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George Ochuko Emoghene a, Judith Efionayi a, Great Chukwudaro Onyejerue a 
 

The corrosion inhibition performance of clove (Syzygium aromaticum) essential oil as a green inhibitor for 

mild steel in simulated seawater was investigated using a combination of electrochemical and surface 

analytical techniques. Fourier transform infrared (FTIR) spectroscopy confirmed the presence of key 

phytochemical constituents in the clove extract responsible for inhibitor–metal interactions. Open circuit 

potential (OCP) measurements demonstrated a stabilizing effect of the extract on the mild steel electrode, 

indicative of adsorption-driven surface protection. The potentiodynamic polarization (Tafel) analysis 

revealed a mixed-type inhibition mechanism, with corrosion current densities decreasing from 

2.287 · 10–6 A/cm2 (control) to as low as 0.887 · 10–6 A/cm2 at 3.0 mL/L clove extract, corresponding to a 

maximum inhibition efficiency of 61.22 % and a reduction in corrosion rate from 2.65 · 10–8 mm/year to 

1.03 · 10–8 mm/year. Electrochemical impedance spectroscopy (EIS) using Nyquist and Bode plots further 

corroborated the formation of a protective adsorption layer at the metal–electrolyte interface, consistent 

with an increase in charge-transfer resistance in the presence of the inhibitor. Scanning electron microscopy 

(SEM) at magnifications of 500x, 1000x, and 2000x revealed a progressive improvement in surface 

morphology with increasing inhibitor concentration, with treated specimens exhibiting markedly reduced 

surface degradation compared to uninhibited controls. Energy dispersive X-ray spectroscopy (EDS) 

elemental analysis confirmed the incorporation of oxygen-containing species and trace elements on treated 

surfaces, consistent with protective film formation. These findings collectively demonstrate that clove 

essential oil is a promising, eco-friendly corrosion inhibitor for mild steel in simulated seawater conditions, 

offering significant potential for sustainable corrosion management applications. 
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1. Introduction 

Corrosion represents one of the most pervasive and 

economically devastating challenges confronting modern 

industry and infrastructure, defined as the 

electrochemical or chemical deterioration of metals upon 

interaction with their surrounding environment, 

imposing enormous financial, structural, and safety 

burdens across virtually every industrial sector [1]. The 

landmark International Measures of Prevention, 

Application, and Economics of Corrosion Technologies 

(IMPACT) study conducted by NACE International 

estimated the global annual cost of corrosion at 

approximately US$2.5 trillion, equivalent to 3.4 % of the 

world’s gross domestic product (GDP), a figure that 

underscores the extraordinary magnitude of the problem 

[2]; critically, the same study concluded that the 

implementation of existing best-practice corrosion 

control strategies could yield annual savings of between 

US$375 billion and US$875 billion, demonstrating that a 

substantial proportion of these losses are preventable [2]. 

Beyond direct economic losses, corrosion compromises 

structural integrity, precipitates catastrophic 

infrastructure failures, and poses significant 

environmental and public safety risks; in the water 

infrastructure sector alone, corrosion is responsible for 

over 260000 pipe failures annually in North America, 

costing in excess of US$2.6 billion in repair 

expenditure [3]. 
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The problem is especially acute in marine and coastal 

environments, where the combination of dissolved 

chloride ions, dissolved oxygen, biological activity, 

variable pH, and temperature fluctuations creates a 

uniquely aggressive corrosive milieu [4, 5]. Mild steel 

(low-carbon steel), the most widely employed structural 

material globally, is extensively deployed in shipbuilding, 

offshore oil and gas platforms, submarine pipelines, 

harbour structures, marine vessels, and coastal 

infrastructure due to its favourable mechanical 

properties, ease of fabrication, and relatively low cost [6]; 

however, it is inherently susceptible to corrosion in 

seawater, where anodic dissolution is facilitated by 

cathodic oxygen reduction reactions at its surface [7, 8]. 

Corrosion inhibitors – chemical compounds added to 

a corrosive medium to reduce the rate of metal dissolution 

– represent one of the most practical and cost-effective 

approaches to corrosion control [9]. Conventional 

synthetic inhibitors, including chromates, phosphates, 

nitrites, and azole-based compounds, have historically 

provided high inhibition efficiencies through the 

formation of protective barrier films, the modification of 

electrochemical reactions, or the alteration of the 

corrosive environment, typically by virtue of electron-

rich functional groups, including nitrogen, oxygen, 

sulfur, and phosphorus atoms together with aromatic or 

heterocyclic rings and 𝜋-conjugated systems that facilitate 

adsorptive interaction with the metal surface through 

coordinative dative covalent bonding [10, 11]. However, 

their industrial deployment is increasingly constrained by 

significant environmental and toxicological drawbacks: 

chromate-based inhibitors are acutely toxic, mutagenic, 

and carcinogenic and subject to stringent regulatory 

restrictions [10, 12]; phosphate-based formulations 

contribute to eutrophication of aquatic systems; and 

many nitrogen-containing synthetic inhibitors exhibit 

non-biodegradable behaviour, persisting in marine 

ecosystems [11, 13]. This regulatory and environmental 

pressure has catalysed a vigorous global research effort to 

identify sustainable, environmentally benign alternatives 

[12, 14]. 

