


INTEGRATED ELECTROCHEMICAL, THERMODYNAMIC, AND SURFACE CHARACTERIZATION OF Lecaniodiscus cupanioides EXTRACTS AS A SUSTAINABLE CORROSION INHIBITOR FOR MILD STEEL IN HIGHLY ACIDIC MEDIA


Abstract 
The mild steel corrosion in strongly acidic solutions remains a significant concern in industrial processes, including acid pickling, petrochemical processing, and oil-well acidizing. The performance of corrosion inhibition of the leaf extract of L. cupanioides as a sustainable, eco-friendly inhibitor for mild steel in 2 M HCl solution was investigated. Gravimetric measurements, Potentiodynamic polarization, Fourier transform infrared spectroscopy (FTIR), adsorption isotherm analysis, thermodynamic evaluation, and scanning electron microscopy (SEM) were integrated to elucidate the inhibition mechanism. Loss of weight data showed a substantial decline in the rate of corrosion from 1.305 × 10-3 to 3.12 × 10-4 g/h/cm2 as inhibitor concentration elevated from 0 to 1 g/100 mL, corresponding to a maximum inhibition efficiency of 78.17 %. Electrochemical analysis further validated the improved coating, producing an increased performance of 88.82% at a similar concentration, accompanied by a significant decrease in the current density of corrosion from 626.27 to 70.00 µAcm-2. Thermodynamic parameters indicated elevated energy of activation in inhibited systems (up to 25.59 kJ/mol) when compared to the blank (15.28 kJ/mol), while negative Gibbs free energy change with values −13.83 KJ/mol to −13.17 kJ/mol showed spontaneous adsorption driven by physisorption. Langmuir adsorption isotherm adequately described the adsorption behavior (R² ≈ 0.99). Results from SEM validated the development of a protective adsorbed film on the steel surface. Collectively, LCE exhibits promising potential as a green corrosion inhibitor for mild steel in highly acidic solutions.
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INTRODUCTION
Metal corrosion, especially mild steel, in concentrated acidic solutions, remains a significant challenge in many industrial activities, such as oilfield acid sizing, acid pickling, and petrochemical processing, as a result of the aggressive dissolving property of acids such as hydrochloric acid on the surfaces of metals. Corrosion not only causes structural degradation but also leads to high economic cost and environmental risk if left unchecked. Inorganic or organic compounds, as the traditional corrosion inhibitor, have been utilized in reducing the rates of corrosion via adsorption onto the surface of metal, which forms a protective films or layer that prevent corrosive species from direct attack on metal surfaces. Therefore, studies into safer inhibitor alternatives, which reduce ecological impact, are needed, as many of these conventional inhibitors are toxic, non-biodegradable, and environmentally unsustainable (Holla et al., 2024).
Extracts from plants and substances derived naturally have shown potential as eco-friendly inhibitors because they are non-toxic, renewable, biodegradable, and inexpensive. The flavonoids, tannins, polyphenols, and alkaloids present on the extracts are embedded with some electronegative atoms such as oxygen, nitrogen, sulphur, and pi-electron species, which can easily react with the metal surfaces to form a strong bond, which decreases corrosion attack at the surfaces.  Shathani et al. (2025) recorded that these compounds can adsorb onto surfaces of steel, forming physical or chemical barriers that significantly lower corrosion rates and improve inhibition efficiencies across a range of acidic media, with many achieving efficiencies above 90 percent at optimal concentrations. There exist gaps in the knowledge, as there are many studies on inhibitors derived from plant species for corrosion reduction of mild steel, though Agbaffa et al. (2025) carried out holistic theoretical and experimental investigations on some medicinal plant species, particularly Triumfetta rhomboidea.  Moderate acid concentrations or single evaluation techniques are the focus of many investigations in different medicinal plants, leaving highly acidic environments, such as 2 M or greater solutions of HCl, understudied with respect to comprehensive electrochemical and surface-analysis characterization. Furthermore, while a variety of plant extracts have been shown to act as corrosion inhibitors, there is limited mechanistic understanding linking specific phytochemical functional groups to their adsorption behavior and inhibition performance. Mass loss, microscopic surface characterization, and Potentiodynamic polarization are not well integrated in many studies, as these properties to provide a complete picture of how these inhibitors obtained from natural sources interact with steel in concentrated acidic environments. Hence, there is a need for comprehensive studies s that combine gravimetric, electrochemical, and surface morphological analyses for underexplored plant species to provide robust insights into their corrosion inhibition mechanisms in a strong acidic environment (Chu et al., 2025; Tidke et al., 2025).
Contemporary investigations continue to support the effectiveness of green inhibitors in highly acidic (HCl) environments. For instance, Agbaffa et al. (2025) documented high inhibition efficiency of methanolic Triumfetta rhomboidea leaf extract for mild steel in hydrochloric acid through the combination of electrochemical, surface characterization, and density functional theory (DFT), and gravimetric strategies, showing adsorption via constituents containing heteroatom and π-electron interactions. Also, extracts from agro-industrial and botanical wastes demonstrated sustainable protection of mild steel up to high inhibition efficiencies using electrochemical techniques and surface analysis (Khamis et al., 2025).  Likewise, natural leaf extracts such as Comfrey extract achieved excellent monolayer adsorption and corrosion protection in 5 % HCl, underscoring the technical advantage and industrial relevance of plant-based inhibitors in acidic media (Mohammad et al., 2025).
Medicinal plant L. cupanioides contains different phytochemicals such as phenolics, flavonoids, and alkaloids, which are potential active sites for adsorption onto the surfaces of steel, but there exists persistence in a comprehensive study of its performance as a corrosion inhibitor in concentrated HCl medium. In addressing these issues, the current investigation evaluates the effectiveness of corrosion inhibition of L. cupanioides extract for mild steel in 2 M hydrochloric acid (HCl) solution, using potentiodynamic polarization and measurements due to loss of weight, while scanning electron microscopy (SEM) is utilized to assess changes in surface morphology. Integrating the methods, the findings aim to comprehensively describe the effectiveness of inhibition and the adsorption mechanism of L. cupanioides as a potential green corrosion inhibitor in strong acidic environments.
MATERIALS AND METHODS
Materials
Mild steel sample of composition C:0.215, Si:0.258, S:0.009, Cr:0.021, Mn:0.467, Ti:0.019, Cu:0.017, Ni:0.001 and Fe:98.98 was used for the study. The steel sample was cut into coupons of dimension 19165 mm. The coupons were polished with different grades of emery paper and stored in a dessicator before use. Analar grade HCl and distilled water were used for the preparation of the acid solution.

