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ABSTRACT
This study examined the surface morphology of Q235 mild steel treated with aqueous extracts of Calotropis procera, Euphorbia kamerunica Pax, Camellia sinensis, Azadirachta indica, and Cymbopogon citratus, together with a 50:50 blend of C. procera and E. kamerunica. Plant leaves and stems were air-dried, pulverised, and extracted by cold maceration in distilled water. Qualitative phytochemical screening was used to identify major secondary metabolites, while scanning electron microscopy (SEM) and ImageJ-assisted image analysis were applied to assess surface features after 20 days of exposure under ambient laboratory conditions. The extracts contained varying combinations of alkaloids, flavonoids, tannins, phenols, saponins, glycosides, steroids, diterpenes, quinones, phytosterols, theaflavins, cardenolides, and resins. SEM observations showed extensive pitting, cracking, roughness, and corrosion-product accumulation on the untreated steel. Extract-treated specimens generally exhibited fewer visible defects and evidence of adsorbed organic deposits; however, pores, microcracks, and discontinuities remained. ImageJ processing confirmed spatial variation in pixel intensity, roughness, porosity, particle distribution, and surface coverage, indicating heterogeneous film formation. The blended C. procera–E. kamerunica formulation appeared to provide comparatively broader coverage than several individual extracts. Because corrosion rate and inhibition efficiency were not measured directly, the results provide morphological evidence of partial protection rather than definitive quantitative confirmation of corrosion inhibition.
Keywords: Q235 mild steel, medicinal plants, phytochemical screening, scanning electron microscopy, ImageJ analysis, surface morphology, green corrosion inhibitors.

INTRODUCTION
Mild steel continues to be one of the most commonly used materials in engineering practice, mainly because it offers a balance of strength, ease of fabrication, and affordability. In practical service environments, however, particularly where moisture or aqueous media are present, its performance is frequently compromised by corrosion. This process is not instantaneous; it develops gradually through electrochemical reactions that involve the oxidation of iron and its dissolution into the environment. At an early stage, the changes may appear limited to surface tarnishing, but, over time, the degradation can extend deeper and eventually affect structural reliability in ways that are not always immediately visible. The consequences of this process are often more serious than material loss alone. In civil engineering structures, for example, corrosion has been linked to the weakening of steel reinforcement and, in some cases, partial or complete structural failure (Nguyen et al., 2022). Within the petroleum sector, pipeline corrosion remains a recurring concern, not only because of operational disruptions but also because of the environmental damage that follows leakage events. The Niger Delta region provides a well-documented case, where repeated spill incidents have resulted in long-term soil contamination and water pollution (Daily Trust, 2022). Similar challenges are observed in chemical processing plants and biomedical applications, where corrosion products may interfere with system performance or, in some cases, raise compatibility concerns within biological environments (Hrir et al., 2024). Efforts to control corrosion have traditionally relied on approaches such as protective coatings, paints, and galvanisation. These methods are generally effective under controlled conditions, although their long-term application is increasingly being reconsidered. The reasons are not purely technical; maintenance demands, environmental impacts, and tightening regulatory expectations have all contributed to a gradual shift in perspective (Verma et al., 2024). In many industrial contexts, this has raised a practical question about sustainability rather than efficiency alone. Against this background, plant-derived corrosion inhibitors have attracted increasing attention. Their appeal lies in their relatively low toxicity, availability, and biodegradability, especially in regions where plant resources are abundant (Alrefaee et al., 2021; Verma et al., 2024). From an experimental perspective, corrosion inhibition is commonly assessed through surface examination techniques such as scanning electron microscopy (SEM), which makes it possible to observe changes in surface texture, damage patterns, and protective film formation. In this study, ImageJ software was also applied to extract quantitative information from SEM images, including estimates of surface roughness, porosity, and coverage characteristics.
Recent electrochemical and surface-characterisation studies indicate that plant-derived extracts can adsorb onto mild-steel surfaces and reduce surface damage; however, the extent of protection depends on extract composition, concentration, and exposure conditions (Emembolu et al., 2024; Kumar & Das, 2024).
One major issue is the incomplete understanding of how these inhibitors function at the molecular level. While adsorption is generally accepted as the primary mechanism, the details of the interaction—such as adsorption isotherms, surface coverage behaviour, and kinetic pathways—are not always fully established, especially under varying environmental conditions (Azzouni et al., 2024). As a result, it is not always clear why certain plant extracts perform better than others under similar conditions.
Evidence from SEM-supported investigations further shows that adsorption can produce heterogeneous protective layers and that changes in extract formulation or particle scale may alter surface morphology and adsorption behaviour (Emembolu et al., 2024; Naghizade et al., 2024).
Despite this progress, comparative evidence remains limited for the selected medicinal plant extracts and the 50:50 Calotropis procera–Euphorbia kamerunica blend on Q235 mild steel under the preparation and exposure conditions used in this study. The combined use of qualitative phytochemical screening, SEM observation, and ImageJ-assisted assessment of surface roughness, porosity, and coverage has not been sufficiently examined for this specific set of extracts.
This research aims to examine the surface morphology and corrosion inhibition behaviour of mild steel using selected medicinal plant extracts, with emphasis on phytochemical screening and SEM–ImageJ surface analysis. Assessing parameters such as surface roughness, porosity, and degree of surface coverage may improve existing adsorption-based interpretations, which often treat plant extracts as chemically uniform systems (Verma et al., 2024).
Objective of the Study
The objective of this study was to examine the surface morphology and corrosion-inhibition behaviour of Q235 mild steel treated with selected medicinal plant extracts and a 50:50 Calotropis procera–Euphorbia kamerunica blend using qualitative phytochemical screening, SEM, and ImageJ-assisted surface analysis.

