
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

3:
38

:5
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Synthesis, charac
aMolecular Chemistry, Materials and Cata

Technology, Sultan Moulay Slimane Univ

E-mail: hannioui15@yahoo.fr
bChemical Processes and Applied Materia

Sultan Moulay Slimane University, PB: 592,
cLaboratory of Engineering and Applied T

Mellal, Morocco
dCNRS, Coordination Chemistry Laboratory,

205 Narbonne Road, BP 44099, F-31077 To

† Electronic supplementary information (E
extracted from cloves; the crystallogra
diffraction analysis; electrochemical
polarization curves and Nyquist plo
crystallographic data in CIF or o
https://doi.org/10.1039/d4ra01337a

Cite this: RSC Adv., 2024, 14, 14152

Received 21st February 2024
Accepted 17th April 2024

DOI: 10.1039/d4ra01337a

rsc.li/rsc-advances

14152 | RSC Adv., 2024, 14, 14152–14
terization, and inhibition effects
of a novel eugenol derivative bearing pyrrole
functionalities on the corrosion of mild steel in
a HCl acid solution†

Bahija Rebbah, *a Abderrahim El Haib,b Sara Lahmady,c Issam Forsal,c

Maryse Gouygou,d Sonia Mallet-ladeira,d Abdelouahid Medaghri-alaoui,a

El Mostapha Rakiba and Abdellah Hannioui*a

Semi-synthetic modifications of natural products have yielded numerous anti-cancer drugs, antimicrobials,

and corrosion inhibitors. In this study, eugenol, a natural product, was synthetically modified to generate

a novel heterocyclic compound: pyrrole, which forms crystals. The latter is the outcome of the

condensation reaction between eugenol hydrazide and 2,5-hexanedione, conducted under reflux

ethanol conditions, without a catalyst, achieving a 96% yield. This compound structure was characterized

through spectroscopic methods, such as NMR and FTIR, and validated par the crystal's X-ray diffraction

analysis. According to the findings of the electrochemical study, pyrrole demonstrated effective

inhibition against the carbon steel's corrosion in a 1 M HCl acid solution.
1. Introduction

Natural products and their semi-synthetic molecules are a rich
source of bioactive molecules with high pharmacological1 and
anticorrosive potential.2 They play important in the develop-
ment of anti-cancer therapies,3 offering advantages such as
a better pharmacokinetic prole, reduced toxicity, and the
possibility of developing more soluble analogs.4,5

Clove essential oil is extracted from the Giroier tree's
cloves,6 and the main compound is eugenol, with a yield of
between 75 and 90%.7 Eugenol has been extensively studied
and found to be a natural aromatic compound in the phenyl-
propene family, with a variety of biological and therapeutic
applications,8 including anticancer,9 antidiabetic, anti-
leishmanial,10 antifungal,11 antibacterial,12 antiviral13
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antioxidant14 and anti-inammatory15 properties. This
compound and its derivatives are also recognized as effective
inhibitors, capable of preventing or slowing down the corro-
sion process in acidic environments, with an inhibition rate of
up to 70%.16–18 To synthesize eugenol-based heterocyclic
derivatives with interesting activities, Syed Nazreen's team
developed new 1,3,4-oxadiazole heterocycles with anticancer
properties.19 Similarly, Abdelmaoujoud Taia and colleagues
have synthesized new heterocycles, 1,2,3-triazoles, with anti-
corrosive activity, particularly for iron in acid solutions.20

Moreover, heterocyclic pyrrole compounds, characterized by
a ve-membered ring comprising four adjacent carbon atoms
and one nitrogen atom, have recently been prepared by Sergei
Boichuk et al.21 These products have found wide therapeutic
applications21,22 due to their diverse biological properties,23

including antimicrobial24 and anticancer activities.25 Many
pyrrole-based compounds are also widely used as anticorro-
sion agents to combat the degradation of various metallic
materials, such as copper, iron, and aluminum, in corrosive
environments.26,27 Our study concentrated on the preparation
of a new molecule with an original structure containing
eugenol and pyrrole units simultaneously, with an evaluation
(assessment) of their corrosion inhibition activities.
Compound 4's geometry was obtained exclusively by the action
of compound 3 used as an intermediate on 2,5-hexanedione in
ethanol. Compound 4 was characterized using single-crystal X-
ray diffraction and spectroscopic methods, including 1H and
13C NMR and FTIR.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of 2-(4-allyl-2-methoxyphenoxy)-N-(2,5-dimethyl-1H-pyrrol-1-yl) acetamide 4.

