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ABSTRACT: The study investigates the potential of Cupressus sempervirens
(EO) as a sustainable and eco-friendly inhibitor of copper corrosion in a 0.5 M
sulfuric acid medium. The electrochemical impedance spectroscopy analysis
shows that the effectiveness of corrosion inhibition rises with increasing
inhibitor concentrations, reaching 94% with the application of 2 g/L of EO, and
potentiodynamic polarization (PDP) studies reveal that EO functions as a
mixed-type corrosion inhibitor. In addition, the Langmuir adsorption isotherm
is an effective descriptor of its adsorption. Scanning electron microscopy/
energy-dispersive X-ray spectroscopy, atomic force microscopy surface
examination, and contact angle measurement indicate that EO may form a _
barrier layer on the metal surface. Density functional theory calculations, Monte -
Carlo simulation models, and the radial distribution function were also used to
provide a more detailed understanding of the corrosion protection mechanism.
Overall, the findings suggest that Cupressus sempervirens (EO) has the potential
to serve as an effective and sustainable corrosion inhibitor for copper in a sulfuric acid medium, contributing to the development of
green corrosion inhibitors for environmentally friendly industrial processes.
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1. INTRODUCTION

Cu or alloys are widely employed in various applications because
of their great electrical conductivity and thermal as well as good
resistance to mechanical effects.’ It is widely known that copper
has a high resistance to atmospheric and chemical attacks due to
the development of a protective film on its surface. However,
because of the high levels of chloride ions during the acid
cleaning and descaling process, copper is very susceptible to
corrosion.” It is necessary to employ an inhibitor to suppress the
Cu corrosion. The use of inhibitors to protect metals and alloys

effectiveness in inhibition.” A study of the anticorrosive
behavior of S-benzyl-1H-tetrazole and S-(benzylthio)-1H-
tetrazole on Cu in acidic solution by Qiang et al. showed that
its anticorrosive effect mainly depends on the formation of a
protective film of self-assembled molecules on the Cu surface.'”
El Hamdani, et al."® studied the nature of the inhibiting-
corrosion of essential oil (EO) on acidic medium solution. The
results from the tests revealed that an anticorrosion benefit was
achieved at 94.4% and that this effect was increased as the
temperature increased. Zhang et al.” examined the effect of
corrosion inhibitor anetholitrithionum (ATT) on Cu from

from corrosion under harsh conditions is widely acknowledged.
In fact, there have been noteworthy developments in the field of
corrosion inhibition in recent years, as shown by several recent
publications. These include studies such as refs 3—9. These
studies have contributed to our understanding of the
mechanisms and properties of various corrosion inhibitors and
have demonstrated promising results for their practical
applications.

Several organic species have been investigated for corrosion
inhibition potential.'’ Based on these studies, organic
compounds, especially those containing aromatic structure, N,
S, and O functional groups, demonstrated a tremendous

© 2023 The Authors. Published by
American Chemical Society
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acidic solutions of H,SO,. Both experimental and theoretical
results revealed that the ATT was an effective anticorrosion
inhibitor. The copper corrosion inhibition by Citrus reticulate
leaf extract in 0.5 M H,SO, acid was studied by Xiang et al.'* It

Received: February 2, 2023
Accepted: May 24, 2023
Published: June 29, 2023

https://doi.org/10.1021/acsomega.3c00589
ACS Omega 2023, 8, 24218—-24232


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Khadija+Dahmani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mouhsine+Galai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adil+Ech-Chebab"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nabil+Al-Zaqri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Moussa+Ouakki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amr+Elgendy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rabab+Ez-Zriouli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rabab+Ez-Zriouli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seong-Cheol+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohamed+Ebn+Touhami"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammed+Cherkaoui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c00589&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00589?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00589?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00589?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00589?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/27?ref=pdf
https://pubs.acs.org/toc/acsodf/8/27?ref=pdf
https://pubs.acs.org/toc/acsodf/8/27?ref=pdf
https://pubs.acs.org/toc/acsodf/8/27?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c00589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

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

was found that a corrosion inhibition efficiency exceeding 97%
can be achieved for an extract concentrate of 500 mg/L.

In addition to the experimental studies, both density
functional theory (DFT) and molecular dynamics Monte
Carlo (MC) simulation became efficient methods to examine
the interrelations between the molecular structure and
effectiveness of the inhibition, for finding the optimal adsorption
configuration, and for investigating the preferential adsorption
sites of organic substances on metal surfaces.”'>'°

The use of plant extracts as a green corrosion inhibitor has
been widely reported by several authors.'”~** As an example,
Table 1 reports the percentage inhibition efficiency for some

Table 1. Percentage Inhibition Efficiency for Plant Extracts as
a Green Corrosion Inhibitor in Acidic Medium

plant extract corrosion inhibition

inhibitor efficiency (%) medium reference
Cupressus 94.1 sulfuric this work
sempervirens
Punica granatum 90.0 hydrochloric 17
acid
Allium sativum 86.3 18
Zingiber officinale 832 19
Emblica officinalis 80.7 20
Azadirachta indica 77.6 21
Syzygium 74.3 22
aromaticum

selected plant extracts used as corrosion inhibitors in acidic
medium. By comparing these data, we can show that our
inhibitor exhibits better inhibition performance. Furthermore,
the novelty of this work lies in the utilization of Cupressus
sempervirens plant extracts, which are known to be one of the
most popular green corrosion inhibitors due to their ease of
preparation, versatility in material application, and their minimal
harm to both people and the environment.

