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Abstract


This study investigates the corrosion inhibition performance of a sustainable green extract derived from Spent Coffee Silverskin (SCS) using ultrasound-assisted extraction (UAE). High-performance liquid chromatography (HPLC) quantified Caffeine (43.9 mg/g), α-Tocopherol (36.69 mg/g), Chlorogenic acid (6.9 mg/g), and Hyperoside (4.98 mg/g) as the primary bioactive ingredients. Weight loss metrics showed a dramatic drop in corrosion rate from 4.35 mg cm−2 h−1 (blank) to 0.28 mg cm−2 h−1 at the optimum concentration of 300 mg L−1 in a highly aggressive 1.0 M HCl environment, delivering a maximum efficiency of 93.5% at 298 K. Extended immersion tests proved remarkable short-term stability of the protective phytochemical film, maintaining an inhibition efficiency of 92.1% after 48 h of continuous exposure in the aggressive acidic medium. For comparison across techniques, maximum inhibition efficiencies of 95.4% and 96.8% were obtained from potentiodynamic polarization and electrochemical impedance spectroscopy (EIS), respectively. Importantly, these values are strictly method-dependent, reflecting the distinct physical parameters measured by each technique, and do not imply direct equivalence. Potentiodynamic polarization curves revealed mixed-type inhibitor characteristics, suppressing both anodic iron dissolution and cathodic hydrogen evolution. Notably, the corrosion current density (jcorr) dropped from 521.00 to 23.97 uA cm−2, while the shift in the corrosion potential (Ecorr) remained within 50 mV. EIS studies confirmed charge-transfer control, showing a rise in charge transfer resistance (Rct) from 23.3 to 728.0 ohm.cm2 paired with a drop in constant phase element (CPE) values from 642 to 218 uF cm−2, demonstrating the displacement of surface water molecules by a dense, protective organic film. Thermodynamic evaluation indicated a drop in efficiency at elevated temperatures (90.7% at 328 K) alongside an increase in activation energy (Ea) from 9.99 to 20.16 kJ mol−1. Adsorption behaviour strictly obeyed the Freundlich isotherm with the standard Gibbs free energy of adsorption (∆Goads) −17.35 kJ mol−1. Scanning electron microscopy (SEM) visually confirmed a remarkably smooth and uniform protected metal surface, free from the severe pitting and deep cracks seen in the blank. Energy-dispersive X-ray (EDX) spectroscopy mathematically backed this visual barrier, showing a drop in oxygen content from 28.55% to 3.35%, alongside a sharp rise in surface carbon (10.55%) and nitrogen (1.69%) originating from the adsorbed phytochemical network. Density Functional Theory (DFT) modeling supported the inhibition mechanism at the molecular level, confirming Hyperoside and Chlorogenic acid as the driving reactive variants for electron transfer and iron d-orbital coordinate bonding.
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1. Introduction


Corrosion of metallic structures is a significant industrial challenge [1], leading to massive economic losses and safety hazards, particularly in industries involving acid cleaning [2], industrial descaling, and oil well acidification [3]. Carbon steel is widely utilized in these sectors due to its excellent mechanical properties and cost-effectiveness [4]. However, it is highly susceptible to aggressive attack in acidic media, such as1.0 M HCl [5], which promotes rapid metal dissolution and hydrogen evolution [6]. To mitigate this, corrosion inhibitors are commonly employed [7]. While synthetic chemical inhibitors (often containing sulfur, nitrogen, and oxygen) are effective [8], many are toxic, expensive, and non-biodegradable, posing severe risks to the environment and human health [9,10]. Consequently, there is a global shift toward the development of “Green Corrosion Inhibitors” [11,12]. Plant extracts have emerged as a promising alternative because they are renewable, eco-friendly, and contain a rich variety of phytochemicals—such as polyphenols, flavonoids, and alkaloids—that possess lone pairs of electrons and aromatic rings ideal for adsorption onto metal surfaces [13,14].



While the utilization of crude plant extracts as green corrosion inhibitors for steel in 1.0 M HCl is widely documented, the vast majority of existing literature relies on empirical, phenomenological screening of unrefined mixtures. This creates a critical knowledge gap regarding the specific molecular drivers and the long-term structural durability of such films. To address these limitations, this study provides a highly targeted, mechanistically driven evaluation of a sustainable coffee extract (SCS) isolated via ultrasound-assisted extraction (UAE). Moving beyond conventional screening, this work uniquely integrates high-performance liquid chromatography (HPLC) to quantify the primary bioactive constituents. The core novelty o this study lies in the investigation of SCS extract as a high-performance bio-inhibitor. While many natural extracts lose their effectiveness at elevated temperatures, this work demonstrates that the protective film formed by SCS extract remains stable and highly efficient even at 328 K. Utilizing Spent Coffee Silverskin (SCS) as a corrosion inhibitor represents a dual-purpose strategy: it addresses the environmental burden of coffee industry waste while providing a low-cost, high-performance green inhibitor. While coffee grounds have been studied previously, the silverskin is a more concentrated source of thermally stable antioxidants. This study is among the first to demonstrate that SCS constituents can achieve a chemisorption-dominant bond on carbon steel, providing superior protection in aggressive acidic environments.