Plant-derived extracts and essential oils have emerged 

as a compelling class of sustainable, biodegradable, and 

eco-friendly corrosion inhibitors, attracting growing 

scientific attention over the past decade due to their 

derivation from renewable biological resources, inherent 

biodegradability and low toxicity, wide availability, and 

structural diversity of bioactive organic molecules [13–16]. 

These phytochemical formulations contain a rich array of 

bioactive compounds – including polyphenols, tannins, 

flavonoids, alkaloids, terpenoids, and glycerides – 

possessing the structural prerequisites for effective metal 

surface adsorption, namely heteroatoms with lone-pair 

electrons and aromatic 𝜋-systems [15, 16]. Research in 

diverse plant species has consistently demonstrated 

concentration-dependent inhibition efficiency, with the 

Langmuir adsorption isotherm frequently identified as 

the dominant adsorption model, indicating monolayer 

formation on the metal surface [15]. Electrochemical 

studies employing potentiodynamic polarization, EIS, and 

OCP measurements have confirmed that plant extracts 

most commonly act as mixed-type inhibitors – 

simultaneously suppressing anodic dissolution and 

cathodic reduction reactions – and SEM/EDS surface 

characterisation has provided direct morphological 

evidence of the protective films deposited on metal 

surfaces [13, 15, 17]. 

Among the essential oils of particular interest, those 

from the Myrtaceae family and specifically from clove 

(Syzygium aromaticum) have demonstrated exceptional 

promise due to their extraordinarily high content of 

electrochemically active phytochemicals [18, 19]. Clove 

essential oil is chemically dominated by eugenol (4-allyl-

2-methoxyphenol), a phenylpropanoid compound 

constituting between 70 % and 90 % of the total volatile 

fraction, with eugenyl acetate, 𝛽-caryophyllene, and  

𝛼-humulene as principal secondary constituents 

[20, 21, 22]. The molecular architecture of eugenol – 

comprising a guaiacol aromatic scaffold bearing an allyl 

side-chain, a conjugated 𝜋-electron system, an oxygen-

bearing methoxy group, a free hydroxyl group, and a 

terminal alkene moiety – collectively supplies both lone-

pair electron donors and 𝜋-electron centres capable of 

adsorptive interaction with the electron-deficient 

d-orbitals of iron via coordinative bonding [18, 19]. Density 

functional theory (DFT) computations and molecular 

dynamics simulations have further confirmed that 

eugenol and 𝛽-caryophyllene form stable surface 

complexes with Fe atoms through oxygen lone-pair 

donation accompanied by back-donation from filled 

metal orbitals to the inhibitor’s antibonding molecular 

orbitals [18]. 

Empirical electrochemical investigations have 

validated the inhibitory efficacy of Syzygium aromaticum 

and its principal constituents across multiple corrosive 

media. Investigations of clove essential oil on mild steel in 

0.5 M HCl recorded inhibition efficiencies of up to 94 % 

at 4 g/L, classifying the oil as a mixed-type inhibitor [18]. 

Eugenol and its derivative acetyleugenol demonstrated a 

maximum inhibition efficiency of 91 % at 0.174 g/L in 1 M 

HCl following Langmuir adsorption behaviour [23]. In 

chloride-containing media more relevant to marine 

service, eugenol encapsulated within organoclay 

composites achieved an inhibition efficiency of 83 % 
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against brass corrosion in 3 % NaCl with cathodic 

inhibitor characteristics, and polymerised eugenol as a 

macromolecular green inhibitor yielded efficiencies of 

82–84 % against carbon steel in 1 M HCl [24]. Most 

recently, polymerised eugenol coatings derived from S. 

aromaticum were reported to reduce the corrosion rate of 

carbon steel by 69 % while simultaneously exhibiting 

antimicrobial activity against E. coli and S. aureus, a dual-

functionality attribute of considerable relevance to 

marine biofouling applications [25]. 