This paper aims to investigate the new EO inhibitory
properties for Cu in 0.5 M H,SO, medium, by employing the
potentiodynamic polarization plots, the electrochemical im-
pedance spectroscopy (EIS) measurements. The submerged
surface of copper has been identified by SEM/EDS, atomic force
microscopy (AFM) spectroscopy, and contact angle measure-
ments. The experimental investigation was validated through the
use of both quantum chemical analysis and molecular dynamics
simulations to evaluate the material properties.

The objective of this research paper is to investigate the
inhibitory properties of a new EO on copper in a 0.5 M H,SO,
medium. To achieve this goal, a range of techniques were
employed, including potentiodynamic polarization plots, EIS
measurements, and SEM/EDS, AFM spectroscopy, and, contact
angle measurements to identify the submerged surface of
copper. The validity of the experimental results was confirmed
using quantum chemical analysis and molecular dynamics
simulations to assess the material properties.

2. EXPERIMENTAL PART

2.1. Isolation of the EO. Samples of C. sempervirens were
obtained from the Western High Atlas of Morocco (Aghbar
forest). Before extraction, the leaves were dried in the shade in a
ventilated area. The EO was extracted by hydro distillation using
a Clevenger type apparatus, and 250 g of dried leaves of C.
sempervirens are put in contact with distilled water in a container
for three hours at 100 °C. The oil obtained is then dehydrated
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with anhydrous sodium sulfate and stored at 4 °C in the shade
for future use.

2.2. Analysis of the EO by GC/MS. In order to determine
the chemical composition of the EO obtained, an analysis by
chromatography coupled to a mass spectrum (GC/MS) has
been performed using a Thermo Fischer capillary gas chromato-
graph directly coupled to a mass spectrometry system (model
GC ULTRAS/N 210729).*

2.3. Compound, Material, and Its Preparation. The
copper used in this research is commercial grade with the
following chemical composition (in wt %): 0.019 P, <0.001 Fe,
<0.001 As, <0.001 Mn, <0.002Sb, <0.001 Al, 0.009 Sn, 0.003 Nj,
0.01S5 Pb, <0.005 Ag, <0.001 Bi, <0.001 S, <0.005 C, and the
balance being Cu. Coupons with dimensions of 2.5 cm X 2.0 cm
X 0.05 cm were used for electrochemical measurements after
being abraded with various abrasive paper qualities and
thoroughly cleaned with acetone and distilled water before
being placed on a hot air dryer.”* The testing solutions were
prepared using analytical-grade reagents and 98% H,SO,
distilled water.

2.4. Electrochemistry Measurements. The electrochem-
ical measurements were conducted using a PGZ100 potentiostat
controlled by the Volta Master software and connected to three
electrodes: a reference electrode (SCE), an auxiliary platinum
electrode, and a copper work electrode with a 1 cm* exposure
area. Electrochemical calculations were performed for two hours
at 298 K after immersion. The polarization was recorded at a
scan rate of 1 mV/s over a potential range of —600 to +600 mV/
SCE, with a 10 min interval between experiments for the
formation and stabilization of the electric double layer. The
electrochemical impedance measurements were performed over
a frequency range of 100 kHz to 10 mHz with 10 mV signal
amplitude.

2.5. MEB/EDS Analysis. SEM/EDS analysis (JOEL JSM-
5500) has been applied for the surface and chemical
morphology, respectively. This copper characterization in 0.5
M H,SO, without and with EO was conducted following 6 h of
immersion.

2.6. Computational Chemical Studies. Material Studio
version 6.0 from Accelrys was employed to perform the quantum
calculations of the constituent compounds of the EO. The
compounds were geometry optimized to the fundamental state
using the DMol3 module and DND basis set. Many DFT
reactivity parameters have been determined. This includes the
energy of the molecular boundary orbitals (Eyonmo and Epypo)-
Based on the following equations, the energy gap (AE),
hardness (17), softness (o), electronegativity (¥), and number
of transferred electrons (AN) can be obtained.”

The energy gap AE is given by

AE = Eymo ~ Enomo (1)
where Epoyo denotes the energy of the highest occupied
molecular orbital and E; ;g is the lowest unoccupied molecular
orbital energy.