2.0 Materials and methods
2.1 STUDY AREA
Shabu, in the Lafia North Development Area of Nasarawa State, Nigeria, was selected as the fieldwork location for this research because its farming activities, vegetation, and irrigation practices may influence corrosion.

2.2 SAMPLE COLLECTION
Five plant species were selected for investigation: Calotropis procera (sodom apple; Plate 1), Euphorbia kamerunica Pax (cactus plant; Plate 2), Camellia sinensis (tea plant; Plate 3), Azadirachta indica (neem plant; Plate 4), and Cymbopogon citratus (lemongrass; Plate 5). Fresh leaves and stems were collected using clean cutting tools to reduce contamination and excessive bruising or tearing of the plant tissues. The samples were placed in clean containers and taken to the laboratory to prevent prolonged exposure to heat or sunlight.
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Plate 5: Cymbopogon citratus     
Authentication of the collected specimens was carried out at the Herbarium of the Department of Plant Science and Biotechnology, Federal University of Lafia.

2.3 SAMPLE PREPARATION
The plant materials were first rinsed thoroughly with distilled water to remove visible dirt, dust, and other surface contaminants. After washing, the samples were spread out and allowed to air-dry under laboratory conditions for approximately seven days. This approach was chosen to reduce moisture content while limiting the thermal degradation of sensitive compounds. Some variation in preparation was necessary. For instance, the stems of Euphorbia kamerunica (cactus plant), which were notably fibrous and occasionally spiny, were initially crushed using a mortar and pestle before further processing. Once sufficiently dried, all samples were ground into a fine powder using an electric blender. Increasing the surface area in this way was expected to improve extraction efficiency.
The powdered materials were then stored in clean, dry containers and kept in a well-ventilated space until required. While this method is generally adequate, prolonged storage, even under controlled conditions, may lead to gradual changes in phytochemical composition.


2.4  EXTRACTION OF PLANT SAMPLES
Extraction was carried out using the cold maceration technique to avoid elevated temperatures, which might otherwise degrade thermolabile constituents. A 100 g portion of the powdered sample was weighed and transferred into a clean beaker. A measured volume of 1,500 cm³ of distilled water was then added. The mixture was stirred for about 20–30 minutes to promote adequate contact between the solvent and plant material.
Following this initial mixing, the solution was left undisturbed at room temperature for 72 hours. During this period, diffusion-driven processes allowed soluble compounds to migrate into the solvent. After the extraction period, the mixture was filtered using a Buchner apparatus to separate the liquid extract from the solid residues. The resulting filtrates were collected in clean containers and stored under conditions that minimised exposure to light and heat, both of which could accelerate degradation (Chatepa et al., 2024; Pallarés et al., 2025).
All reagents and preparations were handled in the Chemistry Laboratory of the Federal University of Lafia, following standard safety and procedural guidelines.

 2.5 PREPARATION OF REAGENTS
All reagents used in this work were prepared from analytical-grade chemicals using distilled water under standard laboratory conditions. Routine safety practices, such as the use of gloves, laboratory coats, and protective eyewear, were followed throughout. While these steps may appear procedural, they are essential, particularly when handling corrosive acids and reactive salts that could introduce both experimental errors and safety risks if improperly managed (Latimer, 2023).

