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Abstract- This study presents an integrated experimental and theoretical investigation into the 

corrosion inhibition of carbon steel in 1.0 M HCl using Piper nigrum seed extract and its 

poly(lactic-co-glycolic acid) or PLGA-based nanoformulation. Electrochemical analyses 

revealed that the nanoencapsulated system markedly suppressed anodic dissolution and 

cathodic hydrogen evolution, achieving inhibition efficiencies above 90% across a wide 

concentration range. Surface characterization via SEM, TEM, EDS, and FTIR confirmed the 

formation of a compact, adherent protective layer, with distinct shifts in C=O, C–O, and 

aromatic vibrational bands evidencing chemisorption of phytochemicals and polymer-assisted 

encapsulation. Complementary density functional theory (DFT) calculations and molecular 

dynamics (MD) simulations demonstrated strong electron donation, favorable adsorption 

geometry, and stable inhibitor–metal interactions with adsorption energies exceeding −170 

kJ/mol. The combined findings establish a robust mechanistic basis for the inhibitor’s 

performance, highlighting the synergistic benefits of phytochemical constituents and 

nanocarrier encapsulation. The results not only underscore the promise of Piper nigrum as an 

eco-friendly corrosion inhibitor but also demonstrate how nanoengineering strategies can 

advance green chemistry approaches to industrial corrosion mitigation. 
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1. INTRODUCTION  
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2. EXPERIMENTAL SECTION 

2.1. Preparation and Nanoformulation of Piper nigrum Inhibitors 
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To assess the corrosion inhibition performance of Piper nigrum extract and its 

nanoformulation on N-80 carbon steel, surface morphology and composition were analyzed 

before and after immersion in 1.0 M HCl, both in the presence and absence of inhibitors. Prior 

to treatment, steel specimens were polished sequentially with silicon carbide papers (400–1200 

grit), degreased with ethanol, rinsed with distilled water, and dried under ambient conditions. 

For inhibitor application and electrochemical testing, the specimens were immersed in 50 mL 

of inhibitor solutions at predetermined concentrations (10, 20, 30, 40, and 50 ppm for the 

nanoformulated extract) for 24 h at 25, 35, and 45 °C under static conditions. Following the 

immersion period and completion of electrochemical measurements, the samples were gently 

rinsed with distilled water, dried, and immediately subjected to surface characterization. 

Control specimens were immersed in 1.0 M HCl without inhibitors for comparison. 

Surface features and microstructure were examined using scanning electron microscopy 

(SEM, JEOL JSM-7610F) to identify corrosion-induced defects, pits, and roughness. 

Transmission electron microscopy (TEM, Tecnai G2 F20) was employed to evaluate 
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nanocapsule distribution and adhesion on the specimens. Energy-dispersive X-ray 

spectroscopy (EDS) coupled with SEM provided elemental composition and mapping, 

confirming the presence of adsorbed phytochemicals. Fourier-transform infrared spectroscopy 

(FTIR, Bruker Tensor 27) was used to identify characteristic functional groups and assess 

potential interactions between the inhibitors and the steel surface. 

All analyses were conducted in triplicate to ensure reproducibility and enable statistical 

comparison of inhibition efficiency. This integrated approach, combining controlled inhibitor 

application with advanced surface-sensitive techniques, allows a detailed correlation between 

the physicochemical properties of the inhibitors and their effectiveness in mitigating corrosion 

under acidic conditions. 

 

3) 
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𝑪ⅆ𝑰 =
𝟏

𝛚𝑹𝐜𝐭
                                                           (4) 

where ω is the angular frequency which equals 2πfmax. Here, the fmax is the frequency in Hz. 

𝑰𝑬%( 𝐄𝐈𝐒) =
𝑹𝐂𝐭( 𝐢𝐧𝐡 )−𝑹𝐂𝐭( 𝐮𝐧𝐢𝐧𝐡 )

𝑹𝐂𝐭( 𝐢𝐧𝐡 )
. 𝟏𝟎𝟎%                   (5) 

uninhibited 

solution, respectively. The RCt represents the charge transfer resistance with diffusion layer 

resistance which was calculated as described in Equation 6 [26]. 

