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ABSTRACT: This work offers a high-performing, environmentally friendly corrosion
inhibitor for carbon steel in 1 M sulfamic acid (H2NSO3H). Potentiodynamic
polarization and electrochemical impedance spectroscopy were used to evaluate the
anticorrosion properties of Pipper cubeba official extract (P.cubebaOE) for carbon steel
in 1 M H2NSO3H at 25 to 45 °C. At a temperature of 45 °C, the P.cubebaOE reached a
maximum corrosion inhibition efficiency of 96%. P.cubebaOE was also subjected to
Fourier transform infrared spectroscopy in order to ascertain its primary chemical
composition. Additionally, the behavior of P.cubebaOE in terms of corrosion inhibition
on carbon steel was examined at the microscopic level using scanning electron
microscopy. The findings demonstrate that P.cubebaOE’s adsorption type on carbon
steel conforms to the Langmuir adsorption isotherm model. Based on the adsorption
isotherm model, the free energy was estimated to be approximately −20.0 kJ/mol,
suggesting that P.cubebaOE is physically adsorbing on the surface of carbon steel. The
results of the density functional theory and molecular dynamics simulations show that P.cubebaOE exhibits excellent inhibition
performance on carbon steel in H2NSO3H solution and are consistent with the electrochemical experimental results. This work
offers significant information on the development of environmentally friendly corrosion inhibitors for carbon steel.

1. INTRODUCTION
Metal corrosion is now a critical concern in a variety of sectors
and the environment. As a result, efforts must be undertaken to
lower the corrosion risks across many businesses. Inhibitors are
added in insignificant amounts to the corrosive media to protect
metals against corrosion-induced dissolution, which has a
significant practical benefit.1−5 Due to these compounds’ high
toxicity, there is a shortage of their inhibitors, which has
prompted researchers to look for more environmentally friendly
substitutes with functional groups that include sulfur, nitrogen,
or oxygen atoms and have been approved as corrosion
inhibitors.6,7 The last 10 years have seen an increase in curiosity
about environmentally friendly products as a result of new
environmental laws and heightened environmental awareness.
Natural substitutes have been employed for their antibacterial,
antifungal, anticancer, and antimicrobial properties.8−13 Many
attempts are underway to create substances appropriate for use
as anticorrosion agents in entertainment applications. The
foundation of this research is the use of plant extracts that are
safe for the environment to prevent metal and alloy corrosion.
The use of plant extracts as corrosion barriers is supported by the
research listed below. The extract of calicotome,14 Hibiscus
rosa-sinensis Linn15 Spirulina solution verified by electro-
chemical methods,17 beet root extract in well water,16

spirulina.18 Finding a naturally occurring, inexpensive, and
ecologically friendly chemical that might be utilized to prevent
corrosion of C-steel is the goal of the current research. Utilizing

natural resources will enable the achievement of both economic
and environmental objectives. In several researches, plant
extracts have been mentioned as prospective agents to lessen
corrosion in different industrial solutions.19−31 As reported
previously, the ethanolic extract of (P.cubebaOE) contains
levels of Yatein, Cbenin, cubebinone, cubebininolide, Hinokinin
and cubebinin, single aldehyde, and α, β-unsaturated ketone.
From the Piper cubeba, several phenolic acids and flavonoids
have been found and extracted. In addition to rutin (8 ppm) and
catechin (5 ppm), researchers found that the aqueous extract of
P. cubeba fruits also contained Gallic acid (8 ppm), caffeic acid
(13 ppm), syringic acid (3 ppm), and ferulic acid (11 ppm).32

The aqueous extract from the same study contained 2.11 mg/g
of total phenols.33 According to certain literature, each of the
four ingredients’ centers of adsorption are oxygen atoms and
aromatic rings.33,34 Consequently, P.cubebaOE could be
investigated as a corrosion inhibitor that is friendly to the
environment. Our work examined the inhibitory effect of this
extract on C-steel in 1.0 M H2NSO3H acid using a classical
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method (wt loss), PD, and EIS. FTIR was used to examine the
products’ composition and microstructure. We discussed the
kinetic parameters, adsorption mechanism, and adsorption type.
SEM was used to examine the carbon steel’s corrosion
morphology with and without corrosion inhibitors. This work
sheds important light on the creation of environmentally
friendly corrosion inhibitors for carbon steel.