2.5.1  Ferric Chloride Solution (4%)
To prepare the ferric chloride solution, 4 g of ferric chloride was weighed and dissolved in 100 ml of distilled water using a volumetric flask. The mixture was stirred until no visible particles remained. The solution was then transferred into a labelled container for subsequent use.
2.5.2 Ethyl Acetate Solution
A measured volume of 4 ml of ethyl acetate was introduced into 100 ml of distilled water in a conical flask. The mixture was gently agitated to achieve uniform dispersion despite the partial immiscibility of ethyl acetate with water.
2.5.3  Sodium Hydroxide Solution (4%)
Preparation of the sodium hydroxide solution involved dissolving 4 g of NaOH pellets in 100 ml of distilled water. Continuous stirring was necessary, as the dissolution process is exothermic and can lead to localised heating. The solution was allowed to cool before storage to avoid pressure build-up in the container.
2.5.4 Acetic Acid Solution (0.5%)
A dilute acetic acid solution was obtained by adding 0.5 ml of glacial acetic acid to 100 ml of distilled water. The mixture was stirred thoroughly to ensure even distribution. Care was taken during dilution, as even weak acids can cause irritation if mishandled.
2.5.5 Acetic Anhydride Solution (0.5%)
For the acetic anhydride solution, 0.5 mL of acetic anhydride was added slowly to 100 mL of distilled water under continuous stirring. The addition was carried out cautiously, given the reactive nature of acetic anhydride with water. The resulting mixture was stored in a tightly sealed container.
2.5.6  Hydrochloric Acid Solution (5%)
A 5% hydrochloric acid solution was prepared by diluting concentrated HCl with distilled water inside a fume hood. The acid was added gradually to the water, following established safety practice, as reversing this order can result in violent splashing due to heat release. The prepared solution was stored in an acid-resistant container.
2.5.7 Copper Acetate Solution (5%)
Copper acetate solution was prepared by dissolving 5 g of the salt in 100 ml of distilled water. Stirring was continued until the solution became clear. The solution was then stored in a labelled bottle for later use in phytochemical tests.
 2.6 PHYTOCHEMICAL SCREENING
Preliminary phytochemical screening was carried out to identify the presence of key bioactive constituents within the plant extracts. These qualitative tests provide an initial indication of chemical composition and, by extension, possible mechanisms of corrosion inhibition. While such tests are widely used, they provide indicative rather than quantitative results and may occasionally yield ambiguous colour changes depending on concentration and observer interpretation (Maheshwaran et al., 2024).
2.6.1 Detection of Alkaloids
Two millilitres of the extract were acidified with 5% hydrochloric acid, after which Mayer’s reagent was added dropwise. The formation of a creamy or pale-yellow precipitate was taken as evidence of alkaloids.
2.6.2 Detection of Flavonoids
The extract (2 ml) was treated with a few drops of concentrated sulfuric acid. The appearance of an orange colouration suggested the presence of flavonoids, although the intensity of the colour sometimes varied between samples.
2.6.3 Detection of Tannins
Equal volumes of the extract and distilled water were mixed, followed by the addition of ferric chloride solution. A greenish or dull-green colouration indicated the presence of tannins.
2.6.4 Detection of Saponins
Two millilitres of the extract were diluted and shaken vigorously. Persistent frothing, lasting for several minutes, was interpreted as the presence of saponins. In some cases, foam stability appeared to depend on extract concentration.
2.6.5 Detection of Resins
The extract was treated with acetic anhydride and sulfuric acid. A gradual colour change from orange to yellow indicated resins.
2.6.6 Detection of Steroids
A mixture of the extract, acetic acid, and sulfuric acid produced a reddish-brown colouration, suggesting the presence of steroidal compounds.
2.6.7 Detection of Terpenoids
The addition of acetic anhydride to the extract resulted in a bluish-green colouration, indicative of terpenoids.
2.6.8 Detection of Phenols
The extract was treated with neutral ferric chloride solution. A green or bluish-green colour confirmed the presence of phenolic compounds.
2.6.9 Detection of Glycosides
The extract was mixed with acetic acid containing ferric chloride, followed by careful addition of concentrated sulfuric acid. A reddish-brown ring at the interface suggested glycosides.
2.6.10 Detection of Diterpenes
Treatment with copper acetate solution produced a green colouration, indicating the presence of diterpenes.
2.6.11 Detection of Quinones
Addition of sodium hydroxide solution to the extract resulted in a bluish-red precipitate, consistent with quinones.
2.6.12 Detection of Phytosterols
The extract was mixed with chloroform and sulfuric acid. A golden-yellow colouration suggested the presence of phytosterols.
2.7 SURFACE MORPHOLOGY ANALYSIS USING SCANNING ELECTRON MICROSCOPY (SEM)
2.7.1  Preparation of Mild Steel Coupons
Mild steel coupons (Q-235 grade) were prepared by first rinsing them with distilled water to remove surface contaminants. After drying, the samples were polished using silicon carbide (SiC) emery papers of progressively finer grit sizes. This step was necessary to obtain a relatively uniform surface, although minor inconsistencies in the finish may still occur because of manual handling. A smooth starting surface is important, as it allows clearer interpretation of subsequent corrosion features and inhibitor effects (ASTM International, 2017).
2.7.2 Application of Plant Extracts
Each plant extract was applied to the steel surface using a clean, non-reactive brush. Care was taken to ensure even coverage, although achieving perfect uniformity across all samples is not always straightforward. The coated samples were then left under ambient laboratory conditions for approximately 20 days.
2.7.3 SEM Imaging Procedure
After the exposure period, the samples were prepared for SEM analysis. Each coupon was mounted onto an SEM stub using conductive adhesive tape.
To reduce charging effects during imaging, a thin gold layer (approximately 5 nm) was deposited using a sputter coater (Quorum Q150R Plus E). The coated samples were then introduced into the chamber of a Phenom ProX scanning electron microscope (Plate 6).
Initial alignment and focusing were performed using the integrated navigation system. Micrographs were subsequently captured at different magnifications, allowing detailed observation of surface features such as pits, cracks, and any protective films formed.
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Plate 6: Phenom ProX SEM instrument used for surface morphology analysis.
2.7.4 Image Analysis
SEM images were analysed using ImageJ software. Specific regions of interest were selected, and parameters such as surface coverage, particle distribution, roundness, and roughness were quantified.
These measurements provided a basis for comparing inhibited and uninhibited samples. 
 3.0 RESULTS AND DISCUSSION
Table 1: The qualitative phytochemical screening of the selected plant extracts is presented.
 
