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ARTICLE INFO ABSTRACT

Keywords: Aloe vera (L.) Burm.F. (=Aloe barbadensis Mill.), a widely recognized medicinal plant, holds a prominent position
Aloe vera (L.) Burm. F. due to its potent cosmetic and medicinal attributes. The objective of this work is to develop a new eco-friendly
Mucilage corrosion inhibitor for bronze B66 that is non-toxic, simple to apply, cost-effective, stable, and reversible. To
Bronze B66 . . R . . . . . .

Corrosion inhibitor achieve this goal, we initially devised an improved and cost-efficient method for extracting Aloe vera mucilage
3% NaCl (AVM). Then we tested as corrosion inhibitor for bronze B66 in 3 % NaCl using gravimetric measurements,

electrochemical methods and Scanning Electron Microscopy (SEM) coupled with Energy Dispersive X-Ray
analysis (EDX). The electrochemical assessments validated the findings from the gravimetric analysis and
demonstrated that our inhibitor significantly modifies the electrochemical process mechanism at the B66/3%
NaCl interface. The corrosion rate of bronze decreases with the inhibitor’s presence, and its inhibitory effec-
tiveness amplifies with higher concentrations, reaching an efficiency of 86 % at 750 ppm. The mechanism of
metallic copper and corrosion Acemannan inhibitor was explored through DFT studies and molecular dynamics

simulation.

1. Introduction

Corrosion, a gradual phenomenon, poses a threat to the structural
stability of diverse sectors like transportation, chemical, petrochemical,
and construction. The speed of corrosion hinges on environmental fac-
tors, the metal’s composition, and its inherent properties. Regrettably, it
is frequently overlooked during the design phase, resulting in direct
expenses for replacements and labor, alongside indirect expenses such as
decreased production and efficiency. Additionally, in heritage preser-
vation, corrosion contributes to the vanishing of historical artifacts and
distortion of archaeological records (Liu and Chen, 2023; Qu et al.,
2022).

Metallic materials, especially copper and its alloys, for example
bronze, are highly exposed to corrosion, whether they come into contact
with humid atmospheres, immersed in fresh or saline water. The marine
environment (solution 3 % NaCl) is particularly aggressive towards
these materials (Alcantara et al., 2017).

The use of corrosion inhibitors to prevent the process of metal
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dissolution remains an inevitable and widespread application (Al-
Amiery and Al-Azzawi, 2023). Many inorganic inhibitors (those con-
taining phosphate, chromate, and other heavy metals), or synthetic
organic inhibitors (extensively applied) proved an excellent corrosion
inhibiting potential in the corrosive environments. A large part of them
are now being gradually restricted or prohibited by various environ-
mental regulations, because of their toxicity, which pose serious prob-
lems for human health and raise major ecological problems (Chigondo
and Chigondo, 2016).

Recently, research studies in the different fields (science and engi-
neering) are directed towards for research and development of envi-
ronmental friendliness chemical species to replace traditional toxic
corrosion inhibitors (Verma et al., 2021a). Therefore, due to environ-
mental concerns, medicinal and aromatic plants are increasingly
established as one of the most effective and profitable source of green
corrosion inhibitors (Alrefaee et al., 2021; Barbouchi et al., 2020b,
2019; Boussalem et al., 2023; Chaubey et al., 2021; Popoola et al., 2023;
Salleh et al., 2021), because of their efficiency, economy, ecology and
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environment-friendly.

Aloe vera (L.) Burm.F. (=Aloe barbadensis Mill.) is a widely known as a
medicinal plant, belong to Xanthorrhoeaceae family or also to the sub-
family of Asphodelaceae, according to the classification APGIII phylo-
genetics (Kumar et al., 2017), it is one of the most powerful and best
known for its cosmetic and medicinal properties plants (Liu et al., 2019).