2. EXPERIMENTAL SECTION
2.1. Preparation of P.cubebaOE. To make the plant

extract, the sample was purchased from a local market and
ground into a fine powder, yielding 200 g of powdered materials.
These were then extracted individually by soaking 500 mL of
methanol at room temperature six times. Then, using a rotary
evaporator set to 45 °C, the sample’s methanolic extract was
concentrated to almost dryness under low pressure, yielding a
crude methanolic extract that was saved for additional study.
After that, the extract was dissolved in 500 mL of ethanol to
create a 500 ppm concentration stock, which yielded fictitious
inhibitor efficiency values.35 To prepare the various concen-
trations used in this study, deionized water was used. The
molecular structures of the major constituents in P.cubebaOE,
which are caffeic acid, ferulic acid, Gallic acid, syringic acid,
(−)-catechin, and rutin, are shown in Figure 1.
2.2. Materials Preparation. Table 1 lists the chemical

details of the pieces of C-steel that were used. For the
electrochemical measurement studies, coupons with varying
dimensions of 2 cm × 2 cm × 0.1 cm and 1 cm × 1 cm × 0.1 cm
were formed. To get rid of the grease and dirt, deionized water
and alcohol were used to scrub every specimen. Every
preparation used deionized water. Sandpaper in a range of
sizes was used to polish the samples. For all measurements, a 1.0
M sulfamic acid solution served as the corrosive medium. The P.
cubeba extract was diluted in 1.0 M H2NSO3H corrosion
medium to prepare (50, 100, 150, 200, 250, and 300 ppm) test
solution, respectively.

2.3. Mass Loss.C-steel specimens with a thickness of 2.0 cm
× 2.0 cm × 0.2 cm were used for mass degradation
measurements, and they were polished to varying degrees with
sanded before being scrubbed with double distilled water,
followed by alcohol for eliminating debris and then adequately
dried and counted. The weight is then used to calculate WL at
(25−45 °C) using standard methods; this data was computed
using the formula below.36−39

W
W

% IE 100 1 100= × =
*

×
(1)

The diminution in mass of metal absent from and along with the
evaluated extract is shown by W and W*, consequently.
2.4. Electrochemical Laboratory Tests. Electrochemical

laboratory tests were performed using a traditional platinum,
calomel, and C-steel three-electrode cell at an average
temperature of 25 °C. In this model, the calomel conductor
served as an indicator, the platinum-based electrode functioned
as a sort of counter electrode, and the C-steel electrode operated
as the actual working electrode. The C-steel wire was submerged
at a closed loop to attain a semistable condition. In the present
situation, impedance was recorded at multiple points, with
attribute Hz from 10−2 to 10−5 Hz, in addition to the presence of
intermittent current signals of 5 mV, employing the Gamry
Instrumentation category G 750TM -Potentiostat/Galvanostat/
ZRA device. To verify the reliability and reproducibility of the
measurements of what was executed three times, and all output
was gathered.
2.5. Theoretical Calculations. Gaussian 09, Revision A02

was used for the quantum chemical computations.40 Initially, the
inhibitors in the examination were analyzed using molecular
mechanics optimization of the conformers to determine which
one had the lowest energy. The calculations began without any
geometry restrictions and were performed for the neutral species
of the molecules under investigation until complete geometry
optimization was attained in the ground state. For every
optimized structure, the calculated vibrational modes showed no

Figure 1. P.CubebaOE primary ingredient chemical composition.

Table 1. Lists the Chemical Details of the Contents of the Pieces of C-Steel

element Fe C Mn P Si Cr Co

weight % balance 0.200 0.600 0.024 0.098 0.026 0.245
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imaginary frequency. The density functional theory (DFT)
approach was used without symmetry constraints and at the 6-
31G(d,p) basis-set level. The Becke three-parameter hybrid
B341 with the L−Y−P (Lee−Yang−Parr) correction functional
(B3LYP) was used for all geometry calculations using Gaussian
09.42 The solvent effect was more accurately represented by the
polarized continuum model (PCM).43 Additionally, using
calculation parameters that yield similar results, the DFT scale
calculations were performed using the DMol3 module
implemented in Materials Studio 7.0 (Accelrys Inc., San
Diego, California).44,45 Using a double numeric plus polar-
ization (DNP) basis set and BLYP functional, the gradient-
corrected functional method (GGA) was applied.46,47 Through
COSMO control, the effect of the solvent (aqueous phase) was
incorporated into the DMol3 calculations. Other significant
quantum parameters were calculated using the obtained
quantum chemical parameters, which included the energies of
highest-occupied-molecular-orbital (HOMO) and lowest-un-
occupied-molecular-orbital (LUMO).48

2.6. Quantum Monte Carlo (MC) Simulations. The
Materials Studio program, version 7.0 (Accelrys Inc., San Diego,
California), was used to run MC simulations in a simulation box
with periodic boundary conditions. In order to create a 30 Å
vacuum slab, the pure Fe crystal was chosen and split along the
plane that required the least amount of energy, which was 110.
By lowering its energy, the flat Fe surface of (110) was made
more flexible, allowing its surface to expand to a supercell (10/
10). Utilizing the MC search in a test box with one molecule of
each inhibitor and a simulated corrosive species, the simulation
analysis was performed by assigning the high-quality force field
known as COMPASS to combine inorganic substances and
organic characteristics.49