	TEST
	C. Procera + E. Kamerunica Pax (50:50)
	Cymbopog-on citratus,
	Camellia sinesid
	Azadirachta indica.

	Phenol
	+
	+
	+
	+

	Flavonoids
	+
	+
	+
	+

	Alkaloids
	+
	+
	+
	+

	Tannins
	+
	+
	+
	+

	Saponin
	+
	+
	+
	+

	Cardenolides
	+
	-
	-
	-

	Steroids
	+
	+
	+
	+

	Glycosides
	+
	+
	+
	+

	Diterpenes
	+
	+
	-
	+

	Quinones
	+
	+
	+
	-

	Phytosterols
	+
	+
	+
	+

	Theaflavins
	-
	-
	+
	-

	 Resins
	+
	+
	-
	+

	
	
	
	
	


 .Key: + indicate presence of compounds – indicate absence of compounds

Phytochemical screening (Table 1) focused on identifying the dominant bioactive constituents present in the leaf extracts of Calotropis procera, Euphorbia kamerunica Pax, Cymbopogon citratus, Camellia sinensis, and Azadirachta indica. In addition to the individual extracts, a binary mixture of Calotropis procera and Euphorbia kamerunica Pax (50:50) was examined, partly to explore whether combining two chemically active systems might yield a more pronounced inhibitory response.
As indicated in Table 1, the extracts contained a wide range of phytochemicals—phenols, flavonoids, alkaloids, tannins, saponins, steroids, glycosides, diterpenes, quinones, phytosterols, theaflavins, and resins. These classes of compounds are frequently associated with corrosion inhibition, largely because of their ability to interact with metal surfaces through adsorption and, in some cases, weak complex formation (Alrefaee et al., 2021; Azzouni et al., 2024). Still, it would be an oversimplification to assume that their mere presence guarantees effectiveness; the relative abundance and molecular structure of these constituents often matter just as much.
A more careful examination of the dataset reveals subtle but meaningful differences among the extracts. The blended system of Calotropis procera and Euphorbia kamerunica Pax, for instance, did not show the presence of theaflavins. Cymbopogon citratus lacked both theaflavins and cardenolides, while Camellia sinensis did not exhibit detectable levels of cardenolides, diterpenes, or resins. In the case of Azadirachta indica, cardenolides, quinones, and theaflavins were absent. These variations may appear minor at first glance, yet they could influence how each extract behaves at the metal–solution interface, particularly in terms of adsorption strength and film stability.
Flavonoids, which were detected in most of the extracts, appear especially relevant. Their antioxidant character and electron-rich structures allow them to interact with reactive intermediates formed during metal oxidation. In practical terms, this may slow the progression of corrosion by stabilising these intermediates, although the extent of this effect is likely to depend on concentration and environmental conditions (Verma et al., 2024).
Tannins were also consistently present. Their role is often linked to their ability to form complexes with metal ions, producing a somewhat adherent layer on the surface. Such layers are not always perfectly uniform, but even partial coverage can reduce the exposure of active sites to corrosive species. In acidic media, where dissolution rates are typically higher, this kind of interaction may be particularly beneficial.
Alkaloids introduce another dimension to the inhibition process. With nitrogen atoms capable of donating lone-pair electrons, these molecules tend to adsorb onto metal surfaces through donor–acceptor interactions. This adsorption may block both anodic and cathodic sites, thereby reducing overall corrosion kinetics. However, adsorption strength can vary depending on the specific alkaloid structure and the nature of the metal surface.
Saponins, although sometimes discussed less prominently, appear to play a supporting role. Their surface-active properties can improve the dispersion of other inhibitor molecules, making it easier for a more continuous film to form. In systems where uneven coverage might otherwise lead to localised attack, particularly pitting, this improved spreading could make a noticeable difference.
Phenolic compounds were detected across all samples and likely contribute significantly to inhibition behaviour. Their aromatic systems and hydroxyl groups facilitate interaction with the metal surface, often leading to adsorption layers that reduce electron transfer at the interface (Alrefaee et al., 2021; Verma et al., 2024). However, such interactions are rarely uniform, and some degree of desorption or rearrangement may occur over time, especially under fluctuating conditions.
Other constituents, including glycosides, steroids, and diterpenes, may not act as primary inhibitors on their own; however, their presence alongside more active compounds could enhance overall performance. In complex mixtures such as plant extracts, such cooperative effects are often observed, even if they are not always easy to isolate experimentally.
The inclusion of a blended extract of Calotropis procera and Euphorbia kamerunica Pax was intended to probe this possibility. Both plants are known to contain a variety of secondary metabolites, including flavonoids, alkaloids, and terpenoids (Abo & Evans, 1981; Wadhwani et al., 2021). Combining them may increase the diversity of adsorption sites and interaction modes, which, in principle, could strengthen the protective film. The phytochemical profile observed for Cymbopogon citratus aligns with earlier reports describing its richness in flavonoids, phenolics, and terpenoids (Oladeji et al., 2019). These constituents are often associated with antioxidant activity and surface interaction, suggesting reasonable potential for corrosion control.
Likewise, Camellia sinensis is widely recognised for its high polyphenol content, particularly catechins. These molecules are known to form relatively stable adsorption layers, which may help explain the corrosion-inhibiting behaviour reported in similar systems (Zhao et al., 2022).
For Azadirachta indica, the presence of alkaloids, flavonoids, phenols, and terpenoids observed here is consistent with the existing literature (Saleem et al., 2018). These compounds contribute to its broad chemical reactivity and may account for its effectiveness in corrosion inhibition, although the absence of certain groups, such as quinones, could influence its performance under specific conditions.
  
