A \

v
A4

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Green Synthesis of a Novel Cationic Surfactant Based on an Azo
Schiff Compound for Use as a Carbon Steel Anticorrosion Agent

Kaseb D. Alanazi, Basmah H. Alshammari, Tahani Y. A. Alanazi, Odah A. Alshammari,
Ashraf M. Ashmawy,* Meshari M. Aljohani, Reda Abdel Hameed, and Mohamed A. Deyab*

Cite This: ACS Omega 2023, 8, 49009-49016

I: I Read Online

ACCESS |

lihl Metrics & More

| Article Recommendations |

ABSTRACT: The new cationic surfactant-based azo Schiff com-
pound (azoS8) was prepared, characterized, and investigated as a
corrosion inhibitor for carbon steel in 1 M HCI by means of
electrochemical approaches in this study. The chemical structure of
az0S8 has been verified by the FTIR and 'H NMR spectra. According
to the electrochemical system, the examined surfactant is a mixed-type
inhibitor. The surfactant azoS8 was an adequate corrosion inhibitor, as
evidenced by the reduction in corrosion current densities and the rise
in coverage of the surface identified with an evolving inhibitor amount.
When the surfactant azoS8 had been added, the capacitive cycle loops
on the Nyquist plots were broader, and the dimension of these loops
expanded with surfactant azoS8 concentration. This implies that the
amount of surfactant azoS8 led to an improvement in the impedance
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of the steel electrode. The surfactant azoS8 adsorption system is well suited to the Langmuir adsorption isotherm. It was discovered
that azoS8 had a Gibbs free energy change value of —27.72 kJ mol™, which is a mixed adsorption mechanism containing both

physisorption and chemisorption.

1. INTRODUCTION

Corrosion has always presented a significant challenge to the
metal industry and its affiliated sectors. The detrimental impact
of corrosion results in reduced durability, lower quality, and a
shorter lifespan for metal products, consequently driving up
industry costs due to the need for part replacements, damage
to capital structures, or other necessary mitigation meas-
ures.' > Metals can be negatively affected by corrosion, which
can lead to their dissolution, causing them to lose their original
shape and the beneficial properties they once possessed.””®
Many researchers aim to delay or prevent corrosion, with
organic inhibitors being a preferred method due to their cost-
effectiveness and high efficiency, typically added in very low
concentrations to control corrosion in various industries,
especially during processes like acid treatment of mild steel
used in industries like petroleum, construction, and pipelines
to prevent damage to the metal.”™ "’

Using organic molecules that have electronegative atoms
(like N, S, P, and O), unsaturated bonds, and aromatic rings as

However, these
compounds have also been recognized for their potential use
in a variety of applications in different fields, as lubricating
additives, heat transfer fluids, cosmetics, and corrosion
inhibitors.'*™*' The flexibility in selecting additional compo-
nents for the structure of azo dyes combined with the presence
of nitrogen atoms in the azo linkage enables the design of
molecules that meet the structural criteria of organic corrosion
inhibitors. As a result, these molecules can be easily and
strongly adsorbed onto the surface of steel.”" Alkyl chains have
an important role along with heteroatoms in metal protection
The hydrophobic properties of alkyl chains
in organic inhibitors help in preventing contact between water
molecules and the metal surface, and this leads to more area
being covered on the metal surface, increasing the inhibition
efficiency for organic molecules.””** Various methods were
employed by different authors to investigate the ability of azo
dyes to inhibit corrosion.”* >* They created three new azo

