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Abstract: This study presents a computational investigation of bioactive 
compounds derived from Sclerocarya birrea leaf extract as potential green 
corrosion inhibitors for aluminum. Four major constituents, namely 
Ethanol,2-(octadecyloxy) (T1), Hexadecanoic acid ethyl ester (T2), 
Octadecanoic acid ethyl ester (T3), and Octadecanoid acid (T4), were 
evaluated using Density Functional Theory (DFT) and Monte Carlo 
simulations. Electronic descriptors, including EHOMO, ELUMO, energy 
gap (ΔE), electronegativity, hardness, and electron transfer fraction (ΔN), 
were analyzed to determine inhibition performance. Monte Carlo simulations 
further revealed strong adsorption interactions between the inhibitor 
molecules and the aluminum surface. Among the investigated compounds, T1 
exhibited the highest adsorption energy and the most favorable electronic 
properties, indicating superior corrosion inhibition performance. The 
predicted inhibition efficiency follows the order T1 > T3 > T2 > T4, consistent 
with both quantum chemical and adsorption results. The findings demonstrate 
that Sclerocarya birrea-derived compounds are promising sustainable 
corrosion inhibitors and confirm the effectiveness of integrated computational 
approaches for predicting corrosion inhibition behavior. 

 
Keywords: Aluminium, corrosion inhibitor, Sclerocarya birrea, DFT, Monte 
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Introduction  
 
Aluminum and its alloys are indispensable 
engineering materials widely employed in 
aerospace, marine, transportation, and structural 
industries due to their high strength-to-weight 
ratio, thermal and electrical conductivity, 
recyclability, and fabrication versatility [1], [2]. 
Their intrinsic corrosion resistance arises from 
the spontaneous formation of a compact oxide 
film (Al₂O₃) that acts as a protective barrier 
against environmental attack [3]. However, this 
passive layer exhibits amphoteric characteristics 
and becomes unstable in aggressive acidic or 
alkaline environments, leading to film dissolution 
and accelerated electrochemical degradation [3], 
[4]. Consequently, despite its favorable 
properties, aluminum remains susceptible to 
corrosion under harsh service conditions [4]. 

Corrosion is fundamentally an 
electrochemical process involving anodic metal 
dissolution coupled with cathodic reduction 
reactions in the presence of an electrolyte [5]. 
Beyond material degradation, corrosion 
generates severe economic, safety, and 
environmental consequences, including 
infrastructure failure, process inefficiency, 
contamination risks, and high maintenance costs.  

 
 
Global economic analyses consistently 
demonstrate that corrosion-related losses 
account for a significant percentage of industrial 
GDP, underscoring the urgent need for effective 
mitigation strategies [6]. Among available 
approaches, corrosion inhibitors remain one of 
the most practical and cost-effective solutions 
due to their operational simplicity and 
adaptability to existing industrial systems [5], [7]. 

Traditional inorganic and synthetic 
organic inhibitors often provide high inhibition 
efficiency but are increasingly restricted due to 
toxicity, environmental persistence, and 
regulatory concerns [8]. This limitation has 
stimulated extensive research into sustainable 
and biodegradable alternatives. Plant-derived 
extracts have emerged as promising green 
corrosion inhibitors because they contain diverse 
secondary metabolites rich in heteroatoms (N, O, 
S), aromatic rings, and conjugated systems 
capable of interacting with metal surfaces 
through donor–acceptor mechanisms [9]–[11]. 
Adsorption of such organic molecules onto 
metallic substrates typically reduces active 
surface area and suppresses anodic and/or 
cathodic reactions [10], [11]. 
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Among medicinal plants with rich 
phytochemical composition, Sclerocarya birrea 
(Marula) has attracted attention due to the 
presence of long-chain fatty acid derivatives, 
esters, alcohols, phenolics, and other bioactive 
constituents [12], [13]. Functional groups such as 
hydroxyl, carbonyl, and ether linkages in these 
compounds provide potential adsorption centers 
that may enhance corrosion inhibition 
performance, since adsorption is strongly 
influenced by heteroatoms and π-electron 
systems [14], [15]. Although several experimental 
studies have investigated plant extracts as 
corrosion inhibitors, systematic computational 
evaluation of individual phytochemical 
derivatives from Sclerocarya birrea, particularly 
toward aluminum surfaces, remains limited. 
Moreover, mechanistic insight into structure–
reactivity–adsorption relationships is still 
insufficiently explored [14], [16]. 