2.7. Surface Characterization. Using a Z-imaging
scanning electron microscope (SEM, FEI Inspect S, Oxford)
with an X-ray diffractometer and an acceleration beam (25−30)
kv. With a vacuum pressure of 60 Pa and spot size (5−6)
utilizing a backscattering detector, the C-steel interface was
completely screened with respect to its inhibitor- and inhibitor-
free variations. Electron beam acceleration for the SEM occurs
via 25 kV voltage systems. After going through the electro-
magnetic lens and apertures, the electron beam becomes
narrower. With the aid of scan coils, the beam then scans the
metal surface. Following the generation of SEM-type signals
from the region of beam and specimen interaction, the C-steel
surface was photographed. In the purpose of this research, two
C-steel pieces were left submerged for 48 h in sulfamic acid alone
(Blank) alongside one in sulfamic acid with 300 ppm of
P.cubebaOE blends.36,37

2.8. AFM Technique. The AFM approach works well
because it canmeasure the roughness of a variety of surfaces.50,51

Through the use of AFM, it was possible to gain a clear
understanding of the changes in surface shape that occur at a
distance of several hundred nanometers because of the
development of consumption and the placement of minding
successive layers on the metallic substrate when inhibiting
agents have been added. The Pico SPM2100 is the AFM device
model. An AFM device working in contact mode in the air was
used to create images in three and two dimensions at the Nano
unit of the College of Engineers at Mansoura University. 5 m× 5
m AFM imagery portions were generated at an average of 2.4
lines per second.
2.9. FTIR Technology Spectra. The spectral data from the

P.cubebaOE extract (crude) have been employed with IR

affinity (PerkinElmer). They were completed in the university’s
school of pharmacy’s core laboratories at Mansoura Univ.

3. RESULTS AND DISCUSSION
3.1. Mass Loss Method. The inhibition ratios at temper-

atures between (25 and 45 °C) were obtained using eq 1. The

results showed that the values for the CR and % IE of the
(P.cubebaOE) extract were established. The results are
presented in Table 2 and Figure 2. The results showed that
increasing the amount of (P.cubebaOE) extract increases the
inhibition ratios, which were found to decrease as the
temperature increased. This happens as a result of the plant
extract desorbing from the metal’s surface. 300 ppm was found
to be the ideal concentration for the inhibition process, resulting
in a maximum inhibition rate of 96%. These results enable us to
conclude that this plant extract has a high level of effectiveness in
preventing C-steel corrosion in a 1.0 M H2NSO3H solution.
3.2. Adsorption Isotherm. Thermal isotherms determine

that the corrosion process is essentially dependent on the surface
coverageΘ, which means that it is a further part of the IE, where
Θ = IE/100. One of the most useful tools for quantitatively
expresses adsorption that describes the metal/inhibitor/
environment system is the adsorption isotherm. The data was
analyzed using standard adsorption isotherms such as Langmuir,
Freundlich, Temkin, and Flory-Huggin Frumkin. The results of
our experiment in this study showed that the Langmuir isotherm
fit the data. Plotting C/Θ against C at 25 °C for P.cubebaOE, as
indicated by eq 2, with a slope of 1 and an intercept of kads, is
illustrated in Figure 3. The straight lines in this plot show that
the Langmuir isotherm is followed by P. cubebaOE adsorption
on the C-steel surface. After multiple attempts to adopt a
relationship between the greatest concentration of the inhibitor
at a given temperature and the degree of surface coverage, the
Langmuir adsorption isothermwas shown to be the best curve to
characterize the inhibitory performance. The equation52,53

below summarizes the idea that, in the case of the plant extract,
the metallic surface contains a specific number of adsorption
cores and that each center contains a specific type of adsorbent.

C
K

C1

ads
= +

(2)

The net energy ΔG°ads was derived using the formula after the
adsorption factor Kads’ quantity had been established.