The electronegativity y, which shows the ability of atom to
draw electrons, the global chemical hardness #, which indicates
the resistance of the atom to charge transfer, and the global
chemical softness 6, which is a commonly utilized reactivity
parameter, are calculated as:

_I+A

2 ()
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where A is the electron affinity and I is the ionization potential.
The fraction of transferred electrons (AN) is reported as:

AN = —Pou = Zin_
2(ne, + 1y,) 4)

where @, ¥ Hew and 7, represent, respectively, the work
function of copper, the inhibitor’s electronegativity, and the
hardnesses of copper and the inhibitor. The @, and 7, values
for Cu(111) are taken as 4.80 eV and 0.0 eV/mol, respectively.*®

Using a combination of all previously mentioned parameters,
the inhibition capabilities of the compounds can be understood.
Furthermore, using MC simulations, the interaction between
the active component and the Cu surface was investigated. The
simulations were investigated with adsorption locators in the
materials studio package. A simulation cell with a periodic
boundary was established in this study on the 2previously
described Cu(111) surfaces with similar conditions.” where a
vacuum layer (25 A’ vacuum) was filled with the chemical
species (a-Pinene, 5-3-Carene, Limonene, and Cedrol). The
adsorption of the active compounds over the most representa-
tive Cu(111) plane was carried out in the gas and solvent phase
with a view to minimizing the corrosion inhibition effects. In the
solvent environment, about 500 water molecules as well as 50
molecules of H;0" and SO,>” have been added to the
compounds tested.*®

3. DISCUSSION AND THE RESULTS OF THE STUDY

3.1. Cupressus sempervirens Chemical Composition.
The results of a quantitative analysis by gas chromatography—
mass spectrometry of C. sempervirens EO showed in Table 2.
Fourteen volatile compounds have been identified with
retention index and distribution area representing 96.7% in
the oil.a-pinene (37.07%) has been found as the most abundant
compound, followed by the a-pinene, 5-3-carene (18.55%) and
limonene (12.65%), and cedrol (12.24%). Other chemicals are
also available at a medium rate, such as myrcene (4.33%) and p-
germacrene (3.99%).

3.2. Open Circuit Potential (OCP) Measurements. OCP
and its evolution with time in the investigated acidic medium
before and after the addition of various concentrations of EO
after 0.5 h of immersion at 298 K are displayed in Figure 1. It can
be seen that the presence of EO investigated species leads to a
slight displacement of E_,,, to positive and negative potentials
compared to the blank solution.

3.3. EIS Measurements. Figures 2a—c and 3 show the
Nyquist and Bode curves with the corresponding equivalent
circuit that fits the EIS experimental data related to the Cu
electrode both with and without diverse concentrations of EO in
0.5 M H,SO, aerated solution at 303 K, respectively. The
resulting impedance diagrams reveal semicircles with flattened
capacitance loops. This flattened semicircle is attributed to the
dispersion effect.”’ =’ In these Nyquist patterns, two poorly
differentiated capacitance loops are presented for all concen-
trations except the concentration which presents two well-
defined capacitive loops. One possible reason for the double
capacitive loop in the Nyquist plot could be the presence of
adsorbed species on the electrode surface. When a molecule
adsorbs onto the electrode surface, it creates a capacitance that is
different from the double layer capacitance. This can result in a

chemical compounds retention index (RI) C. sempervirens (%)

tricyclene 913
a-thujene 925 0.68
camphene 933
a-pinene 937 37.07
p—pinene 976 225
myrcene 989 4.33
A-3-carene 1003
0-3-carene 1005 18.55
a-phellandrene 1008
limonene 1029 12.65
1,8-cineole 1033
y-terpinene 1062
para-cymene 1067
terpinolene 1084 1.81
linalool 1098
a-terpineol 1137
borneol 1155 0.03
a-terpineol 1171 0.22
terpinene-4-ol 1177
copaene 1179
a-terpineol 1189
trans-cadina-1(6),4-diene 1224
carvacrol 1290 0.87
myrtenyl acetate 1335
P-caryophyllene 1418
D-germacrene 1478 3.99
y-cadinene 1510 0.89
O-cadinene 1515 1.12
isoeugenol acetate 1563
caryophyllene oxide 1575
cedrol 1609 12.24
total 96.7
0.00
-0.01 |- Blank
-0.02
-0.03
g -0.04
S 005
LIJ§ -0.06
-0.07
-0.08
-0.09 -
-0.10 1 1 1 1 1 1 1 1

0 200 400 600 800 1000 1200 1400 1600 1800
Time (s)

Figure 1. OCP and its evolution with time in 0.5 M H,SO, medium
before and after adding various concentrations of EO at 298 K.

second capacitive loop in the Nyquist plot, indicating the
presence of an adsorbed species. Consequently, the firstloop at a
low frequency is due to the charge transfer resistance and the
double layer capacitance, while the other loop at a high
frequency is caused by the adsorption of the EO molecules on
the copper surface. Moreover, when the EO concentration
increases, the diameter of the capacitive loop also rises, reflecting
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Figure 2. Nyquist as well as Bode plots of copper metal in 0.5 M H,SO, solution at 298 K without and with varying concentrations of essential oil (EO)
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the inhibitory effects of the EO due to the increasing charge
transfer resistance. This is caused by the development of the
protective film formed on the copper surface, preventing the
development of corrosion.””