 

 

a) Octadecanoic acid                                       
b) octadecanoic acid, ethyl ester 

 

c) Ethanol, 2-(octadecyloxy)                          
d) Hexadecanoic acid, ethyl ester 

Figure 1 (a – d). Chemical structures of the four 
derivatives of Sclerocarya birrea ethanolic leaf 
extract. 

In recent years, computational chemistry 
has become a powerful predictive tool in 
corrosion science. Density Functional Theory 
(DFT) enables quantitative assessment of 
electronic parameters governing inhibitor 
reactivity, such as frontier molecular orbital 
energies (EHOMO and ELUMO), energy gap (ΔE), 

ionization potential, electron affinity, 
electronegativity (χ), global hardness (η), and 
electron transfer fraction (ΔN) [14], [15]. These 
descriptors provide insight into electron-
donating and electron-accepting abilities, which 
directly influence adsorption strength [17]. When 
combined with statistical simulation techniques 
such as Monte Carlo (MC) modeling, it becomes 
possible to investigate adsorption configurations, 
binding energies, and thermodynamic stability at 
the metal–inhibitor interface [18], [19]. The 
integration of quantum chemical calculations and 
surface simulations allows rational screening of 
corrosion inhibitors prior to experimental 
validation, thereby reducing time, cost, and 
material usage [16]. 

Despite growing interest in green 
inhibitors, few studies have applied a multiscale 
simulation framework to evaluate specific 
phytochemical derivatives from Sclerocarya 
birrea extract for aluminum corrosion inhibition. 
A predictive, mechanism-oriented investigation 
that correlates molecular electronic structure 
with adsorption energetics is therefore required. 
Addressing this gap is particularly important for 
advancing simulation-driven inhibitor design and 
enhancing the scientific robustness of plant-
based corrosion research [14], [16]. 

Methodology 
 
Quantum Chemical Calculations 
Quantum chemical calculations were performed 
to elucidate the electronic properties, molecular 
reactivity, and electron transfer capability of four 
major derivatives isolated from the ethanolic leaf 
extract of Sclerocarya birrea: Ethanol,2-
(octadecyloxy) (T1), Hexadecanoic acid ethyl 
ester (T2), Octadecanoic acid ethyl ester (T3), 
and Octadecanoic acid (T4). The optimized 
molecular structures are presented in Figure 1. 

All molecular geometries were fully 
optimized using Density Functional Theory (DFT) 
within the framework of the B3LYP hybrid 
exchange–correlation functional combined with 
the 6-31G(d) basis set [20–22]. This level of 
theory was selected due to its proven reliability 
in predicting molecular electronic structure and 
corrosion-related reactivity descriptors while 
maintaining reasonable computational cost [28], 
[29]. Frequency calculations were subsequently 
performed to confirm that the optimized 
geometries correspond to true minima on the 
potential energy surface, characterized by the 
absence of imaginary frequencies. 

Geometry optimizations were conducted 
in the gas phase to ensure computational 
efficiency and consistency with previous 
corrosion modeling studies, as solvent effects at 
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this level of screening are generally reported to 
exert minimal influence on qualitative electronic 
trends [28], [29]. All quantum chemical 
computations were carried out using the 
Gaussian 09 software package [23]. 