The majority of current research on the significant inhibition of plant
extract as a corrosion inhibitor derive from Aloe vera, was focused on
corrosion control of metals or their alloys in acidic (HCI or HySO4)
medium (Abiola and James, 2010; Ayoola et al., 2020; Dahiya et al.,
2016; Eddy and Odoemelam, 2009; Kumar and Yadav, 2018; Mehdipour
et al., 2015; Singh et al., 2016; Sribharathy et al., 2013).

With the exception of our previous study (Benzidia et al., 2019); on
the use of tannins extract obtained from the green rind of Aloe vera as a
green inhibitor, for the corrosion inhibition of bronze B66 in 3 % NaCl.
In the literature, we can not find any solid information about possible
applications of the Aloe vera extract on the corrosion of the metals or
their alloys corrosion in neutral media (3 % NaCl).

The above-mentioned points, inspired our team to examine the use of
Aloe vera mucilage (AVM) as a corrosion inhibitor in a 3 % NaCl against
bronze B66. Aloe vera mucilage present in the succulent leaves of Aloe
vera plant consists of about 98.5-99.5 % water, the remaining solids
being composed mainly of polysaccharides (~60 % w/w), in particular
the bioactive polymer Acemannan. This polysaccharide (Acemannan) is
mainly composed of partially acetylated mannose units linked by p-(1 —
4) glycosidic bonds (Minjares-Fuentes et al., 2017).

The novelty of our research lies in the utilization of a biomaterial as
an environmentally friendly corrosion inhibitor. Specifically, we employ
Aloe vera mucilage in a powdered form, which is obtained through a
recently patented process (Benzidia et al., 2018).

In order to do this, an experimental and theoretical investigation has
been performed to evaluate corrosion inhibition property of AVM in
powder form on bronze B66 corrosion in 3 % NaCl. The inhibition
performance was provided via electrochemical measurements (station-
ary and transient). Surface characterizations, including SEM and EDX
were conducted. Furthermore, the theoretical modeling was carried out
using MD and DFT techniques to explore the adsorption of the Ace-
mannan inhibitor over the metal surface.

2. Material and methods
2.1. Materials and sample preparation

The working electrode we used is a synthetic bronze B66 of similar
composition in archaeological bronze; a copper alloy with 4.87 % tin,
see Table S1.

The corrosive solution consists of an aerated solution of sodium
chloride (30 g/L) prepared by dissolving NaCl Merck in distilled water.

The biomaterial, Aloe vera mucilage in powder form obtained by a
new-patented process (Benzidia et al., 2018).

2.2. Gravimetric study

Gravimetric study is widely used because it has the advantage of
being simple and does not require a large apparatus. In this study, we
performed the gravimetric test by measuring mass loss after 24 h of
immersion. In order to get corrosion rate W(g.cm_z.h_l) the formula (1)
is used:

_ m; — mf
w= [ S.t ] M
The inhibition efficiency (5, (%)) was calculated by Eq. (2):
W —-W
M (%) = { _ } x 100 )
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S: surface of the part (cmz); t: time (hour); m;: weighing of the initial
weight; m¢ mass after test; W° and W are the corrosion rates of the
sample after immersion in the solution without and with inhibitor,
respectively.

2.3. Electrochemical experiments

2.3.1. Stationary techniques

The potentiodynamic polarization (PDP) curves were obtained using
a three-electrode assembly; a platinum electrode used as a counter-
electrode, an XR300/XR310 reference electrode Ag/AgCl, and the
working electrode which is made of cylindrical bronze B66 (1 cm? of
surface area). The stationary measurements were made in potentiody-
namic mode using a Bio-logic Science instruments potentiostat/galva-
nostat SP-200. The work electrode is kept previously immersed in the
corrosion-free potential for one hour. The chosen sweep speed is 1
mV/s.

The determination of the electrochemical parameters (icorrs Ecorrs Pa
and B.) was established from the polarization curves, using the EC-Lab
software. Thus, the inhibition efficiency (yppp (%)) was computed by
using the following Eq. (3):

Nopp (%) = {1 Jf} x 100 3)

corr.

where i, and i are corrosion current densities values without and

with inhibitor, respectively.

