneity of the carbon-steel surface and thin
film paper [69]. The impedance morphologies of carbon steel do not
differ when inhibitors are present or absent, indicating that the corro-
sion mechanism is unaffected by the 1.0 M HCI solution [70]. The
diameter of capacitive semicircles enlarged with an increment of the
inhibitor concentration, indicating that H2L' and H2L? slow down the
charge transfer process at the carbon-steel/solution interface, thus
diminishing the metal corrosion in the 1.0 M HCI solution. This response
supports the hypothesis that a protective coating has formed on the
metal surface due to the increasing concentration of H2L! and H2L2
inhibitors in an acidic solution.

A solution resistance (Rgo1) in series with a constant phase element/
charge transfer resistance (Qq/Rct) is chosen as the corresponding
electrical circuit to fit the EIS data. The electrochemical data are tabu-
lated in Table 2. The R value for carbon steel without an inhibitor is
44.38 Q cm?, the lowest compared with the charge transfer resistance in
inhibitor-containing solutions. From Table 2, the R for carbon steel in
the presence of H2L! was 176.5, 273.1, and 325.8 Q cm? for inhibitor

Journal of the Taiwan Institute of Chemical Engineers 147 (2023) 104937

concentrations of 50, 100, and 250 ppm, respectively. The charge
transfer resistance value for the H2L? inhibitor follows the sequence 250
ppm > 100 ppm > 50 ppm, demonstrating a similar pattern. As is
already known, the R values and inhibition efficiency are strongly
correlated, meaning that corrosion resistance increases with increasing
charge transfer resistance. It is apparent from Table 2 data that the in-
hibition performance of H2L2-containing solutions is much better than
H2L! solutions because of the higher R value at the same inhibitor
concentration.

The EIS results follow the PDP data. In an HCI solution, carbon steel
exhibits the least corrosion resistance. As shown in PDP curves, the in-
hibition performance inhibitors H2L! and H2L? increase in the range of
50 to 250 ppm in hydrochloric acid solution, indicating that the pro-
tective film on the surface is prone to be compact at higher concentra-
tions of inhibitors. Therefore, both EIS and PDP measurements show
that carbon steel has the lowest corrosion rate in 250 ppm H2L? inhib-
itor, among other concentrations, thanks to its higher charge transfer
resistance.

As known, replacing the inhibitor compound with H,O and HCl
molecules on the carbon steel provides anti-corrosion properties.
Consequently, increased amounts of molecules that combat corrosion
can be found in higher concentrations of inhibitors, and greater inhi-
bition efficiency is provided due to the thicker protective coating and
surface area coverage of the inhibitor [58,71]. According to the FT-IR
data, this could be due to their inherent characteristic in nitrogen
functional groups, which donor their electron when they reach the
electrode surface [66]. The aromatic rings and hetero elements in amino
acids structure increase the inhibition efficiency [72].

The inhibition efficiency (i) obtained from the R is determined by
Eq. (1), and their values are listed in Table 2. The 5 values for H2L! are
75.85, 83.75, and 86.38%, showing that as concentration increases, the
reduction of hydrogen ions and anodic dissolution decrease by adsorb-
ing more inhibitor molecules on the active sites. In comparison, carbon
steel shows higher 7 in H2L2-containing solutions. For instance, the 250
ppm concentration of H2L? exhibited 91.43% inhibition efficiency,
while at the exact dosage for H2L!, 5 decreased by about 4%. Conclu-
sion: The H2L? showed amazing inhibitory effectiveness in a hydro-
chloric acid environment. Most likely, Because the H2L! inhibitor is less
stable in 1.0 M HCl solution than the H2L? inhibitor, there is a difference
in n between these two inhibitors.

3.3. Electrochemical in hydrodynamic electrolyte

Fig. 5a shows the Tafel test results for the samples tested in 1.0 M
HCI, H2L" and H2L? solutions with a concentration of 250 ppm under
hydrodynamic electrolyte conditions with an intensity of 500 rpm.
Fig. 5b also indicates the EIS test results and the simulated curves. In
addition, the parameters extracted from the Tafel curve (icorr and Ecorr)
and the variables extracted from the EIS curve were reported in Tables 3
and 4, respectively.