To interpret these results, we have modeled the impedance
diagrams with the electrical circuits displayed in Figure 3 where
R, is referred to the resistance of the solution, R is related to the
resistance of the oxide layer and the film of the inhibitor on the
copper surface, and R, is assumed to be the charge transfer
resistance. The constant phase elements (CPEy) of the oxide film
and the double layer are defined as CPE; and CPEy,
respectively.””

Nevertheless, the use of the CPE in fitting Nyquist curves has
been related to the inhomogeneity and other reasons
(impurities, adsorption spices) of the Cu surface.”’ The CPE
impedance is calculated by eq 5:°%%°

24221

Zeps = [Q(w)"T™! (s)

where o is the angular frequency, j is the imaginary unit, and n is
the parameter of deviation related to the phase deviation, which
is one of the most important aspects of the CPE. When n = 0, the
CPE is like a pure resistor; for n = 1, the CPE is a pure
capacitor.34
Inhibitory efficacy (IE) was evaluated using eq 6:*
R, — R

P ct

IE = X 100%

R, (6)

where R, and R represent the charge transfer resistance in
inhibited and uninhibited conditions, respectively.”® The
electrochemical data derived by simulating their impedance
plots using the EC-Lab software via equivalent circuit are given
in Table 3.
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2 v e From Figure 2, the Bode images reveal that the presence of
i’ SS9 inhibitor EO leads to a significant increase in phase angle values
= and impedance modulus at low frequencies, indicating that the
inhibitor is able to form a highly effective adsorption layer at the
<t v O ®© . . . . .
= ¥L837% copper/solution interface, which impedes copper corrosion.
e e ce-° Moreover, the increase in impedance modulus at low
frequencies suggests that the inhibitor layer becomes denser
58388 and more eflicient with increasing EO concentration. At the
°eeeee highest concentration tested (2 g/L), the log IZI value is 1.5
orders of magnitude higher than that of the bare copper
ig substrate, demonstrating the strong inhibition performance of
5 I X223 H EQO in an acidic environment. Overall, these results suggest that
= EO is a potent inhibitor for copper corrosion, and its inhibition
o effectiveness increases with increasing concentration.””®
From Table 3 data, it appears that as the concentration of EO
83838 . § in the corrosive solution is further increased, the R, and R;
CERINTRRTRRE increase, whereas the CPE; and CPEy decrease respectively,
NI demonstrating an increase in the inhibition effectiveness at the
°eee- same time. This indicates that the molecules of the EOs replace
the chloride ions CI™ on the electrode’s surface to create an
5‘; anticorrosion layer that protects against corrosion attacks."
S o m®w 3.4. Polarization Measurements. Polarization measure-
= NN T HT ments have been performed for obtaining corrosive current
Tonz2 densities (i), corrosive potentials (E,,), and the cathodic and
IR anodic Tafel slopes (f, and f.). Furthermore, the inhibition
5 efficiency (IE) was derived using the following formula:>*’
FRR Vo NP Nt} IE=l—lcﬂX100%
£ s es ¥ ‘0
o HH+HHH feorr (7)
I o o wn oo
T A Aaa . .0 . .
& P e eR where i, and i, represent the current corrosion density for
the system with and without the inhibitor, respectively. The
o relevant electrochemical measurements are presented in Table
= é 2 § 3. Based on Figure 4 as well as Table 4, there is evidence that the
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g S with EO at various concentrations.
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A g
§ —£2322% g addition of EO produces a significant negative shift in the
3 =) E= corrosion potential of copper. However, there is less than 85 mV
5 g of maximum corrosion potential movement, which leads to the
g" S g conclusion that the EO acts as a mix corrosion inhibitor’® and
- ;~ “ significant decreases in anodic and cathodic current density
o 'g» s > compared to the blank solution. Moreover, the density of the
% 2 Q ,_E corrosion current is continuing to reduce, meaning that the
j

a

anode reaction (Cu dissolution) and cathode reaction (O
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Table 4. Electromechanical Parameters Derived from Potentiodynamic Polarization Plots of Cu in 0.5 M H,SO, at Various