derivatives are used as synthetic dyes.
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a way to prevent corrosion is a cost-effective technique. =16 Received:  September S, 2023
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inhibitors used for this purpose, and they contain nitrogen Accepted:  November 24, 2023
atoms bonded to carbon atoms by double bonds which makes Published: December 14, 2023
them easy to absorb because of lone pairs of electrons and high
electron density.'”'” Due to the presence of, most azo
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Scheme 1. Preparation Steps of azoS8
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acetyl coumarin derivatives, Acetyl A, B, and Start B, and
investigated their potential as mild steel corrosion inhibitors in
1 M HCI in their studies. The synthesized compounds were
analyzed using FTIR and '"H NMR. The researchers used
impedance and polarization methods to test the compounds’
anticorrosive potential. The results of the polarization tests
showed that the presence of Acetyl A, B and Start B resulted in
a significant decrease in corrosion current density compared to
their absence, indicating that these compounds bind to active
sites and inhibit corrosion. The inhibitory effectiveness of the
compounds was Acetyl B (93.01%) > Acetyl A (92.23%) >
Start B (85.29%) at the best concentration of 7.50 X 10~ M.*®
The researchers observed that the Langmuir adsorption
isotherm was followed when the inhibiting molecules were
adsorbed on the surface of the mild steel. As a corrosion
inhibitor for carbon steel (CS) in acidic solution, we created a
novel molecule (azoS8) that contains an azo group, azo
methane, and a chain length in the current study.

2. EXPERIMENTAL DETAILS

2.1. Materials. The experiments utilized CS with the
following chemical composition (by weight): 0.093% carbon,
0.014% phosphorus, 0.011% silicon, 0.853% manganese,
0.025% chromium, 0.012% copper, 0.032% aluminum,
0.013% nickel, and the remaining consisting of iron. To
prepare the corrosive media, we made a 1 M HCI solution by
diluting 37% HCl (AR grade) with distilled water. The
inhibitor dose was varied from 100 to 500 ppm.

2.2. Synthesis of Surfactant azoS8. The synthesis
process for the surfactant involved two steps. First, the azo
compound (azoS8) involves a two-step process: first, p-
toluidine is diazotized with a nitrous acid source to form a
diazonium salt. In the second step, this diazonium salt is
coupled with an aniline compound under suitable conditions
to yield the desired (E)-4-(p-tolyldiazenyl)aniline; this method
is described in the literature.” In the second step, the
surfactant N,N-dimethyl-N-octyl-4-((E)-((4-((E)-p-
tolyldiazenyl)phenyl)imino)methyl)benzenaminium bromide
was synthesized by heating 1-bromooctane with an equal
amount of 4-(dimethylamino)benzaldehyde in absolute
ethanol, in a 1:1 molar ratio. The reactants were refluxed for
12 h. Following that, the reaction mixture was cooled to
ambient temperature. In the final step of the synthesis process,

Schiff base compounds (azo) were produced by condensing N-
decyl-4-formyl-N,N-dimethylbenzenaminium bromide with
(E)-4-((4-methoxyphenyl)diazenyl)aniline in ethanol with a
1:1 molar ratio. The resulting compounds were recrystallized
from ethanol. Scheme 1 depicts the compound structure of the
synthesized (azoS8). The structure of the synthesized (azoS8)
was confirmed using various analytical tools such as FTIR and
'H NMR.

2.3. Methods. The electrochemical cell with three
electrodes was employed to take measurements.’’ The Workmg
electrode used was CS and had a surface area of 1 cm?, while a
saturated calomel electrode (SCE) was utilized as the reference
electrode. Additionally, a counter electrode made of a platinum
wire was employed. The study conducted measurements using
two electrochemical techniques, namely, electrochemical
impedance spectroscopy (EIS) and potentiodynamic polar-
ization (PP). Following the immersion of the electrode in the
test solution for an hour, electrochemical impedance spectros-
copy (EIS) was carried out at open-circuit voltage (OCV). A
small alternating voltage perturbation of 10 mV was applied to
the cell over a frequency range of 100 kHz to 20 mHz at a
temperature of 298 K. Subsequently, PP was performed for
anodic and cathodic polarization, with a scan rate of S mV s~
The aforementioned techniques were all carried out with a
Gamry 3000 potentiostat/galvanostat/ZRA, and the data
obtained were analyzed using Echem Analyst 7.">°" Three
repetitions were performed for each test to ensure significant
repeatability of the results.