Extract preparation
L. cupanioides leaves were picked from Orange FM, Akure, washed under running water, air-dried, and pulverized. 100 g of the pulverized sample was soaked in 1L of 98 % ethanol for 72 hours, after which it was filtered. The filtrate was evaporated to dryness in a thermostat water bath. The dried sample was used to prepare 0.2g to 1g per 100mL of extract.
Phytochemical analysis
The ethanol extracts of L. cupanioides leaves (LCE) were subjected to different chemical tests for the detection of different phytochemicals using standard procedures (Bright and Soliu, 2022).
FTIR analysis
Powdered mild steel was immersed in 100mL of 2M HCl solution in the presence of 1g of LCE. Immersion lasted for 4 h at room temperature, after which the solution was filtered. The residue (adsorption product) was dried in an oven. The adsorption product and crude extracts were analysed using a Perkin-Elmer 1600 Fourier transform infra-red spectrophotometer.
Gravimetric measurement
Pre-weighed mild steel coupons were immersed in 100mL of 2M HCl in the absence and presence of different extract concentrations. The immersion lasted for four hours at room temperature, after which the coupons were retrieved, washed with distilled water, degreased with alcohol, dried, and weighed. The difference in weight before and after immersion was taken as weight loss.
Corrosion rate (CR) was calculated using equation 1:
CR											(1)
Where  is the average weight loss, A is the total area of the specimen, and t is the immersion time.
Inhibition efficiency (I.E%) was calculated using equation 2:
I.E (%)1									(2)
Where W1 and W2 are the weight loss of mild steel in the presence and absence of the inhibitor, respectively.