Concentrations of EO at 298 K

compounds [C] (g/L) —E.,., (mV/ECS) icom (MA/cm?) —p. (mV dec™") B, (mV dec™") IE (%)
0.5 M H,SO, blank 79 29.0 204 59
EO 0.5 64 3.8 195 57 86.9
1.0 85 2.7 181 54 90.7
LS 93 2.3 176 52 92.0
2.0 66 1.7 170 49 94.1
reduction) are being suppressed, especially since the change in 6000 T
the cathode is more apparent. Moreover, the fc of the slope of 1h
the Tafel curve decreases significantly and differs from blank. 5000 - A 2h
Due to the adsorption of various EO molecules on the copper ; g:
surface, which becomes denser from the accumulation effect and 2000 L % 10h
@ 12h

inhibits the active inhibitory sites on the copper electrode
surface, the corrosion resistance behavior mostly depends on the
lowering of the current density.*”*” In this work, the compound
EO was introduced as an inhibitor of corrosion and was applied
to the copper for protection in the sulfuric acid solution for the
first time. In order to clarify the anticorrosion mechanism, it is
important to understand the interaction between copper and
EO. The electrochemical performance and microscopic
morphology evidence strongly indicate that the adsorption
film is formed on the copper surface under an acidic medium.*®
The results in Figure 3 demonstrate a parallel tendency, which
indicates that the mechanism for the cathodic reactions is not
modified by the absorption of the inhibiting molecules. The
cathodic process mechanism is shown in the following way:""

1 _
502 +2H" + 2¢” - H,0

(8)
The anode mechanism of reaction is given below:°
Cu= Cu+ads + e (fast) (9)
Cu* = Cu’m + e (slow) (10)

According to the mechanism of the reactions (eqs 9 and 10),
we can see that the Cu electrode can generate cuprous ions in
sulfuric acid and air solution. Consequently, the inhibiting
compound is most likely to coordinate with the cuprous ion so
that it adsorbs on the surface of the Cu electrode, and the
interaction mechanism is given by:**

Cu®, + nlnh — [Cu—Inhn]JraClS

al

(11)

3.5. Impact of Immersion Time. Impact of submersion
time is investigated at optimum concentration of EO from 0.5 to
16 h, employing measurement of EIS. The Nyquist diagrams as a
function of immersion time at 298 K are shown in Figure 5 with
their electrochemical parameter listed below in Table 4. We see
that the Nyquist plots increase with increasing time of
immersion, which suggests that EO exhibits significant
inhibition of Cu corrosion in 0.5 M H,SO,. Based on Table §,
it is clear that the R, value increases with increasing time, while
the value of CPEy decreases. The increasing R, values may be
due to the development of a deterrent layer on the copper
interface. The reduction in CPEy was probably a consequence of
an increase in the electronic double layer.

3.6. Adsorption Isotherm. The study of adsorption
isotherms is crucial to understand the mechanisms of inhibition
corrosion reactions. In order to find the most appropriate
isotherm model for our inhibitor, we have plotted the various
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Figure S. Nyquist diagrams for cooper in 0.5 M H,SO, through various
periods of immersion in the presence of EO.

adsorption isotherm models using their mathematical eqs
g1 4344

. Cinh 1
Langmuir: =—+ Cy,

0 Kads (12)

Temkin: 0 = —— In(K.p.) — — In(C,.,)

n: 6=—-——r"~ — — In(C,

2 ads 24 inh (13)
Freundlich: In 0 = In(K4,) + a In(C,,,) (14)

Al-awady: 1 = In(K,4,) + y In(C,
awady n(l _ 9) 1’1( ads) b 1’1( mh) (15)

in which 6 is the metal surface coverage which is determined by
eq 2, Cyy, is the concentration of EO, y is the parameter of
heterogeneity, a is the lateral interaction term, and K4 is the
equilibration constant, which is linked to AG,q4, by eq 16:°~*

K 1 AG,
= exp| —
= 000 TP\ T RT

(16)
where R stands for the gas constant, T stands for temperature,
which is equal to 298 K and Cy  represents the concentration of

the water of the solution, equal to 1000 g L. From Table 6, it is
evident that R* is close to unity for the Langmuir isotherm. From
this, we may conclude that Langmuir is the best isotherm."
Moreover, from Figure 6, the variation of the relationship
between C,,;,/6 and Cyy, is linear with a slope value close to 1
(0.96258),which confirms the validity of the Langmuir
isotherm.””"!

This isotherm presupposes that the adsorbed species and the
metal surface are attracted to or repellent to one another. In
addition, a negative value for the slope suggests that interaction
is laterally repulsive in the absorbing layer. Furthermore, as a
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Table S. Electrochemical Impedance Parameters for Cooper in 0.5 M H,SO, at Different Concentrations of EO

time CPE;
medium  (h) R (Qcm?) R (Qcm?) (uF s"' cm™2) g
EO 0.5 2.6 +0.5 447 £ 2.0 428.8 +3.2 0.85 + 0.03
01 2.1+04 116 + 3.2 1131 + 5.2 0.96 + 0.04
02 24+ 0.6 628 +2.9 372 £ 3.0 0.86 + 0.07
04 20+03 677 + 2.4 358 +2.6 0.97 + 0.02
06 1.2 +0.1 1090 + 3.0 287 + 1.8 0.80 + 0.07
10 1.3+02 1521 + 3.6 241 +2.1 0.79 + 0.06
12 2.1+0.1 606 + 2.3 384 +£2.5 0.96 + 0.08
16 14 +0.5 766 + 1.9 318 + 3.0 0.73 + 0.0S

“The R, is polarization resistance.