Table 1 Experimental details

The structure of compound 4 has different positions, CCDC number: 2334215

Compound 3D view Chemical schema

Crystal data

Empirical formula C18 H23 N2 O3

Formula weight 315.38
Temperature 100(2) K
Wavelength 1.54184 Å
Crystal system, space group Triclinic, P�1
Unit cell dimensions a = 9.2975(3) Å, alpha = 73.401(2) deg

b = 10.1675(3) Å, beta = 64.496(3) deg
c = 10.6317(2) Å, gamma = 69.395(3) deg

Volume 838.30 (5) Å3

Z 2
Calculated density 1.250 Mg m−3

Absorption coefficient 0.690 mm−1

F(000) 338
Crystal size 0.2 × 0.2 × 0.2 mm
Theta range for data collection 4.667 to 80.000 deg
Limiting indices −11 & h & 11, −12 & k & 12,−13 & l & 11
Reections collected/unique 14 347/3564 [R (int) = 0.0250]
Completeness to theta 67.684 99.9%
Renement method Full-matrix least-squares on F2

Data/restraints/parameters 3564/338/318
Goodness-of-t on F2 1.024
Final R indices [I > 2 sigma (I)] R1 = 0.0415, w R2 = 0.1077
R Indices (all data) R1 = 0.0433, w R2 = 0.1093
Extinction coefficient 0.0117(10)
Largest diff. Peak and hole 0.350 and −0.389 e Å−3

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 14152–14160 | 14153
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2. Results and discussion
2.1. Chemistry

The natural product eugenol 1 was used as the starting material
for the synthesis of compound 4 (Scheme 1). All intermediate 2–
3 were produced using the techniques mentioned in the liter-
ature, with minor modications.28 Compound 1 was reacted
with bromoethyl acetate in the existence of anhydrous potas-
sium carbonate in acetone at reux to generate ethyl 2-(4-allyl-2-
methoxyphenoxy) acetate 2, which was then treated with
hydrazine monohydrate in ethanol to form 2-(4-allyl-2-
methoxyphenoxy) aceto-hydrazide 3 in 90%-yield. All the inter-
mediates used to prepare the target molecule were conrmed by
spectroscopic data such as NMR and FTIR. The condensation
reaction between compound 3 and 2,5-hexanedione in ethanol
afforded 2-(4-allyl-2-methoxyphenoxy)-N-(2,5-dimethyl-1H-
pyrrol-1-yl) acetamide 4 in 96%-yield. This condensation was
conrmed by NMR (1H & 13C), FTIR and XRD spectral analysis.
The FTIR spectrum showed signicant signals at 1710 cm−1 and
3460 cm−1, conrming the characteristic C]O's presence and
NH functions respectively. Indeed, 1H NMR of product 4
revealed the appearance of a shielded singlet at 1.91 ppm
((CH3)2), featuring the protons linked to the pyrrole ring.
Although the two symmetrical protons of the pyrrole ring are
present at a chemical shi of 5.59 ppm ((CH)2), they only give
a single signal due to their symmetry. The appearance of an
unshielded singlet at 10.8 ppm (NH) is also to be pointed out.
Peaks at around 10.2, 103.59, and 127.3 ppm in the 13C NMR
spectrum are attributed respectively to (CH3)2 linked to the
pyrrole ring, CH–CH to the tertiary carbons, and C–N to the
quaternary carbons of the pyrrole ring.