Despite this growing body of evidence, the 

application of clove essential oil as a corrosion inhibitor 

for mild steel in simulated seawater remains 

comparatively underexplored. The majority of published 

studies have examined clove oil inhibition in acidic media 

(HCl, H2SO4) or neutral saline solutions at relatively high 

inhibitor concentrations, with few deploying the 

comprehensive suite of electrochemical and surface 

characterisation methodologies required to fully 

elucidate inhibition mechanisms under marine-relevant 

conditions [15, 17]. Motivated by the urgent need for non-

toxic corrosion mitigation strategies in marine 

environments and by the demonstrated but incompletely 

characterised inhibition potential of plant-derived 

essential oils, the present study investigates the efficacy of 

Syzygium aromaticum (clove) essential oil as a green 

corrosion inhibitor for mild steel immersed in simulated 

seawater. A comprehensive multi-technique 

characterisation approach is employed, encompassing 

FTIR spectroscopic analysis, open-circuit potential (OCP) 

temporal monitoring, potentiodynamic polarization 

(Tafel) analysis, electrochemical impedance spectroscopy 

(EIS), and SEM/EDS surface morphological and elemental 

analysis at three inhibitor concentrations (1.0, 2.0, and 

3.0 mL/L) against an uninhibited control. 

2. Methodology 

2.1. Preparation of mild steel specimens 

Mild steel coupons conforming to ASTM A36 

specification were used for the electrochemical corrosion 

studies. [26, 27]. Coupons with dimensions 

20 × 15 × 2 mm and an exposed surface area of 4 cm2 

were prepared. The specimens were mechanically polished 

successively with 300–1200 grit silicon carbide abrasive 

papers, rinsed thoroughly with distilled water, degreased 

with ethanol, ultrasonically cleaned, dried in warm air, 

and stored in a desiccator prior to electrochemical testing 

to prevent premature oxidation. 

2.2. Preparation of simulated seawater 

Simulated seawater was prepared using analytical-

grade salts at ionic compositions according to ASTM 

D1141-98 (2013) to ensure controlled and reproducible 

marine-like corrosivity [28]. To maintain a salinity level of 

approximately 3.5 %, 35 grammes of analytical-grade 

sodium chloride (NaCl) were dissolved in one litre of 

distilled water. In addition to NaCl, trace amounts of 

magnesium chloride (MgCl2), calcium chloride (CaCl2), 

potassium chloride (KCl), and sodium sulphate (Na2SO4) 

were incorporated to approximate the ionic complexity of 

seawater. The pH of the solution was measured using a 

calibrated pH metre and adjusted to the range of 7.8–8.3, 

which corresponds to typical oceanic conditions. The 

prepared simulated seawater was thoroughly mixed and 

stored in a sealed container prior to use in corrosion 

studies. It should be noted that the solution described 

represents a simplified saline medium inspired by ASTM 

D1141-98 rather than a full implementation of that 

standard; exact constituent masses used were: NaCl 

35.00 g/L, MgCl2 5.00 g/L, Na2SO4 4.09 g/L, CaCl2 

1.16 g/L, and KCl 0.75 g/L, dissolved in distilled water and 

pH-adjusted to 7.8–8.3. 

2.3. Extraction of clove oil 

Dried clove buds (Syzygium aromaticum) were finely 

ground using a mechanical grinder to increase surface 

area and enhance solvent interaction. A 200 g sample of 

powdered clove buds was mixed with 2 L of ethanol as the 

extraction solvent. The mixture was placed on a magnetic 

stirrer and continuously stirred for approximately two 

hours at ambient temperature to facilitate extraction of 

essential oil constituents, such as eugenol and other 

phenolic compounds responsible for corrosion inhibition. 

After the extraction process, the mixture was filtered 

through Whatman No. 1 filter paper to separate the solid 

residues from the liquid extract. The filtrate (ethanol–

clove oil mixture) was then subjected to evaporation in a 

water bath to remove the ethanol solvent, leaving the 

clove oil extract behind. The extracted clove oil extract 

was collected and stored in airtight bottles at room 

temperature until required for inhibitor preparation. 

2.4. Preparation of the test solutions 

Clove essential oil was introduced into 100 mL of 

simulated seawater at concentrations of 1.0 mL/L, 

2.0 mL/L, and 3.0 mL/L respectively. An uninhibited 

blank solution without clove oil served as a control. 

2.5. Fourier-transform infrared spectroscopy (FTIR) 

Fourier-transform infrared spectroscopy (FTIR) was 

conducted on the pure clove extract to identify key 

functional groups present in organic molecules using a 

mid-IR spectrometer in the 4000–400 cm–1 range, 
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interpreted according to established vibrational 

assignments for eugenol-rich plant oils [29, 30]. 