CPE, R,

R, (Q cm?) (uF s"' cm™2) g (Q cm?)® x
5191 + 4.3 13.5+ 0.8 0.87 + 0.09 5638 0.02
5982 + 5.6 128 + 1.0 0.74 + 0.03 6098 0.04
6047 + 4.7 112 + 09 0.69 + 0.05 6675 0.03
6428 + 3.8 109 + 0.6 0.68 + 0.07 7105 0.07
6752 + 4.3 10.1 + 0.5 0.75 + 0.03 7842 0.05
6784 + 4.2 131+ 13 0.78 + 0.04 8305 0.06

7864 + 5.2 82+ 04 0.69 + 0.06 8470 0.1
7920 + 3.6 180 + 2.0 0.88 + 0.04 8686 0.04

Table 6. Corresponding Correlation Coefficients (R?) of the
Adsorption Model Isotherms (Langmuir, Temkin,
Freundlich, and Al-Awady) of EO

adsorption isotherm R?
Langmuir 0.99987
Temkin 0.99079
Freundlich 0.99075
Al-Awady 0.99798

result, a negative value of AG,4 shows that the adsorption
processes is spontaneous and the stability of the adsorbed layer

on the metal surface is high.32 In general, higher values of AG g,
around —20 kJ mol™" or less, are related to electrostatic
properties between charged molecules and the metal (physical
adsorption), while values around —40 kJ mol™" and higher
represent charge transfer from organic molecules to metallic
surface ( chemisorption).49 This would seem to indicate that the
inhibiting action of this important compound is the physical
adsorption with a tendency to chemisorption (Table 7).

3.7. SEM/EDS Analysis. Figures 7 and 8 displays SEM/EDS
images of Cu samples submerged in 0.5 M H,SO,, at 303 K for 24
h with or without 2.0 g L~! EOQ, and the surface elemental
composition is recorded in Table 8. We can clearly see that the

2,2
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Figure 6. Graphs of the different adsorption isotherms of EO for the Cu surface in 0.5 M H,SO,at 298 K.
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Table 7. Langmuir Adsorption Isotherms for Values
Calculated for EO

R2
0.99987

AG®,4 (K] mol™")
24.39

K (Lg™)
16.04

isotherm slope

Langmuir 0.96258

surface of copper is strongly corroded. Some corrosion products,
some cavities, and some scratches appear on the Cu in 0.5 M
H,SO, alone. Whereas after adding 2.0 g/L of EO, the surface
morphology became smooth and the damaged and corroded
parts of the copper surface have been extremely decreased. The
pictures show that the passive film has effectively covered the Cu
surface and has blocked the active sites. The EDS spectra in the
presence of 2.0 g/L EO revealed an additional peak, which was
due to nitrogen atom “N” of essential oil that is responsible for
copper protection.'" Furthermore, a high level of “S” linked to
sulfuric acid was found on the surface of Cu submerged in acid
with no inhibitor, indicating a high attack of the acid. These
SEM findings are coherent with electrochemical experimental
results.

3.8. AFM Analysis. Figure 9 illustrates the 2D and 3D
morphology of the Cu samples submerged in0.5 M H,SO, alone
and with 2.0 g L' EO and the related surface roughness (Ra) for
16 h. A ton of dips, peakss, and valleys are seen on the surface of
the corroded Cu (Figure 9a) where the roughness reaches 121
nm.”® On the other hand, in comparison with the copper
noncorroded, the surface of copper exhibits a flatter and
smoother surface after immersing in a sulfuric acid solution
containing EO stable (Figure 9b) and Ra is found to be 4.79 nm.
From the results given above, it appears that EO was adsorbed
on a Cu surface in a solution of sulfuric acid. It may be attributed
to the bigger EO carrying more heterocyclic rings as well as
larger carbon chains, which thus conducts stronger chemical
coordination with Cu ions.”"

3.9. Contact Angle Calculations. Contact angle calcu-
lations results achieved for Cu submerged in 0.5 M H,SO, both

with and without 2.0 g/L for 16 h are presented in Figure 10.
From the results, we can observe that contact angle in the
presence of EO has reached 88.3° and blank has reached 41.5°
revealing the hydrophobicity of the surface.”>* The adsorption
of the EO organic molecules on the Cu active site was
responsible for increasing the angle of contact. These results
confirmed that organic molecules of EO were capable of
adsorbing on the copper and inhibiting it from corrosion.”* The
contact angle measured across the surface of Cu in the blank
solution is 41.5°, which indicates that the surface roughness is
high and therefore corrosion is progressing.”®

3.10. DFT Computations and MC Simulations. DFT
studies have been conducted on the major ingredients of the
essential oil, to investigate their inhibition performance toward
the Cu metal surface in 0.5 M H,SO,. The optimized structure
of the four considered components (a-pinene, 5-3-carene,
limonene, and cedral), and their corresponding FMO electronic
distribution (HOMO and LUMO) are presented in Figure 11.

