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Abstract: Ascorbic acid is widely used as an immunity-enhancing and antioxidant supplement for
treating influenza and other virus-based illnesses. The lactone ring and the oxygenated groups make
this system and derived structures attractive as possible environmentally friendly green corrosion
inhibitors. Thus, we investigate the corrosion inhibition influence of ascorbic acid, ascorbate, and
dehydroascorbic acid on the a-Fe(110) surface using density functional theory calculations. The
adsorption, density of states, and charge transfer results indicate that dehydroascorbic acid is this
series’s most potent corrosion inhibitor. The projected density of states near the Fermi energy
reveals notable hybridization between the iron surface and dehydroascorbic acid adsorbed on it. The
calculated structural, electronic, and energetic properties obtained in this work pave the way for
understanding the corrosion inhibitory performance of the investigated systems.

Keywords: iron; green corrosion inhibitors; ascorbic acid; density functional theory calculations; tight
binding formalism; charge density difference analysis

1. Introduction

The antioxidant water-soluble vitamin L-ascorbic acid (AA) (Figure 1a) is naturally
present in citrus and other fruits and thought to provide therapeutic advantages for people
suffering from severe disorders [1]. AA has a dual role in the human body by absorbing iron
and preventing dietary iron deficiency (anemia) [2,3]. AA is synthesized and accumulated
in trees to protect against biotic and abiotic stress factors [4]. Consumption of ascorbic
acid helps prevent various types of cancer due to its antioxidant activity, as it inhibits free
radicals from causing damage to the human body [5].

The ascorbate anion (ASA) is identified as the deprotonated form of ascorbic acid
(Figure 1). The antioxidant system of ascorbic acid, also known as ascorbate anion (ASA),
is of significant importance [6]. The literature reveals that ascorbate, found at neutral pH,
exhibits a more potent antioxidant action than that observed by the AA [7]. Ascorbic acid
undergoes oxidation to yield another molecular form, dehydroascorbic acid (DHA). Both
AA and ASA are recognized as electron donors, a property integral to their antioxidant
process [8]. However, the electronic properties of DHA remain unexplored in the literature,

though its potential as a neuroprotective drug in stroke treatment has been investigated [9].
n addition to all these properties, it is essential to highlight the use of AA in several

studies as a corrosion inhibitor of metal systems [10]. Corrosion inhibition activity is
associated with the adsorption of an inhibitor system and isolation of the metal surface
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from the corrosive agent [11-13]. The adsorption of the green inhibitor molecules onto
the metallic surface to be protected is strengthened by polar functional groups in the
inhibitor [14,15]. Adsorption is a surface phenomenon that enhances corrosion protection
by electrostatic interactions and charge transfer [16,17]. Li and colleagues have investigated
the corrosion inhibition ability of AA on Q235 mild steel in acidic environments [18].
They observed that the corrosion inhibition was directly linked to the AA concentration.
Ferreira et al. [19] have also investigated the corrosion inhibition of AA on mild steel using
electrochemical and weight loss experimental techniques. They have found that DHA is an
excellent mild steel corrosion inhibitor [19].

£

Figure 1. Molecular structures of (a) ascorbic acid, (b) ascorbate anion, and (c) dehydroascorbic acid.
Carbon cyan; oxygen red; and hydrogen white.

Corrosion is a major industrial problem, as it continues to degrade infrastructure,
causing huge annual financial losses, among other problems [20-23]. In one case study,
inorganic inhibitors have been used over the years to avoid corrosion, although they are
environmentally dangerous [24,25]. As a result, academia and industry professionals
have focused on producing non-toxic, inexpensive, renewable, and efficient corrosion
inhibitors [25-27]. The discovery of novel organic corrosion inhibitors, known as green
corrosion inhibitors, has lately been recognized as critical, and have been explored over
the years [10,28]. Green corrosion inhibitors typically contain polar functional groups
and extended conjugated moieties that act as electron donors and adsorb chemically onto
the metal surface [29]. When plant extracts are introduced to many industrial systems,
they are thought to be rich in natural organic systems that reduce the corrosion rate
through the adsorption of effective species on metal surfaces [17]. Compounds naturally
present in plants, such as AA, are desirable as green eco-friendly inhibitors [30]. In this
way, the conservation of the flora of the world'’s forests, notably the Amazon and boreal
forests, is necessary so that new natural products can be identified and used for industrial
applications. Besides improving the quality of life of the mostly indigenous peoples living
in the forest, conservation adds value to the forest’s natural products.