K
1

55.5
exp G RT/ads=

(3)

The level of concentration of water on the metal surface is 55.5
in mol/L. The distributions of ΔGadso as a reflection of
temperature are shown in Table 3 at an average temperature
around 298 and 318 K. As a direct consequence of the findings,

Table 2. Several Measures of Inhibition for 1 M H2NSO3H’s
Corrosive Effects on C-Steel at Various Concentrations, Both
with and without P.cubebaOE

C., ppm kcorr, mg cm−2 min−1 % IE

50 0.0203 85.6
100 0.0025 87.7
150 0.0020 89.7
200 0.0016 92.0
250 0.0012 93.8
300 0.00083 96.0
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we derived an association between ΔGadso and T, which means
that ΔGadso is strongly influenced by temperature. This
formula54 can be used to compute the entropy (ΔSads) and
enthalpy of Adsorption capacities (ΔHads)

G H T Sads ads ads° = ° ° (4)

The negative ΔGadso values increased with the increase of % IE
values, which confirm the stability of the adsorbent layer physical
adsorption, can indicate the extract’s spontaneous sorption on
the outer layer that covers C-steel. We discover that as ΔGadso

increases, the values of the inhibition ratios rise as well, and as
ΔHads has a sign that is negative, we infer that the adsorption of
the extract on the surface of the C-steel is an exothermic
operation, meaning that % IE decreases as temperature rises. On
the other hand, the rise in solvent entropy when disorder
develops at themetal/solution interface is what is responsible for
the positive value of ΔSadso. This is a result of P.CubebaOE
molecules dislodging H2O molecules from the metal surface in
the test medium.

Figure 2. Impact of submerged intervals on the amount of mass loss of C-steel in 1 M H2NSO3H containing and not containing varied P.cubebaOE
doses at 25 °C.

Figure 3. Langmuir pattern produced by P.cubebaOE for rusting of C-steel in 1 M H2NSO3H solution at 25 °C as C/vs C, M.

Table 3. Data of P.cubebaOE Adsorption at Multiple
Temperatures on a C-Steel Outer Layer in 1 M H2NSO3H

temperature,
°C Kads × 10−3 M−1

−ΔG°ads
kJ mol−1

ΔH°ads
kJ mol−1

ΔS°ads
J mol−1 K−1

25 2.02 15.32 118.60 44.2
30 1.96 15.60 48.90
35 1.93 21.00 65.05
40 0.98 21.14 68.62
45 0.940 21.50 68.79
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3.3. Potentiodynamic Polarization (PDP) Tests. Figure 4
displays the PDP bends of C-steel in 1 MH2NSO3H attendance

and the absence of changed doses of P.cubebaOE. Table 4 lists
the electrochemical properties, such as current density (icorr),

Figure 4. Illuminates the potentiodynamic polarization diagrams for C-steel dissolving in 1 M H2NSO3H in both the existence and nonexistence of a
variety of P.cubebaOE at 25 °C.

Table 4. Illustrates the Corrosive Potential (Ecorr), Corrosive Density of Current (icorr), the Tafel Slopes (a, c), Degree of Surface
Coverage (θ), and the Inhibition Effectiveness (% IE) of C-Steel for P.cubebaOE in 1 M H2NSO3H at 25 °C

inhibitor C., ppm −Ecorr mV vs SCE Icorr × 10−4 μA cm−2 βa, mV dec−1 −βc, mV dec−1 % IE

blank 0 867 301.0 366 390.0 0.0
P.cubebaOE 50 847 173.0 319 281 42.5

100 852 149.0 277 250 50.4
150 742 69.7 340 130 76.8
200 938 47.8 82 93 84.1
250 854 39.7 157 59 86.8
300 552 25.8 64 57 91.4

Figure 5. Modeling a similar circuit to match a laboratory EIS.

Table 5. P.cubebaOE Doses with and without Respect to the Kinetics of the C-Steel Electrochemistry in H2NSO3H

inhibitor C., ppm Yo, μΩ−1 sncm−2 Rct, Ω cm2 Cdl × 10−4, μF cm−2 θ % IE X2 × 10−3

blank 0 102 110.5 9.77 0.0 0.0 13.5
P.cubebaOE 50 81 339.7 8.03 0.674 67.4 20.1

100 79 498.5 3.91 0.778 77.8 17.2
150 71 544.5 3.62 0.797 79.7 15.6
200 61 1219 0.231 0.909 90.9 15.8
250 40 1397 0.129 0.921 92.1 16.9
300 35 1492 0.112 0.926 92.6 14.9
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corrosion potential (Ecorr), and anodic (βa) and cathodic (βc)
slopes, that were derived by Tafel extrapolation at the corrosion
potential. It has been noted that icorr diminishes as the inhibitor
concentration is increased. IE % and (θ) were calculated using
the polarization curves (eqs 5 and 6)

i
i

IE % 1 corr

corr
o=

(5)

IE%/100= (6)

where the current corrosion densities of chemicals are
represented by the variables icorro and icorr, respectively. The
polarization resistance (Rp) of the test specimens in the 1 M
H2NSO3H solution was calculated using the Stern−Geary eq 7
below, taking into account the presence or absence of
P.cubebaOE inhibitor.27

R a c i a c/2.303 ( )p corr= + (7)