The phytochemical screening results suggest that all selected extracts possess constituents capable of interacting with metal surfaces through adsorption and, to some extent, complexation. These interactions are central to the formation of protective films that reduce corrosion rates. Actual inhibition performance will depend not only on what is present but also on how these compounds behave collectively in the corrosive medium. Nonetheless, the findings provide a reasonable basis for considering these plant extracts as potentially environmentally acceptable alternatives to conventional inhibitors, particularly given their availability and relatively low toxicity (Verma et al., 2024).
 
3.2 Surface Morphology of Plant Extract–Coated Mild Steel
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Plate 7: Surface Morphology of Camellia sinensis .





3.2.1 The surface condition of mild steel specimens treated with Camellia sinensis extract was examined using scanning electron microscopy (SEM), with representative micrographs presented in Plate 7.
SEM analysis offers a direct means of observing how inhibitor molecules interact with the metal surface, often revealing details that bulk measurements alone cannot capture (Alrefaee et al., 2021). Inspection of the micrographs indicates a surface that is far from uniform. Rather than a smooth, continuous coating, the images in Plate 7 show a mixture of textures: clusters of deposited material, visible grain boundaries, scattered microcracks, and small porous regions. This irregularity suggests that adsorption has occurred, but not in a manner that produces a fully coherent protective layer. Some areas appear reasonably well covered, while others remain exposed or only thinly protected.
The scattered particulate features observed across the surface are consistent with adsorption of phytochemical constituents, likely involving polyphenolic compounds and other molecules containing heteroatoms. These species tend to attach to the steel surface through electron donation or weak coordination interactions. In doing so, they may reduce the number of active corrosion sites. Even so, the discontinuous nature of the film raises questions about how effectively it can resist sustained exposure to aggressive environments.
Particular attention should be given to the grain boundaries and microcracks visible in the images. These features are often energetically less stable than the surrounding matrix and tend to act as preferred sites for localised electrochemical activity. Once exposed, they can facilitate the ingress of chloride ions and moisture, both of which are known to accelerate localised corrosion processes such as pitting (Naghizade et al., 2024).
The presence of porous domains adds another layer of complexity. Such regions may trap electrolyte, effectively creating microenvironments where corrosion reactions can proceed more rapidly. The overall morphology therefore reflects a balance between adsorption, which works to protect the surface, and structural imperfections, which continue to provide pathways for degradation. The implication is clear: coverage alone is insufficient; uniformity is equally important.
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Plate 8: Surface Morphology Cymbopogon citratus