The self-consistent-charge density-functional tight-binding method (SCC-DFTB) method
has been employed in several computational modeling investigations of eco-friendly pro-
tectors on metal surfaces [31-33]. Unlike isolated calculations or molecular dynamics, the
SCC-DFTB enables the description of the molecule-surface interaction, taking into account
bond formation, bond breakage, and charge transfer with accuracy close to that of Density
Functional Theory (DFT) and a low computational cost. The adsorption and corrosion
inhibition behavior of Schiff bases on iron was studied by Murmu et al. using DFTB. The
preferred adsorption configuration of these inhibitors identified using DFTB is found to
corroborate molecular simulations and experimental measurements [31]. Farhadian et
al. explored the performance of a castor oil-based corrosion inhibitor for mild steel using
both SCC-DFTB and DFT and experimental methods [32]. Recently, Santos et al. have
employed SCC-DFTB to study the interactions of the biomolecules thymol and carvacrol
with a-Fe(110) [33].

Spinelli and coworkers [19] investigated the corrosion inhibition activity of AA and its
oxidation products in pH = 2-6 solutions using electrochemical, microscopic, and weight
loss techniques. Their study classified AA as a mixed-type inhibitor that acted simulta-
neously on anodic and cathodic reactions [19]. Considering that the enediol structure
of ascorbic acid is conjugated to the carbonyl group on the lactone ring, this made the
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resultant extended planar conjugated moiety containing two polar groups an effective
adsorbate and theoretically a corrosion inhibitor system. In this work, we investigate
computationally the behavior of AA as a corrosion inhibitor using the surface a-Fe(110)
by applying the SCC-DFTB method. The ASA and DHA are included in the study for
comparison concerning the adsorption capacity of AA on the iron surface.

2. Computational Methods

The SCC-DFTB method [34], augmented by Grimme’s third-order dispersion correc-
tion term [35], is applied in all calculations. For all potential pair interactions, the Trans3d
Slater—Koster library is employed [36]. The calculations start by relaxing isolated systems,
the investigated molecular structure, and the a-Fe-(110) surface. The Brillouin zone is
sampled using the I'-point only and a 4 x 4 x 1 mesh of k-points for the molecules and
investigated surface, respectively. A slab of four monolayers is used to construct the (7 x 7)
«-Fe(110) surface in a vacuum region with a thickness of 10.0 A. The a-Fe(110) surface is
selected as it is the most stable surface of iron commonly present under practical condi-
tions [37]. During the adsorption process simulation, the slab’s top two layers are relaxed,
and the remaining layers are fixed.

After relaxing the molecular and crystalline structures in isolation, four adsorption
configurations of each molecule are fully optimized on the a-Fe(110) adsorbent surface.
Calculating the adsorption energy yields the most stable configurations. Also, the charge
density difference and density of states are obtained and analyzed in this work. The SCC-
DFTB calculations are performed using the DFTB+ package release 24.1 [38]. The Mulliken
charge analysis method is employed to estimate the charge transfer (AQ(e)) occurring to or
from the a-Fe(110) surface.

The adsorption energy E,;; is obtained as follows:

Engs = Ecomplex - Esurf — Eol (1)

where Ecopplex, Esurf, and Eyyo) describe the energy of the complex system, a-Fe(001) surface,
and inhibitor molecule at the adsorption configuration, respectively.

The charge density difference (CDD, denoted as Ap) is calculated using the follow-
ing equation:

Ap = Peomplex — Psurf = Pmol 2)

where pcompiexs Psurf, and Py stand for the charge density of the complex system, a-
Fe(001) surface, and inhibitor at the adsorption configuration. The optimized structures are
visualized using the three-dimensional visualization programs VESTA [39] and VMD [40].

3. Results and Discussions

To gain a comprehensive understanding of the anticorrosive properties of each green
inhibitor under investigation, we start our analysis by calculating the electronic HOMO-
LUMO gap and the precise positions of their frontier orbitals [41]. The HOMO energies of
the AA, ASA, and DHA inhibitors are determined to be —5.45 eV, —1.81 eV, and —5.75 eV,
respectively. The respective LUMO energies are —1.81, 0.16 eV, and —4.23 eV. Based on the
frontier orbital energies, the HOMO-LUMO gap of these inhibitors is calculated as 3.64 eV,
1.97 eV, and 1.52 eV, respectively. According to the data obtained from this work, one can
infer some points. The HOMO energy value of the ASA system is higher than the Fermi
level of the surface investigated (—3.52 eV). Considering the DHA inhibitor, the LUMO is
below the Fermi level of the investigated surface. In the case of the AA inhibitor, its HOMO
and LUMO frontier orbitals are below and slightly above the Fermi level of the a-Fe(110)
surface, respectively.