2.3.2. Transient techniques

The electrochemical impedance spectroscopy (EIS) diagrams were
plotted using the same SP-200 stationary measurement device, with a
signal amplitude of 10 mV. The range of frequencies explored varies
from 100 KHz to 10 mHz. As regards the inhibition efficiency (1755 (%))
was computed by the Eq. (4):

R
s (%) = {1 -t } x 100 (4)
P(inh)

where the Rpinn) and R, represent the transfer resistance with and
without the addition of inhibitor, respectively.

2.4. Surface analysis techniques by SEM/EDX

The morphological characterization of the surface of the bronze
coupons was carried out at the Moroccan Foundation for Advanced
Science, Innovation and Research (MAScIR), by a field emission scan-
ning electron microscope (SEM) and by energy dispersion. The X-ray
spectroscopy, EDX (Bruker model 6130 flash X) is performed by FEI
microscopy (model quanta FEG 450).

2.5. Quantum chemical calculations

Density Functional Theory (DFT) based quantum chemical calcula-
tions were performed on the Acemannan using using the DMol3 module
embedded in the Material Studio (MS, version 7.0) program of Accelrys
Inc. They were calculated based on generalized gradient approximation
(GGA) of Perdew-Burke Ernzerhof (PBE) and “double numeric plus
polarization” (DNP, setting to 4.4) (Chugh et al., 2020). All DFT calcu-
lations have been done in aqueous phase (water) using COSMO controls.
Indeed, the electronic inhibitors properties analysed here include
several theoretical indices: the values of frontier molecular orbitals
(Erumo and Epomo), energy band gap (AEgg), electron affinity (Ej),
ionization potential (Ip), electronegativity ()), chemical potential (p),
hardness (), electrophilicity index (»), and softness (¢). The computa-
tional parameters can be calculated from the values of Egopmo and Erymvo
using following relations given below (Barbouchi et al., 2020a; Domingo
et al., 2016; Tan et al., 2020).
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AE,, = Erumo — Enomo )
Ip + E
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where the I, = —Egomo and Eq = —Erymo.

2

_"
w= 2 8
where the electronic chemical potential y = ((Ezymo + Exgomo)/2)-
1
6=- )
n

The Fukui functions (FIs) are obtained through the finite difference
approximation using Hirschfeld Population Analysis (HPA). The FIs or
nucleophilic and electrophilic attacks are obtained from the following
approximations (Geerlings et al., 2003):

f&(r) =p(N+1)—p,(N) Nucleophilic attack (10)

Je (r) = p(N) =p (N = 1)

In the above equations, px(N), px(N — 1) and px(N + 1) are the atomic
charges of the systems with N, N 4+ 1, and N — 1 electrons, respectively.

Electrophilic attack an

2.6. Molecular dynamics simulations

The Forcite module performed in Materials Studio software was
employed to estimate the nature of the interaction between the Ace-
mannan inhibitor (Table 5) and the copper sorbent. For this purpose, the
Cu crystal was imported, then cleaved alongside (111) plane and a slab
of 8 A was utilized. The surface of Cu (11 1) was relaxed by minimizing
its energy employing the smart minimizer method. As well as the surface
of Cu (111) was enlarged to a (22 x 22) supercell in order to envisage a
wide surface for the interaction of studied inhibitors. Then, a vacuum
slab of 20 A thickness was constructed above the Cu (111) plane. A
supercell composing of 2000 H,0, 20 NaCl molecules was added and
finally we create the molecules of the tested Acemannan. As regards to
simulation was achieved via a simulation box in the NVT canonical
ensemble at 298 K with a time step of 0.1 fs and simulation time of 300
ps carried out at 298 K, NVT ensemble, as well as COMPASS force field.
In simulation system, the interactions and binding energies of the Ace-
mannan inhibitor with the Cu (11 1) surface were estimated by using the
following equations (Li et al., 2021):

Einieraciion = Erorat — (Esurface-tsotution + Einnibitor) 12)
Epindinic = — Einteraction 13)

where Eyq represents the total energy of the system, Egurfacetsolution
counted as a measure of the total energy of Cu (111) surface and so-
lution devoid of Acemannan inhibitor and Eippiror the total energy of
Acemannan inhibitor.