At a temperature of 100 K, X-ray intensity data were recorded
for compound 4, 2-(4-allyl-2-methoxyphenoxy)-N-(2,5-dimethyl-
1H-pyrrol-1-yl) acetamide, which crystallised as triclinic crystals
(4) with space group P�1. The experimental results are reported
in Table 1, while the asymmetric units are shown in Fig. 1 with
atom numbering schemes. The structure of compound 4
(C18H23N2O3) is characterised by the bonding of the 2-(2-
methoxyphenyl) acetohydrazide ring (C1–C7/N2/N3) to both an
Fig. 1 View of the molecular configuration of the molecule shown,
with the atoms indicated. The displacement ellipsoids are plotted at
a 50% probability level. The atoms corresponding to allyl (C17/18 and
C170/180) show disorientation at two sets of sites.

14154 | RSC Adv., 2024, 14, 14152–14160
allyl group and a 2,5-dimethyl-pyrrol-1-yl group, as illustrated in
Fig. 1. The mid-plane of the main component of the allyl group,
exhibiting disorientation in two positions, is substantially
perpendicular to the 2-(2-methoxyphenyl) acetohydrazide ring,
with a C12–C16–C170–C180 twist angle of 107.9° (1). In addition,
the pyrrole ring forms a dihedral angle of 125.02° (10) with the
2-(2-methoxyphenyl) acetohydrazide ring system. In the crystal
structure, the molecule is stabilised by C2–N1–C5 interactions.
2.2. Electrochemical

2.2.1. Potentiodynamic polarization measurements. The
polarization curves for carbon steel (CS) in a corrosive HCl 1 M
solution, both with and without varying doses of compound 4,
are displayed in Fig. 2 at 293 K. The electrochemical parameters
that were modied by Tafel analysis are listed in Table 2. These
parameters consist of the corrosion current density (Icorr),
corrosion potential (Ecorr), cathodic Tafel slope (bc), anodic
Tafel slope (ba), and corrosion inhibition efficiency (h%). Using
the eqn (1) below, the inhibition efficiency values were deter-
mined from the Icorr data:29

ðh %Þ ¼ Icorr � I
0
corr

Icorr
� 100 (1)

The corrosion current density without an inhibitor is deno-
ted by Icorr, whereas the corrosion current density with an
inhibitor is denoted by I0corr.

As seen in Fig. 2, Ecorr is moved toward a positive potential
when compound 4 is added to the corrosive medium. It is also
clear that the anodic and cathodic reactions are inhibited. It
should be mentioned that the inhibitor may be classied as
either cathodic or anodic type if the displacement of the
corrosion potential is larger than 85 mV concerning the corro-
sion potential of the blank.30 The greatest corrosion potential of
carbon steel in the present research was 80 mV, indicating
a mixed type of inhibitor. In other words, compound 4's pres-
ence in HCl 1 M inhibited the dissolution of both anodic carbon
steel and the generation of cathodic hydrogen.31 The literature
has previously documented a comparable alteration in Ecorr
values, suggesting that the inhibitor is considered a mixed-type
inhibitor with a tendency towards anodic dominance.30,31

The results presented in Table 2 indicate that the corrosion
current density reduces when compound 4 is present, starting
Fig. 2 Cathodic and anodic polarisation curves for carbon steel in 1 M
HCl in the absence and presence of various concentrations of
compound 4 at 293 K.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Tafel parameters for CS without and with the addition of various concentrations of compound 4 in 1 M HCl

C (M) Icorr (mA cm−2) −Ecorr (mV vs SCE) −ba (mV dec−1) bc (mV dec−1) h%

Blank 322.8 536.0 99.4 117.7 —
10−6 36.1 467.4 61.9 117.8 88.81
10−5 28.9 458.2 66.1 142.1 91.04
10−4 24.4 456.4 64.6 150.5 92.44
10−3 17.0 455.2 54.3 159.41 94.73
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from 322.8 and reaching 17.0 mA cm−2 at 10−3 M at 293 K.
Inhibitory molecules attach to active sites on the CS surface to
generate this action.29 The inhibitor's inhibition effectiveness
(h%) rises with increasing concentration until it reaches 94% at
10−3 M.