2.6. Electrochemical measurements 

The extract was stirred magnetically for 15 minutes to 

ensure a uniform dispersion of the inhibitor throughout 

the simulated seawater. During electrochemical testing, 

the mild steel working electrode was mounted vertically 

at the centre of the electrochemical cell to minimise direct 

interaction with any undispersed oil droplets that could 

accumulate at the bottom of the cell. The electrode was 

immersed only after complete mixing of the electrolyte, 

and care was taken to avoid pre-wetting of the steel 

surface by any floating or sedimented oil phase. Prior to 

each experiment, the solution was gently stirred to 

maintain inhibitor homogeneity without introducing 

significant hydrodynamic effects. These precautions 

ensured reliable and reproducible electrochemical 

measurements. The electrochemical behaviour of mild 

steel in the test media was studied using a potentiostat 

connected to a conventional three-electrode corrosion 

cell. The mild steel specimen served as the working 

electrode, a platinum wire as the counter electrode, and a 

saturated calomel electrode (SCE) as the reference 

electrode. 

2.6.1. Open circuit potential (OCP) 

Each sample was immersed in its respective test 

solution, and the open circuit potential was monitored 

over time for 300 s. Stability was assessed visually from 

the potential-time profile. The OCP evolution indicated 

the corrosion tendency of the metal surface. 

2.6.2. Linear polarisation resistance (LPR) 

The LPR test was conducted by polarising the 

working electrode slightly (± 10–20 mV) about its OCP. 

The corresponding current response was recorded, and 

the polarisation resistance (Rp) was determined from the 

slope of the potential–current plot. A higher Rp value 

indicates greater corrosion resistance. 

2.6.3. Tafel polarisation measurement 

Tafel polarisation curves were obtained by sweeping 

the potential from approximately –250 mV to + 250 mV 

relative to the OCP at a scan rate of 1 mV/s in the anodic 

direction. The corrosion potential (𝐸𝑐𝑜𝑟𝑟) and corrosion 

current density (𝑖𝑐𝑜𝑟𝑟) were derived by Tafel 

extrapolation of the linear portions of the anodic and 

cathodic Tafel branches (typically spanning 50–100 mV 

from 𝐸𝑐𝑜𝑟𝑟), intersected at 𝐸𝑐𝑜𝑟𝑟. The anodic (𝑏𝑎) and 

cathodic (𝑏𝑐) Tafel slopes were obtained from the slopes 

of these linear regions on a semi-logarithmic current-

density plot. The corrosion rate (𝐶𝑅) was calculated from 

𝑖𝑐𝑜𝑟𝑟 using the standard Faradaic relationship: 

𝐶𝑅 (𝑚𝑚 𝑦𝑒𝑎𝑟⁄ ) = (𝑖𝑐𝑜𝑟𝑟 ∙
𝑀

𝑛∙𝐹∙𝜌
) ∙ 3.27 ∙ 10−3, (1) 

where 𝑀 is the molar mass of iron (55.85 g/mol); 𝑛 = 2 

(electrons transferred); 𝐹 is Faraday’s constant 

(96485 C/mol); and 𝜌 is the density of iron (7.87 g/cm³). 

2.6.4. Calculation of inhibition efficiency 

The inhibition efficiency (𝐼𝐸 (%)) of clove extract on 

mild steel corrosion in simulated seawater was determined 

using the following equation: 

𝐼𝐸 (%) =
𝐼𝑐𝑜𝑟𝑟(𝑏)−𝐼𝑐𝑜𝑟𝑟(𝑖)

𝐼𝑐𝑜𝑟𝑟(𝑏)
, (2) 

where 𝐼𝑐𝑜𝑟𝑟(𝑏) is the corrosion current density of the 

control (without inhibitor); 𝐼𝑐𝑜𝑟𝑟(𝑖) is the corrosion 

current density in the presence of inhibitor; 𝐼𝐸 (%) is the 

inhibition efficiency. 

2.6.5. Statistical analysis of data 

All experimental measurements were performed in 

triplicate to ensure the reliability and the reproducibility 

of results. The mean values of corrosion potential (𝐸𝑐𝑜𝑟𝑟), 

corrosion current density (𝐼𝑐𝑜𝑟𝑟), and inhibition efficiency 

(𝐼𝐸 (%)) were calculated for each sample. Standard 

deviations were not reported in the tables due to the 

limited number of replicates; this is acknowledged as a 

limitation, and future work should include fuller statistical 

characterisation, including error bars and confidence 

intervals. 

2.7. Electrochemical impedance spectroscopy (EIS) 

EIS data were collected over a frequency range of 

100 kHz to 10 mHz with a 10 mV AC perturbation, and 

spectra were fitted to equivalent circuit models using 

nonlinear least-squares methods as described by 

Barsoukov and Macdonald (2018), ensuring quality 

evaluation using 𝜒2 values, phase residuals, and 

confidence intervals [34]. 