Considering the frontier orbital energy levels relative to the Fermi level of the studied
surface in the context of the existing literature, it can be postulated that charge flows from
the ASA to the surface, with the opposite process occurring for the DHA and AA corrosion
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inhibitory systems [41]. Another point to be discussed is the energy gap between HOMO
and LUMO energies. This parameter, as described in the literature, is of significant impor-
tance in understanding the reactivity of the green corrosion inhibitors on the investigated
metal surface [41]. The smaller the HOMO-LUMO gap, the more reactive the inhibitor
will be, and thus, the more significant the inhibition against corrosion. This understanding
enlightens about the role of the HOMO-LUMO energy gap in the context of corrosion
inhibition, and one appreciates its importance in this work [41]. The results obtained
with molecular systems through the HOMO-LUMO gap indicate the following inhibition
efficiency order: DHA > ASA > AA. This result correspond with the findings described in
the literature by Ferreira et al. [19]. The next step of the investigation focuses on producing
detailed data to analyze how corrosion inhibitors interact with the investigated metal
surface. It will help to understand the complex dynamics involved in the process and
assess the effectiveness of the studied inhibitors against corrosion.

The iron lattice parameter, with a relaxed value of 2.90 A, forms the basis of our study
as we use it to create the a-Fe(110) surface [33]. This value aligns with the one found in
existing literature [42], reinforcing its validity. We start the interaction process after relaxing
the molecular and crystalline structures in isolation. Four different initial adsorption
configurations of the molecules relative to the iron surface—parallel via the furan ring
(Figure Sla), and parallel via the dihydroxyethyl moiety (Figure Slc), perpendicular via
the 3-hydroxyfuran group (or O-group in ASA or carbonyl in DHA) (Figure S1b), and
perpendicular via the 2-hydroxyethyl group (Figure S1d)—are generated as starting points
to model the interaction between adsorbent and adsorbate.

The fully optimized adsorbent-adsorbate structures formed by AA, ASA, and DHA
and the a-Fe(110) surface are shown in Figures 2—4, respectively. According to these figures,
one can note that the molecules prefer to lay their rings parallel or almost parallel, deposited
by a small angle on the surface of the adsorbent. This preferred adsorption configuration
enlarges the contact area with the metallic surface [43].

d) N

Figure 2. Relaxed adsorption geometries of AA on a-Fe(110) surface shown along the c axis (top
panel) and a axis (bottom panel). Color code: C cyan, H white, O red, Fe gray. Configurations
(a—d) show the four computed ones with the highest level of energetic stability.

a) r..% b) ﬁ c) s d) &

Figure 3. Relaxed adsorption geometries of ASA on a-Fe(110) surface shown along the ¢ axis (top

panel) and a axis (bottom panel). Color code: C cyan, H white, O red, Fe gray. Configurations
(a—d) show the four computed ones with the highest level of energetic stability.
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Figure 4. Relaxed adsorption geometries of DHA on a-Fe(110) surface shown along the ¢ axis (top

panel) and a axis (bottom panel). Color code: C cyan, H white, O red, Fe gray. Configurations
(a—d) show the four computed ones with the highest level of energetic stability.

In all 12 systems, the molecule-surface interactions are energetically favored over
the isolated molecule and surface (Table 1). The greater the absolute value of adsorption
energy, the stronger the contact between the inhibitor molecule and the investigated metal
surface [44,45]. The adsorption energies show that DHA interacts more substantially with
the a-Fe(110) surface and is a better corrosion inhibitor than ASA and AA, in agreement
with the experimental findings of Spinelli and coworkers [19]. It could be attributed to the
more extended conjugation and planarity of DHA relative to ASA and AA. Our adsorption
energy results compare favorably to SCC-DFTB data calculated for the sunflower oil-based
corrosion inhibitors (E 445 = 17.28 eV) [46] and the castor oil-based corrosion inhibitors of
13.85 eV [32].

Table 1. Adsorption energy E 44,, minimum distances h, and charge transfer AQ from molecule to
«-Fe(110) surface at adsorption configurations (a—d) in Figures 2—4, S1 and S2. Positive AQ values
correspond to the donation of charge by the molecule.