2.2.2. Electrochemical impedance spectroscopy. Fig. 3
shows Nyquist plots of carbon steel in 1 M HCl solution both
with and without different amounts of compound 4 during the
exposition time of 30 min at 293 K. Analyzing Nyquist diagrams
reveals that aer adding compound 4 to the aggressive solution,
the carbon steel's impedance response in the blank solution
was inuenced signicantly. The corrosion mechanism is
principally controlled by a charge transfer process, as shown by
the existence of a single capacitive loop.32

The shapes of the semicircles in the inhibited and unin-
hibited solutions were the same, suggesting that the addition of
inhibitors did not affect the mechanism of carbon steel
corrosion.30

It is evident that the semicircles in the Nyquist plots are not
perfect; this behavior is typically ascribed to metal surface
inhomogeneity carried on by interfacial phenomena or surface
roughness.33 The remarkable degree of agreement between the
Fig. 3 Nyquist diagrams with a blank at various chemical 4
concentrations.

Fig. 4 Electrical circuit equivalent at the carbon steel/HCl electrolyte
contact.

© 2024 The Author(s). Published by the Royal Society of Chemistry
experimental plots and tting lines (Fig. 3) conrms that the EIS
data are accurate. There is a high match between the tted
quality and the comparable circuit model (Fig. 4).

Table 3 lists the impedance characteristics, double layer
capacitance (Cdl), solution resistance (Rs), charge transfer
resistance (Rct), and inhibition efficiency (h%). The calculation
of the inhibition efficiency (h%) came from (eqn (2)):30

ðh %Þ ¼
�
Rct � Rct0

�
Rct

� 100 (2)

where Rct and Rct0 are charge transfer resistance in the presence
and absence of compound 4.

Table 3 makes it evident that (Rct) increased when inhibitor
concentrations were raised. is explained by the inhibitor form-
ing a protective coating over the metal-solution This interface as
a result of its adsorption on the most active adsorption sites.31

The (h%) can exceed 93% when the concentration is 10−3 M.
Moreover, the Cdl value exhibits a decreasing trend as
compound 4 concentration rises; the addition of this inhibitor
results in a drop in Cdl double-layer capacitance values from
253.1 to 54.27 mF cm−2. The literature states that the adsorbed
inhibitor molecule displaces water molecules at the CS solution
interface, allowing a protective layer to form on the carbon steel
surface and contributing to the decrease in Cdl values.34 Simi-
larly, the polarization data also conrms the EIS results.

The Arrhenius-type process may be used to depict the
corrosion reaction using the following relation:29

icorr ¼ A$exp

��Ea

R$T

�
(3)

where A is the frequency factor, R is the universal gas constant
(R = 8.314 J mol−1 K−1), T is the absolute temperature, and the
icorr is the corrosion current density of the metal.

As shown in Fig. 7(a), the apparent activation energy was
calculated from the slope of ln(Icorr) vs. 1/T. However, the
following equation may be used to determine the entropy (DS*a)
and enthalpy (DH*a) of activation for this inhibitor:35

icorr ¼ TR

hN
exp

�
DS*a

R

�
exp

�
DH*a

RT

�
(4)

2.2.3. Thermodynamic parameters. To look into the
adsorption of inhibitor chemicals on the metal surface, the
impact of temperature on the corrosion rate was investigated
(Fig. 5 and 6). Temperature inuences the inhibitor adsorption
process. To investigate the impact of this factor on the carbon
RSC Adv., 2024, 14, 14152–14160 | 14155
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Table 3 Electrochemical parameters

C (M) Rs (U cm2) Rct (U cm2) Cdl (mF cm−2) n Qdl (mU
−1 cm−2 Sn) h%

Blank 0.58 82.33 253.1 0.86 401.6 —
10−6 0.71 729.0 104.4 0.89 142.7 88.70
10−5 0.85 874.3 87.1 0.89 118.6 90.58
10−4 0.69 1016 65.23 0.89 92.55 91.89
10−3 1.20 1250.0 54.27 0.87 66.84 93.41

Fig. 5 Polarisation curves for compound 4 at different temperatures.