A JEOL-JSM-6510 scanning electron microscope (SEM)
was utilized to characterize the surface.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Prepared Inhibitor azoS8.
The FTIR and 'H NMR spectra of the inhibitor are presented
in Figures 1 and 2, respectively. The spectra were analyzed to
determine the active groups and specifications of the inhibitor.
In the case of azoS8, the bands observed at 3460 cm™ were
assigned to the stretching vibrations of the hydrogen-bonded
H,0 molecules (CH-H,0).”> C-H stretching vibrations
were observed around 2920 cm™' due to the aliphatic chain in
addition to Ar—H stretching vibrations around 3020 cm™". The
peaks at 1634 and 1490 cm™' are assigned to the stretching
vibration of C=N and N=N, respectively."® The FTIR
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100 4 S8 typically a sharp singlet due to the lack of proton coupling to
azo neighboring protons. Overall, the '"H NMR spectrum can
provide valuable information about the identity and structure
80 A of azoS8.
. 3.2. Electrochemical Evaluation. 3.2.7. Open-Circuit
S Potential (OCP). Figure 3 depicts a graph of the open-circuit
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Figure 1. FTIR spectra of azoS8. -0.46 "
analysis revealed the presence of infrared (IR) bands that can -047 v o P o o 1000
be attributed to the chemical structures of newly synthesized _
azoS8. Another technique used to characterize azoS8 is the Time (S)

proton nuclear magnetic resonance ('"H NMR) spectrum. The
signals between 0.8 and 1.6 ppm correspond to the protons in
the aliphatic chain of the decyl group. The signal at around
2.8—3.0 ppm corresponds to the protons in the N,N-
dimethylbenzenaminium group.The signal at around 3.6—3.8
ppm corresponds to the protons in the methoxy group.The
signals in the range of 6.6—7.7 ppm correspond to the protons
in the aromatic rings of the molecule.The signal at 9.6 ppm
corresponds to the proton in the N=CH group. This peak is

Figure 3. Open-circuit potential (OCP) as a function of time for
carbon steel in a 1 M HCl solution, with and without varying amounts
of azoS8 at a temperature of 298 K.

potential as a function of time for CS in a 1 M HCI solution,
with and without varying amounts of azoS8 at a temperature of
298 K. After 200 s, the OCP reached a steady-state value that
remained constant and did not change over time.
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Figure 2. '"H NMR spectra of azoS8.
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3.2.2. Potentiodynamic Polarization Measurements. PP
study was carried out to explore anticorrosion properties of the
newly created inhibitor azoS8. During this study, CS was
utilized as the working electrode. Figure 4 shows the
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Figure 4. Polarization curves for carbon steel in a 1 M HCI solution,
with and without varying amounts of azoS8 at a temperature of 298 K.

polarization curves of CS in a 1 M HCI solution at 298 K,
both with and without various concentrations of azoS8
(ranging from 100 to S00 ppm). Table 1 presents the
electrochemical parameters, including corrosion current
density (I,), corrosion potential (E,,), anodic Tafel slope
(B.), and cathodic Tafel slope (f.), as well as inhibition
efficiency (17,,,%), that were obtained from the experiment.
The study revealed that there was a change in the value of 3 as
the concentration of the inhibitor increased. The effect of the
inhibitor on hydrogen evolution kinetics was analyzed, and an
alteration in the anodic Tafel slope f, was noted, which was
possibly due to the adsorption of chloride ions or inhibitor
molecules onto the surface of the metal. With the increase in
the inhibitor concentration, the corrosion current density
(Io,) decreased due to the increased adsorption of the
inhibitor. Additionally, azoS8 was found to cause a slight shift
in the corrosion potential (E.,). The inhibited systems
displayed E_,, values that were lower than 80 mV in
comparison to the acid blank, indicating that the surfactants
examined in the study are of a mixed-type inhibitor.”> The
inhibition efficiency (77,,:%) and surface coverage (6) were
calculated using the following formulas®

COIT

(1)

fpo 6 = 6 X 100 (2)

where I and I

corr o’ denote the inhibited and uninhibited
corrosion current densities, respectively.

The findings showed that as the concentration of the
inhibitor increased, there was a reduction in the corrosion
current densities and an increase in the surface coverage ().
These results indicated that azoS8 was an efficient corrosion
inhibitor that could effectively prevent the dissolution of steel
in a solution of 1 M hydrochloric acid. This beneficial effect
was attributed to the formation of anodic protective films on
the electrode surface, which served as a protective barrier
against the corrosive impact of the acid.”*** At 500 ppm of
azoS8, the greatest inhibition efficiency (i.e., 91.25%) was
attained. Above this concentration, there was a little change in
the inhibition effectiveness.