3.2.2 At first glance, the micrographs of the C. citratus sample (Plate 8) indicate a surface that is uneven and somewhat disrupted. Rather than a continuous, smooth film, the coating appears patchy, with areas of rough texture interspersed with more compact regions. Features such as granular clusters, microcracks, voids, and porous patches are clearly visible, suggesting that the surface underwent both chemical interaction and structural modification during exposure.
The roughened texture may be interpreted in more than one way. On the one hand, it indicates that adsorption occurred; on the other, it suggests that the process was far from uniform. The observed cracks and voids are particularly notable. From a mechanical standpoint, they represent areas of weakness. Electrochemically, they are even more consequential, as they tend to act as initiation sites for localised corrosion. Grain boundaries and other microstructural discontinuities often behave similarly, providing pathways for anodic reactions to proceed more readily.
The granular deposits scattered across the surface are likely to be a mixture of corrosion products and adsorbed organic matter from the extract. In systems involving plant-derived inhibitors, such deposits are often interpreted as evidence of adsorption, in which molecules assemble on the surface in clusters rather than forming a perfectly ordered layer (Naghizade et al., 2024). Nevertheless, their irregular distribution suggests that coverage is incomplete.
Porosity adds another layer of complexity. The presence of small, open pores can allow electrolyte to penetrate and remain in contact with the metal surface. This tends to increase local conductivity and, in turn, facilitate ongoing electrochemical reactions. Previous work has shown that surface discontinuities can increase susceptibility to corrosion, particularly in chloride-rich environments where aggressive ions exploit such openings (Naghizade et al., 2024).
Microcracks and shallow pits further reinforce the impression that corrosion is active, although moderated. These features often develop in regions where the inhibitor film is either thin or weakly attached. Once initiated, localised attack can progress beneath the film, making it difficult to arrest without achieving more consistent coverage.
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 Plate 9: Surface Morphology of Calotropis procera and Euphorbia kamerunica

3.2.3 The surface condition of the sample treated with a combined extract of Calotropis procera and Euphorbia kamerunica was examined using SEM imaging (Plate 9).
The morphology of the sample in Plate ix was observed at a field of view of 537 µm under an accelerating voltage of 15 kV, using a backscattered electron detector in full mode. Even at first glance, the surface does not appear uniform; rather, it shows a fragmented and uneven topology that reflects competing surface processes.
Closer inspection reveals a mixture of roughened regions, granular deposits, pores, and fine fissures. These features suggest that two processes are occurring side by side: adsorption of inhibitor constituents and ongoing localised corrosion. The pores and fissures, in particular, deserve attention. They are not merely passive features; they may serve as entry points for electrolyte penetration. In humid or chloride-containing environments, such discontinuities tend to trap moisture and facilitate ion movement, conditions that favour further corrosion if the protective layer is not sufficiently coherent.
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3.2.4 Examination of the Mild Steel Surface Treated with Azadirachta indica Extract
Plate 10 reveals a texture that is far from uniform. Rather than a smooth, continuous layer, the surface appears interrupted by micropores, shallow voids, fine fissures, and scattered cracks. These features are not unexpected in corrosive environments; they tend to reflect a surface undergoing competing processes: film formation on the one hand and localised breakdown on the other.
Some of the pores and voids appear sufficiently open to permit electrolyte ingress. In practical terms, such openings may serve as entry points for chloride-containing solutions, especially under prolonged exposure. Yet, this interpretation should be treated with some caution. Not all voids necessarily translate to active corrosion sites; some may simply represent regions where adsorption was incomplete or where drying effects during sample preparation introduced minor artefacts.
In contrast to these depressions, clusters of denser material are also visible. These aggregated areas likely correspond either to corrosion products, such as iron oxides or hydroxides, or to accumulated phytochemical residues from the extract. Their presence suggests that adsorption occurred, albeit unevenly. Where these clusters are more compact, they may contribute to localised surface stability by acting as a barrier, even if that protection is not continuous across the entire substrate.

 
[image: C:\Users\USER\AppData\Local\Temp\ksohtml25456\wps28.jpg]
Plate 11: Sample uncoated mild steel without inhibitor
 
3.2.5 The untreated mild steel surface in Plate 11 provides a useful reference point for interpreting the behaviour of the inhibitor-treated specimens. SEM micrographs (Plate 11), obtained at a field of view of 537 µm and an accelerating voltage of 15 kV, reveal a surface that underwent extensive deterioration. Rather than a continuous metallic surface, the image shows a patchwork of rough areas, shallow depressions, and well-defined pits. These features are characteristic of steel exposed directly to a corrosive medium, where electrochemical reactions proceed without restraint. Under such conditions, anodic dissolution of iron and cathodic reduction processes occur simultaneously across multiple sites, often leading to uneven material loss.
The pits are particularly revealing. Many appear isolated at first glance, yet closer inspection suggests that some are beginning to coalesce, forming broader regions of degradation. This progression from discrete pits to interconnected zones is consistent with established descriptions of corrosion evolution in chloride-containing environments. At the same time, the accumulation of corrosion products across parts of the surface adds another layer of complexity. These deposits may temporarily shield the underlying metal, but they are rarely stable enough to provide sustained protection.
