From the optimized structures, key 
global reactivity descriptors were determined to 
assess inhibition potential. Frontier molecular 
orbital energies, namely the highest occupied 
molecular orbital (EHOMO) and lowest 
unoccupied molecular orbital (ELUMO), were 
calculated to evaluate electron-donating and 
electron-accepting tendencies [25], [28]. The 
energy gap (ΔE = ELUMO − EHOMO) was used as 
an indicator of molecular stability and chemical 
reactivity [28], [29]. Additional descriptors 
including ionization potential (I), electron affinity 
(A), electronegativity (χ), global hardness (η), and 
the fraction of electron transfer (ΔN) were 
derived based on Koopmans’ approximation and 
conceptual DFT principles [24], [25]. 

According to Koopmans’ theorem, 
ionization potential and electron affinity can be 
approximated from the negative values of 
EHOMO and ELUMO, respectively [24]: 

 
I = -EHOMO  (1) 
A=-ELUMO        (2) 

 
Electronegativity (χ) and hardness (η) of each 
organic inhibitor can be calculated by Equations 
(3) and (4) based on conceptual DFT formalism 
[25]: 
 

χ  =  ((I+A))/2   (3) 
η  =  ((I-A))/2                    (4) 

 
According to Pearson’s hard and soft acids and 
bases (HSAB) theory [26], [27], the number of 
electrons transferred (ΔN) from each organic 
inhibitor to aluminum metal can be calculated 
using Equation (5): 
 

∆N=  (χAl-χInh)/(2(ηAl + ηInh))        (5) 

 
where χAl and χInh represent the absolute 
electronegativity values of aluminum and the 
organic inhibitor molecules, respectively. 
Similarly, ηAl and ηInh denote the absolute 
hardness values of aluminum and the inhibitor 
species. The theoretical values χAl=3.23 eV and 
ηAl=2.77eV were adopted for aluminum to 
estimate the fraction of electrons transferred 
(ΔN) between the inhibitor molecules and the 
metal surface, following the electronegativity 
equalization principle and conceptual DFT 
framework [25–27]. 
 
 
 

Monte Carlo Simulations  
Monte Carlo (MC) simulations were 

performed to investigate the adsorption behavior 
of the inhibitor molecules on the aluminum 
surface using Materials Studio 7.0. Prior to 
surface interaction analysis, all inhibitor 
structures were geometry-optimized employing 
the COMPASS (Condensed-phase Optimized 
Molecular Potentials for Atomistic Simulation 
Studies) force field to ensure accurate 
conformational stability and reliable 
intermolecular interaction parameters. 

The adsorption system was constructed 
using an Al(111) surface slab model, selected due 
to its thermodynamic stability and relevance in 
corrosion studies. A periodic supercell of 20 × 20 
was generated to minimize boundary effects and 
ensure sufficient surface area for molecular 
interaction. A vacuum layer of 15 Å was 
introduced perpendicular to the surface plane to 
prevent artificial interactions between periodic 
images along the z-direction. 
The simulation cell consisted of one inhibitor 
molecule and 100 water molecules to 
approximate an aqueous environment and 
account for competitive adsorption effects. 
Periodic boundary conditions were applied in the 
x and y directions. The adsorption process was 
explored through stochastic sampling to identify 
energetically favorable configurations, and the 
most stable adsorption geometry was determined 
based on minimum adsorption energy criteria. 

Adsorption energy (E_ads) was 
calculated to quantify the interaction strength 
between inhibitor molecules and the Al(111) 
surface. A more negative adsorption energy 
indicates stronger surface affinity and enhanced 
inhibition potential. The MC simulation results 
provide insight into adsorption orientation, 
surface coverage behavior, and interfacial 
stability, complementing the quantum chemical 
reactivity analysis. 
 