Molecule@Fe(110) Eags (eV) h (A) AQ (e)
a) AA —10.20 2.00 —047
b) AA —6.47 2.23 0.20
o) AA —5.25 2.28 0.30
d) AA -3.25 2.28 0.20
a) ASA —9.00 1.96 0.82

b) ASA —7.63 1.92 0.77
c) ASA —12.25 2.00 0.77
d) ASA —12.80 1.87 0.92
a) DHA —11.66 1.95 —0.40
b) DHA —11.88 1.88 —0.34
c) DHA —15.99 1.90 —0.46
d) DHA —12.80 1.86 —033

The parallel adsorption configurations of AA and DHA are the most favorable (Table 1).
The most favorable configuration for ASA is perpendicular via the 2-hydroxyethyl group,
followed closely (0.55 eV) by the parallel via dihydroxyethyl. It has been reported else-
where that systems in which the rings are parallel to the a-Fe(110) give superior energy
stabilization to those in which the molecules stay perpendicular to the surface [41,43,47-50].
Furthermore, it can be noted in Table 1 that the minimum interaction distances of the
energetically most stable systems are shorter than the sum of the covalent radii pairs of
Fe and C or Fe and O [51]. This result informs that the lactone ring is chemisorbed on the
studied metallic surface [51]. It is known that the shorter the minimum distance formed
between the molecular inhibitor and the investigated surface, the greater the adsorbent’s
adsorption activity [44].

It is essential to discuss the behavior of the three adsorbed molecules for the charge
transfer, as considerable amounts of charge transfer are observed in all cases (Table 1). The
ASA acts as a charge donor for Fe(110), while AA and DHA act as charge acceptors. In
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less energetically stable adsorption configurations, such as (b—d) AA’s charge-donating
behavior, can also be noted. Since these less favorable AA adsorption configurations also
involve considerable adsorption energy, it is believed that there is competition among
the different configurations, and thus, AA can also act as a charge donor. The complex
inhibition character of AA has been noted based on experimental studies [19].

The charge transfer can be observed using the charge density difference (CDD) to
illustrate the charge transfer process from one system to another. Figure S2 shows the
charge redistribution for the three investigated systems in their most stable adsorption
states, i.e., (a) for AA, (b) for ASA, and (c) for DHA, as per Table 1. The yellow isosurface
shows the electron accumulation, and the cyan isosurface shows the electron depletion
areas. According to Figure 52, one can note charge transfer from the investigated surface
towards AA and DHA molecules and the opposite process occurring for the ASA molecule
system. It is worth mentioning that intense polarization of the studied surface is observed
only with AA. One observes little polarization in the remaining two cases.

Calculating the projected density of states curves (PDOS) provides fundamental in-
formation on electronic properties involved in bonding interactions and charge transfer
properties [51]. These results are shown in Figure 5a—c for the most stable adsorption con-
figurations of AA, ASA, and DHA, respectively. A deeper look at these figures reveals that
molecule-surface adsorption results in a substantial charge transfer and binding between
the adsorbent and adsorbate because of unstructured density peaks near the Fermi energy,
indicating hybridization between the systems involved [51]. The peak comes from the
2p orbitals of the investigated molecular carbon atoms. The similar behavior observed
in the density of states for all systems is predicted because all molecules adsorb through
analogous interaction forces on the studied surface.
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Figure 5. Electronic projected density of states for (a) AA, (b) ASA, and (c) DHA adsorbed on
«-Fe(110) surface in their most stable adsorption configurations, according to Table 1. The vertical
dashed line denotes the Fermi energy.

4. Conclusions

A comprehensive theoretical study was conducted on the adsorption behavior of
AA and derivative molecules used as corrosion inhibitors on the a-Fe(110) surface. All
the calculations were performed using the SCC-DFTB method. The study calculated the
formed complexes’ structural, energetic, and electronic properties. The results obtained in
this work show that the adsorption strength of the investigated molecules is in the order of
DHA > ASA > AA. Interaction distances, charge transfer, and density of states cou-
pled with energetic properties make DHA the primary corrosion inhibitor among the
investigated systems. In addition to corroborating the available experimental results, the
computational investigations once again show an extensive capability to generate signifi-
cant mechanistic insights into the interaction between metal surfaces and environmentally
friendly green corrosion inhibitors.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cmd5040029/s1, Figure S1: Initial AA adsorbed structures with
perpendicular (figs. (b) and (d)) and parallel (figs. (a) and (c)) arrangements on a (110) x-Fe(110)
surface. The same configurations are used for systems containing ASA and DHA as adsorbates.
Figure S2: Charge density difference maps of (a) AA, (b) ASA, and (c) DHA on -Fe(110) surface in
their most stable adsorption configurations.
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