While previous literature has successfully evaluated coffee as waste-derived inhibitors [15], those systems typically report a multi-component matrix effect dominated by complex melanoidins, frequently limited to simple physical adsorption mechanisms. This study explicitly differentiates itself by targeting Spent Coffee Silverskin (SCS)—a dry roasting by-product rather than a wet brewing residue. By pairing precise HPLC profiling with Density Functional Theory (DFT) modeling, this work provides a definitive molecular-level look at the mechanism.



In this research, the inhibitory effect of SCS extract on carbon steel in 1.0 M HCl is comprehensively evaluated using weight loss analysis, potentiodynamic polarization (Tafel), EIS, and thermodynamic modeling. Additionally, the surface integrity and elemental composition of the protected steel are verified through scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) to elucidate the relationship between the extract’s chemical structure and its anti-corrosive performance.




2. Materials and Methods


2.1. Materials and Medium


The corrosion tests were performed on carbon steel specimens with the following chemical composition (wt.%): 0.18% C, 0.36% Mn, 0.03% P, 0.02% S, and Fe balance. For weight loss measurements, the specimens were cut into dimensions of 3.0 × 3.0 × 0.2 cm. Before each experiment, the metal surfaces were mechanically polished with various grades of emery paper (up to 1200 grade), rinsed with distilled water, degreased with acetone, and dried in air. The corrosive medium,1.0 M HCl, was prepared by diluting analytical-grade 37% HCl with double-distilled water.




2.2. Preparation of SCS Extract


The SCS was dried in a ventilated oven (50 °C for 6 h) until a moisture content of approximately 5% was reached. The dried skin was ground into a fine powder using a laboratory mill and sieved to ensure particle uniformity. Briefly, 1 g of SCS powder was extracted with 50 mL of an ethanol/water mixture (80:20, v/v). Ultrasound-assisted extraction (UAE) was performed in an ultrasonic bath at 60 °C for 30 min at a frequency of 59 kHz. Following extraction, the mixture was centrifuged at 6000 rpm for 10 min (20 °C) to separate the solid residue. The supernatant was filtered through a 0.45 μm PTFE membrane filter and stored at −20 °C in the dark until further analysis.



All subsequent inhibitor working concentrations (e.g., 300 mg L−1) refer strictly to the mass of this dry solid extract dissolved directly into the 1.0 M HCl testing medium.



The primary bioactive compounds in SCS were determined by Shimadzu HPLC model (Kyoto, Japan) (see Table 1). The HPLC system was equipped with a C18 reversed-phase column (250 mm × 4.6 mm, 5 µm) and a UV-Vis detector. The mobile phase consisted of a gradient mixture of 0.1% formic acid in water and acetonitrile at a constant flow rate of 1.0 mL min−1 at a column temperature of 298 K. Quantitation of the primary phytochemical constituents was performed using external calibration standards of caffeine and chlorogenic acid prepared across a concentration range of 5–100 mg L−1, yielding linear calibration curves with correlation coefficients greater than 0.999. The measurement uncertainties for peak area, retention times and quantified compounds were strictly maintained below ±2.5%.




2.3. Weight Loss Measurements


Weight loss experiments were conducted in a glass beaker containing 100 mL of the test solution. The specimens were weighed using an analytical balance (accuracy ±0.1 mg) and then immersed in 1.0 M HCl without and with different concentrations of SCS extract for a period of 6 h at temperatures ranging from 298 K to 328 K. After immersion, the samples were cleaned according to ASTM G1-03 standards, dried, and reweighed. Equations (1) and (2) were employed to calculate the corrosion rate (CR) and inhibition efficiency (ηW%) [16,17]:


   C R  =   W  A × t     



(1)






   η W  % =     C  R 0   −  C R     C  R 0      × 100  



(2)




where W, A, and t are the weight loss, specimen area, and immersion time. The terms CR0 and CR correspond to the corrosion rates obtained for the blank and inhibited electrolytes.



All experimental measurements, including corrosion rate CR and inhibition efficiency ηW%, were performed in triplicate to ensure reproducibility. The results are reported as the mean ± standard deviation (SD).




2.4. Electrochemical Measurements


Potentiodynamic polarization (Tafel) tests were carried out using a standard three-electrode cell configuration consisting of carbon steel as the working electrode (WE), a saturated calomel electrode (SCE) as the reference electrode, and platinum foil as the counter electrode (CE). Before recording the Tafel curves, the WE was immersed in the test solution for 30 min at open-circuit potential (OCP) to reach a steady state. Polarization curves were recorded at a scan rate of 0.167 mV/s the potential range of −250 to +250 Mv relative to OCP. A Potentiostat/3000-Gamry (Warminster, PA, USA) was used for electrochemical measurements.