𝑹𝑪𝒕 
′ = 𝑹𝑪𝒕 − 𝑹𝑺                                                   (6) 

2.4.  
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3. RESULTS AND DISCUSSION 
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∆Egap=ELUMO–EHOMO                       (7) 

𝒙 =
𝑬𝑳𝑼𝑴𝑶+𝑬𝑯𝑶𝑴𝟎

𝟐
                        (8) 

      Ionization energy IE and electron affinity EA were calculated by Equations 9 and 10, 

respectively. 

IE= −EHOMO                                               (9) 

EA= −ELUMO                               (10) 

      The softness (s) and hardness (η) were calculated by Equations 11 and 12, respectively. 

𝒔 =
𝟏

𝜼
                                            (11) 

𝜼 =
𝑰𝑬−𝑨𝑬

𝟐
                                     (12) 

      Chemical potential represents the first derivative of energy and was calculated through 

Equation 13. 

𝝆 = −𝒙                                       (13) 

      The number of transferred electrons was calculated through Equation 14:  

𝜟𝑵 =
(𝒙𝑭𝒆−𝒙𝒊𝒏𝒉)

𝟐( 𝛈𝑭𝒆−  𝛈 𝒊𝒏𝒉)
                       (14) 

electronegativity of inhibitor molecules, while ηFe denotes the absolute hardness of iron and 

ηinh denotes the absolute hardness of inhibitor molecules. 

      In this regard, the χFe equals 7 eV, and ηFe equals 0 eV, and depending on these facts, the 

∆N can be calculated through Equation 15: 

𝜟𝑵 =
𝟕−𝝌𝒊𝒏𝒉

𝟐( 𝛈𝐢𝐧𝐡)
                                (15) 

As for the ∆EBack-donation, it was calculated through the relation with global hardness, as shown 

in Equation 16: 

𝜟𝑬𝑩𝒂𝒄𝒌−ⅆ𝒐𝒏𝒂𝒕𝒊𝒐𝒏 =
−𝜼

𝟒
                    (16) 

The frontier molecular orbitals, namely the Highest Occupied Molecular Orbital (HOMO) 

and the Lowest Unoccupied Molecular Orbital (LUMO), are key descriptors of the electronic 

structure and play a crucial role in assessing the inhibition potential of organic compounds 

(Figure 9). To gain insight into the inhibition mechanism, quantum chemical calculations based 

on density functional theory (DFT) were performed. Several global reactivity descriptors, 

including the energy gap (∆Egap), hardness (η), softness (S), ionization energy (IE), electron 

affinity (EA), chemical potential (μ), electronegativity (χ), number of transferred electrons 

(ΔN), and back-donation energy (ΔEback-donation), were determined (Table 5) [39-45]. 
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Table 5. Electronic characteristics of the inhibitor 

Values Quantum chemical parameter 

-4.62 HOMO 

-6.17 LUMO 

1.55 Energy gap (∆Egap) 

-0.19 ∆E Back-donation 

1.03 Number of transferred electrons ∆N 

5.40 Electronegativity (ꭓ) 

1.28 Softness (s) 

0.77 Hardness (η) 

6.17 Ionization energy (IE) 

4.62 Electron affinity (EA) 

-5.40 Chemical potential (ρ) 

 

The ability of an inhibitor molecule to act as an electron donor is determined by a 

combination of frontier orbital energies and derived conceptual DFT descriptors. In corrosion 

inhibition theory, a higher (less negative) HOMO energy reflects the molecule’s tendency to 

donate electrons to the vacant d-orbitals of the metal surface, while a lower LUMO energy 

reflects the ability to accept electrons from the metal surface. The HOMO–LUMO energy gap 

