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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, CïO, 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 inhibitorïmetal interactions with adsorption energies exceeding ī170 

kJ/mol. The combined findings establish a robust mechanistic basis for the inhibitorôs 

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 (400ï1200 

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) 



Anal. Bioanal. Electrochem., Vol. 17, No. 8, 2025, 696-720                                                               701 

╒▀╘ Ö╡ἫἼ
                                                           (4) 

where ɤ is the angular frequency which equals 2ˊfmax. Here, the fmax is the frequency in Hz. 
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uninhibited 

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

resistance which was calculated as described in Equation 6 [26]. 
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2.4.  
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3. RESULTS AND DISCUSSION 
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