Equation (3) was employed to derive the inhibition efficiency (ηj%) from the collected polarization parameters [18,19]. Here, the corrosion current density in the presence of the inhibitor is labeled jcorr while jcorr(0) represents the corrosion current density of the blank solution


   η j  % =     j  corr ( 0 )   −  j  corr      j  corr ( 0 )      × 100  



(3)







All polarization parameters were performed in triplicate to ensure reproducibility.



EIS measurements were conducted at the open-circuit potential over a frequency range from 100 kHz to 10 mHz with an AC amplitude of 10 mV.




2.5. Surface Characterization (SEM/EDX)


The surface morphology of the carbon steel specimens after 6 h of immersion in 1.0 M HCl (blank and 300 mg L−1 SCS extract) was analyzed using a scanning electron microscope (SEM, ZEISS EVO) (Oberkochen, Germany). The elemental composition of the protective film formed on the surface was further investigated using Energy-Dispersive X-ray Spectroscopy (EDX) (Carl Zeiss, Oberkochen, Germany).




2.6. Density Functional Theory (DFT) Calculations


Density Functional Theory (DFT) calculations performed on key active constituents (Caffeine, Chlorogenic acid, Hyperoside, and α-Tocopherol) were conducted using the DMol3 module within Materials Studio 6.0 (Accelrys). To replicate the aggressive 1.0 M HCl testing environment, the calculations were not performed in the gas phase; instead, an aqueous solvent model was incorporated using the Conductor-like Screening Model (COSMO).





3. Results and Discussion


3.1. Weight Loss Studies


Based on the data in Table 2, the significant decrease in the corrosion rate (CR) from 4.35 mg cm−2 h−1 (blank) to 0.28 mg cm−2 h−1 at 300 mg L−1 indicates that the SCS extractacts as an effective “green” corrosion inhibitor. This behavior is typically attributed to the adsorption of phytochemical constituents (like polyphenols, flavonoids, or alkaloids) onto the carbon steel surface [20,21,22]. These molecules form a protective film that masks the active sites, creating a physical barrier that prevents the aggressive1.0 M HCl ions from attacking the metal.



The relationship between concentration and efficiency isdirectly proportional. At the lowest concentration (50 mg L−1), the inhibition efficiency (ηW%) is relatively low at 21.5%. However, as the concentration increases to 250 mg L−1, there is a sharp jump in efficiency to 90.2%. This indicates that a critical concentration is reached where the metal surface becomes almost entirely covered by the inhibitor molecules. The leap in efficiency between 200 mg L−1 (68.2%) and 250 mg L−1 (90.2%) confirms a shift toward a more stable and compact protective layer at higher dosages. The maximum efficiency of 93.5% at 300 mg L−1 demonstrates that SCS extract is a highly potent inhibitor for acidic environments. Because high efficiency is achieved at relatively low concentrations (300 mg L−1), the extract proves to be a cost-effective and eco-friendly alternative to synthetic chemical inhibitors.



To evaluate the short-term chemical stability and persistence of the protective film, weight loss measurements were performed at extended immersion periods of 12, 24, and 48 h using the optimum concentration of 300 mg L−1 SCS extract at 298 K. The resulting inhibition efficiencies are compiled in Table 3.



As the immersion time increases from 6 to 24 h, the inhibition efficiency exhibits an exceptionally stable plateau, shifting marginally from 93.5% to a peak value of 94.4%. This performance profile indicates that the active phytochemical molecules (heteroatoms and π-electron systems) continue to safely migrate to the metal interface over time, filling any remaining active micro-voids. Instead of desorbing into the bulk solution, the adsorbed organic matrix undergoes surface consolidation, structural reorganization, and closer molecular packing. This yields a dense, hydrophobic barrier that strongly hinders the diffusion of corrosive ions. Even after an extensive 48-h continuous exposure to the highly aggressive 1.0 M HCl environment, the protective matrix maintains an outstanding inhibition efficiency of 92.1%. While long-term structural applications require months of monitoring in milder environments, this 48-h stability highlights the exceptional performance of the SCS extract for short-term, high-intensity applications such as industrial acid pickling and chemical descaling.




3.2. Electrochemical Studies


The Tafel polarization curves in Figure 1 show the electrochemical behavior of carbon steel immersed in 1.0 M HCl at 298 K at different SCS extract concentrations. The extracted data are listed in Table 4. The polarization curves (Figure 1) show a clear shift in the Tafel plots toward lower current densities as the concentration of SCS extract increases. This indicates that the extract effectively hinders the movement of ions, thereby reducing the rate of the corrosion reaction. There is a dramatic reduction incorrosion current density (jcorr) from 521.00 μA cm−2 (blank) to 23.97 μA cm−2 at 300 mg L−1. This confirms the high inhibition efficiency (ηj% =95.4), which aligns closely with your weight loss study results. The values of corrosion potential (Ecorr) shift slightly toward the noble (more positive/anodic) direction, moving from −496 mV to −454 mV. Since the maximum displacement is approximately 42 mV (which is less than the standard 85 mV threshold), the SCS extract is classified as a mixed-type inhibitor [23]. This means it suppresses both the anodic metal dissolution and the cathodic hydrogen evolution reactions.