Result and Discussion 
 
Quantum Chemical Analysis 
The optimized geometries and corresponding 
frontier molecular orbital (FMO) distributions 
of T1, T2, T3, and T4 are illustrated in Figure 2. 
Noticeable differences in electron density 
localization are observed among the 
investigated molecules, particularly in the 
spatial distribution of the highest occupied 
molecular orbital (HOMO). Compound T1 
exhibits a more delocalized electron density 
across its molecular framework compared to 
the other derivatives, indicating enhanced 
electron-donating capability. 
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T4    

 
Figure 2. Visualization of the 2D structure, HOMO, LUMO, and ESP orbitals of T1, T2, T3, and T4. 
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Table 1. Quantum chemical parameters of T1, T2, T3, and T4 with B3LYP/6-311(d).  

 

Parameter Inhibitor 

T1 T2 T3 T4 

EHOMO (eV) -6.7114 -7.2241 -7.2216 -7.3509 
E LUMO (eV) 1.7921 0.3965 0.3981 0.2669 
∆Egab (eV) -8.5036 -7.6205 -7.6197 -7.6178 
I (eV) 6.7114 7.2241 7.2216 7.3509 
A (eV) -1.7921 -0.3965 -0.3981 -0.2669 
µ (Debye) 0.5015 1.4571 1.4536 1.4844 
ꭓ (eV) 2.4596 3.4138 3.4117 3.5419 
η (eV) 4.2518 3.8103 3.8099 3.8089 
σ (eV-1) 0.2352 0.2624 0.2625 0.2625 

 
The HOMO distribution is primarily 

associated with regions containing oxygen 
atoms and long hydrocarbon chains, suggesting 
that these sites serve as potential adsorption 
centers for interaction with the aluminum 
surface. A higher EHOMO value generally 
reflects a stronger tendency of the molecule to 
donate electrons to the vacant orbitals of the 
metal, facilitating coordinate bond formation 
and surface adsorption. In this regard, the 
relatively elevated EHOMO of T1 supports its 
superior inhibition potential. 

Furthermore, differences in electron 
density distribution influence molecular 
reactivity and adsorption orientation. 
Molecules with extended π-electron 
delocalization and accessible lone pair electrons 
typically exhibit stronger interaction with 
metallic substrates. The broader electron cloud 
in T1 enhances its ability to participate in 
donor–acceptor interactions, thereby 
reinforcing the predicted inhibition efficiency 
sequence derived from quantum descriptors. 

Overall, the FMO analysis reveals that 
electronic structure characteristics strongly 
govern inhibitor performance, with T1 
demonstrating the most favorable electron 
distribution pattern for adsorption and 
corrosion mitigation.  
 
Global Reactivity Descriptors 
The calculated quantum chemical parameters of 
T1, T2, T3, and T4 obtained at the B3LYP/6-
311(d) level are summarized in Table 1. These 
descriptors provide quantitative insight into 
molecular reactivity, adsorption tendency, and 
predicted corrosion inhibition efficiency. 

The EHOMO values indicate the 
electron-donating capability of the inhibitor 
molecules. Among the studied compounds, T1 
exhibits the highest EHOMO value (–6.7114 
eV), suggesting a stronger tendency to donate 

electrons to the vacant orbitals of the aluminum 
surface. Since adsorption onto metallic 
substrates is often facilitated by donor–acceptor 
interactions, a higher EHOMO generally 
correlates with enhanced inhibition 
performance. In contrast, T4 shows the lowest 
EHOMO (–7.3509 eV), implying comparatively 
weaker electron donation ability. 

The energy gap (|ΔE| = ELUMO − 
EHOMO) serves as an indicator of molecular 
reactivity and chemical softness. T1 presents the 
largest absolute energy separation; however, its 
relatively favorable combination of frontier 
orbital energies enhances its donor interaction 
strength. Smaller energy gaps in T2–T4 suggest 
higher intrinsic reactivity, yet inhibition 
efficiency is not governed solely by ΔE but 
rather by the combined influence of electronic 
and adsorption parameters. 