3. Results and discussion
3.1. Gravimetric study

Measurements of weight loss are a first approach to studying the
corrosion inhibition of a metal in an electrolytic solution. This method
has the advantage of simple implementation and the unnecessary need
for extensive equipment.

Table 1 gives the values of the corrosion rate and the percentage of
the nyy calculated by gravimetry, without and with different concen-
trations of AVM, and this after 24 h of immersion in 3 % NaCl against
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Table 1
Corrosion rate and inhibition efficiency as a function of inhibitor concentrations.
W (g/h.cm?) 1, (%)
NaCl 3 % 3.70 x 107° -
250 ppm 1.47 x 107° 60.27
500 ppm 1.30 x 107° 64.86
750 ppm 7.04 x 107° 80.97

bronze B66 specimens.

Analysis of the results obtained (Table 1), clearly shows that the
AVM have properties that inhibit the corrosion of bronze B66 in a 3 %
NaCl medium.

It can be observed that when adding these mucilage to the corrosive
medium, the corrosion rate decreases significantly, while 5wy, increases
(reaches a value of 80,97 %) with increasing AVM concentration, which
is due to the increase in the surface area covered by the inhibitor mol-
ecules of the adsorbed AVM relative to the active sites of the bronze B66
surface.

3.2. Electrochemical study

3.2.1. Open circuit potential

Fig. S2 represents the change in bronze B66 time-related potential in
3 % NacCl, in absence and presence of AVM at different concentrations.

In the absence of the AVM inhibitor, the corrosion potential of
bronze B66 in 3 % NaCl undergoes a variation in the first minutes, and
after 2500 s it stabilizes towards — 0.165 V. This can be attributed to the
formation of a layer of corrosion products on the metal surface.

In the presence of 250 ppm and 500 ppm AVM, we observed a
decrease in the corrosion potential towards negative values at immer-
sion for both concentrations. This displacement would be the conse-
quence of the delay of the cathodic reaction of dissolution of bronze B66
due to the action of Aloe vera mucilage. Although the presence of 750
ppm in AVM, the corrosion potential moves on the contrary, towards a
positive value with a well marked stability from 3000 s. This evolution
of the potential indicates that the inhibition effect at 750 ppm acts
preferentially on the anodic process.

3.2.2. Polarization curves

The polarization curves are obtained in potentiodynamic mode, and
this after one hour of immersion of the bronze B66 electrode in NaCl 3
%, in absence and presence of AVM at different concentrations. The
results achieved are represented in Fig. 1a (cathodic domain) and Fig. 1b
(anodic domain).

Cathode curves (Fig. 1a); in the absence of AVM inhibitor, a rapid
increase in the current density in the vicinity of corrosion potential then
tends to stabilize to a value of the order of 0.1 mA/cm?, corresponding to
the oxygen diffusion limit current.

The addition of AVM at different concentrations causes a significant
decrease in current density in the vicinity of E,,. This decrease is more
pronounced when the concentration of AVM inhibitor increases. It is
accompanied by a shift of the corrosion potential towards more negative
values. For potentials greater than —0.45 V, we notice the appearance of
a linear part reflecting an exponential variation of the current. This area
becomes wider when the inhibitor concentration increases. There is also
an observed limit current that corresponds to the oxygen reduction for
all concentrations.