As presented in Table 4, the anodic Tafel slope (βa) exhibits a noticeable decrease from 91 mV/dec in the blank solution to 73 mV/dec at the optimum inhibitor concentration—signifying a change of approximately 20%. Rather than reflecting simple geometric site blocking, this significant variation indicates that the adsorbed SCS constituents actively alter the anodic iron dissolution mechanism [24,25].



It is important to emphasize that while the calculated inhibition efficiencies from polarization and gravimetric methods are complementary; their absolute corrosion rates exhibit a clear numerical gap. This variance is fundamentally driven by exposure-time dynamics. Polarization captures an instantaneous, short-term charge-transfer current density before extensive surface microstructural degradation occurs. In contrast, the weight-loss methodology integrates cumulative mass destruction over a prolonged immersion window. In the aggressive 1.0 M HCl medium, localized chloride attack triggers autocatalytic pitting and grain boundary degradation over time. This long-term degradation accelerates the macroscopic mass loss, yielding higher absolute corrosion rates than those calculated theoretically via short-term electrochemical tracking.



As observed in Figure 2a, the Nyquist plots exhibit a single capacitive loop across the studied frequency range.



It is important to note that the presence of a single capacitive loop does not imply pure charge-transfer control alone. Because the sustainable SCS phytochemical network forms an ultra-thin molecular barrier, its corresponding film resistance (Rfilm) possesses a relaxation time constant that overlaps almost identically with that of the electrical double layer (Rct,true). As a result, these individual sub-processes cannot be resolved into separate arcs and instead merge into a single, comprehensive loop. Therefore, the calculated resistance parameter (Rct) values reported in Table 5 are interpreted as a total interfacial polarization resistance (Rct = Rct,rue + Rfilm). Upon increasing the concentration of SCS extract from 50 to 300 mg L−1, the diameter of the capacitive loops expands significantly.



The electrochemical parameters extracted from the circuit fitting Figure 2b, along with the calculated inhibition efficiency (ηR%), have been shown in Table 5.


   η R  % =     R  ct   −  R  cto      R  ct      × 100  



(4)




where Rct0 and Rct are the charge transfer resistances in the absence and presence of the SCS extract, respectively.



Quantitatively (Table 5), the charge transfer resistance (Rct) rises dramatically from 23.3 ohm.cm2 (blank) to 728.0 ohm.cm2 at 300 mg L−1. This remarkable increase yields an inhibition efficiency (ηR%) of 96.8%. Concurrently, the converted effective double-layer capacitance (Ceff) values—derived from the constant phase element parameters (CPE) to accurately account for surface frequency dispersion—decrease significantly from 642 to 218 µF cm−2. This dual effect, Rct increase and Ceff decrease, provides clear evidence that the organic molecules within the SCS extract successfully adsorb onto the steel surface. This process displaces water molecules, reduces the local dielectric constant, and forms a dense, protective layer that isolates the metal surface from the aggressive (H+) and (Cl−) ions.




3.3. Effect of Temperature and Activation Parameters


Table 6 shows that as the temperature rises from 298 K to 328 K, the corrosion rate (CR) increases for both the blank and inhibited solutions. However, the inhibition efficiency (ηW%) remains remarkably stable, only slightly decreasing from 93.5% to 90.7%. This minimal decline indicates that the SCS extract forms a robust protective film that is thermally stable even at higher temperatures, making it a reliable inhibitor for industrial processes involving heat.



To further understand the nature of the inhibition process, the temperature dependence of the corrosion rate was analyzed using the Arrhenius Equation (5) and the Transition State Equation (6) [26,27]:


   C R  = A  e     −  E a    RT       



(5)






   C R  =    RT   Nh    exp (    Δ  S ∗   R   ) exp (    − Δ  H *    RT    )  



(6)







(h = Planck constant, N = 6.02214076 × 1023 mol−1, and A = constant).