2.8. Surface morphology 

Surface morphology was previously carried out 

before immersion and afterwards (24 h) in simulated 

seawater with and without varying concentrations of 

clove oil extract (1.0, 2.0, and 3.0 mL/L) and evaluated 

using scanning electron microscopy (SEM), while energy-

dispersive X-ray spectroscopy (EDS) provided elemental 

distributions and oxide/chloride surface characterisation, 
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performed in accordance with best practices for 

SEM/EDS-based corrosion analysis [35]. 

3. Results and discussions 

3.1. Chemical analysis of the mild steel 

The nominal chemical composition of the mild steel 

in weight percentage was: C (0.25 %), Mn (0.80 %), Si 

(0.28 %), P (≤ 0.04 %), S (≤ 0.05 %), and Fe balance, as 

presented in Table 1. 

Table 1 – Chemical composition of ASTM A36 mild steel. 

Element Composition (wt. %) 

C 0.25 

Mn 0.80 

Si 0.28 

P ≤ 0.04 

S ≤ 0.05 

Fe Balance 

3.2. Fourier transform infrared analysis (FTIR) of clove 

essential oil 

The FTIR spectrum of clove essential oil (Figure 1) 

revealed a rich array of characteristic absorption bands 

consistent with Syzygium aromaticum oil [18, 20]. These 

spectral features are in close agreement with previously 

reported FTIR fingerprints for clove essential oil and 

confirm the predominance of eugenol as the principal 

constituent [18, 22]. Crucially, the co-presence of oxygen-

bearing functional groups (phenolic O–H and methoxy 

C–O–C), aromatic 𝜋-conjugated systems, and an electron-

rich allyl moiety collectively provide the molecular 

prerequisites for effective adsorptive interaction with the 

mild steel surface through donation of lone-pair electrons 

and 𝜋-electrons to the electron-deficient d-orbitals of 

iron, thereby forming a stable surface-bound inhibitor 

film [19, 25]. 

 

Figure 1 FTIR spectrum of a pure clove oil extract. 

3.3. Open circuit potential (OCP) analysis 

 

Figure 2 OCP graph of seawater with clove oil extract and 

control. 

In the uninhibited simulated seawater, the OCP 

fluctuated irregularly between approximately 0.009 V 

and 0.039 V during the 300 s immersion. The observed 

instability and negative drift indicated continuous active 

dissolution of the mild steel surface due to the attack of 

chloride ions, which prevented the formation of a stable 

passive film. [38]. This behaviour is typical of an 

unprotected metal immersed in an aggressive chloride 

medium. With the introduction of 1.0 mL/L of clove 

extract, the OCP initially rose to about 0.05 V, but 

quickly decayed to below 0.03 V. The temporary positive 

shift implies partial adsorption of inhibitor molecules at 

the early stage; however, the unstable potential confirmed 

that the film was weak, non-uniform, or easily desorbed, 

offering limited inhibition. At 2.0 mL/L, the potential 

initially exhibited a value of around 0.09 V before 

gradually declining to approximately 0.025 V. Although 

this indicates partial surface coverage, the continued 

decay signifies that the film was not compact enough to 

fully protect the steel from chloride attack. The 3.0 mL/L 

concentration demonstrated the most stable and noble 

potential profile. The OCP started at about 0.125 V and 

stabilised around 0.07 V, which is substantially more 

positive than the other concentrations. The relative 

stability of this potential is consistent with the formation 

of a more adherent surface film compared to lower 

concentrations, suggesting greater inhibitor coverage, 

although complete passivation was not achieved within 

the 300 s monitoring window [7, 15]. 
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3.4. Potentiodynamic polarisation (Tafel) analysis 

The potentiodynamic polarisation (Tafel) curves 

obtained for mild steel in simulated seawater with and 

without clove essential oil are presented in Figure 3, and 

the corresponding electrochemical parameters are 

summarised in Table 2. The reported corrosion rates (on 

the order of 10–8 mm/year) are considerably lower than 

the typical values for mild steel in chloride media reported 

in the literature; this may reflect uncertainties in the Tafel 

extrapolation, particularly the difficulty of identifying 

unambiguous linear Tafel regions over a short 

polarisation window, and should be interpreted with 

caution. Independent gravimetric or solution analysis 

methods were not employed in this study to verify the 

corrosion rates, and this is identified as a limitation. In the 

uninhibited control, a corrosion potential (𝐸𝑐𝑜𝑟𝑟) of 

–0.627 V was recorded, with a corrosion current density 

(𝑖𝑐𝑜𝑟𝑟) of 2.287 · 10–6 A/cm2, anodic Tafel slope 

𝑏𝑎 = 130.8 mV/dec, cathodic Tafel slope 

𝑏𝑐 = 186.2 mV/dec, and a corrosion rate 

of 2.65 · 10–8 mm/year. The addition of clove oil at all 

three concentrations resulted in a measurable reduction 

in 𝑖𝑐𝑜𝑟𝑟 and corrosion rate relative to the uninhibited 

control, confirming the inhibitory efficacy of the extract. 