As can be observed, in all situations, the corrosion rate of carbon
steel in solution without an inhibitor is the highest. Adding an inhibitor
to the HCI solution has significantly reduced the corrosion current, and
this value is the lowest in the H2L? solution. Also, adding an inhibitor to
the hydrodynamic acid solution has increased the corrosion potential.

The transfer resistance values of the EIS test also confirm the PDP test
results, so that the R is higher in solutions with inhibitors, which is the
maximum value for solution H2L? solution. According to the results, the
inhibition efficiency of the H2L! solution equals 33.46%, and for H2L? is
57.77% in the hydrodynamic flow.

One of the essential effects of hydrodynamic corrosion conditions is
preventing the formation of a protective film and hydrogen bubble
detachment [73]. So, the turbulence will cause a significant increase in
the corrosion rate compared to static conditions, as confirmed by the icor
values of the Tafel test. Also, in an HCl acidic environment, the hydro-
dynamic flow will cause more H" and Cl” ions movement; thus, the
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Fig. 8. The AFM three-dimensional optical images of immersed samples at static and hydrodynamic electrolytes at 1.0 M HCI, 250 ppm of H2L! and H2L2

conditions will become more corrosive [74]. Despite all the harmful
effects of turbulence electrolyte flow, hydrodynamic conditions will
cause more movement of inhibitory molecules. In contrast, it also
stresses surface shear force, affecting corrosion efficiency [75]. The
significant finding is the synergistic relationship between surface
roughness and corrosion rate, which means that in a hydrodynamic
flow, a rough surface corrodes more [76]. Given the smoothness of our
samples’ surfaces (#2000 sandpaper mesh), it appears that the H2L2
solution provides higher corrosion resistance because the inhibitor
molecules adhere to the surface more effectively.

3.4. Immersion time measurements

The corrosion rate (CR) of carbon steel was measured using the im-
mersion method under static and hydrodynamic circumstances, both in
the presence and absence of inhibitors H2L! and H2L? (as depicted in

Fig. 6). Using this method shows the stability of inhibitors and anti-
corrosion features on a time scale. The CR for carbon steel multiplies
over time in static and hydrodynamic circumstances in an inhibitor-free
solution, as illustrated in Fig. 6. The results show that adding an H2L!
inhibitor to a 1.0 M HCl solution both in static and hydrodynamic effects
in a reduction of CR for carbon steel, with the maximum CR corre-
sponding to the carbon steel in the 1.0 M HCl solution (i.e., inhibitor-free
solution). Of course, compared to an inhibitor-free condition, the CR
reduction is more pronounced in the dynamic solution in the H2L!-
containing solution. Moreover, the CR for carbon steel in the H2L2-
containing solution drops significantly. Compared to 1.0 M HCIl and
H2L! solutions, the carbon steel in the H2L2-containing solution will live
longer and experience the lowest CR. Based on the slope of immersion
tests, the CR values for inhibitor-free, H2L" and H2L? solutions are
0.292, 0.205, and 0.038 mg.cm’z.h ~ 1 in static conditions. However, in
hydrodynamic solutions, the CR rate for all samples increased by 0.351
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Fig. 9. Average surface roughness of samples extracted from AFM data.

mg.cm~2h ~ ! for 1.0 M HCl, 0.207 mg.cm~2h ~ ! for H2L! and 0.139
mg.cm 2h ~ ! for H2L? solutions. Previously published papers have
reported similar results in static conditions [16,68]. The best that we can
tell, no data exist on carbon steel’s CR in hydrodynamic conditions.

3.5. UV spectroscopy

The graph in Fig. 7(a) depicts the UV absorption pattern of samples
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that were immersed in 1.0 M HCl and 250 ppm of H2L! and H2L? for 10
days, with the results being normalized with pure solutions. Mono-
chromatic light absorption is a suitable technique for identifying com-
plex ions, which has a direct correlation to the amount of absorbing
material present. A distinct peak in the range of 290 to 380 nm is present
in all three samples with varying intensities, which is associated with the
composition of FeCls [77]. The formation of iron chloride by hydro-
chloric acid follows Eq. (3):

Fe()+3HCl(aq) = FeCls (aq)+3/2Hz (g) 3

It is observable that the higher intensity is due to the acidic envi-
ronment of 1.0 M HCI without the inhibitors. Fig. 7(b) also indicates the
vigor of the reactions over time, nevertheless, in H2L! and H2H? solu-
tions, the intensity of the reactions is less significant and a smaller
amount of iron has been corroded proving the UV data. The H2L? so-
lution demonstrated the least intensity of FeCls, and the alteration in the
solution’s color was minimal.