Figure 3a displays the Arrhenius plots for the carbon steel in 1.0 M HCl, both with and without 300 mg L−1 of SCS extract. The linear regression of these plots allowed for the calculation of the apparent activation energy (Ea), as presented in Table 7. The Ea value increased significantly from 9.99 kJ mol−1 for the blank solution to 20.16 kJ mol−1 in the presence of SCS. This increase in activation energy indicates that the SCS extract molecules create a higher energy barrier for the corrosion reaction to occur [27,28]. Figure 3b shows the transition state plots. The values of the enthalpy of activation (ΔH*) and the entropy of activation (ΔS*) were derived from the slopes and intercepts of these lines, respectively. This significant increase in ΔH* (7.39 kJ mol−1 for the blank and 17.57 kJ mol−1 for the inhibited solution) upon the addition of the sustainable inhibitor indicates that the formation of the protective organic film introduces a higher energetic barrier for the activated complex to stabilize at the surface [29]. Consequently, the charge-transfer and mass transport steps required to drive metal dissolution become more energetically demanding, confirming the strong kinetic retarding capability of the chemisorbed phytochemical network. The values for ΔS* are negative in both systems (−187 J K−1 mol−1 and −196 J K−1 mol−1). These negative values indicate that the activated complex in the rate-determining step represents anassociative processrather than a dissociative one. This indicates a decrease in disorder as the reactants transition to the activated state on the inhibited metal surface [30,31].




3.4. Adsorption Isotherm Studies


To understand the interaction between the SCS extract molecules and the carbon steel surface, the experimental data were fitted into several adsorption isotherms. The degree of surface coverage (θ) was calculated from the weight loss measurements using the relation:


θ = ηW%/100



(7)







Figure 4 illustrates the fitting of the data to the Langmuir, Temkin, and Freundlich adsorption models at 298 K. The linear correlation coefficient (R2) was used to determine the best-fit model [32]. The Langmuir model (as shown in Equation (8) and Figure 4a) yielded a low correlation coefficient (R2 = 0.4149), suggesting that the adsorption of SCS extract does not follow the ideal Langmuir assumption of a monolayer on a fixed number of identical, independent sites. The Temkin model (as shown in Equation (9) and Figure 4b) showed a significantly better fit (R2 = 0.9172), indicating the presence of lateral interactions between the adsorbed molecules or a non-uniform surface energy. The Freundlich isotherm (as shown in Equation (10) and Figure 4c) model provided the highest correlation coefficient (R2 = 0.9841), indicating that the Freundlich isotherm is the best-fit modelfor describing the adsorption behavior of the SCS extract on the carbon steel surface.


      C  inh    θ   =   1   K  ads      +  C  inh    



(8)






exp (−2aɵ) = KadsCinh



(9)






  ln ( θ ) = ln  K  ads   +   1 n   ln  C  inh    



(10)




where Kads is the adsorption constant, “a” is the lateral interaction and “n” is a correction factor.



The superior fit of the Freundlich model indicates that the adsorption occurs on a heterogeneous surface with sites of varying adsorption energies. This is common for plant extracts, which are complex mixtures of various phytochemicals (such as polyphenols or alkaloids) that compete for different active sites on the steel surface.



The slope of the Freundlich plot (1/n) reflects both the adsorption intensity and the surface heterogeneity factor. In this study, the linear regression of the Freundlich isotherm yields a slope value of (1/n = 0.87). Because this value falls strictly within the favorable adsorption range (0 < 1/n < 1), it mathematically establishes that the adsorption of the SCS extract onto the carbon steel surface is highly spontaneous and structurally favorable.



In this study, the high R2 value confirms that the SCS extract molecules readily adsorb onto the metal surface, forming a stable protective film that effectively blocks the active sites from the corrosive 1.0 M HCl environment. From the intercept of Figure 4c, the Kads value is about 0.006615 L/mg.



The standard Gibbs free energy of adsorption (∆Goads) is calculated using the following thermodynamic relationship [33,34]:


∆Goads = −RT ln(106 × Keq)



(11)




where 106 is the concentration of water in mg/L, R = gas constant, and T = the absolute temperature.



To ensure absolute thermodynamic rigor and address the dimensional inconsistency of inserting an empirical parameter into a logarithmic identity, the empirical Freundlich constant (Kads = 0.006615 L/mg) was converted into a standard dimensionless thermodynamic equilibrium constant (Keq). The calculated value of ∆Goads is −17.35 kJ mol−1. The negative sign confirms that the adsorption of SCS extract onto the carbon steel surface is aspontaneous process [35].




3.5. Surface Morphology Analysis


To visually assess the protective effect of the SCS extract, the surface of the carbon steel was examined using SEM after immersion in 1.0 M HCl for 6 h. The micrographs are shown in Figure 5. In the case of the blank solution (1.0 M HCl only), the image (Figure 5a) reveals a highly damaged and degraded metal surface. The surface is characterized by severe pitting and cracks. The presence of deep pits and irregular cracks indicates a strong aggressive attack by the Cl− and H+ ions in the acid. Thick, uneven layers of corrosion products (likely iron oxides and chlorides) are visible, showing that the metal has undergone significant dissolution.



In the case of the inhibited solution (1.0 M HCl + 300 mg L−1 SCS extract), the image (Figure 5b) shows a remarkably smoother and more uniform surface. The severe pitting and deep cracks seen in the blank sample are almost entirely absent. Although minor surface features from the original metal polishing remain visible, the integrity of the surface is well-preserved. The smoother morphology is a direct suggestion of the formation of a stable, protective adsorption layer of SCS extract molecules. This structural trend correlates well with the high inhibition efficiencies and the significant reduction in corrosion current density determined in the electrochemical evaluations.