(ΔE) serves as an indicator of molecular reactivity and charge-transfer facility. The effective 

electron donors typically exhibit a relatively high HOMO energy, a small ΔE, low global 

hardness, high softness, and a positive electron transfer number (ΔN). Importantly, a small ΔE 

facilitates charge transfer and enhances molecular reactivity. Previous density functional 

theory (DFT) studies on organic corrosion inhibitors have shown that ΔE values below ~2 eV 

are generally associated with strong donor–acceptor interactions and effective adsorption on 

steel surfaces. In our case, the calculated ΔE ≈ 1.55 eV confirms that the molecule possesses 

sufficient softness and reactivity to donate electrons to the Fe(110) surface, which is consistent 

with the experimentally observed increase in charge transfer resistance and reduction in 

corrosion current density. In the present study, the inhibitor shows a HOMO energy of −4.62 

eV, a small energy gap (ΔE ≈ 1.55 eV), low hardness (η ≈ 0.77 eV), high softness (σ ≈ 1.28 

eV⁻¹), and a positive ΔN value, all of which collectively confirm its strong electron-donating 

capability. This interpretation is fully consistent with established conceptual DFT and 

corrosion inhibition literature, where electron donation is assessed through these combined 

descriptors, and the inhibitor is capable of electron donation based on the established criterion 

of a small HOMO–LUMO gap and favorable HOMO positioning relative to the metal orbitals. 

[46-49]. 
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F Molecular structures Chemicals 

 

HOMO LOMO 

Figure 9. HOMO and LUMO orbitals of the F surfactant 

 

In conceptual density functional theory (DFT), global hardness (η) and softness (σ) are 

reciprocal descriptors defined as η = (ELUMO – EHOMO)/2 and σ = 1/η. A molecule is considered 

soft when it exhibits a relatively small hardness value (typically < 2 eV) and correspondingly 

high softness (> 0.5 eV⁻¹), which indicates high polarizability and ease of charge transfer. This 

criterion has been widely applied in corrosion inhibition studies, where soft molecules with 

low η and high σ values are more reactive and readily donate electrons to the vacant d‑orbitals 

of Fe, thereby forming stable chemisorptive bonds. In our system, the calculated η ≈ 0.77 eV 

and σ ≈ 1.28 eV⁻¹ fall well within the accepted range for soft inhibitors, confirming the strong 

donor character of the molecule. This interpretation is consistent with previous reports that 

classify inhibitors with η < 2 eV and σ > 0.5 eV⁻¹ as soft and highly effective electron donors. 

Hence, the calculated hardness (0.7755 eV) and softness (1.2894 eV) further imply that the 

molecule is relatively soft, favoring electron donation and thereby improving its inhibitive 

behavior [46,47]. 

In addition, the ionization energy values were found to be higher than the electron affinity 

values, but the relatively low magnitude of ionization energy supports facile electron release. 

The ΔEback-donation value of −0.1938 eV for molecule F reflects its ability to establish donor–

acceptor interactions with the iron surface, reinforcing its adsorption tendency. Overall, the 

DFT results presented in Table 5 demonstrate that the inhibitor exhibits strong inhibition 

efficiency, in good agreement with the experimental findings [50–54]. 

 

Electrostatic potential mapping provides valuable insights into the distribution of electron 

density over atoms within a molecule. In simple terms, it distinguishes neutral, electron-rich 
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(negative), and electron-deficient (positive) regions. Electrophilic species are more likely to 

interact with negatively charged areas, while nucleophilic species are inclined to attack 

positively charged sites. Thus, the electrostatic potential highlights how molecular structure 

governs inhibition efficiency. As depicted in Figure 10, variations in electrostatic potential are 

illustrated by distinct color gradients, corresponding to positive, negative, and neutral regions 

on the molecular surface. Based on the electrostatic potential values and fitted point charges, 

the studied inhibitor molecule displayed negative potential around oxygen atoms (−0.00056 e, 

−0.00065 e, and −0.00116 e) as well as on most carbon atoms, indicating their role as 

nucleophilic centers through adsorption on the N80 steel surface. Conversely, three carbon 

atoms exhibited positive potential values, suggesting localized electrophilic centers. A 

complete summary of these results is provided in Table 6 [55-58]. 
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3.9. Molecular dynamics simulation results and analysis 

To complement the static quantum chemical analysis and provide time-dependent insight 

into the inhibitor–metal interaction, molecular dynamics (MD) simulation was employed as a 

validation tool. MD simulations are widely used in corrosion science to elucidate adsorption 

stability, molecular orientation, surface coverage, and energetic evolution at the inhibitor–

metal interface under realistic thermodynamic conditions, extending beyond static DFT 

predictions, thereby complementing static DFT calculations [59,60].  