3.6. AFM characterization

One of the most valuable tools to investigate surface morphology and
corrosion progress at the interface between steel and acid is using an
AFM. Three-dimensional images taken from the surface area of 1 x 1
cm? for samples immersed in 1.0 M HC, H2L,1 and H2L? solutions, which
were in static and dynamic conditions for 10 h, are shown in Fig. 8. The
average roughness number shown in Fig. 9 indicates the severe acid
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Fig. 10. Graphical representation of adsorption isotherms of H2L! and H2L? for carbon steel surface in 1.0 M HCl at 298 K (a) Langmuir, (b) Temkin, (c) Freundlich

and (d) Frumkin.
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Table 5

The isotherms parameters, Angs and R%of Langmuir, Temkin, Freundlich and Frumkin models.
Model R? a Kads AGY, (kJ/mol)

H2L! H2I? H2L! H2I? HzL! H21? H2L! H21?

Langmuir 0.9997 0.9990 - - 0.23 0.42 —11.98 —13.53
Temkin 0.8596 0.8527 -7.20 —-11.33 1200.84 4,795,650.67 —27.52 —48.06
Freundlich 0.8506 0.8475 0.09 0.05 0.54 0.70 —8.44 —9.06
Frumkin 0.9261 0.9188 9.42 14.38 1.02x1074 7.62x107° 12.83 36.36

Table 6

The calculated quantum chemical parameters of protonated molecules.

Enomo Erumo 1 A AE n " x Pi w 3 dipol Energy

B3LYP/6-31++G(d,p) level in gas
1 —8.4424 —6.3525 8.442 6.3525 2.0899 1.0449 0.9570 7.3975 —7.3975 26.184 0.0382 10.617 —167,068.4950
2 —8.2957 —4.3375 8.295 4.3375 3.9582 1.9791 0.5053 6.3166 —6.3166 10.080 0.0992 7.800 -167,133.3871
HF/6-31++G(d,p) level in gas
1 -10.7314 —2.5944 10.731 2.5944 8.1371 4.0685 0.2458 6.6629 —6.6629 5.455 0.1833 10.062 —167,060.5014
2 —10.5880 -1.7611 10.588 1.7611 8.8269 4.4134 0.2266 6.1746 —6.1746 4.319 0.2315 8.148 —166,861.1077
M062X/6-31++g(d,p) level in gas
1 —9.7420 —5.4325 9.742 5.4325 4.3095 2.1548 0.4641 7.5873 —7.5873 13.358 0.0749 10.062 —167,060.5014
2 —9.6340 —3.4850 9.634 3.4850 6.1490 3.0745 0.3253 6.5595 —6.5595 6.997 0.1429 7.150 —-167,125.2867
B3LYP/6-31++G(d,p) level in water
1 —6.5188 —2.3840 6.518 2.3840 4.1348 2.0674 0.4837 4.4514 —4.4514 4.7923 0.2087 31.984 —167,068.3773
2 —6.3634 -1.3127 6.363 1.3127 5.0507 2.5254 0.3960 3.8381 —3.8381 2.9165 0.3429 11.234 —167,135.5391
HF/6-31++G(d,p) level in water
1 —8.8364 0.9546 8.836 —0.9546 9.7910 4.8955 0.2043 3.9409 —3.9409 1.5862 0.6304 32.061 —166,798.5574
2 —8.7088 1.0362 8.708 —1.0362 9.7450 4.8725 0.2052 3.8363 —3.8363 1.5102 0.6622 11.254 —166,863.4052
MO062X/6-31++G(d,p) level in water
1 —7.8171 —1.4191 7.817 1.4191 6.3980 3.1990 0.3126 4.6181 —4.6181 3.3333 0.3000 31.737 —167,060.5432
2 —7.7028 —0.4210 7.702 0.4210 7.2818 3.6409 0.2747 4.0619 —4.0619 2.2658 0.4414 10.689 —167,127.4294
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Fig. 11. HOMO, LUMO, and ESP representations of optimal structures.