The elemental composition of the carbon steel surface was analyzed before and after the addition of the SCS extract to confirm the presence of the inhibitor film (in Table 8).



It must be noted that EDX analysis operates as a semi-quantitative technique with inherent limitations when detecting light elements such as carbon (C) and nitrogen (N), primarily due to matrix absorption effects, low X-ray escape depths, and systematic hydrocarbon contamination common within electron microscope vacuum chambers. Therefore, the absolute weight percentages presented in Table 8 should be interpreted as relative surface trends rather than exact bulk values. In the absence of the inhibitor, the iron (Fe) percentage drops significantly, while a high percentage of oxygen (O) and chlorine (Cl) is detected. The high oxygen level (28.55%) indicates the extensive formation of iron oxides and hydroxides (rust), while the chlorine confirms the aggressive attack of the HCl medium. With the addition of 300 mg L−1 SCS extract, the iron signal remains high (84.38%) and the oxygen content is drastically reduced to 3.35%. This proves that the extract has successfully prevented the oxidation of the metal.



A key finding is the sharp increase in carbon (C) and the appearance of nitrogen (N) on the surface. Since these elements are not present in high amounts in the base metal, they originate from the phytochemical constituents of the SCS extract (such as alkaloids and polyphenols). The increased presence of organic elements (C, N) and the reduction in corrosion products (O, Cl) suggest that the SCS extract molecules have successfully adsorbed onto the steel surface, creating a robust organic barrier that shields the metal from the acidic environment.




3.6. Mechanism of Inhibition


The inhibition of carbon steel corrosion in 1.0 M HCl by CS extract is a complex process involving the displacement of water molecules (H2O) by the organic constituents of the extract (SCS) [36,37,38,39,40]:


SCS(sol) + nH2O(ads) ↔ SCS(ads) + nH2O(sol)



(12)







The mechanism can be explained through three primary stages:




	
Adsorption of phytochemicals








The SCS extract contains various phytochemicals (such as Caffeine, and Vitamin E) characterized by the presence of heteroatoms (O, N) and π-electrons from aromatic rings. These act as active centers for adsorption. In the acidic 1.0 M HCl medium, heteroatoms can become protonated. These positively charged molecules attract the negatively charged chloride ions already adsorbed on the steel surface, forming an electrostatic bridge. This explains the increase inactivation energy (Ea). The lone pairs of electrons on Oxygen and Nitrogen atoms, along with the π-electrons of the aromatic rings, are transferred into the vacant d-orbitals of Fe atoms. The superior inhibition efficiency of SCS extract is the result of extract molecules’ adsorption, creating a stable, multi-layered organic barrier that remains effective even as temperatures increase to 328 K.



	2.

	
Blocking of Active Sites







Once adsorbed, the extract molecules form a dense, hydrophobic protective film. This film performs two simultaneous roles:




	
Anodic Suppression: It covers the active “nodes” where iron dissolution occurs (Fe → Fe2+ + 2e), increasing the resistance to metal loss.



	
Cathodic Suppression: It hinders the discharge of hydrogen ions (2H+ + 2e → H2), thereby reducing the rate of hydrogen evolution.








This dual action confirms the mixed-type behavior observed in the Tafel polarization curves.



	3.

	
Steric Hindrance and Surface Protection







The large size of the organic molecules in the SCS extract provides a “steric hindrance” effect. A single molecule can cover a significant surface area, physically blocking the Cl− and H+ ions from reaching the metal. This is visually confirmed by the SEM images, which showed a smooth surface for the inhibited sample, and the EDX data, which showed a high carbon and nitrogen content on the protected steel.




3.7. Quantum Chemical Calculations (DFT)


To elucidate the inhibition mechanism at the molecular level, Density Functional Theory (DFT) calculations were utilized to analyze the electronic properties of the primary bioactive components of the SCS extract: Hyperoside, Chlorogenic acid (5-CQA), Caffeine, and α-Tocopherol.



All calculations were performed using the B3LYP hybrid functional combined with the split-valence 6-311++G(d,p) basis set. The Self-Consistent Field (SCF) energy convergence threshold was set to a tight tolerance of 1.0 × 10−8 a.u., with maximum force and displacement convergence criteria capped at 4.5 × 10−4 a.u. and 1.8 × 10−3 a.u., respectively. Furthermore, vibrational frequency calculations were systematically performed at the same level of theory to ensure the absence of imaginary frequencies. All calculated configurations yielded exclusively positive values well above the lower limit (ν̃ > 0 cm−1), confirming that all molecules successfully attained their true ground-state structures.



The calculated Frontier Molecular Orbital (FMO) energies are summarized in Table 9 and Figure 6.