At 1.0 mL/L clove oil, the 𝑖𝑐𝑜𝑟𝑟 decreased to 

0.996 · 10–6 A/cm2, corresponding to an inhibition 

efficiency of 56.45 %, while at 3.0 mL/L the 𝑖𝑐𝑜𝑟𝑟 was 

further reduced to 0.887 · 10–6 A/cm2, yielding the 

highest inhibition efficiency of 61.22 % among the tested 

concentrations. The 2.0 mL/L concentration exhibited a 

markedly lower 𝑖𝑐𝑜𝑟𝑟 of 1.32 · 10–6 A/cm2 and the lowest 

inhibition efficiency of 42.27 %, which may reflect non-

uniform inhibitor film coverage or competitive 

adsorption effects at this intermediate concentration [13]. 

The observed shifts in 𝐸𝑐𝑜𝑟𝑟 across all inhibitor 

concentrations were less than 85 mV relative to the 

control (ranging from –0.589 to –0.640 V), fulfilling the 

standard electrochemical criterion for classification of the 

clove oil as a mixed-type inhibitor, simultaneously 

suppressing both anodic iron dissolution and cathodic 

oxygen reduction reactions [9, 11]. This classification is 

further corroborated by the concomitant changes in both 

𝑏𝑎 and 𝑏𝑐 values across all inhibitor concentrations: the 

anodic Tafel slopes increased slightly (from 130.8 to 112.5–

134.5 mV/dec) while cathodic slopes showed more 

pronounced variation (186.2 to 153.2–228.0 mV/dec), 

indicating that while both electrode processes are 

retarded, the cathodic reaction is more substantially 

affected at higher concentrations [13, 23]. This pattern of 

mixed-type inhibition with cathodic emphasis at 3.0 mL/L 

is consistent with the behaviour previously reported for S. 

aromaticum essential oil in acidic media, where inhibition 

efficiencies of up to 94 % were attributed to the 

adsorption of eugenol and 𝛽-caryophyllene onto active 

steel surface sites through lone-pair electron and 𝜋-

electron donation to the iron d-orbitals [25, 23]. The 

concentration-dependent inhibition observed, with 

3.0 mL/L yielding the optimal efficiency of 61.22 %, is 

consistent with the general mechanistic principle that 

increasing inhibitor concentration promotes more 

complete monolayer coverage of the metal surface, 

progressively blocking active anodic and cathodic sites 

 

 

Figure 3 Tafel plots. 

 

Table 2 – Potentiodynamic polarisation parameters for mild steel in simulated seawater with varying concentrations of clove oil 

extract. 

Sample 𝑬𝒄𝒐𝒓𝒓, V 𝒊𝒄𝒐𝒓𝒓 · 10–6, A/cm2 𝒃𝒂, mV/dec 𝒃𝒄, mV/dec Efficiency, % Corrosion rate, mm/year 

Control –0.627 2.287 130.8 186.2 – 2.65 · 10–8 

1.0 mL/L Clove oil –0.639 0.996 134.5 193.3 56.45 1.16 · 10–8 

2.0 mL/L Clove oil –0.640 1.32 · 10–6 134.1 228.0 42.27 1.53 · 10–8 

3.0 mL/L Clove oil –0.589 0.887 112.5 153.2 61.22 1.03 · 10–8 
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[11, 13]. The comparatively modest inhibition efficiencies 

relative to the values reported in acid media (HCl, H2SO4) 

are attributed to the near-neutral pH (~ 8.0) of simulated 

seawater, which limits the protonation of eugenol’s 

nitrogen-free functional groups and reduces the 

electrostatic driving force for surface adsorption relative 

to the strongly acidic environments examined in prior 

studies [9, 12]. 