attack on the steel surface in inhibitor-free samples. The results of the
AFM analysis demonstrate that the steel surface in the inhibited samples
is substantially smoother and denser, thereby implying a lower corro-
sion rate [78]. This surface smoothness is due to the adhesion of in-
hibitor molecules and corrosion prevention. In hydrodynamic
conditions, the surface roughness of 1.0 M HCI indicates much more
corrosive conditions with an increase of 216% than the static electrolyte.
The H2L? performs better in dynamic and static modes due to the sig-
nificant reduction in surface roughness. An interesting point is the
absence of a sharp drop in surface roughness in the H2L!-containing
solution. Although this number is higher than H2L2, this inhibitor may
perform better in higher turbulences. In contrast, with an excellent

agreement of electrochemical and EIS test results, H2L? is adequate for
better performance, especially in static electrolyte conditions.

3.7. Adsorption mechanism

The adsorption mechanism of H2L! and H2L? at the interface be-
tween carbon-steel surface and 1.0 M HCI solution has been determined
by evaluating the surface coverage at various inhibitor doses. The
Langmuir, Temkin, Freundlich and Frumkin adsorption isotherms were
calculated using the Eqs. (4)-(8) [79].

R Cinn 1
. - o 4
Langmiur M—HI ; 4)
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Table 7 Table 8
Fukui function value of H2L! molecule. Fukui function value of H2L? molecule.
Atoms f+ f f Atoms f+ f f
1C 0.02 0.10 0.06 1C 0.02 0.10 0.06
2C 0.01 0.01 0.01 2C 0.01 0.01 0.01
3C 0.01 0.06 0.03 3C 0.01 0.06 0.03
4C 0.02 0.08 0.05 4C 0.02 0.08 0.05
5C -0.02 -0.12 -0.07 5C -0.02 -0.12 -0.07
6C 0.02 0.09 0.05 6C 0.02 0.09 0.05
7H 0.04 0.10 0.07 7H 0.04 0.10 0.07
8H —0.01 0.10 0.05 8H —0.01 0.10 0.05
9H —0.06 0.09 0.02 9H —0.06 0.09 0.02
10Br 0.10 0.22 0.16 10Br 0.10 0.22 0.16
110 —0.04 0.01 —0.01 110 —0.04 0.01 —0.01
12H 0.04 0.03 0.04 12H 0.04 0.03 0.04
13C —0.11 0.04 —0.03 13C —0.11 0.04 —0.03
14H 0.11 0.03 0.07 14H 0.11 0.03 0.07
15N 0.26 -0.03 0.12 15N 0.26 -0.03 0.12
16C —0.26 0.18 —0.04 16C —0.26 0.18 —0.04
17H 0.09 0.03 0.06 17H 0.09 0.03 0.06
18H 0.10 0.02 0.06 18H 0.10 0.02 0.06
19C —0.03 —-0.01 —0.02 19C —0.03 —0.01 —0.02
20C —0.02 0.00 —0.01 20C —0.02 0.00 —0.01
21H 0.04 0.02 0.03 21H 0.04 0.02 0.03
22H —0.04 —0.03 —0.04 22H —0.04 —0.03 —0.04
23H 0.06 0.02 0.04 23H 0.06 0.02 0.04
24C 0.00 0.00 0.00 24C 0.00 0.00 0.00
25H 0.03 0.01 0.02 25H 0.03 0.01 0.02
26H 0.04 0.03 0.03 26H 0.04 0.03 0.03
27H —0.03 —0.03 —0.03 27H —0.03 —0.03 —0.03
28C -0.01 0.85 0.42 28C -0.01 0.85 0.42
20H 0.04 0.02 0.03 29H 0.04 0.02 0.03
30H 0.02 0.01 0.01 30N 0.02 0.01 0.01
3IN —0.02 0.00 —0.01 3IN —0.02 0.00 —0.01
32C -0.02 —0.01 -0.01 32C -0.02 -0.01 -0.01
33H 0.00 0.00 0.00 33C 0.00 0.00 0.00
34C —0.01 —0.01 —0.01 34C —0.01 —0.01 —0.01
35C 0.00 0.00 0.00 35C 0.00 0.00 0.00
36C 0.00 0.00 0.00 36C 0.00 0.00 0.00
37C —0.01 —0.01 —0.01 37C —0.01 —0.01 —0.01
38H 0.00 0.00 0.00 38H 0.00 0.00 0.00
39C 0.00 0.00 0.00 39C 0.00 0.00 0.00
40C —0.41 0.42 0.00 40C —0.41 0.42 0.00
41H —0.01 0.03 0.01 41H —0.01 0.03 0.01
42H 0.09 —0.06 0.01 42H 0.09 —0.06 0.01
43Br 0.98 —0.93 0.03 43Br 0.98 —0.93 0.03
440 —0.01 —0.01 —0.01 440 —0.01 —0.01 —0.01
45H 0.01 0.00 0.01 45H 0.01 0.00 0.01
46H 0.01 0.00 0.01
47H 0.02 0.01 0.01
- _1 48H 0.16 0.00 0.08
Temkin : 0 = —In(Kuas) + = In(Ciri) 5) 49H 0.05 0.07 0.06
2a 2a
Freundlich : Inf = In(Ku4) + aln(Ciy,) (6) our data.
The K5 calculated for H2L' and H2L? inhibitors are 0.23 and 0.42
Frumkin : In (IC"""Z) = In(Kuqs) + 246 %) (ppm) %, respectively. The higher K4, describe the higher fraction
- coverage of inhibitor molecules. Therefore, inhibitor H2L? exhibited