MD simulations provided time‑dependent validation of the inhibitor–metal interactions, 

complementing static DFT calculations. The production trajectories revealed that both piperine 

and PLGA‑encapsulated systems maintained stable adsorption configurations throughout the 

500 ps run. The average adsorption distance between heteroatom active sites (O, N) and Fe 

surface atoms remained within 2.1–2.4 Å, consistent with chemisorptive binding. Calculated 

adsorption energies fluctuated narrowly around −172 ± 15 kJ·mol⁻¹, confirming a spontaneous 

and thermodynamically favorable adsorption process. Importantly, no desorption events were 

observed, indicating strong interfacial stability (Figure S5). 

The inhibitor adopted a nearly planar orientation on the metal surface, maximizing surface 

coverage and facilitating displacement of interfacial water molecules. Root mean square 

deviation (RMSD) analysis revealed minimal conformational fluctuation after equilibration, 

while radial distribution function (RDF) profiles analysis exhibited pronounced peaks at ~2.2 

Å, confirming strong local interactions between heteroatoms (O, N) and Fe surface atoms. 

Mean square displacement (MSD) analysis demonstrated restricted molecular mobility parallel 

to the surface and negligible perpendicular displacement, further supporting persistent 

adsorption consistent with chemisorptive behavior (Figure S1-4). 

The dynamic adsorption stability observed in the MD simulation correlates well with the 

DFT-derived electronic descriptors, including the small HOMO–LUMO energy gap (∆E ≈ 1.55 

eV), low global hardness (η ≈ 0.77 eV), high softness (σ ≈ 1.28 eV⁻¹), and positive electron 

transfer number (ΔN ≈ 1.03). Moreover, the formation of a persistent inhibitor layer supports 

the experimentally observed increase in charge-transfer resistance and reduction in corrosion 

current density. This adsorption geometry and dynamic stability further corroborate the soft 

molecular character of the inhibitor, as predicted by conceptual DFT and Pearson’s HSAB 

theory. The absence of desorption events during the simulation confirms the persistence of the 

protective layer, which aligns with the experimentally observed increase in charge-transfer 

resistance and reduced corrosion current density [59,60]. 

Overall, the fully parameterized MD simulation confirms that the inhibitor forms a stable, 

energetically favorable, and dynamically persistent protective film on the metal surface. The 

strong agreement between MD-derived parameters, DFT calculations, and electrochemical 

experimental results highlights the robustness and internal consistency of the proposed 

corrosion inhibition mechanism. 
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4. CONCLUSION 

In conclusion, the comprehensive experimental and theoretical investigations 

unequivocally confirmed the remarkable efficiency of Piper nigrum extract, particularly in its 

PLGA-encapsulated form, as a sustainable corrosion inhibitor for carbon steel in 1.0 M HCl. 

Electrochemical analyses revealed that at 50 ppm, the inhibition efficiency exceeded 92.5% at 

25 °C, 91% at 35 °C, and 88.7% at 45°C, while corrosion current density values decreased 

drastically from 3.60×10⁻⁴ A/cm² (blank) to 2.69×10⁻⁵ A/cm² at optimal concentration, 

corresponding to a reduction in corrosion rate from 4.227 mm/y to 0.0096 mm/y. 

Complementary EIS results further validated these findings, showing a progressive increase in 

charge transfer resistance from 16.98 Ω·cm² (uninhibited) to 121.0 Ω·cm² at 50 ppm, alongside 

a concomitant decline in double-layer capacitance, confirming compact film formation. 

Surface characterizations (SEM, TEM, EDS, FTIR) demonstrated the uniform adsorption of 

phytochemicals and enhanced film compactness in the nanoencapsulated system, while 

theoretical DFT/MD simulations highlighted favorable adsorption energetics with adsorption 

energies −172 ± 15 kJ·mol⁻¹ and a narrow HOMO–LUMO gap (1.55 eV), indicative of strong 

donor–acceptor interactions. Collectively, the findings substantiate that nanoencapsulation not 

only enhances adsorption stability and surface coverage but also imparts thermal robustness, 

rendering Piper nigrum-based nanoinhibitors a viable, eco-friendly alternative for corrosion 

mitigation in aggressive acidic environments. 
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