Anode curves (Fig. 1b); the addition of the inhibitor in the aggressive
solution leads to a significant decrease in the value of the corrosion
current density for the concentration 750 ppm of AVM. Thus, the
corrosion current density increases from 9.48 pA.cm 2 in the case of the
control to 0.59 pA.cm™2 at a concentration of 750 ppm of AVM.
Therefore, in this concentration, we note the appearance of a passivation
step in a broad field of potential, the extent of the passive zone reaches a
minimum current density. This indicates that the protective film formed
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Fig. 1. Cathodic polarization curves (a), anodic polarization curves (b), electrochemical impedance diagrams (c), and electrical circuit used to fit the electrochemical
impedance diagrams (d), of bronze in 3% NaCl solution without and with different concentration of AVM.

on the electrode surface adheres and acts as a barrier against the sur-
face’s accessibility to chloride ions (Chauhan et al., 2019).

From the electrochemical parameters collected in Table 2, it is found
that the increase in concentration leads to a decrease in the value of the
current density. Inhibition efficacy reaches a value of around 94 % at a
concentration of 750 ppm AVM. In addition, the anodic and cathodic
slopes of Tafel were modified by adding the AVM, demonstrating that
the molecules of this mucilage affect both the anodic and cathodic re-
actions. Then, the difference in E, value is very less than 85 mV, which
indicates that the inhibitor molecules of the AVM are mixed type in-
hibitors (Aouniti et al., 2018; Li et al., 2021).

3.2.3. Electrochemical impedance measurements

In order to explore the surface characters of bronze B66, EIS mea-
surements for bronze in 3 % NaCl solution without and with different
concentrations of AVM inhibitor, after one hour of immersion, were
conducted. Likewise, in order to extract qualitative information, fit the

impedance data using EC-Lab software. It is performed to model the EIS
spectra and electrical equivalent circuit (EEC) is composed of 3RC in
parallel (presented in Fig. 1d). In this mode of EEC, R, represent the
electrolyte resistance Ry stands for inhibitors film resistance Cs is the
capacity representing the dielectric property of the film, R, is the charge
transfer resistance, C4 represents the double-layer capacity, Ry is the
faradic resistance of corrosion products accumulated on metal surface,
and the Cr stands for faradic capacity of the oxidation process of
corrosion products. The Nyquist plots and their electrochemical
parameter of bronze B66 immersed in the inhibited and uninhibited
corrosive solution are given in Fig. 1c and Table 3, respectively.

For blank, the impedance spectra (Fig. 1c) displayed the appearance
of two capacitive loops. A weakly flattened capacitive loop at high fre-
quencies, attributed to the transfer of charge which controls the inter-
facial process and whose polarization resistance is of the order of 1143
Qem?. A dispersion at low frequencies linked to the transport of matter.

The addition of the AVM inhibitor at different concentrations shows

Table 2
Electrochemical parameters drawn from bronze B66 polarization curves in NaCl 3% in absence and presence of AVM.
Cathodic domain Anodic domain Nppp (%)
—Ecorr (mV) Lorr (hA.cm ™) fe (mV) —Ecorr (mV) Lo (pA.cm™) fa V)
NaCl 3 % 165.8 + 3.3 9.5+0.1 63.4 152.5 + 3.1 9.48 £0.1 41.6 -
MUCAV(ppm) 250 207.1 £1.0 1.35 £ 0.01 49.6 182.4 £ 0.9 4.19 £+ 0.02 39.7 85.75
500 220.1 £1.1 0.74 +£ 0.01 32.0 2244 +1.1 0.81 £ 0.01 20.7 92.08
750 165.7 £ 0.8 0.65 + 0.01 34.8 138.0 £ 0.6 0.59 +0.01 10.7 94.09
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Table 3
Electrochemical parameters derived from electrochemical impedance diagrams.
Re (Q.cm?) R¢ (Q.cm?) Ct (F/cm?) R; (Q.cm?) C4 (WF/cm?) Ry (Q.cm?) Cp (uF/cm?) Rp (Q.cm?) s %
NaCl 3 % 8.91 - - 703 147.9 440 860 1143 + 22 -
250 ppm 12.83 9.28 115 3412 4.78 1273 227 4694 + 23 75.64
500 ppm 13.53 51.75 109 3523 0.87 1975 143 5550 + 27 79.40
750 ppm 25.75 54.51 82.77 5683 0.74 2392 141 8130 + 40 85.94

the appearance of three capacitive loops with a significant increase in
polarization resistance.