Fig. 6 Polarisation curves for Blank at different temperatures.
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steel corrosion behavior in the 1 M HCl medium, polarization
measurements were conducted at temperatures ranging from
293 K to 323 K, using the optimal concentration of 10−3 M of
Fig. 7 Arrhenius lines obtained from the corrosion current density of
steel in 1 M HCl medium and in the presence of inhibitor 4 (a).

14156 | RSC Adv., 2024, 14, 14152–14160
compound 4. Table 4 provides an inventory of the electro-
chemical characteristics of polarization curves.

Where T is the absolute temperature, R is the universal gas
constant, DS*a is the entropy of activation, DH*a is the enthalpy
of activation, N is Avogadro's number, and icorr is the corrosion
current density. The uctuation of ln(icorr/T) vs. 1/T is shown in
Fig. 8(b).

Table 5 shows that compound 4 causes an increase in acti-
vation energy relative to the blank. This increase is related to the
physisorption of inhibitor molecules.36 The positive value of
DH*a indicates the endothermic nature of the CS dissolving
process. However, the value of the enthalpy in the presence of
inhibitors is greater than that obtained in the absence of an
inhibitor (36.86 kJ mol−1); this evolution is attributed to the
physical adsorption of inhibitor molecules on the CS surface.
The negative values of DS*a indicate that there is an increase in
disorder during the complex active reaction generation process
in the solution.

2.2.4. Adsorption isotherms. Several adsorption isotherms,
including Langmuir, Temkin, and Freundlich, were investi-
gated to match the experimental results and comprehend the
mechanism of interaction between inhibitor molecules and the
metal surface. As illustrated in Fig. 9, it is discovered that the
inhibitor's adsorption process on the steel surface follows the
Langmuir adsorption isotherm.

According to Boumhara et al.,37 the Langmuir isotherm
predicted that the adsorbed molecules would occupy a single
site and that they would not interact with other molecules
adsorbed on the surface of the metal. The following relation is
used for determining the surface coverage (q):

q ¼ icorr � iinhcorr

icorr
(5)

The relationship that follows provides the Langmuir
isotherm:29,37

q

1� q
¼ KadsCinh (6)

where Kads is the standard adsorption equilibrium constant,
Cinh is the inhibitor concentration, and q is the surface
coverage. The linear evolution charts of Cinh/q versus Cinh are
displayed in Fig. 9.

The computed lines and the experimental points show a very
excellent match with the regression coefficient, indicating that
the Langmuir isotherm and the experimental data are fully
compatible. From the intercepts of the straight lines, the value
of the equilibrium constant of standard adsorption was
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Electrochemical parameters

Compounds T (K) Icorr (mA cm−1) −Ecorr (mV vs. SCE) ba (mV dec−1) −bc (mV dec−1) h%

Blank 293 322.8 536.0 99.4 117.7 —
303 417.6 494.7 106.0 132.9 —
313 557.7 494.4 121.3 145.3 —
323 1419.0 476.5 113.7 160.4 —

4 293 17.0 455.2 54.3 159.41 94.7
303 34.4 469.7 55.6 150.4 91.76
313 37.9 470.5 52.9 142.5 93.20
323 92.4 480.0 72.6 154.6 93.48

Fig. 8 Arrhenius lines obtained from the corrosion current density of
steel in 1 M HCl medium and in the presence of Blank (b).

Table 5 Thermodynamic parameters of steel in 1 M HCl in the
absence and presence of inhibitor

Compounds Ea (kJ mol−1)
DH*a

(kJ mol−1)
DS*a

(J mol−1 K−1) Ea − DH*a

Blank 36.86 34.3 −80.86 2.56
4 40.61 38.43 −91.25 2.18

Fig. 9 Langmuir adsorption plots for CS in 1 MHCl solution containing
different concentrations of compound 4 at 293 K.