3.3 ImageJ-Based Surface Morphologies of the Samples
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Plate 12 : Image J Based Surface Morphology of Camellia sinensis
3.3.1 The ImageJ-processed micrograph of the Camellia sinensis-treated mild steel surface (Plate 12) provides a more measured, quantitative perspective on the topography previously observed in the SEM images. Rather than relying solely on visual interpretation, pixel-intensity mapping introduces a numerical dimension to surface assessment. The greyscale values superimposed on the image correspond to variations in height, allowing subtle differences in elevation that are often overlooked in conventional imaging to be examined with greater precision.
Brighter regions, associated with higher intensity values, appear to mark localised protrusions on the surface. These raised areas are plausibly linked to either the accumulation of corrosion products or the adsorption of organic constituents from the plant extract. In practical terms, such zones may represent points where the inhibitor adhered more effectively, forming small islands of protection. By contrast, the darker, less intense, and visually recessed regions suggest depressions or discontinuities. These are typically the areas where corrosion activity may persist, manifesting as shallow pits or early-stage crevice-like features.
What emerges is not a uniformly protected surface but a patchwork. Some sections appear reasonably shielded, while others remain exposed or only weakly covered. This unevenness may not be entirely surprising. Plant extracts, unlike purified synthetic inhibitors, contain a mixture of compounds with varying affinities for the metal surface. It is likely that this chemical diversity contributes to the irregular adsorption pattern observed here. In addition, microstructural features within the steel, such as grain boundaries, inclusions, or residual stress, may further complicate the adsorption process by creating localised electrochemical differences.
Digital image analysis has increasingly been used to move beyond purely descriptive accounts of surface damage. Pixel-based metrics, including intensity distribution and texture segmentation, can support more objective assessment of morphological variation (Schneider et al., 2012). Surface-based studies also indicate that roughness and active-area differences can influence where corrosion begins and how it spreads (Naghizade et al., 2024). The present observations are consistent with this approach. There is also growing interest in combining morphological data with predictive models; however, such approaches require careful validation, particularly when applied to complex natural inhibitors.
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Plate 13: Image J based surface morphology analyses of  Cymbopogon citratu
3.3.2 To move beyond visual inspection of the SEM images, the micrographs of the C. citratus sample were analysed using ImageJ (Plate 13). This analysis allows the surface features to be expressed in measurable terms rather than as descriptive impressions alone. The processed morphology map displays clear spatial variation in intensity, represented by a gradient of colours corresponding to differences in surface condition and, by implication, inhibitor performance across the steel surface. Areas rendered in red tend to coincide with zones where the protective layer appears thinned, discontinuous, or locally disrupted. Such regions may reasonably be interpreted as early-stage corrosion sites, where incomplete adsorption permits electrochemical activity to persist. In practical terms, these are the kinds of regions where pit initiation might be expected under chloride-rich conditions, particularly if the inhibitor film lacks sufficient cohesion.
Elsewhere, darker or lower-intensity regions suggest comparatively uniform coverage. In these zones, adsorption of constituents from Cymbopogon citratus appears more effective, producing a film that is at least locally continuous. The distinction between these areas is not trivial; it reflects how uneven adsorption, rather than complete failure of inhibition, often governs the behaviour of plant-derived systems.
The numerical spread of intensity values reinforces this point. Rather than clustering tightly, the values are distributed over a wide range, indicating electrochemical heterogeneity across the surface. This variability may arise from differences in molecular size, polarity, and functional groups among the extract’s constituents. Such heterogeneity is commonly associated with plant-based inhibitors, in which multiple compounds compete for adsorption sites with unequal affinities (Alrefaee et al., 2021).
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Plate 14: Image analyzed morphology of calotropis procera and euphobia kamerunica
3.3.3 To quantify these observations, the SEM images of the Calotropis procera and Euphorbia kamerunica blended sample were further processed using ImageJ (Plate 14). The resulting morphology map reinforces what is already visually apparent: the surface is irregular, fractured, and far from uniformly protected.
Cracks, voids, and elongated fissures are distributed across the analysed area. Measurements indicate that microcrevice widths range from approximately 1.140 µm to 1.357 µm. These dimensions are not negligible. Defects of this scale are large enough to permit deep penetration of corrosive species, potentially allowing corrosion to progress beneath the surface rather than remain superficial.
The contrast in the processed images provides additional clues. Brighter regions tend to correspond to areas where some form of surface layer—either inhibitor residue or corrosion product—remains attached. These areas may represent zones of partial passivation. Darker regions, by contrast, appear more depleted, suggesting either desorption of the inhibitor or areas where adsorption never fully occurred. Such zones are likely to be more vulnerable to continued attack.
The resulting pattern indicates uneven adsorption. The inhibitor does not appear to spread or bind uniformly across the surface. Instead, it forms patches of coverage interspersed with exposed areas. This behaviour is common in plant-derived systems, in which multiple compounds with different affinities compete for surface sites (Alrefaee et al., 2021; Naghizade et al., 2024). The result is a mixed inhibition mechanism that is effective in some areas but inconsistent overall.
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Plate 15: Image J surface image analyses of sample A.Indica
3.3.4 Processing the SEM images using ImageJ reveals the spatial variability more clearly. The colour mapping (Plate 15) highlights differences that are less apparent in greyscale micrographs. Bright-red regions tend to correspond to raised areas—either deposits of corrosion products or zones where the inhibitor film is relatively intact. In contrast, cyan and darker regions mark lower areas, including shallow pits and microvoids.
What stands out is not only the presence of these features but also their distribution. Elevated and depressed regions are interspersed rather than segregated, giving the surface a patchwork character. This pattern suggests that adsorption of the Azadirachta indica constituents occurs, but not with complete uniformity.
Such heterogeneity is often reported for plant-based inhibitors. Because the extract contains multiple compounds with different polarities and functional groups, adsorption tends to proceed unevenly. Some molecules may bind strongly to active sites, while others remain weakly associated or are displaced over time (Alrefaee et al., 2021).
The darker areas, particularly those approaching black, are of greater concern. These are likely locations of material loss, where the protective film either failed to form or broke down. In chloride-containing environments, such regions could evolve into stable pits if exposure continues.
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               Plate 16 : Sample uncoated mild steel in image J software analysis
3.3.5 When the SEM images are processed using ImageJ (Plate 16), the extent of surface heterogeneity becomes even more apparent. The colour segmentation provides a more intuitive way to distinguish between regions with different surface conditions. Areas rendered in red correspond to zones of high intensity, typically associated with dense accumulations of corrosion products. These may include iron oxides such as Fe₂O₃ or Fe₃O₄, formed during prolonged exposure. While such layers can sometimes slow further attack, they are often porous or loosely adherent, limiting their protective value.
In contrast, blue regions appear comparatively less degraded, although not necessarily intact. These areas may represent zones where corrosion progressed more slowly, perhaps because of local compositional variations or transient environmental conditions. The darker areas approaching black are more concerning, as they correspond to pits and voids where material loss occurred.
What is striking is the broad distribution of these features. Pits are not confined to isolated areas but are scattered widely across the surface. This pattern strongly suggests that pitting corrosion is a dominant mechanism. Given the presence of chloride ions, this interpretation appears reasonable.
Image-based approaches such as this have become increasingly common in surface analysis because they allow both visual and quantitative assessment of morphological patterns (Schneider et al., 2012). Even so, colour differences should not be overinterpreted as strictly quantitative measures without supporting calibration.