Temperature variation
Mild steel samples of known weight were immersed in 100mL of the uninhibited/inhibited solution and maintained at a temperature range of 303-333K in a thermostat water bath for 4 h. The coupons were retrieved, degreased, dried, and weighed.  The result was fitted into different isotherms, and thermodynamic parameters were calculated.
Scanning electron microscopy
Surface morphology of the mild steel sample was studied before and after immersion in acid solutions in the presence and absence of only 1g of LCE. The samples were examined using a Phenom proX SEM (Model number: 800-07334).
Electrochemical measurement
The potentiodynamic polarization and open circuit potential (OCP) measurements were carried out using a VERSTAT 4 instrument. The electrochemical studies were carried out using a three-electrode cell assembly at room temperature. The mild steel of geometric area of 0.786 cm2 embedded in resin was used as the working electrode, the platinum electrode was used as the counter electrode, and saturated silver/silver chloride was used as the reference electrode, while a 2M solution of 2M HCl in the presence and absence of the extract as the electrolyte.
Before the potentiodynamic polarization measurement, the open-circuit corrosion potential (OCP) measurements were carried out from a cathodic potential of −250 mV to an anodic potential of +250 mV with a scan rate of 1.0 mVs−1 to determine the current density, corrosion rate, corrosion potential, anodic and cathodic Tafel slope, and polarization resistance.
Inhibition efficiency was calculated using equation 3:
								(3)
Where Icorr and Icorr’ are the corrosion current densities with and without inhibitor, respectively.
RESULTS AND DISCUSSION
Phytochemical screening
Table 1 shows the major phytochemical constituents present in LCE. According to Olasehinde et al. (2012), corrosion inhibition is achieved by filling the unfilled orbital of Fe with a heteroatom. Abundant presence of tannins, phenols, and glycosides, which have an -OH group, will facilitate inhibition of corrosion of mild steel in the presence of LCE since these phytochemicals will release an O heteroatom to fill the unfilled d-orbital of Fe2+, thereby closing the corrosion site on the mild steel surface. Similar results were reported by Samuel et al. (2019).

Table 1: Qualitative composition of Lecaniodiscus cupanioides.
	Saponins
	Tannins
	Flavonoids
	Alkaloids
	Terpenoids
	Glycosides
	Steroids
	Phenols