Fig. 10 Nyquist diagram obtained at different immersion times for
compound 4.
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calculated; Kads = 1.11 × 10−7, Kads is related to the standard
free energy of adsorption, DGads. The values of Gibb's free
adsorption energy (DG

�
ads) were calculated using eqn (7):38
© 2024 The Author(s). Published by the Royal Society of Chemistry
DG
�
ads ¼ �RT lnðKadsCsolventÞ (7)

where T is the absolute temperature, the value of 55.5 is the
approximate concentration (mol L−1) of water in the solution
and R is the universal gas constant.

The adsorption of chemical 4 on the steel surface appears to
be spontaneous based on the negative value of (DG

�
ads). The

(DG
�
ads) value that was computed is −43.69 kJ mol−1. The energy

values of (DG
�
ads) that are around −20 kJ mol−1 or less negative

are commonly linked to an electrostatic contact (physisorption)
between inhibitor molecules and charged metal surfaces.; The
negative values, around −40 kJ mol−1 or higher, refer to
chemisorptions, which are the formation of coordinate-type
bonds by charge sharing or transfer from the inhibitor mole-
cules to the metal surface.29,37 The (DG

�
ads) is approximately

−40 kJ mol−1, demonstrating that compound 4 molecules
adsorb onto the carbon steel surface belong to the chemisorp-
tions class and that the adsorptive lm simultaneously
possesses an electrostatic character based on the enthalpy
value.29

2.2.5. Effect of immersion time on corrosion inhibition. To
evaluate the behavior of the element employed as an inhibitor,
it is required to investigate the immersion time, which is an
important component in determining the stability of the
inhibitory activity. To examine the changes in the inhibitor's
inhibitive performance over time, EIS measurements were
conducted in 1 M HCl with and without 10−3 M of compound 4
for 30 minutes, 1 hour, 2 hours, 4 hours, 8 hours, 10 hours, and
24 hours of immersion time at 293 K. Fig. 10 and 11 shows the
EIS curves of a carbon steel substrate that was submerged in
RSC Adv., 2024, 14, 14152–14160 | 14157
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Table 6 Electrochemical parameters

Compounds
Immersion
time Rs (U cm2) Rct (U cm2) Cdl (mF cm−2) n Qdl (mU

−1 cm−2 Sn) h%

Blank 30 min 0.58 82.33 253.1 0.88 401.6 —
1 h 0.20 77.86 118.6 0.84 247.6 —
2 h 0.95 57.99 261 0.92 363.4 —
4 h 1.06 43.91 365.2 0.96 425.9 —
8 h 0.69 38.64 472.5 0.91 669.6 —
10 h 0.70 33.46 569.1 0.95 697.1 —
24 h 0.54 25.36 1510 0.87 2301 —

4 30 min 1.20 1250 54.27 0.87 75.2 93.41
1 h 2.26 1261 57.22 0.810 77.3 93.82
2 h 1.94 1377 43.79 0.81 73.54 95.78
4 h 1.5 1399 37.94 0.83 61.1 96.86
8 h 2.03 1614 32.14 0.80 55.48 97.60
10 h 1.8 1569 45.15 0.82 66.12 97.86
24 h 1.11 1098 42.13 0.85 66.87 97.69

Fig. 11 Nyquist diagram obtained at different immersion times for
Blank.
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a 1 M HCl solution both with and without 10−3 M of compound
4 at various intervals between 30 minutes and 24 hours. Table 6
groups the derived parameters and inhibition efficiency.

As seen in Fig. 11, the capacitive loops maintained their form
in the blank medium and changed in size as the time increased
in the 10−3 M compound 4 solutions. As the immersion dura-
tion in the blank solution increased. Table 6 shows that the
inhibitory effectiveness increases as exposure duration rises.
The majority of this behavior is correlated with the quantity of
empty locations that exist when the steel is rst exposed to the
inhibited milieu. As a result, attractive forces will form between
the heteroatom molecule's free electrons and the metal
surface's active sites, helping to increase efficiency over the
immersion period until complete lling.39 We thus conclude
that, over time, the inhibitor employed in our study serves as an
effective barrier to safeguard the carbon steel.