where 0 is the surface coverage of the carbon steel surface measured
according to Eq. (3), Cinp, is the concentration of the H2L! and H2L? a is
the lateral interaction term and K,qs is the adsorption equilibrium con-
stant. Furthermore, K,4s has the following relationship with the standard
adsorption-free energy (AG%,).

AG?

ads —

—RTIn(55.5K .4, ®)
where R and T are the gas constant and temperature in Kelvin. Fig. 10
illustrates the calculated isotherms for H2L! and H2L? inhibitors. Also,
Table 5 shows the isotherms parameters, AGY,; and the regression co-
efficient, R% The highest values of R? with a straight line confirm the
best fitting of the isotherm models, which corresponds to Langmuir
adsorption isotherm (i.e., 0.9990 for H2L! and 0.9997 for H2L?). The
near-unity slope for carbon steel for H2L! and H2L? inhibitors (i.e.,
slope=1.14 and 1.08, respectively) supports the proposed mechanism in
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higher inhibition performance at the exact dosage and condition relative
to H2L!. The Angsvalues for H2L! and H2L2-containing solutions are
—11.98 and —13.53 kJ/mol, suggesting that an inhibitor has physically
adhered to the metal electrode surface [80].

3.8. Theoretical studies

We can learn more about a variety of properties of molecules via
theoretical computations. For this study, a Gauss software package was
applied. With the aid of this program, several quantum chemical pa-
rameters were derived in the gas and water phases using the B3LYP, HF,
and M062X method 6-31++G(d,p) basis sets. We learn about the
various chemical characteristics of molecules from each determined
quantum chemical parameter (Table 6).

The HOMO and LUMO energy numerical values of the inhibitor
compounds are the most crucial and commonly used parameters among
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the ones acquired. Because the numerical values represent the com-
pounds’ inhibitory actions. The HOMO energy values represent the
ability of inhibitor compounds to donate electrons. The LUMO energy
value reveals the inhibitor molecules’ capacity to receive electrons [51].

Many other characteristics are calculated in addition to these two.
The energy difference between the HOMO and LUMO orbitals is
expressed, among others, by the gap. This gap is called the AE energy
gap. Because a low value of this parameter makes it easier for electron
transport, the molecule with the lowest numerical value has the most
potent inhibitory action [81]. Apart from this parameter, another
parameter is the electronegativity of the inhibitor molecules, which is
the atoms’ power to attract the bonded electrons. When the molecule’s
electronegativity value increases, the atoms in the molecule will draw
the bond electron more strongly, which will cause activity to decrease.
Quantum chemical descriptors are compared with each other, and it is
found that the anti-corrosive property of H2L! is better than H2L? at
each calculation level.