Ionization potential (I) and electron 
affinity (A) values further confirm that T1 
requires less energy to donate electrons 
compared to the other derivatives. The 
electronegativity (χ) values reveal that T4 
possesses the highest χ (3.5419 eV), indicating 
stronger electron-attracting character, whereas 
T1 shows the lowest χ (2.4596 eV), favoring 
electron donation toward the metal surface. 
Lower electronegativity difference between 
inhibitor and metal typically enhances charge 
transfer interactions. 

Global hardness (η) and softness (σ = 
1/η) provide additional insight into molecular 
polarizability. T1 exhibits the highest hardness 
(4.2518 eV) and correspondingly lower softness 
compared to the other derivatives, whereas T2–
T4 demonstrate slightly higher softness values 
(~0.262 eV⁻¹), indicating marginally greater 
polarizability. Nevertheless, inhibition 
efficiency depends on balanced electronic 
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donation, molecular size, and adsorption 
capability rather than softness alone. 

The dipole moment (µ) values suggest 
differences in molecular polarity. T4 presents 
the highest dipole moment (1.4844 Debye), 
while T1 has the lowest (0.5015 Debye). 
Although higher dipole moments may enhance 
interaction with polar environments, corrosion 
inhibition on metallic surfaces is more strongly 
influenced by frontier orbital characteristics and 
adsorption energetics than by polarity alone. 
Overall, the combined analysis of EHOMO, 
electronegativity, ionization potential, and 
global reactivity parameters predicts the 
inhibition efficiency trend as: T1>T3≈T2>T4T1 
> T3 approx T2 > T4T1>T3≈T2>T4  

This theoretical ranking aligns with the 
adsorption energy trend obtained from Monte 
Carlo simulations, confirming the reliability of 
the integrated quantum–statistical modeling 
approach in predicting corrosion inhibition 
performance. 
 
Monte Carlo Simulation Analysis 
Monte Carlo (MC) simulations were conducted 
to evaluate the competitive adsorption behavior 
of inhibitor molecules and 100 water molecules 
on the Al(111) surface. The Al(111) 
crystallographic plane was selected due to its 
thermodynamic stability and dominant surface 
exposure in face-centered cubic aluminum, 
making it highly relevant for corrosion 
modeling. The simulation system consisted of 
one inhibitor molecule and an explicit aqueous 

environment to approximate realistic interfacial 
conditions. 

Figure 3 illustrates the most stable 
adsorption configurations obtained after energy 
minimization and stochastic sampling. All 
investigated molecules (T1–T4) exhibit 
spontaneous adsorption onto the Al(111) 
surface, indicating thermodynamically 
favorable interaction. The adsorption distance 
between the active functional groups of the 
inhibitors and the metal surface was found to 
be below 3.5 Å in the most stable 
configurations, suggesting chemisorption-
dominated interactions. Such short interaction 
distances indicate strong donor–acceptor 
coordination between electron-rich sites of the 
inhibitor molecules and vacant orbitals of 
surface aluminum atoms. 

The calculated adsorption energies 
(Table 2) further confirm the strong affinity of 
the inhibitors toward the metal substrate. The 
magnitude of adsorption energy for each 
inhibitor–surface system is significantly higher 
(more negative) than that of water molecules 
alone, indicating preferential adsorption of 
organic inhibitors over solvent species. This 
competitive displacement of water molecules 
from the metal surface is a key requirement for 
effective corrosion inhibition. 

Among the investigated derivatives, T1 
exhibits the most negative adsorption energy 
(−3738.108 kcal•mol⁻¹), indicating the strongest 
binding interaction with the Al(111) surface in 
aqueous conditions. The adsorption strength 
follows the order: T1>T3>T2>T4  

 
  

Al(111)/T1/100 H2O Al(111)/T1/100 H2O 
  

Al(111)/T2/100 H2O Al(111)/T2/100 H2O 



33 J. Sci. Eng. Simul., 2026, 1, (1), 27-36 
 

Phenyo Shathani 

 

  

Al(111)/T3/100 H2O Al(111)/T3/100 H2O 

  

Al(111)/T4/100 H2O Al(111)/T4/100 H2O 

Figure 3. Adsorption of T1, T2, T3, and T4 on the surface of Al in the Monte Carlo 
Al(111)/inhibitor/100 H2O system 

 

Table 3. The energy of T1, T2, T3, and T4 adsorption and Al(111)/inhibitor/100 H2O system 
derivatives based on Monte Carlo simulation. 