3. Conclusion

Taking into account our research, using biologically active and
anticorrosive eugenol-based natural products, we synthesized
a new crystalline molecule, 2-(4-allyl-2-methoxy phenoxy)-N-(2,5-
dimethyl-1H-pyrrol-1-yl) acetamide 4 and developed it as
a corrosion inhibitor in acidic media. Potentiodynamic polari-
zation and electrochemical impedance spectroscopy tests
14158 | RSC Adv., 2024, 14, 14152–14160
showed that inhibitor 4 can effectively protect carbon steel from
corrosion in 1.0 M HCl solution, with better performance at
moderately higher concentrations and temperatures. Adsorp-
tion and immersion time allow Inhibitor 4 to form a dense,
stable long-term lm on mild steel. This suggests that it could
become an interesting inhibitor for other materials against
corrosion.

4. Experimental details of chemicals
4.1. Preparation of ethyl 2-(3-allyl-5-methoxyphenyl) acetate
(2)

Anhydrous potassium carbonate (5.528 g, 0.04 mol) was mixed
with eugenol 1 (5 g, 0.03 mol) in a ask containing acetone (150
ml) and stirred at room temperature. Aer 15 minutes, 1
equivalent of ethyl bromoacetate (5.01 g, 0.03 mol) was added to
the mixture and the solution reuxed for 24 hours. The mixture
was then cooled and the solvent was removed under reduced
pressure. The residual mass was triturated with ice-cold water
and then extracted with ether (3 × 50 ml). This solution was
washed with a 10% sodium hydroxide solution (3 × 30 ml),
followed by water (3 × 30 ml). Finally, the solution was evapo-
rated to obtain a brown oil 2. The synthesized product was
puried by silica gel chromatography with a hexane/ethyl
acetate (8/2) solvent mixture and recrystallized in ethanol.
C14H18O4. Rdt: 90%. PM = 250.12 g mol−1. FTIR (n, cm−1, KBr):
1731 (C]O). RMN1H (500 MHz, DMSO-d6, ppm): d 6.82 (1H, d,
CH, J = 4.4 Hz), 6.80 (1H, d, CH, J = 4.4 Hz), 6.70 (1H, s, CH),
5.90 (1H, m, CH), 5.01–4.95 (2H, m, CH2), 4.6 (2H, s, CH2), 4.26
(2H, q, CH2, J= 7.8 Hz), 3.7 (3H, s, CH3), 3.29 (2H, d, J= 6.73 Hz,
CH2), 1.16 (3H, t, CH3, J= 7.8 Hz). RMN13C (125MHz, DMSO-d6,
ppm): d 169.17 (C]O), 149.9 (C), 146.2 (C), 138.8 (CH), 134.5
(C), 122.5 (CH), 115.5 (CH2), 115.2 (CH), 113.8 (CH), 65.7 (O–
CH2), 61.11 (O–CH2), 56.1 (O–CH3), 39.8 (]CH2), 14.1 (–CH3).

4.2. Synthesis of 2-(3-allyl-5-methoxyphenyl) aceto hydrazide
3

A mixture of ethyl 2-(3-allyl-5-methoxyphenyl) acetate 2 (4.5 g,
0.017 mol), 98% hydrazine monohydrate (2 ml, 0.04 mol), and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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ethanol (30 ml) in a 100 ml ask was heated under reux for 24
hours. The reaction mixture was then cooled and the solid
formed was ltered, dried, and recrystallized in acetic acid to
give compound 3. RT: 76%. P.F:142–143 °C. FTIR (n, cm−1, KBr):
3411.18 (–NHNH2), 1680.66 (C]O). RMN1H (500 MHz, DMSO-
d6, ppm): d 9.01 (1H, s, NH), 6.82 (1H, d, CH, J = 4.4 Hz), 6.80
(1H, d, CH, J = 4.4 Hz), 6.70 (1H, s, CH), 5.80 (1H, m, CH), 5.01–
5.02 (2H, m, CH2), 4.9 (2H, s, NH2), 4.39 (2H, s, CH2), 3.7 (3H, s,
CH3), 3.2 (2H, d, J = 6.8 Hz, CH2). RMN13C (125 MHz, DMSO-d6,
ppm): d 167.9 (C]O), 150 (C), 146.2 (C), 138 (CH), 134 (C), 121.9
(CH), 115.9 (CH2), 115 (CH), 113 (CH), 68 (CH2), 56.01 (CH3),
40.01 (CH2).