	      +-
	      ++
	      +
	      -
	      +
	      ++
	      -
	      ++



++ = Highly Present	+ = Present	- = Absent	+- = Sparsely present 
FTIR analysis
The analysis of the type of active functional groups in the L. cupanioides extracts and evaluation of interactions of these active sites on mild steel surface are carried out by FTIR spectroscopy, and this provided evidence for adsorption-mediated inhibition. The spectrum of the crude extract (Fig. 1a) shows a broad absorption around 3395 cm⁻¹, characteristic of hydroxyl (O–H) stretching in phenolic/alcoholic compounds, and notable bands at 2924 cm⁻¹ (aliphatic C–H stretching) and 1628 cm⁻¹ (C=C stretching of aromatic or conjugated systems) (consistent with typical plant extract functional groups reported in benchmark studies) (Sheydaei, 2024). These heteroatom-bearing and π-electron-rich groups are well recognized as key contributors to corrosion inhibition through surface adsorption in acidic environments, as highlighted in recent reviews on green inhibitors (Sheydaei, 2024)
After immersion of the steel in the inhibited acidic medium (Fig. 1b), the principal FTIR bands exhibit clear frequency shifts compared with the crude extract. The O–H band shifts from 3395 cm⁻¹ to ~3414 cm⁻¹, and the carbonyl-related band near ~1724 cm⁻¹ shifts to ~1720 cm⁻¹ upon film formation. Such shifts toward higher or lower wavenumbers are widely interpreted as evidence of coordination or electronic interaction between extract phytochemicals and the metal surface, reflecting changes in bond strength due to adsorption (see analogous FTIR shifts observed in studies of plant extracts adsorbed on steel surfaces) (Halima et al., 2025).
These spectral modifications support a mechanism in which oxygen-containing groups and unsaturated bonds in the extract donate electron density to the metal surface, forming a protective metal–inhibitor complex film that retards further dissolution of iron in the acidic medium. This adsorption behaviour aligns with the general corrosion inhibition mechanisms of plant extracts, where displacement of adsorbed water and chemisorptive or donor–acceptor interaction leads to barrier formation on the steel surface (Kahmis et al., 2025).
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Fig. 1: IR Spectrum of (A) Ethanol Extract of Lecaniodiscus cupanioides and (B) Dried Solid Adsorption Product of Ethanol Extract of Lecaniodiscus cupanioides and Mild Steel Powder.
Effect of concentration on corrosion rate and inhibition efficiency
Table 2 shows the corrosion rates of mild steel in 2 M hydrochloric (HCl) solution measured in the absence and presence of varying levels of L. cupanioides extracts after 4 h immersion at room temperature. The data indicate a clear decrease in corrosion rate and a corresponding increase in inhibition efficiency with increasing inhibitor concentration, with a maximum inhibition efficiency of 78.17 % at 1 g / 100 mL of extract. This behaviour is consistent with numerous recent studies showing that plant‑derived inhibitors decrease corrosion rates in acidic media as concentration increases, due to enhanced surface coverage through adsorption of phytochemical constituents on the metal surface (Chakanaka et al., 2025; Iorhuna et al., 2024). The adsorption process is likely a combination of physical and chemical adsorption, as supported by FTIR and electrochemical analyses in recent work demonstrating that functional groups in extracts facilitate strong bonding to steel surfaces (Chakanaka et al., 2025). Such adsorption can follow Langmuir‑type isotherms, indicating monolayer formation that impedes both anodic and cathodic corrosion reactions. The results of this finding align with contemporary reviews showing plant extracts as effective green corrosion inhibitors for mild steel in HCl acid solutions (Iorhuna et al., 2024). The major inhibition efficiency obtained indicated that L. cupanioides extracts could be a green and viable substitute for industrial acid pickling and descaling applications, providing corrosion protection that is both cost‑effective and sustainable.

Table 2: Corrosion rate (C.R) and inhibition efficiency (I.E) of mild steel specimen immersed in 2 M HCl with and without LCE.
	Conc. (g/100mL)
	C.R. (gh-1cm-2)
	I.E. (%)

	0
	0.001305
	0

	0.2
	0.000777
	45.03

	0.4
	0.000469
	67.64

	0.6
	0.000384
	71.73

	0.8
	0.000383`
	73.68

	1.0
	0.000312
	78.17



Effect of temperature
Figure 2 (a) shows that the inhibition efficiency (IE %) of LCE decreases slightly as temperature increases from 303 K to 333 K for all tested concentrations; higher concentrations (0.6–1 g/100mL) maintain higher efficiency (~70%) compared to lower concentrations (0.2–0.4 g/100mL). This trend suggests that the inhibitor molecules are primarily physically adsorbed on the steel surface. Increased thermal energy causes partial desorption, reducing surface coverage, which is a common observation in physisorption‑dominated corrosion inhibition systems (e.g., studies reporting decreased IE % with increasing temperature due to inhibitor desorption and weakened adsorption at elevated temperatures) (Mahdi et al., 2022; Naghizade et al., 2024).
Figure 2(b) shows that the corrosion rate of mild steel increases with temperature, both in the presence and absence of LCE, which reflects the enhanced kinetic energy of reacting species and faster metal dissolution at higher temperatures, as reported in recent corrosion studies (Mahdi et al., 2022; Naghizade et al., 2024). The blank curve exhibits the highest corrosion rate, confirming the aggressive nature of 2 M HCl, while increasing inhibitor concentration reduces corrosion rate, with 1 g/100mL showing the lowest values, highlighting the protective effect of the adsorbed inhibitor layer (consistent with concentration‑dependent inhibition behaviour) (Naghizade et al., 2024).
Collectively, the patterns in Fig. 2 show that the inhibition mechanism is controlled by physisorption, with higher inhibitor concentrations providing denser surface coverage that mitigates the effect of increased temperature. Thermodynamic analyses in similar systems have shown that less negative adsorption free energies (∆G°ads) and decreasing adsorption constants with temperature are indicative of physical adsorption as opposed to chemisorption (Naghizade et al., 2024). The observed increase in corrosion rate with temperature is consistent with the activation energy effects and enhanced mass transport reported for acid corrosion systems in recent literature (Naghizade et al., 2024).
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Fig. 2a: Effect of temperature on inhibition efficiency 
b