At 25 °C, the highest inhibition effectiveness of 91.4% was
obtained with additions of 300 ppm of the examined corrosion
inhibitors, P.cubebaOE. It is evident that the effectiveness of
inhibition steadily improves as the inhibitor dose increases. As
the dosage of the corrosion inhibitor is increased, icorr
significantly drops and reaches a minimum of 25.8 μA cm−2.
These results validate the examined extract’s excellent inhibition
and film-forming capacity.27 The addition of P.cubebaOE to the
1 M H2NSO3H solution does not change the hydrogen
evolution mechanism or the reduction of H+ ions at the C-
steel surface, which mostly occurs through a charge-transfer
mechanism,55−57 based on the parallel cathodic Tafel lines.
Depending on whether the inhibitor causes a shift in corrosion-
free potential Ecorr that is larger than 85 mV of SCE in either
direction after being added, the inhibitor can be classified as
either cathodic or anodic. If not, it is believed that the inhibitor
affects both processes. After the addition of the corrosion
inhibitor, the overall change in Ecorr in this experiment was
determined to beminimal or less than 85mV. Since the inhibitor
suppresses both the anodic and cathodic processes,58 this proves
that it is a mixed-type inhibitor. The anodic reaction is
predominant, although the inhibitor is a mixed inhibitor, as

indicated by the positive Ecorr displacement. The inhibitory
characteristics of the inhibitors under study at the highest doses
are indicated by the% IE values shown in Table 4. The outcomes
of the MR and EIS measurements agree well with these findings.
3.4. Electrochemical Impedance Spectroscopy (EIS)

Tests. EIS studies provide details about the kinetics of the
electrode processes and the surface properties of the systems
being studied. Information can be obtained from the shape of
the impedance diagram.59 After immersing the steel for 30 min
at 25 °C in a 1 M H2NSO3H solution with and without varying
inhibitor concentrations, the corrosion efficiency of the steel was
evaluated using the EIS method. attempting to take into
consideration for all of the processes involved in the electrical
response of the system, Figure 5 shows an equivalent circuit that
is a parallel combination of the charge-transfer resistance (Rct)
and the constant phase element (CPE), both in series with the
solution resistance (Rs). The CPE element offers an explanation
for the depression of the capacitance semicircle, which is
attributed to surface heterogeneity caused by impurities,
dislocations, grain boundaries, inhibitor adsorption, and the
formation of porous layers.60 The impedance of the CPE is
represented by the following equation

C Y n( ) 1dl O max= (8)

where, n (−1 < n < 1) is the deviation index, ω is the angular
frequency, and Yo is the CPE constant. The non-uniform
distribution of current due to oxide surface flaws and roughness
appears to be linked to the “n” values. While real capacitive
behavior is extremely uncommon, CPE is the ideal capacitor for
n = 1. “n” values close to 1 indicate the deviation from the ideal
capacitor (Table 5). A constant phase element (CPE) was
utilized for data fitting rather than an ideal capacitor; the
capacitance was calculated using the value obtained from the
data fitting because the “n” values obtained were within the
range of 0.9. The fit quality to the analogous circuit was assessed
using the chi-square value.61 The obtained chi-square values
(0.0000135−0.000201) from Table 5 show that the suggested
circuit fits the data well. Figure 6a,b shows the Nyquist and Bode
graphs of the systems under study, respectively. In 1 M
H2NSO3H solution, for the P.cubebaOE under examination, it is

Figure 6. Panels (a, b) show theNyquist and Bode plots for the corrosion of C-steel in 1MH2NSO3H in both the absence and the existence of multiple
amounts of P.cubebaOE at 25 °C.
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clear from Figure 6 that the C-steel displayed typical impedance
behavior. The frequency dispersion caused the Nyquist graph of

C-steel metal in 1 M H2NSO3H solution to stray from the
perfect circular shape.61 The capacitive loop diameter noticeably

Figure 7. HOMO and LUMO molecular orbitals of major ingredients of P.cubebaOE.
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increases upon the addition of the P.cubebaOE extract to the 1
M H2NSO3H solution. The inhibitor either adsorbs on the
surface of Fe or thin films begin to form there as the
concentration increases. This protective layer lowers the active
surface area of Fe and enhances its corrosion resistance behavior,
thereby significantly slowing down the corrosion of C-steel in a 1
M H2NSO3H solution. It is noteworthy that the profile of the
impedance behavior remained unchanged when the concen-
tration of the inhibitors under investigation was changed,
indicating a similar mechanism for these inhibitors’ corrosion
inhibition of C-steel. According to this, in the absence of
inhibitors, the Nyquist plot for C-steel metal shows a slightly
depressed semicircular pattern, suggesting that the charge-
transfer mechanism is primarily responsible for controlling C-
steel metal corrosion in the 1MH2NSO3H solution.