At high frequencies, the size of the capacitive loop increases with
concentration. This change in the pitch of the impedance diagrams can
be attributed to a change in the interfacial process as the concentration
increases (Rahmouni et al., 2007).

At medium frequencies, the inhibitory effect results in an increase in
the value of the load transfer resistance R;, which shows a significant
variation depending on the inhibitor concentration. It reaches a
maximum of 5683 Q.cm? at a concentration of 750 ppm.

At low frequencies, the Ry value increases and Cr decreases with the
concentration of AVM, and this will make the surface film thicker which
shows well the protective effect of our inhibitor on the interface bronze
B66/3%NacCl.

From Table 3, it can be noted that the Rrresistance increases with the
inhibitor concentration, it goes from 440 Q.cm? in the absence of an
inhibitor to 2392 Q.cm? with 750 ppm of AVM. This can only be
explained by the formation of a film on the surface of the electrode. The
inhibitory efficiency increases with the inhibitor concentration and
reaches 85.94 % for a concentration of 750 ppm AVM. These results are
in good agreement with those from stationary polarization curves and
weight-loss measurements.

3.3. SEM/EDX analysis

Fig. 2 shows the surface morphology map of the bronze B66 sample

after soak in 3 % NaCl solution for 24 h at 298 K: (a) the surface
morphology in 3 % NaCl solution, (b) the surface morphology with 750
ppm of AVM. This SEM micrograph plan view is coupled with EDX
analysis to determine the elements present on the bronze B66 surface
without and with the addition of AVM inhibitor.

As shown in Fig. 2a, the appearance of a clear attack at the surface of
the bronze due to chloride ions, which causes pitting corrosion. The
elemental EDX analysis of this sample shows the presence of oxygen and
chlorine in addition to the major elements (Cu, Sn and Pb). This favors
the formation of corrosion products, which would be mainly in the form
of copper oxide and chlorides. In contrast, the bronze surface containing
750 ppm of AVM in Fig. 2b, the attack is much less marked, confirming
the inhibition effect of the latter by the presence of an inhibitory film on
the bronze surface, the EDX analysis reveals the presence of carbon, and
aremarkable reduction of oxygen. The important carbon signal certainly
corresponds to the carbon chains of AVM.

3.4. Quantum chemistry study

The Quantum chemical calculations is one of the most useful
methods to analyze the inhibitor/surface interactions, which can effi-
caciously predict whether inhibitor compounds can exhibit potential
corrosion inhibition performance.

In order to correlate the inhibition efficacy found experimentally
with the electronic properties of the major compound Acemannan
(Co6H100NO49) from AVM. We evaluated the reactivity of Acemannan in

cpafey Element Weight %
6 (o} 11,35
cl 0,70
’ Cu 85,20
. Sn 2,76
M ¢« ®= )
° T = T J T . T T T T T
1 2 s LR N 7 : 3 I}
cpsfey Element Weight %
, 0 3,33
C 5,79
) Cu 87,90
s Sn 2,98
r" P [
° T — T |J LV . T T T T T v

Fig. 2. SEM/EDX of bronze B66 samples after immersing in 3 % NacCl environment for 24 h: (a) SEM/EDX in blank solution, (b) SEM/EDX with 750 ppm of AVM.
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its neutral and protonated forms. This biopolymer has several oxygen
atoms (49 atoms) and a single nitrogen atom capable of protonation.
Therefore, it is evident that the most favorable site for protonation is the
nitrogen atom of Acemmanan.

Optimization of the structure of neutral and protonated forms of
Acemmanan, their electron density distributions of frontier molecular
orbitals (HOMO and LUMO), and distributions of nucleophilic attacks,
while electrophilic attacks are illustrated in Fig. 3. The electronic indices
(ELUMO; Enowmo, AEgap; Eq, Ip, X Hs 1, @, (7), and the Fukui indices (F and
") are shown in Tables 4 and S3, respectively.