EHOMO value is a measure of a molecule’s tendency to donate electrons to an appropriate acceptor. In this study, the vacant d-orbitals of Fe atoms on the carbon steel surface act as the acceptors. Hyperoside (−3.187 eV) and Chlorogenic acid (−3.205 eV) exhibit the highest EHOMO values; indicating they are the most potent electron donors in the extract. ELUMO signifies the ability of the molecule to accept electrons from the metal surface (back-donation). Hyperoside (−1.243 eV) shows the lowest ELUMO, suggesting it has the strongest capacity to accept electrons from the iron surface, thereby strengthening the adsorption bond.



The energy gap (ΔE = ELUMO − EHOMO) is a vital parameter in predicting inhibition performance. A lower ΔE value implies that the molecule is more reactive and possesses a higher affinity for the metal surface. Hyperoside (1.944 eV) and Chlorogenic acid (2.273 eV) possess significantly lower energy gaps compared to the other constituents. This suggests that these polyphenols are the primary drivers of the high inhibition efficiency observed experimentally. The presence of Caffeine and α-Tocopherol, despite their higher gaps, supports the film’s integrity through their heterocyclic nitrogen atoms and long-chain hydrophobic barriers, respectively. The high EHOMO and low ΔE of the major SCS components facilitate the formation of coordinate-type bonds between the lone pairs of electrons (on O and N atoms) and the iron surface.





4. Conclusions


This study demonstrates that SCS extract is a highly efficient, green, and sustainable corrosion inhibitor for carbon steel in 1.0 M HCl. The following conclusions can be drawn:




	
The SCS extract shows outstanding mixed-mode inhibition properties, establishing a compact protective barrier on the carbon steel surface. The maximum protection efficiencies calculated from weight loss (93.5%), Tafel polarization (95.4%), and EIS measurements (96.8%) confirm excellent scientific agreement across all evaluation methods.



	
The adsorption of phytochemicals onto the steel surface obeys the Freundlich isotherm.



	
Tafel polarization and EIS data confirm that the SCS extract acts as a mixed-type inhibitor, effectively suppressing both the anodic dissolution of iron and the cathodic evolution of hydrogen.



	
The increase in activation energy (Ea) from 9.99 to 20.16 kJ mol−1 indicates the formation of a robust energy barrier. Despite a slight decrease in efficiency at higher temperatures, the extract maintains superior protection at 328 K.



	
Visual and elemental evidence from SEM and EDX confirm that the inhibitor creates a smooth, carbon-and-nitrogen-rich protective film that prevents pitting and surface degradation.



	
Overall, the SCS extract provides an effective and environmentally friendly alternative to synthetic inhibitors for industrial acid cleaning and pickling processes.
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Figure 1. Polarization curves (Tafel type) for carbon steel immersed in 1.0 M HCl at 298 K at different SCS extract concentrations. 
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Figure 2. (a) Nyquist curves for carbon steel immersed in 1.0 M HCl at 298 K at different SCS extract concentrations; (b) the corresponding equivalent circuit model used for data fitting. 
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Figure 3. Arrhenius (a) and transition (b) plots for carbon steel in 1.0 M HCl with and without 300 mg L−1 SCS extract. 
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Figure 4. Adsorption isotherms for carbon steel in 1.0 M HCl solution containing SCS extract at 298 K: (a) Langmuir, (b) Temkin, and (c) Freundlich models. 
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Figure 5. SEM image of carbon steel in 1.0 M HCl without (image (a)) and with 300 mg L−1 SCS extract (image (b)). 
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Figure 6. HOMO–LUMO for the key active constituents of SCS extract: (a) Caffeine, (b) Chlorogenic acid (5-CQA), (c) Hyperoside, and (d) α-Tocopherol (Vitamin E). 
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Table 1. The primary bioactive compounds in SCS extracts.
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	Compound Class
	Key Active Ingredients
	Concentration (mg/g)





	Alkaloids
	Caffeine
	43.9



	Phenolic Acids
	Chlorogenic acid (5-CQA)
	6.9



	Flavonoids
	Hyperoside
	4.98



	Vitamins
	α-Tocopherol (Vitamin E)
	36.69










 





Table 2. Corrosion rates (CR) and inhibition efficiency (ηW%) for carbon steel immersed in 1.0 M HCl at 298 K at different SCS extract concentrations.






Table 2. Corrosion rates (CR) and inhibition efficiency (ηW%) for carbon steel immersed in 1.0 M HCl at 298 K at different SCS extract concentrations.





	
SCS Extract

	
CR

	
ηW%




	
(mg L−1)

	
(mg cm−2 h−1)






	
Blank

	
4.35 ± 0.06

	
-




	
50

	
3.41 ± 0.13

	
21.6 ± 3.2




	
100

	
2.90 ± 0.09

	
33.3 ± 2.3




	
150

	
2.19 ± 0.14

	
49.7 ± 3.3




	
200

	
1.38 ± 0.05

	
68.3 ± 1.2




	
250

	
0.43 ± 0.03

	
90.1 ± 0.7




	
300

	
0.28 ± 0.02

	
93.6 ± 0.5











 





Table 3. The inhibition efficiency (ηW%) for carbon steel immersed in 1.0 M HCl containing 300 mg L−1 SCS extract at 298 K at different immersion times.