62 In Figure
6b, two temporal constants are displayed. The first one first
appears in the middle-frequency range and is related to the
capacitive loop of the oxide layer on the C-steel surface. The
second time constant that appeared in the low-frequency region
is caused by the inductive loop that results from the relaxation
process of the adsorbed inhibitor molecules on the surface of C-
steel or the redissolution of the Fe + 2 oxide layer surface.63 The
semicircle’s diameter grew as the studied inhibitors were added
to the solution, delaying the corrosion of the C-steel by raising
Rp, the polarization resistance, and lowering CPE values.

Therefore, lower CPE values and higher Rp values were linked
to the examined extract’s effectiveness. As the concentration of
the inhibitor increased, this increase became more noticeable,
indicating that the inhibitors had adhered to the surface of the C-
steel specimen. Bode graphs show the same patterns of activity.
The capacitance loop was identified as the characteristic with a
single time constant from the Bode plots. These findings imply
that when P.cubebaOE is present, C-steel resists corrosion more
effectively. Charge-transfer resistance (Rct), double-layer
capacitance (Cdl), Y° (CPE), n, quality of fit (χ2), and percentage
ηEIS are among the impedance metrics that are listed in Table 5.
Double-layer capacitors with some holes are represented by the
CPE and their n values.64 A decrease in the local dielectric
constant and/or an increase in the double layer’s thickness
caused the Y° (CPE) values to decrease as the concentration of
inhibitors increased. This indicated that the inhibitor molecules
prevented the corrosion of C-steel by adsorbing at the Fe/
H2NSO3H interface. The fact that the Rct values increased as the
inhibitor concentration increased and remained higher than
when it was absent suggests that these additives are adsorbed on
the C-steel surface and form a protective layer. This layer acts as
a barrier to the transfer of charge and mass.65 As the inhibitor
concentration increased as the additive concentration was
raised, the Cdl values dropped.

66

The following equation was used to determine the Cdl value
67

Figure 8. ESP Pictures of P.cubebaOE.

Table 6. P.cubebaOE Compound Adsorption Characteristics from Monte Carlo Simulation on Fe(110) Surface

structure total energy adsorption energy rigid adsorption energy deformation energy Eads: compound

Fe(110) -1 rutin −2524.269 −2567.303 −2676.787 109.48362879 −106.09305624
Fe(110) -1 caffeic acid −2602.874 −25194.88 −26403.60 120.87228885 −125.23564903
Fe(110)-1 ferulic acid −2646.979 −2582.141 −2702.923 120.78118244 −135.73621684
Fe(110)-1 gallic acid −2563.120 −2538.716 −2661.619 122.90336020 −117.54093563
Fe(110) -1-(−) catechin −2568.665 −2540.818 −2664.544 123.72645644 −44.24846043
Fe(110)-1 syringic acid −2514.338e −2523.172 −2643.922 120.75000213 −94.10524621
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Using the following equation

R R
R

% EIS ct ct

ct
=

*
(10)

The corrosion percentage η was calculated, where Rct* is the
charge-transfer resistance without the inhibitor and Rct is the
charge-transfer resistance with the inhibitor. η% rises as a result
of additions creating an adsorbed layer on the C-steel surface.
This layer thickens with an increase in additive concentration.68

Furthermore, the inhibitory efficiency obtained from the EIS
study was comparable to those of the WL and PDP tests.
3.5. Molecular Modeling. 3.5.1. HOMO−LUMO Molecule

Orbital. The LUMO and HOMO density profiles of the studied
chemicals in the aqueous phase are shown in Figure 7. It
demonstrates that green has a low electron density, whereas red
has a high electron density. In situations where there is a high
electron density, the metal surface can donate electrons. In the
green area, electrons are attracted to the metal surface. The
distribution of these two locations plays an important role as
resonance is mainly caused by the bonds between the oxygen
and nitrogen atoms on the benzene ring. The center of the
LUMO in the meanwhile is made up of carbon atoms. E values
that are lower may be an indication of improved inhibitory
efficiency. The E value can be used to assess how reactive the
inhibitor molecule is to the metal atom. Reduced E values could

be a sign of more effective inhibition. The inhibitor molecule’s
reactivity with themetal atom can be evaluated using the E value.
The most stable is − (−) catechin (E = 2.79), according to the
DFT simulations (Figure 8).
3.5.2. 2D Maps of Electrostatic Potential. The distribution