3.5. Electrochemical impedance spectroscopy (EIS) 

analysis 

The electrochemical impedance spectroscopy (EIS) 

results are presented as Nyquist plots (Figure 4) and Bode 

plots (Figure 5). Nyquist plots for all systems displayed 

depressed capacitive semicircles over the examined 

frequency range, characteristic of a single time-constant 

behaviour arising from charge transfer at the mild 

steel/electrolyte interface in conjunction with double-

layer capacitance [10, 14]. The depressed or non-ideal 

nature of the semicircles, commonly attributed to surface 

heterogeneity, roughness, and the distribution of 

relaxation times, was modelled using a constant phase 

element (CPE) in place of an ideal capacitor in the 

equivalent circuit [14]. The diameter of the capacitive 

semicircle, which is directly proportional to the charge 

transfer resistance (𝑅𝑐𝑡), increased progressively with 

increasing clove oil concentration relative to the control, 

providing direct impedimetric evidence of enhanced 

resistance to charge transfer at the inhibitor-coated steel 

surface [10, 24]. This enlargement of the Nyquist 

semicircle diameter with inhibitor addition confirms that 

the phytochemical constituents of clove oil, principally 

eugenol, adsorb onto the mild steel surface to form a 

resistive organic barrier layer that impedes the 

electrochemical corrosion reactions [10, 25]. The 

corresponding reduction in double-layer capacitance 

(𝐶𝑑𝑙) inferred from the impedance data is consistent with 

displacement of water molecules and adsorbed chloride 

ions from the steel surface by the organic inhibitor 

molecules, effectively reducing the dielectric constant of 

the interfacial layer and increasing its thickness [17, 24]. 

The Bode magnitude plots (Figure 5) showed a progressive 

increase in impedance modulus |𝑍| at low frequencies with 

increasing clove oil concentration, with the 3.0 mL/L 

concentration exhibiting the highest low-frequency 

impedance, confirming superior protective film 

formation at this concentration [14, 17]. The Bode phase 

plots displayed a single broad phase angle maximum in the 

intermediate frequency range for all systems, consistent 

with the single time-constant behaviour observed in the 

Nyquist representation and confirming that the corrosion 

mechanism is governed by a charge transfer process across 

a resistive inhibitor film [10, 24]. The overall EIS results are 

in good concordance with the Tafel analysis, collectively 

identifying 3.0 mL/L as the optimal inhibitor 

concentration, and confirm the mixed-type inhibition 

mechanism of clove essential oil against mild steel 

corrosion in simulated seawater, consistent with the 

findings previously reported for eugenol-containing 

essential oils and plant extracts evaluated by EIS [14, 17]. 

The EIS data were fitted using a modified Randles 

circuit (Figure 6) comprising solution resistance (𝑅𝑠), 

charge-transfer resistance (𝑅𝑐𝑡), and a constant phase 

element (𝑄) to account for surface heterogeneity: 

 

Figure 4 Nyquist plots. 

 

Figure 5 Bode plots. 
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Figure 6 Equivalent circuit model (ECM) used to fit EIS data. 

𝑅𝑠(𝑄[𝑅𝑐𝑡]), (3) 

where 𝑅𝑠 represents the solution resistance; 𝑄(CPE) 

models the double-layer capacitance; and 𝑅𝑐𝑡 quantifies 

charge-transfer resistance. The depressed semicircles 

observed in all spectra confirm the non-ideal capacitive 

behaviour typical of organic inhibitor films. The 

significant increase in 𝑅𝑐𝑡 with inhibitor concentration 

indicates the formation of a dense, adherent barrier that 

effectively impedes charge transfer between the steel and 

the corrosive medium. 

3.6. Surface morphology 

3.6.1. Scanning electron microscopy and energy dispersive 

spectroscopy (SEM/EDS) – Control 

The scanning electron micrographs of the mild steel 

surface after 24 hours of immersion in uninhibited 

simulated seawater are presented in Figures 7, 8, and 9 at 

500x, 1000x, and 2000x magnification, respectively. At 

all magnification levels, the control steel surface displayed 

extensive and heterogeneous corrosion damage, 

characterised by the widespread deposition of 

voluminous, irregular corrosion product deposits, micro-

pitting, and surface roughening attributable to the 

aggressive electrochemical attack by dissolved chloride 

ions, oxygen, and the saline electrolyte [4, 7]. The 

characteristic morphology of iron oxide and 

oxyhydroxide corrosion products – including amorphous 

Fe(OH)2 and crystalline FeOOH phases – manifested as 

layered, nodular, and flaky deposits distributed across the 

steel surface, consistent with the classical mechanism of 

mild steel corrosion in marine environments [7, 8]. At 

higher magnification (2000x), micro-cracks within the 

corrosion product layer were discernible, indicative of the 

tensile stresses associated with volume expansion during 

the transformation of Fe(OH)2 into the 

thermodynamically stable but voluminous Fe2O3 and 

Fe3O4 oxide phases [4, 8]. The EDS analysis of the control 

surface  (Figure 10  and  Table 3)  revealed  a  composition  

 

Figure 7 SEM diagram of the mild steel surface after 24 hours of 

immersion in simulated seawater without clove extract at 500x 

magnification. 