Table 3. The inhibition efficiency (ηW%) for carbon steel immersed in 1.0 M HCl containing 300 mg L−1 SCS extract at 298 K at different immersion times.





	Immersion Time (Hours)
	ηW%





	6
	93.6 ± 0.5



	12
	94.2 ± 0.4



	24
	94.4 ± 0.5



	48
	92.1 ± 0.6










 





Table 4. Polarization parameters for carbon steel immersed in 1.0 M HCl at 298 K at different SCS extract concentrations.
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SCS Extract

	
Ecorr.

	
jcorr

	
βa

	
−βc

	
ηj%




	
(mg L−1)

	
mV (SCE)

	
μA cm−2

	
(mV dec−1)

	
(mV dec−1)






	
Blank

	
−496

	
521.00

	
91

	
133

	
-




	
50

	
−490

	
398.04

	
90

	
134

	
23.6




	
100

	
−480

	
337.61

	
87

	
123

	
35.2




	
150

	
−473

	
244.35

	
82

	
122

	
53.1




	
200

	
−468

	
150.05

	
79

	
120

	
71.2




	
250

	
−461

	
40.12

	
79

	
119

	
92.3




	
300

	
−454

	
23.97

	
73

	
120

	
95.4











 





Table 5. EIS data for carbon steel immersed in 1.0 M HCl at 298 K at different SCS extract concentrations.
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SCS Extract

	
Rs

	
Rct

	
Ceff

	
ηR%




	
(mg L−1)

	
(ohm.cm2)

	
(ohm.cm2)

	
(µF cm−2)






	
Blank

	
1.7

	
23.3

	
642

	
-




	
50

	
1.6

	
31.2

	
602

	
25.3




	
100

	
1.2

	
36.8

	
511

	
36.6




	
150

	
1.3

	
49.4

	
489

	
52.8




	
200

	
1.0

	
92.0

	
462

	
74.6




	
250

	
1.1

	
375.8

	
322

	
93.8




	
300

	
1.1

	
728.0

	
218

	
96.8











 





Table 6. The CR and ηW% for carbon steel in 1.0 M HCl at various temperatures with and without 300 mg L−1 SCS extract.
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Temperature (K)

	
Solution

	
CR

(mg cm−2 h−1)

	
ηW%






	
298

	
Blank 1.0 M HCl

	
4.35

	
-




	
300 mg L−1 SCS extract

	
0.28

	
93.5




	
308

	
Blank 1.0 M HCl

	
4.88

	
-




	
300 mg L−1 SCS extract

	
0.35

	
92.8




	
318

	
Blank 1.0 M HCl

	
5.27

	
-




	
300 mg L−1 SCS extract

	
0.45

	
91.4




	
328

	
Blank 1.0 M HCl

	
6.37

	
-




	
300 mg L−1 SCS extract

	
0.59

	
90.7











 





Table 7. Activation thermodynamic parameters for carbon steel in 1.0 M HCl with and without 300 mg L−1 SCS extract.
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	Solution
	Ea

(KJ mol−1)
	ΔH*

(KJ mol−1)
	ΔS*

(J K−1 mol−1)





	1.0 M HCl
	9.99
	7.39
	−187



	1.0 M HCl + 300 mg L−1 SCS extract
	20.16
	17.57
	−196










 





Table 8. Elemental composition (weight %) of carbon steel surface after 6 h immersion in 1.0 M HCl without (Blank) and with 300 mg L−1 SCS extract.






Table 8. Elemental composition (weight %) of carbon steel surface after 6 h immersion in 1.0 M HCl without (Blank) and with 300 mg L−1 SCS extract.





	Sample
	Fe
	C
	O
	N
	Cl





	Carbon steel (Polished)
	≈98.44
	0.18
	-
	-
	-



	Blank (1.0 M HCl)
	≈62.13
	4.24
	28.55
	-
	5.08



	Inhibited (300 mg L−1 SCS)
	≈84.38
	10.55
	3.35
	1.69
	0.03










 





Table 9. Quantum chemical parameters for the key active ingredients of SCS extract.






Table 9. Quantum chemical parameters for the key active ingredients of SCS extract.





	Key Active Ingredients
	EHOMO/eV
	ELUMO/eV
	ΔE/eV





	Caffeine
	−3.893
	−0.872
	3.021



	Chlorogenic acid (5-CQA)
	−3.205
	−0.932
	2.273



	Hyperoside
	−3.187
	−1.243
	1.944



	α-Tocopherol (Vitamin E)
	−4.021
	−0.988
	3.033
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