Fig. 2b: Effect of temperature on corrosion rate

Thermodynamic studies
To understand the adsorption process of the inhibitor on the steel/solution interface, thermodynamic parameters are important. The modified Arrhenius equation was used to calculate the activation energy for the reaction: 
									       (4)
Where CR is the corrosion rate, Ea is the apparent activation energy, R is the molar gas constant, T is the absolute temperature, and A is the frequency factor. 
Ea at different concentrations of LCE in the hydrochloric acid solution was determined from the Arrhenius plot. The calculated values were recorded in Table 1. Activation energy in an inhibited solution is higher than that of the uninhibited one. According to previous research, higher values of Ea in inhibited solution compared to the uninhibited one indicate a physical mode of adsorption, while lower values of Ea in inhibited solution compared to the uninhibited ones indicate chemisorption (Adamu et al., 2025). Ea in the inhibited solutions is higher than that of the uninhibited one, which further confirms that the mode of adsorption of LCE on mild steel in hydrochloric acid medium is physisorption [Ashmawy et al., 2023].
Other thermodynamic parameters were calculated using the equation:
							 		       (5)
Where h is Planck’s constant, N is Avogadro’s number, T is the absolute temperature, R is the universal gas constant, ΔS is the entropy of activation, and ΔH is the enthalpy of activation.	
The derived values of ΔH and ΔS in the uninhibited and inhibited solutions are shown in Table 1. Positive values of ΔH in the absence and presence of different inhibitor concentrations indicate that the corrosion reaction is endothermic (Adamu et al., 2025). There is also a like variation between the values of Ea and ΔH, but the values of ΔH were lower than those of Ea. This variation reflects the formation of a stable layer of indicator on mild steel surface (Recherache et al., 2025). This is often interpreted with a physical mechanism and the formation of an adsorption film of electrostatic character (Satyam and Sanjukta, 2024). Negative values of ΔS in the absence and presence of inhibitor indicate that the activated complex in the rate-determining step represents association rather than dissociation, meaning that a decrease in disorderliness takes place on going from reactants to the activated complex (Neelam et al., 2024).
The free energy of adsorption, ΔGads, was calculated from the equation:
         
Where 55.5 is the concentration of water, R is the universal gas constant, and T is the temperature. The derived values are listed in Table 4. Negative ΔGads values indicate that the adsorption process is a spontaneous one (Adamu et al., 2025). Generally, values of ΔGads up to -20 kJ/ mol are consistent with the electrostatic interaction between the charged molecules and the unlike charged metal (physical adsorption) while those more negative than about -40 kJ /mol involve sharing or transfer of electrons from the inhibitor molecules to the metal surface to form a co-ordinate bond (chemisorption) (Nandini et al., 2021). Derived values of ΔGads (Table 4) are less than -20kJ/mol, which confirms the physical mode of adsorption of the corrosion reaction.
Adsorption isotherms are used to describe the inhibitor behaviour on the electrode surface (Adamu et al., 2025). Some of the most frequently used isotherms include, but are not limited to, Langmuir, Temkin, Freundlich, Frumkin, Flory-Huggins, and Parsons. The adsorption of an organic molecule and a metal surface is higher than that between a water molecule and a metal surface. The Langmuir adsorption isotherm was found to provide the best correlation between experimental results and isotherm functions among the several adsorption isotherms tested. The isotherm is interpreted by the following equation:
											       (7)
Where C is the inhibitor concentration, Kads is the adsorption equilibrium constant, and Ɵ is the degree of surface coverage of the inhibitor. 
Table 3: Thermodynamic parameters for the adsorption of LCE in 1 M HCl on the mild steel at different temperatures.
	C (g/100 mL)
	Ea (kJ/mol)
	ΔH (kJ/mol)
	ΔS (kJ/mol/K)