of electrons and, subsequently, where they are concentrated
within each molecule can be seen by using ESPmaps. According
to the electron density contour maps, oxygen atoms on the
examined molecule inhibitor appear to be favorable interaction
locations, which is consistent with the different functions of
oxygen and the other atoms. A dark red outline surrounds the
contact regions that offer the bonding contacts between the
inhibitor and metal surfaces. ESP maps can be used to observe
the distribution of electrons and, consequently, where they are
concentrated within each molecule.
3.5.3. Monte Carlo (MC) Simulation. MC simulation is a

perfect simulation method to find the most stable adsorption
conformations in 1 M H2NSO3H of P. cubebaOE. Table 6
contains a list of the simulation results for the examined extract,
which are displayed in Figure 9. The ideal arrangement of the
adsorbedmolecules on Fe (110)’s metal surface is seen in Figure
9. The inhibitory molecules, which are abundant in electrons,
cause the molecules listed to be adsorbed on the metal’s surface
from the motive. Table 6 compiles the values of the inhibitors’
energetic ratios (dEads/ENi), rigid energy (Erigid), deformation
energy (Edef), and adsorption energy (Eads). These values
indicate the established interactions between the occupied
orbitals of the studied derivatives and the unoccupied orbitals of
Fe(110). These inhibitory structures act as active voltages
according to the research. When two materials are combined
during the adsorption process, which involves the bonding of an
electron, ion, or molecule (adsorbent) to the solid surface,

Figure 9. Adsorption of P.cubebaOE compounds on the Fe surface.

Figure 10. SEM image of pure C-steel in 1.0MH2NSO3H solution (a),
without P.CubebaOE at the optimal concentration (b), and with
P.CubebaOE present (c).
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adsorption energy is defined as decreasing energy.69 These
derivatives prevent corrosion on the C-steel.
3.6. SEM Examination. SEM research has verified the

P.cubebaOE layer’s adsorption on the surface of C-steel. Figure
10a−c depicts SEM images of the C-steel’s surface before and
after 48 h of immersion in 1 M H2NSO3H with a dosage of 300
ppm of P.cubebaOE. Without having P.cubebaOE, H2NSO3H
corrosion has clearly harmed the C-steel surface, but the metallic
edge is still discernible (Figure 10b). The metal surface, in
variance with the material under assessment, appears not to rust
(Figure 10c). It was found that the extract created a slight film on
the C-steel’s outside that restricted corrosion.70

3.7. Atomic Force Microscopy (AFM). The 3D picture of
the C-steel indicates that, in the absence of the P.CubebaOE
inhibitor under investigation, the metal surface of the steel has

allegedly been repeatedly corroded by the corrosive attacks of 1
M sulfamic acid (Figure 11b). However, the 3D images (Figure
11c) indicate that the aggressive solution has smoother surfaces
than the blank, indicating that the addition of an inhibitor
reduces C-steel corrosion. The average RMS roughness (Sq) and
mean roughness (Sa) of the films produced on the C-steel
surface by using the Gwyddion modular program are displayed
in Table 7. The data in Table 7 indicate that the compound is
effective in protecting the surface of C-steel from corrosive
media because the RMS roughness and mean roughness of the
blank are higher than those of the inhibitor under study and pure
metal. The sequence of inhibitory efficacy found by weight loss
research and electrochemical tests is supported by additional
data from the AFM.
3.8. Fourier Transform Infrared Spectroscopy (FTIR)

Studies. Figure 12 confirms that “the −C�O stretching
frequency occurs at 1640 cm−1, with the acute one at 1608 cm−1

referring to−C�C stretching, the O−H stretching has changed
from 3225 to 3365 cm−1, and the −C�C stretching frequency
shifts from 1647 to 1640 cm−1 in the film generated on the C-
steel submerged in sulfamic acid. The alterations in the IR
spectra hint that the bonding of P.cubebaOE with C-steel was

Figure 11. AFM image of pure C-steel (a) and steel that has been submerged in 1.0 MH2NSO3H solutions without P.CubebaOE (b) and with it (c),
respectively.

Table 7. AFM Parameters of P.CubebaOE Compounds

sample RMS roughness (Sq), nm mean roughness (Sa), nm

a 21.67 16.74
b 1254.8 995.72
c 289.82 183.60
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accomplished through groups of functions that had already
existed in it.
3.9. Mechanism of the Corrosion Inhibitors Inter-