The optimized molecular patterns show the most stable
configuration of the investigated compounds. We can see that
the electron density distribution of FMO has been distributed
throughout the a-pinene structure, unlike other compounds,
which demonstrates that the structure has various electron
donor and acceptor moieties.”® Additionally, the electrostatic
potential (ESP) shows the nucleophilic (red) and electrophilic
(blue) positions. This indicates that when the EO components
adsorbed on the Cu surface then nucleophilic atoms are usually
the primary active moieties that adsorbed on the Cu surface
protecting it from the ions.”” Different computed quantum
parameters related to the most stable configuration are shown in
Table 9. Generally, Ejjoyo describes a molecule’s ability to give
electrons to a potential acceptor. On the other hand, E; 0
denotes the capacity of a molecule to accept electrons from a
species. On the basis of the difference (E ymo — Enomo), this
defines the energy gap (AE). A greater value of AE signifies a
smaller chemical reactivity of any compound.*®

Figure 7. SEM micrographs of the noninhibited and inhibited Cu metal (after the addition of 2 g L™").

24225

https://doi.org/10.1021/acsomega.3c00589
ACS Omega 2023, 8, 24218-24232


https://pubs.acs.org/doi/10.1021/acsomega.3c00589?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00589?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00589?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00589?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

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

Figure 8. EDS spectra of copper substrates submerged in the corrosive acid alone and in a corrosive solution with 2.0 g L™".

Table 8. Copper Surface Compositions Tested by EDS
Analysis

element blank 2 g/LEO
C 4.55 6.11
(0] 2.00 1.96
Cu 84.07 91.51
N 0.36
S 9.39 0.05

The data reported in Table 9 show that a-pinene has a lowest
AE value (5.15 eV) than §-3-carene (5.23 eV), limonene (6.57
eV), and cedral (7.72), suggesting that « -pinene could offers
relatively higher reactivity toward inhibition performance of
copper than the other tested ingredients. The hardness
descriptors (77) given in Table 9 depict the hardness of electron
transfer of molecules. It is worth mentioning that the inhibition
performance if inhibitor tends to increase with low 17 values. This
is also reflecting the high reactivity and inhibition performance

of the a-pinene moiety.””*” Another important descriptor is the
ability of molecules to donate electrons to the Cu surface
(ANg,(111))- A high and positive value of AN demonstrates that
the great capacity of investigated ingredients to donate e- to the
cooper surface, especially, the a-pinene molecule. We did not
consider the effect of the dipole moments trend y, on the
inhibition r;)erformance because there is disagreement on its
impact.éo_ ’

MC simulations have been used to investigate the interaction
between EO ingredient active sites and the copper surface
Cu(111).* The side view of the equilibrium configurations of a-
pinene, O-3-carene, limonene, and cedral adsorbed on the
Cu(111) surface is displayed in Figure 12. Also, the different
energy descriptors attached to this interaction are listed in Table
10. A visual inspection of output images we can see that the
compounds adopt near a parallel orientation to the Cu(111)
surface, which ensure a better protection of the Cu surface
against aggressive ions such as H;0* and SO,2~.*° From Table
10, the negative and high E 4ompon values indicate the
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Figure 9. 2D and 3D AFM images of Cu metal in 0.5 M H,SO, solution only and with 2 g/L.

spontaneity and excellent adsorption behavior of @-pinene over
the Cu surface compared to the other EO ingredients.’*
Therefore, results of this simulation obey the experimental
inhibition performance, which suggests that a-pinene has the
most concentration. In other words, the overall inhibitory effect
of the EO can be attributed to a-pinene with other components.

The radial distribution function (RDF) was used to calculate
the interatomic distance between the atoms of the inhibitor’s
molecule and copper surface. The probability of finding particle
B in the range r + dr around particle A is described by the RDF,
gas(r), which is calculated as follows:

N Ny

Sulr) = (P )tocat )loca] N, ZZ

i€EA i€B 4717

where pg represents the particle density of B averaged over all
shells around particle A.

The determination of interatomic bond lengths is crucial in
identifying the type and nature of the formed bonds. Typically,
bond lengths falling within the range of 1—3.5 A are indicative of
chemical bonds, whereas peaks exceeding 3.5 A are associated
with physical connections.” As shown in Figure 13, the RDF
varies as a function of bond lengths (r) for the a-pinene, 5-3-
carene, limonene, and cedral adsorption system on Cu(111).
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Figure 10. Contact angle measurement for Cu submerged in 0.5 M H,SO, solution only and with2.0 g L™" for 6 h.
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Figure 11. Geometry optimized structure, HOMO, and LUMO structures of a-pinene, d-3-carene, limonene, and cedral.