	Blank
	15.2794
	12.4669
	-3.1855

	0.2
	22.8099
	20.1696
	-2.1299

	0.4
	22.7353
	20.0949
	-2.3493

	0.6
	25.5939
	22.9536
	-1.9211

	0.8
	25.4619
	22.8215
	-1.9961

	1.0
	25.2436
	22.6032
	-2.1042




Fig. 3 shows a straight-line plot for the dependence of  as a function of C for LCE.
	
Fig. 3: Arrhenius plot for mild steel in 2 M HCl with and without LCE at different temperatures.
The derived correlation coefficient is close to unity, as shown in Table 4, which confirms that the Langmuir adsorption isotherm is obeyed (Xiaowei et al., 2022). Also, Kads decrease with an increase in temperature. This shows that an increase in temperature leads to an increase in desorption, which further confirms the physical mode of adsorption earlier discussed (Qiusheng et al., 2023).

Table 4: Calculated Langmuir isotherm and Gibbs’ free energy parameters of mild steel in 2 M HCl.
	Temp. (K)
	Slope
	R2
	Kads
	∆G(kJ/mol)

	303
	1.0661
	0.9924
	4.3668
	-13.8336

	313
	1.0934
	0.9933
	4.2553
	-13.7685

	323
	1.0705
	0.9870
	3.5689
	-13.3252

	333
	1.1181
	0.9815
	3.3613
	-13.1743



Surface Examination Morphology
SEM micrographs of the mild steel surfaces in 2 M HCl solutions exhibit the changes that occurred during the corrosion process in the absence and presence of the inhibitor. Fig. 4b shows that mild steel was damaged in the absence of an inhibitor. A remarkable improvement in mild steel surface was noticed in the presence of 1 g/100mL of LCE (Fig. 4c). The improvement shows that a protective layer was formed on the mild steel surface in the presence of LCE (Ogunleye et al., 2020).
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Fig.4. SEM micrograph of (a) a clean mild steel strip not immersed in acidic solution and (b) mild steel immersed in 2 M HCl in the absence of LCE at room temperature.
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Fig. 4c: Micrograph of mild steel immersed in 2 M HCl in the presence of LCE.

Polarization measurements
Polarization curves for mild steel in 2M HCl solutions in the presence and absence of various concentrations of LCE at room temperature are shown in Fig. 5. From the Tafel curves, the electrochemical parameters as obtained are shown in Table 5.
The inhibition efficiency I.E (%) is calculated using the relation:
								       (8)
Where Icorr and Icor are the corrosion current densities with and without inhibitor, respectively.
From the table, it is clear that the addition of LCE to the acid solution decreases the corrosion current density. This infers that LCE retards the corrosion rate of mild steel (Omar et al., 2025).
Moussa et al. (2024) reported that a compound is usually classified as an anodic or cathodic type inhibitor when the change in Ecorr value is larger than 85 mV. Since the largest displacement of the corrosion potential is about 30 mV, it can be concluded that the inhibitor acted as a mixed-type inhibitor.
A slight change of the cathodic Tafel slope in the presence of LCE indicates that the corrosion mechanism of mild steel is unaffected. In the anodic region, polarization curves have shown that the addition of LCE decreases the corrosion current density and moves the corrosion potential to positive values. The inhibition efficiency increases with inhibitor concentration, reaching 88.82 % at 1g/100 mL. These results suggest the effective corrosion inhibition ability of LCE. The higher inhibition efficiency obtained from electrochemical measurements (88.82%) compared to gravimetric analysis (78.17%) is attributable to the fundamental difference in what each method captures. Potentiodynamic polarization measures the instantaneous corrosion rate at the moment of measurement, reflecting the immediate barrier effect of the adsorbed inhibitor film on the electrode surface under steady-state conditions. In contrast, gravimetric measurements represent cumulative metal loss integrated over the entire 4 h immersion period, during which the inhibitor film may undergo partial desorption, competitive adsorption with aggressive Cl⁻ ions, or incomplete surface coverage during the initial stages of immersion before a stable adsorbed layer is established. Consequently, a higher electrochemical efficiency relative to gravimetric efficiency is a commonly reported and physically consistent outcome in plant-extract corrosion inhibition studies (Adamu et al., 2025; Chakanaka et al., 2025). Also, the inhibitor has a mixed-type character with a strong predominance of the anodic one (Shwetha et al., 2024).
Table 5: Polarization parameters and the corresponding inhibition efficiency for the corrosion of mild steel in 2 M HCl containing different concentrations of LCE.
	Conc. (v/v)
	Ecorr (mV)
	Icorr (µA/cm)
	βa (mV/dec)
	βc (mV/dec)
	C.R. (mm/yr)
	I.E (%)