3.2.3. Electrochemical Impedance Spectroscopy (EIS). The
aim of the EIS is to examine how quickly the steel corrodes in a
1 M HCI corrosive solution in different doses of synthesized
inhibitor. Figure S shows the Nyquist and Bode plots obtained
when inhibitor was present and when -it was absent. Although
the shape of the plots remained the same at different
concentrations, the height or intensity varied for each
concentration. A higher concentration resulted in a higher
peak, indicating greater resistance to the solution. One possible
explanation for this observation is that the artificially created
inhibitor may has created a shieldlike barrier on the surface of
the steel, resulting in a decrease in the rate of corrosion when
exposed to the corrosive environment. Furthermore, the
Nyquist plots displayed larger capacitive loops when the
inhibitor was present, and the size of these loops increased
with increasing inhibitor concentration. This suggests that the
impedance of the steel electrode that was inhibited also
increased because of the inhibitor concentration.>***

The capacitance loops demonstrate that the corrosion of CS
and the formation of a surface barrier are mainly governed by
the electron transfer mechanism.>® To examine the impedance
of CS in the presence of inhibitor in 1 M HCI, the
experimental data were fitted using the equivalent circuit
model illustrated in Figure S. This model includes three
components: R; (R,) to represent the solution resistance, R
(R,) to represent the charge transfer resistance, and (Cy) to
represent the double-layer capacitance on the metal surface.”
Table 2 represents that the introduction of an additive to a 1 M
HCI solution leads to an increase in the R values, signifying
that the charge transfer pathways are impeded. The inhibition
efficiency (IE %) and € were computed using eqs 3 and 4%

Rct(inh) - Rct(unh)

IEgs% = 6 X 100 = X 100

Rct( inh) (3)

where R(un) and R (ynn)y denote the charge transfer resistances
in the presence and absence of an inhibitor, respectively.

Table 1. Potentiodynamic Electrochemical Parameters for CS Immersed in 1.0 M HCI, in Absence and Presence of Different

Concentrations of azoS8 at 298 K

C (ppm) B, (mV dec™) B. (mV dec™) L, (uA cm™) —E,, vs SCE (mV) 0 Npor%
blank 412.4 414.2 918 396
100 174.6 151.0 139 413 0.8485 84.85
200 173.2 153.9 137 403 0.8507 85.07
300 173.5 119.7 133 404 0.8551 85.51
400 139.0 129.4 115 418 0.8747 87.47
500 125.6 122.2 80 409 09125 91.25
49012 https://doi.org/10.1021/acsomega.3c06710
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Figure 5. (a) Nyquist, (b) Bode, (c) Bode—phase angle plots and
equivalent circuit model (inset in a) for carbon steel in a 1 M HCl
solution, with and without varying amounts of azoS8 at a temperature
of 298 K.

Ca = (pRe)" @

In the equation, the CPE exponent is represented by n, and
Y, is the CPE constant. The value of n, which falls between 0
and 1, indicates the deviation from ideal behavior. According
to Table 2, the use of the inhibitor led to a reduction in the Cy
value, indicating that either the local dielectric constant
decreased or the thickness of the electrical double layer
increased. This suggests that the azoS8 molecules function by
forming a protective layer on the metal surface.’

3.3. Adsorption Studies. Adsorption isotherms are
frequently employed to comprehend the interaction between
inhibitor molecules and active metal surface sites. Electro-

chemical experiments are conducted to determine the surface
coverage (0) at varying inhibitor concentrations (C,,.gs), and
different isotherms are utilized to determine the most suitable
fit that characterizes the behavior of the inhibitor molecules.
The Langmuir isotherm has been found to be the most
effective in describing the adsorption process. This isotherm
and the Gibbs free energy change (AG,4,”) are represented by

the following relations

C.
Gin _ 1 Cop

0 ads (5)
AGY, = —RT In (55.5K,4,) (6)