Inhibitor Adsorption Energy 
(kcal.mol-1) 

Inhibitor 

(kcal.mol-1) 
H2O: dEad/dNi 

(kcal.mol-1) 

T1 -3738.108 -121.182 -28.416 
T2 -3702.752 -102.512 -28.501 

         T3 -3717.256 -114.550 -28.765 
         T4 -3702.308 -111.655 -28.498 

 

a

b 
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c 

d 

Figure 4. (a). Adsorption energy distribution for T1/100 H2O, (b) T2/100 H2O, (c) T3/100 H2O, (d) T4 
/100 H2O 

The larger negative adsorption energy 
of T1 suggests enhanced surface coverage, 
stronger interfacial stabilization, and the 
formation of a protective molecular layer 
capable of blocking active corrosion sites. In 
contrast, T4 shows comparatively weaker 
adsorption, consistent with its less favorable 
electronic descriptors obtained from DFT 
analysis. 

Figure 4 presents the adsorption energy 
distribution profiles, demonstrating clear 
energetic separation between organic inhibitors 
and water molecules. The distinct distribution 
confirms that inhibitor adsorption dominates 
over solvent interaction, resulting in stable 
inhibitor–surface complexes. The strong 
adsorption of T1 is attributed to its favorable 
electronic properties, extended hydrocarbon 
chain, and effective surface orientation, which 
collectively promote stronger van der Waals 
and possible coordination interactions. 

Overall, the MC simulation results 
validate the quantum chemical predictions and 
demonstrate that adsorption strength plays a 
decisive role in determining inhibition 
efficiency. The combined DFT–MC approach 

consistently identifies T1 as the most promising 
corrosion inhibitor for aluminum in aqueous 
environments. 
 

Conclusion  

 
This study presents a comprehensive 
theoretical investigation of selected organic 
derivatives from the ethanolic leaf extract of 
Sclerocarya birrea as potential green corrosion 
inhibitors for aluminum in aqueous 
environments. The inhibition performance of 
four major compounds—ethanol,2-
(octadecyloxy) (T1), octadecanoic acid ethyl 
ester (T3), hexadecanoic acid ethyl ester (T2), 
and octadecanoic acid (T4)—was systematically 
evaluated using Density Functional Theory 
(DFT) at the B3LYP/6-311(d) level, 
complemented by ab initio MP2 analysis and 
Monte Carlo surface simulations. Quantum 
chemical descriptors revealed that molecular 
electronic properties strongly influence 
inhibition behavior, particularly frontier orbital 
energies and charge transfer capability. Monte 
Carlo simulations demonstrated spontaneous 
and energetically favorable adsorption of all 
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derivatives onto the Al(111) surface in the 
presence of water molecules, confirming their 
thermodynamic stability under aqueous 
conditions. The predicted inhibition efficiency 
consistently follows the order: T1 > T3 > T2 > 
T4. Among the investigated molecules, T1 
exhibits the most favorable electronic 
characteristics and the highest adsorption 
energy, indicating superior surface affinity and 
protective layer formation. The integrated DFT–
MP2–Monte Carlo framework employed in this 
work demonstrates the reliability of 
computational modeling in predicting 
corrosion inhibition performance prior to 
experimental validation. These findings 
provide a scientific basis for the rational design 
of sustainable, plant-derived corrosion 
inhibitors and offer valuable guidance for 
future experimental electrochemical studies and 
potential industrial-scale applications involving 
aluminum in aggressive aqueous media. 
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