	Blank 
	456.64 
	626.27 
	94.76 
	119.68 
	7.27 
	- 

	0.2 
	434.65
	249.59
	63.20
	103.54
	1.95
	60.21

	0.4 
	430.71 
	109.85 
	69.59 
	105.99 
	1.27 
	82.46 

	0.6 
	428.82 
	92.75 
	87.83 
	110.64 
	1.08 
	85.19 

	0.8 
	425.37 
	91.28 
	61.38 
	101.57 
	1.06 
	85.42 

	1.0 
	427.10 
	70.00 
	64.38 
	85.45 
	0.81 
	88.82 



Fig. 5: Potentiodynamic polarization curves for mild steel in 2 M HCl in the presence and absence of various concentrations of LCE.
Conclusion
The present investigation shows the leaf extract of L. cupanioides as an efficient and environmentally friendly corrosion inhibitor for mild steel in a solution of 2 M HCl. Gravimetric analysis showed that increasing inhibitor concentration from 0.2 to 1.0 g/100 mL progressively reduced the corrosion rate from 7.77 × 10—4 to 3.12 × 10⁻⁴ g h—4 cm—2, corresponding to a maximum inhibition efficiency of 78.17 % after 4 h immersion. The high performance of inhibition of the extract was further validated by electrochemical measurements, where the current density of corrosion significantly declined from 626.27 µA cm—2 (blank) to 70.00 µA cm—2 in the presence of 1 g/100 mL LCE, producing a higher efficiency of inhibition of 88.82 %. The slight shift in corrosion potential (≈ 30 mV) indicates that LCE acts predominantly as a mixed-type inhibitor with anodic dominance. Thermodynamic evaluation revealed increased activation energy in inhibited systems (22.73–25.59 kJ mol—1) compared with the uninhibited solution (15.28 kJ mol—1), while negative Gibbs free energy values (−13.83 to −13.17 kJ mol—1) confirmed spontaneous adsorption governed mainly by physisorption. The mechanism of adsorption followed the Langmuir isotherm with an R2 value close to 0.99, showing monolayer adsorption of the constituents of phytochemicals on the surface of the steel. FTIR assessment exhibited hydroxyl group and functional groups containing π-electrons causing adsorption, while SEM micrograph patterns validated the development of a compact protective film that reduces acid-induced surface deterioration.
Collectively, the incorporation of gravimetric, electrochemical, thermodynamic, and surface analyses offers strong data that the extract of L. cupanioides is a potential cost-effective, renewable, and viable corrosion inhibitor for shielding mild steel in strongly acidic industrial solutions. Future studies should incorporate molecular-level modeling, long-term immersion studies, and validation of industrial-scale to further ensure the real-world application of the extract in systems of acid pickling and oilfield acidizing.
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