From Fig. 3, it can be found that the HOMO electron cloud in neutral
forms of Acemmanan is distributed on the nitrogen atom and the oxygen
atoms (01, 011, and 039) around it. While the electron cloud of LUMO
is distributed on the oxygen (09)-containing six-membered ring and the
carboxylic acid group attached to the adjacent carbon atom of that ox-
ygen atom. As regards the protonated form of Acemmanan, the electron
cloud of HOMO is distributed on the six-membered ring containing ox-
ygen (024) and the oxygen of the hydroxy, methoxy and carbonyl
groups attached to the carbon atoms of this ring, as well as the oxygen
atoms 014, 018 and 037. The LUMO electron cloud is mainly distrib-
uted on the protonated nitrogen and the adjacent oxo group.

From this distribution of HOMO and LUMO orbitals, it is agreed that
the reactive sites of HOMO orbitals on neutral and protonated forms of
Acemmanan, can give electrons to form coordination bonds with metals.

Journal of King Saud University - Science 35 (2023) 102986

Therefore, the active sites of the LUMO orbitals can accept electrons
from metals to form feedback bonds. Considering that, HOMO orbital
corresponds to the electron donating capacity of as inhibitor molecule,
whereas, LUMO orbital match the electron-accepting capacity of as in-
hibitor molecule (He et al., 2021).

The energy gap (AEgqp) value indicates the energy deficit, is another
important parameter that provides conclusive information on the
strength of the corrosion inhibition capacity of a corrosion inhibitor
molecule. The lower the AEgyq, value, the greater the interaction be-
tween the inhibitors and the metal surface, which can be explained by
the fact that the adsorption action between the inhibitors and the metal
surface increases as the value of AEg, decreases (Saha et al., 2016). The
AEgqp values for neutral and protonated forms of Acemmanan are 3,813
and 2,728 eV, respectively. Therefore, the protonated form of Aca-
mannan has better corrosion inhibition performance than its neutral
form.

The y parameter is related to chemical potential, and the high value
of y indicates better inhibitory performance (Barbouchi et al., 2020a).
On the other hand, electron donation starting from the inhibitors to
metal, increases with the increasing the ¢ and decreases with increasing
the n of the inhibitor, in other words, the lowest values of n mean more
polarisability and inhibition efficiency (Haldhar et al., 2018). This fa-
vours the protonated form over the neutral form of Acemannan (see
Table 5).

Neutral Acemannan

Protonated Acemannan

Structure

LUMO

HOMO

‘ Electrophilic (f)

Nucleophilic (%)

Fig. 3. Optimized molecular structure, frontiers molecular orbitals and Fukui functions distributions of neutral and protonated Acemannan.
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Table 4

Journal of King Saud University - Science 35 (2023) 102986

The HOMO and LUMO energies (eV), energy gap (AE,y,), electron affinity (E,), ionization potential (Ip), electronegativity (x), chemical potential (), hardness (1)),
electrophilicity (w), and softness (¢) of neutral and protonated Acemannan compound.

Inhibitor name Erymo (V) Exomo (V) AEg, (eV) E, (eV) I, (eV) x (eV) p(eV) n (eV)  (eV) o (eV)’1
Neutral Acemannan —1.993 —5.806 3.813 1.993 5.806 3.899 —3.899 1.906 3.987 0.525
Protonated Acemannan -3.174 —5.942 2.768 3.174 5.942 4.558 —4.558 1.384 7.506 0.723

Table 5
Interaction and binding energies obtained from MD simulation for neutral and
protonated Acemannan compound adsorbed on Cu (111) surface.