Fig. 11 illustrates a mixture of HOMO, LUMO, and ESP (molecular
electrostatic potential) inhibitor compounds. The first column displays
the optimized structures. The contour plot of HOMO and LUMO are
given in the second and third coulomb, respectively. Finally, the ESP
diagram is provided in the last coulomb. According to HOMO and LUMO
plots, it can be said that n electrons on the benzene ring are active for any
interaction.

Furthermore, the volume of the balloons of H2L! in these plots is
more significant than that of H2L2. This situation indicates that H2L! can
easily interact according to H2L2. The final illustration is the ESP dia-
grams. There are colors on them, and each color has a meaning related to
the electron density on the molecular surface. However, electron den-
sities on the molecular surface are similar in studied compounds.

Fukui indices provide information about the tendency of molecules
to donate or accept electrons. In addition, it gives important information
about which atom in the molecule is suitable for electrophilic or
nucleophilic attacks. In the formulas given below, it is possible to define
the corresponding condensed or atomic Fukui functions in the atomic
domain as follows:

£ =g +1) = g(N)
i =¢(N)—¢;(N-1)
5= 1/2[%‘(1\/4‘ 1) — g;(N - 1)]

9

where for an electrophilic j;’ (1), nucleophilic or free radical attack j;* (69)

on the atoms of the reference molecule, respectively. Given in these
equations, q; is the numerical value of the atomic charge in the jth
atomic region in neutral (N), anionic (N + 1) or cationic (N-1) chemical
species (Mulliken population analysis, electrostatic derived charge,
etc.). The binary descriptor (Af(r)), which is defined as the difference
between the nucleophilic and electrophilic Fukui function and given by
these equations.

If the Af(r) value is greater than O, the region is preferred for a
nucleophilic attack, while if the Af(r) value is less than 0, the region is
preferred for an electrophilic attack. With respect to the binary identi-
fier, Af(r) provides a clear distinction between nucleophilic and elec-
trophilic attack at a particular site. as a result, they provide a positive
value for atoms prone to nucleophilic attack and a negative value for
electrophilic attack. for the molecules studied, the nucleophilic region
(Af(r)>0) is C28 has the highest value with a value of +0.42. and all
hydrogen atoms. Similarly, the electrophilic region (Af(r)<0) is C5 has
the lowest value with a value of —0.07 atoms, all calculated values are
given in Tables 7 and 8. The behavior of the molecule as electrophilic
and nucleophilic attack during the reaction depends on the local
behavior of the molecule. The numerical values obtained as a result of
the Fukui function analysis were found to be in great agreement with the
results of the ESP calculations [82,83].
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4. Conclusion

In both static and hydrodynamic settings, the electrochemical
behavior of carbon steel in 1.0 M HCI with and without inhibitors was
assessed using various approaches. Our investigation’s key conclusions
are:

1 PDP’s data indicates that the solution with 1.0 M HCI (without in-
hibitors) had the highest i., value, suggesting the solution with the
highest CR compared to solutions containing H2L! and H2L2.

2 Increasing the concentration of H2L! from 50 to 250 ppm resulted in
a decrease in i.ory for carbon steel in solutions containing H2L! and
H2L2. The addition of reduced form H2L! to the 1.0 M HCI solution
produced the best resistance to corrosion compared to solutions
without or with H2L!.

3 According to immersion and UV-vis spectroscopy results, 1.0 M HCI
solutions with H2L! and H2L? inhibitors were added to reduce the
carbon steel’s corrosion resistance. Among inhibitor-free and
inhibitor-containing solutions, the inhibitor H2L? exhibits the lowest
CR.

4 The EIS findings show that the H2L? with a concentration of 250 ppm
has an efficiency of over 91.43%.

5 The highest corrosion rate for carbon steel occurred in a hydrody-
namic solution without an inhibitor. While adding an inhibitor to the
hydrochloric acid solution has significantly reduced the corrosion
current, with the lowest value observed in the H2L? solution.

6 The AFM test results were consistent with both the PDP and EIS tests,
indicating that surface roughness was lower under both inhibitors in
both static and hydrodynamic conditions.

7 For both H2L! and H2L? molecules in the 1.0 M HCl solution, the
inhibitor adsorption on the carbon steel surface complies with the
Langmuir isotherm.

8 Anti-corrosive properties of studied compounds are investigated in
detail computationally. For this aim, different methods were used.
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