Table 9. A Variety of Chemical Quantum of Parameters Derived fora-Pinene, 6-3-Carene, Limonene, and cedral Compounds

Using the DMol3/DND Control

compound Enomo (eV) Er umo (eV) AE (eV)
a-pinene —-5.004 0.1480 5.1525
§-3-carene —5.0464 0.1799 5.2263
limonene —5.3415 1.2301 6.5716
cedral —-5.7507 1.9659 7.7166

A (eV) n (eV) o (eV) AN (e) 4 (Debye)
—0.1480 2.5762 0.3881 0.4641 0.4036
—0.1799 2.6131 0.3827 0.4568 0.1634
—1.2301 3.2858 0.30433 0.4176 1.3761
—1.9659 3.8583 0.2592 0.3794 0.0671

The results presented in the figure show peak at ~2.578 A which
suggest that chemical bond formation between the tested
inhibitors and the Cu(111) surface is more likely, which aligns
with the adsorption isotherm analysis previously discussed.
3.11. Corrosion Inhibition Mechanism. The adsorption
mechanism of some of the organic constituents present in EO on
the copper surface in the acidic environment can be illustrated in

Figure 14. As we can see, the Cu surface rapidly oxidized due to
the aggressive acidic environment that makes the metal surface
positively charged, which in turn favors the attraction of
negatively charged counter sulfate anions resulting in a negative
metallic surface. In addition to that, the organic compounds

could be protonated in such acidic environment as follows:
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Figure 12. Side views for the most stable patterns of a-pinene, 5-3-carene, limonene, and cedral compounds on Cu(111) in the simulated system.

Table 10. Derived Values of Energy ofat-Pinene, §-3-Carene, Limonene, and Cedral on the Cu(111) Surface in Gas and Aqueous

Phases
adsorption rigid adsorption deformation
total ener: energy energy energy inhibitor: sulfate: water:
compound  (kJ/ mol%y (kcal/mol) (kcal/mol) (keal/mol) (dE,4, /dNi) (kcal/mol) (dE,q /dNi) (kcal/mol) (dE,q /dNi) (kcal/mol)
gas-phase
a-pinene —-31.85 —265346.0 -31.95 —265314.1 —265346.0
§-3-carene 36.06 —39.40 -39.33 —0.07 —39.40
limonene —65.80 —45.34 —46.84 1.50 —45.34
cedral —92.86 —52.90 —48.98 —-391 —52.90
solution phase (S00H,0 + 50H;0* + 50S0,*7)
a-pinene  —2588122  —303372.10 —22227.64 —281144.50 —265355.60 -33.37 —649.21
5-3-carene  —26039.78  —38291.99 —22192.13 ~16099.85 —43.76 —34.49 —636.84
limonene  —2613327  —38289.56 —22220.13 —16069.43 —49.09 —3344 —649.23
cedral —26089.76  —38226.54 —22221.38 ~16005.16 —68.33 —28.03 —648.81
60
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Figure 13. RDF plots of different inhibitors on the Cu(111) adsorption
system.

[Inh] + xH* = [H, Inh]**

The inhibitor molecules in their protonated state adhere to
the negatively charged metal surface due to the attractive
electrostatic forces. Furthermore, the lone pair electrons of
oxygen atoms, and the z-electrons of the benzene ring, could
supply electrons to the vacant d-orbitals of the Cu atoms which
leads to the phenomenon of chemisorption.”® Besides the
abovementioned adsorption types, there is a reverse electron’s
transfer from the d-orbitals of the metal atoms on the surface to
the unoccupied molecular orbitals of the inhibitor molecules.
This process strengthens the adsorption of the inhibitor
molecules on the metal surface. Consequently, it is expected
that in an aggressive acidic solution (0.5 M H,SO,), the

24229

Figure 14. Schematic illustration of the adsorption mechanism of some
of the organic compounds on the surface of copper in a 0.5 M H,SO,
solution.

adsorption of different inhibitor molecules onto the metal
surface of copper will encompass three distinct phenomena:
physisorption, chemisorption, and retro-donation.

4. CONCLUSIONS

The researchers used both experimental and theoretical
approaches to investigate the inhibitive performance and
mechanism of EO copper corrosion in a 1 M H,SO, solution.
Based on their findings, the following conclusions were drawn:

o The results of EIS indicated that at a concentration of 2 g/
L, the inhibition efliciency of EO for Cu was over 94% at
298 K. Additionally, the inhibition efficiency increased as
the concentration of EO increased. Thus, EO was found
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to be a practical and effective mixed-type corrosion
inhibitor for Cu in a 0.5 M sulfuric acid solution.

e The Langmuir model revealed that physisorption
occurred at the copper/solution interface, with the former
playing a leading role. Furthermore, SEM/EDS and AFM
microscopic analyses and contact angle measurements
confirmed that the formation of a film effectively
protected the copper.

e The negative and high adsorption values indicated that a-
pinene exhibited spontaneous and excellent adsorption
behavior over the Cu surface compared to other EO
ingredients.
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