4.3. Synthesis of 2-(4-allyl-2-methoxyphenoxy)-N-(2,5-
dimethyl-1H-pyrrol-1-yl)acetamide 4

A solution of 2-(3-allyl-5-methoxyphenyl)acetohydrazide 3 (0.6 g,
0.0025 mol) and 2,5-dioxohexane (1.5 eq., 0.428 g, 0.0037 mol)
in a 100 ml ask, also containing ethanol, was heated at reux
for 24 hours. Aer cooling, the solvent was concentrated. The
synthesized product 4 was puried by silica gel chromatography
using a hexane/ethyl acetate (9/1) solvent mixture. The product
was crystallized in DMF. RT: 96%. P.F: 251–252 °C. FTIR
(n, cm−1, KBr): 3460 (NH), 1710 (C]O), 3157 (C]CH), 2960
(CH3), 1616 (C]C), 1503 (C]C). RMN 1H (500 MHz, DMSO-d6,
ppm): d 10.8 (1H, s, NH), 6.88 (1H, d, CH, J= 4.5 Hz), 6.86 (1H, d,
CH, J = 4.5 Hz), 6.78 (1H, s, CH), 5.90 (1H, m, CH), 5.59 (2H, s,
CH, CH), 5.01-5.02 (2H, m, CH2), 4.67 (2H, s, CH2), 3.68 (3H, s,
CH3), 3.30 (2H, d, J = 6.7 Hz, CH2), 1.91 (6H, s, CH3, CH3).
RMN13C (125 MHz, DMSO-d6, ppm): d 169.8 (C]O), 150.1 (C),
147.1 (C), 139.1 (CH), 135.8 (C), 127.9 (C, C), 121.5 (CH), 116.2
(CH2), 116 (CH), 113 (CH), 104.7 (CH, CH), 68.1 (CH2), 10.2
(CH3, CH3).

5. Experimental details of
electrochemical measurements
5.1. Materials and electrolyte preparation

In the present investigation, carbon steel (CS) specimens with
the following composition (weight%): 0.07 C, 0.19 Mn, 0.03 Si,
0.05 Cr, 0.02 Al, and balance Fe were utilized. Before starting
each electrochemical test, the CS electrode was meticulously
polished with emery papers ranging in roughness from N° 180
to N° 2500. Then the polished electrode was washed with
distilled water, degreased with acetone, and dried with heated
air. The aggressive 1 M HCl solution was prepared by diluting
HCl grade 37% (purchased from LOBA Chemie Company) with
distilled water. Each test was carried out with a freshly obtained
solution.

5.2. Electrochemical measurements

Electrochemical methods were utilized to assess the immediate
rate of corrosion and explain the effect of the inhibitors on the
CS corrosion process. All electrochemical experiments were
conducted using Potentiostat type OrigaStat 100, controlled by
Origamaster5 soware. The cell used three electrodes consist-
ing of a working electrode (carbon steel), a platinum electrode
© 2024 The Author(s). Published by the Royal Society of Chemistry
as a counter electrode, and a saturated calomel electrode (SCE)
as a reference electrode. The working electrode surface area
exposed to the electrolyte was 0.64 cm2. Open circuit potential
(OCP) surveillance was performed by immersing the working
electrode in the corrosive medium in the absence and existence
of inhibitors for 30 min. The potentiodynamic polarization
(PDP) curves of the CS electrode in 1.0 M HCl, without and with
inhibitors, were recorded in the potential range from −750 to
−100 mV per SCE, at the scan rate of 1 mV s−1. Electrochemical
impedance spectroscopy investigations were carried out by
applying a signal amplitude perturbation of 10 mV, in the
frequency range of 1 kHz to 100 MHz. The temperature effect on
the inhibitor performance was evaluated in the range from 293
to 323 K.
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