In the relations, the universal gas constant is represented by R
(with a value of 8.314 J mol™! K™'), 55.5 denote the molar
concentration of pure water, and T represents the thermody-
namic temperature in Kelvin. The adsorption constant is
denoted by K4 C;,, is the concentration of the azoS8, and 6 is
the surface coverage.””*” Figure 6 shows the Langmuir

140

R2 Correlation coefficient of 0.9998

120
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80
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Figure 6. Langmuir adsorption isotherm of azoS8 at 298 K.

adsorption isotherm for the adsorption of azoS8 on the carbon
steel surface. The value of AG, .  for azoS8 was found to be
—27.72 kJ mol™". The negative value of AG,, indicates that
the azoS8 molecules have a strong tendency to be adsorbed
onto the steel surface and that the layer formed is stable.
AG, values below —20 kJ mol™" are typically linked to
physical adsorption, which occurs through electrostatic
attraction between the charged molecules and the charged
metal. On the other hand, AG,y’ values greater than —40 kJ
mol™" are associated with chemisorption, in which charge

Table 2. EIS Parameters for CS Immersed in 1.0 M HCI in the Absence and Presence of Different Concentrations of azoS8 at

298 K
C (ppm) R (Q-cm?) R, (Q-cm?) Yo (Q7's" em™?)
blank 18.87 1.038 448 x 1073
100 120.2 1.031 537 x 1074
200 277.0 0.870 2.54 x 107*
300 361.2 1.022 3.85 % 1074
400 385.6 1.195 345 x 1074
500 406.8 0.8475 3.98 x 1074
49013

Cyq (F cm™) X2 0 IE(gs) %
0.339 x 1073 3.53 x 1074
3.60 x 1074 1.33 x 1073 0.8430 84.30
1.41 x 107™* 8.9 x 107* 0.9319 93.19
218 x 107* 232 % 1073 0.9478 94.78
1.99 x 107 1.54 x 1073 0.9511 95.11
2.81 x 107* 294 x 1073 0.9536 95.36
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Figure 8. SEM photos of the surface of carbon steel in 1.0 M HCI, both in the absence (a) and presence (b) of 500 ppm azoS8.

sharing or transfer from organic molecules to the metal surface
leads to the formation of a coordinate bond.”” The absolute
values of AG,y’, falling within the range of —20 into —40 kJ
mol ™!, suggest that the adsorption of azoS8 onto the steel
surface involves a mixed adsorption mechanism comprising
both physisorption and chemisorption. The presence of three
aromatic moieties in azoS8 is a crucial factor in the adsorption
and protection processes. The unshared electron pairs of 7-
bonds in these moieties act as potential reaction centers
(donation reaction centers) for the vacant d-orbital of the iron
metal via a chemisorption mechanism. Moreover, the presence
of the ammonium cation (N*) and Br~ anions in azoS8 results
in electrostatic attraction between them and the charged steel
surface via the physisorption mechanism. The availability of
multiple active sites for adsorption through physical electro-
static attraction and chemisorption, as demonstrated in Figure
7, enhances the surfactants’ ability to protect the steel
surface.”

Surface characterization (SEM analysis) of carbon steel
surfaces in 1.0 M HCI, both in the absence and presence of
500 ppm of azoS8, provided confirmation of adsorption of
azoS8 (Figure 8a). The metal surface of carbon steel
experienced significant cracks and corrosion after immersion
in a 1.0 M HCl solution (Figure 8a). Additionally, the image in
Figure 8b showed a smooth carbon steel surface with 500 ppm
of azoS8, demonstrating the remarkable degree of protection
against corrosion obtainable through 500 ppm azoS8.
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4. CONCLUSIONS

In the current study, the new cationic surfactant (azoS8) acted
as a corrosion inhibitor for steel in 1.0 M HCL The
characterizations of azoS8 were confirmed by FTIR and 'H
NMR spectroscopies. The polarization results confirmed that
azoS8 can be classified as a mixed-type inhibitor. The azoS8
adsorption system is well suited to the Langmuir adsorption
isotherm. The new corrosion inhibitor azoS8 had a Gibbs free
energy change value of —27.72 kJ mol™'. EIS parameters
suggested that azoS8 acted in a mixed adsorption mechanism
comprising both physisorption and chemisorption.
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