Simulations models Einteraction (KJ/mol) Ebinding (KJ/mol)

—2981.43
—3129.42

2981.43
3129.42

Neutral Acemannan
Protonated Acemannan

The © index is a measure of the stabilization of energy, after a system
accepts an additional electronic charge of another species (Verma et al.,
2021b). From the resulting data (see Table 4), the protonated form of
Acemannan, carries the lowest value of the p followed by the highest
value of the ® index from where Acemannan in its protonated form,
promotes its electrophilic behavior.

It is agreed that a molecule that has high values of the function
centers of Fukui, is considered chemically more reactive (Berrissoul
et al., 2020). Which means we can identify the reactive sites that are
responsible for the electrophilic and nucleophilic attacks of the Ace-
mannan in neutral and protonated forms. From the Fig. 3 and the results
grouped in Table S3 it can be seen that, for the neutral Acemannan, the
high values of f~ are located on the 014, 034, 037, 039 and N50 atoms
which are electron-donating (responsible for the electrophilic attacks).
While the high f" values of the 09, 038 and 040 atoms are capable of
receiving electrons (nucleophilic attacks). For the protonated Ace-
mannan, electron-donating are 014, 018, 024, 034, and 037 atoms,
indicating that the protonation influences the local electron-donating

selectivity. On the other hand, the electron acceptor atoms are N50
and 039 with the most intense value of f*, which shows that the
acceptor power of the protonated Acemannan is more privileged.

3.5. Molecular dynamics simulation

The most stable adsorption configurations of neutral and protonated
Acemannan on Cu (111) surface in the presence of 2000 H20 and 20
NaCl molecules was simulated using Molecular dynamics simulation and
is shown in Fig. 4.

From Fig. 4, it is evident that protonated Acemannan, which
exhibited the strongest interaction and by extension the highest inhi-
bition efficiency, lies flat and completely parallel on the Cu (111) sur-
face, which leads to a stronger interaction. Whereas the neutral
Acemannan is approximately parallel with varying angles of oblique
deflection when interacting with the iron surface. This leads to reduced
interactions with the copper surface.

It is clear from the results obtained in Table 5 that the adsorption
energies of Acemannan on the copper surface increased from the neutral
form to the protonated form. The highest negative adsorption energy
indicates the system with the most stable and strongest adsorption. The
Epinding values of neutral and protonated Acemannan are 2981.43 kJ/mol
and 3129.42 kJ/mol, respectively. Therefore, protonated Acemannan
exhibiting better corrosion inhibition performance than neutral Ace-
mannan. The trend is in agreement with the results of inhibition effi-
ciency obtained by the quantum chemistry calculations for both forms of

Top views

Side views

Neutral Acemannan

Protonated Acemannan

Fig. 4. Side and Top views of the most stable configurations for the adsorption of neutral and protonated Acemannan over Cu (111) surface obtained from MD

simulations.
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acemannan.
4. Conclusion

In this study, AVM in powder form as an eco-friendly corrosion in-
hibitor was successfully prepared by a new-patented process. Combined
with experimental and theoretical techniques, the corrosion inhibition
performance of AVM for bronze in 3 % NaCl were investigated.

The weight loss assessments indicate that the AVM efficiently hin-
ders bronze corrosion in a 3 % NaCl environment. The inhibition effi-
ciency rises in tandem with higher AVM concentrations. Both
polarization and EIS investigations corroborate the effectiveness of AVM
as a corrosion inhibitor for bronze in 3 % NaCl. The polarization study
also reveals that AVM functions as a mixed-type inhibitor. SEM/EDX
analysis shows that the AVM inhibitor adsorb on bronze surface and
protect the bronze surface against chlorides. The theoretical study of the
bioactive polymer Acemannan (major polysaccharide of AVM), under
neutralization and protonation conditions show that both quantum
chemistry calculations and MD simulations are in agreement. Which
proved that protonated Acemannan exhibiting better corrosion inhibi-
tion performance than neutral Acemannan.

These findings support the utilization of natural products as envi-
ronmentally friendly corrosion inhibitors. Furthermore, they appear
promising and practical for the application of our AVM inhibitor in the
preservation of bronze archaeological artifacts showcased in museums.
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