action.The results of the electrochemical experiment show that
the P.cubebaOE inhibitor performs exceptionally well at
inhibiting corrosion with an efficiency of up to 96.0%. The
Langmuir isotherm adsorption model is determined through
calculation to be appropriate for this system. The estimated
value of ΔG°ads is 20.0 kJ/mol. By using the adsorption
technique, P.cubebaOE has demonstrated a protective effect
against the corrosion of C-steel in 1 M sulfamic acid solution.
The interaction of donor and acceptor molecules between the
P.cubebaOE electrons and vacant d orbitals on the C-steel
surface or the interaction of heteroatoms in the inhibitor with
the unoccupied d-orbital of the C-steel surface could have
defined the mechanism of corrosion inhibition. Adsorption can
be broadly classified into three types: chemisorption,
physisorption, and retirodonation. Reterodonation is the
interaction of pi electrons from unsaturated carbon vacant d
orbitals of the steel surface with heteroatoms present in the
inhibitor and the unoccupied d-orbital of the surface from Fe2+.
Numerous scientists have looked into the ability of various plant
extracts to prevent corrosion under acidic conditions at varying
concentrations. According to these investigations, plant extracts
with higher quantities demonstrated good corrosion inhibition

qualities when used as inhibitors in mildly acidic environments.
We examined P.cubebaOE anticorrosive qualities in a 1 M
sulfamic acid solution in this investigation. Additionally, we
employ plant waste, which is a cost-effective and environ-
mentally responsible choice. A comparison between our studied
plant and several of the published plant-based inhibitors is
provided in Table 8.

4. CONCLUSIONS
The official extract of piper cubeba was utilized in this study to
prevent corrosion in the C-steel while it was submerged in an
acidic electrolyte (1 M sulfamic acid). By using computational
approaches, EIS and polarization techniques, and gravimetrical
calculations, we assessed the corrosion inhibition properties of
P.cubebaOE were assessed. According to the results of the
electrochemical test, P.cubebaOE inhibition efficiency increased
dramatically with the addition of more inhibitor concentrations,
reaching a maximum value of 96.0% in the presence of 300 ppm
after the working electrode was submerged in the H2NSO3H
solution for two hours with a mixed-type inhibition behavior.
The working electrode surface was shielded from corrosive
attacks by a protective coating that was created by the
adsorption of P.cubebaOE based compounds on the immersed
electrode surface, as shown by the results of the SEM and AFM
experiments.

■ ASSOCIATED CONTENT
Data Availability Statement
The authors confirm that the data supporting this study are
available.

■ AUTHOR INFORMATION
Corresponding Authors

Aya. M. Salem − Department of Basic Science, Higher Institute
of Electronic Engineering (HIEE), Belbis 44621, Egypt;

Figure 12. FTIR spectra of P.cubebaOE.

Table 8. Comparison of P.CubebaOE with Some Other
Studied (% IE Is Reported at the Maximum) Extracts

source of extract test medium metal/alloy % IE references

olive leaf extract H2NSO3H C-steel 89.6 71
Citrus sinensis extract H2SO4 C-steel 83.6 72
aqueous extract of
juniperus

H2NSO3H C-steel 72.6 73

tragia involucrata HCl C-steel 88.0 74
myrtus communis extract H2NSO3H C-steel >85.0 75
P. cubeba official extract H2NSO3H C-steel 96.0 our results

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

https://doi.org/10.1021/acsomega.3c09334
ACS Omega 2024, 9, 5024−5037

5034

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aya.+M.+Salem"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0675-5191
https://pubs.acs.org/doi/10.1021/acsomega.3c09334?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09334?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09334?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09334?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


orcid.org/0000-0003-0675-5191; Email: ayasalem993@
gmail.com

Merfat S. Al-Sharif − Department of Chemistry, College of
Sciences, Taif University, Taif 21944, Saudi Arabia;
Email: m.alshareef@tu.edu.sa

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c09334

Author Contributions
M.S.A.-S. contributed to conceptualization, methodology,
project administration, and funding acquisition. A.M.S.
contributed to software, validation, and formal analysis; writing,
editing and data analysis; and supervision. All authors have read
and agreed to the published version of the manuscript.
Funding
The researchers would like to acknowledge the Deanship of
Scientific Research, Taif University for funding this work
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The researchers would like to acknowledge the Deanship of
Scientific Research, Taif University, for funding this work.

■ REFERENCES
(1) Umorena, S. A.; Obota, I. B.; Ebensob, E. E.; et al. Studies on the
inhibitive effect of exudate gum from Dacroydes edulis on the acid
corrosion of aluminium. Port. Electrochim. Acta 2008, 26 (2), 199−209.
(2) Jones, D. A. Princ. Prev. Corros., 2nd ed.; Pretice Hall. Inc: Unites
States of America, 1996; Vol. 2, p 168.
(3) Jones, D. A. Princ. Prev. Corros., 2nd ed.; Pretice Hall. Inc: Unites
States of America, 1996; Vol. 2, p 168.
(4) Raja, P. B.; Sethuraman, M. G. Natural products as corrosion
inhibitor for metals in corrosive media−a review.Mater. Lett. 2008, 62
(1), 113−116.
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