Conclusion
The study assessed the surface morphology of Q235 mild steel treated with selected plant extracts and a 50:50 blend of Calotropis procera and Euphorbia kamerunica. Qualitative phytochemical screening showed that the extracts contained several classes of secondary metabolites that may interact with steel surfaces through adsorption. SEM observations indicated that untreated mild steel developed pronounced surface deterioration, including pitting, cracks, roughened areas, and corrosion-product accumulation. In contrast, plant-extract-treated samples showed evidence of organic surface deposits and fewer visible defects, suggesting partial surface protection under the conditions studied. ImageJ-assisted processing further showed that surface coverage was uneven, with variations in intensity, porosity, roughness, and localised discontinuities. The blended extract appeared to produce more extensive surface coverage than some individual extracts, although the study did not directly quantify corrosion rate, inhibition efficiency, adsorption isotherms, or synergistic effects. Therefore, the findings should be interpreted as surface-morphology evidence of possible protective behaviour rather than definitive proof of corrosion inhibition.
Limitation
This study was limited to qualitative phytochemical screening, SEM observation, and ImageJ-assisted surface analysis. Exposure conditions, coating thickness, and replicate variability were not fully described. ImageJ analysis may also depend on image quality, thresholding choices, and region selection. Therefore, the findings provide preliminary morphological evidence only. Future studies should include replicated electrochemical tests, quantitative inhibition efficiency, adsorption modelling, and chemical characterisation of extract constituents.
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