 

Figure 8 SEM diagram of the mild steel surface after 24 hours of 

immersion in simulated seawater without clove extract at 1000x 

magnification. 

 

Figure 9 SEM diagram of the mild steel surface after 24 hours of 

immersion in simulated seawater without clove extract at 2000x 

magnification. 

dominated by iron (Fe: 92.79 wt. %) with a significant 

oxygen content (O: 6.96 wt. %), the latter confirming the 

formation    of    iron    oxide    and    hydroxide    corrosion  
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Figure 10 Energy dispersive X-ray spectroscopy (EDS) graph of 

the mild steel surface after 24 hours of immersion in simulated 

seawater. 

Table 3 – Elemental composition (wt. %) from EDS analysis of 

the mild steel after 24 h of immersion in uninhibited simulated 

seawater. 

Element Control 

Fe 92.79 

Cr 0.25 

Cl 0.00 

Zn 0.00 

Si 0.00 

O 6.96 

Total 100 

products on the surface [7]. The low but non-negligible 

oxygen weight percentage in the control is consistent with 

the formation of a heterogeneous, non-protective 

corrosion product film, while trace chromium (Cr: 

0.25 wt. %) reflects the minor alloying content of the 

mild steel substrate. The complete absence of chloride (Cl: 

0.00 wt. %) in the EDS spectrum of the control is 

noteworthy and may indicate that chloride ions, despite 

being the principal aggressive species in the simulated 

seawater, were not retained within the surface corrosion 

product layer at detectable concentrations following the 

rinsing procedure, or that they participated primarily as 

catalysts for the passive film breakdown rather than as 

constituents of the corrosion product [4, 8]. 

3.6.2. Scanning electron microscopy and energy 

dispersive spectroscopy (SEM/EDS) – 1.0 mL/L 

The SEM micrographs of the mild steel surface 

immersed in simulated seawater containing 1.0 mL/L of 

clove oil (Figures 11–13) revealed a surface morphology 

distinctly different from that of the uninhibited control, 

providing direct visual evidence of inhibitor adsorption 

and partial corrosion suppression. At 500x magnification 

(Figure 11), the surface exhibited a partial but incomplete 

organic film coverage with residual corrosion product 

deposits visible beneath and through the film, indicating 

that at this low concentration, inhibitor molecules do not 

achieve full monolayer coverage of the available metal 

surface area [25, 39]. At 1000x and 2000x magnification 

(Figures 12 and 13), a relatively discontinuous organic 

adsorption layer was observed, with some regions of the 

steel surface still displaying evidence of pitting and 

localised corrosion attack, consistent with the moderate 

inhibition efficiency of 56.45 % recorded from the Tafel 

analysis. 

The EDS analysis (Figure 14 and Table 4) of the 

1.0 mL/L-treated surface revealed several important 

compositional changes relative to the control: a reduction 

in iron content (Fe: 85.39 wt. % versus 92.79 wt. % for 

the control), accompanied by a substantial increase in 

oxygen content (O: 13.66 wt. % versus 6.96 wt. % for the 

control), and the appearance of measurable silicon (Si: 

0.48 wt. %), zinc (Zn: 0.20 wt. %), and trace chloride (Cl: 

0.07 wt. %) signals. The elevated oxygen content and 

reduced iron weight percentage are attributed to the 

deposition of organic oxygen-containing phytochemical 

molecules – principally eugenol, with its phenolic 

hydroxyl and methoxy functional groups – onto the steel 

surface, contributing to the observed oxygen signal 

[16, 39]. The detection of silicon likely reflects the 

incorporation of terpenoid-type phytoconstituents from 

the clove oil, while the trace chloride signal indicates 

incomplete exclusion of Cl– ions from the surface at this 

lower inhibitor concentration, consistent with only partial 

surface coverage [16]. These EDS findings corroborate the 

electrochemical data in confirming that 0.1 mL of clove oil 

provides measurable but sub-optimal surface protection 

under the conditions examined. 

 

Figure 11 SEM diagram of the mild steel surface after 24 hours of 

immersion in simulated seawater + 1.0 mL/L clove extract at 

500x magnification. 
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Figure 12 SEM diagram of the mild steel surface after 24 hours 

of immersion in simulated seawater + 1.0 mL/L clove extract at 

1000x magnification. 

 

Figure 13 SEM diagram of the mild steel surface after 24 hours 

of immersion in simulated seawater at 2000x 

magnification + 1.0 mL/L clove extract at 2000x magnification. 

 

Figure 14 Energy dispersive X-ray spectroscopy (EDS) graph of 

the mild steel surface after 24 hours of immersion in simulated 

seawater with 1.0 mL/L of a clove extract. 

Table 4 – Elemental composition (wt. %) from EDS analysis of 

mild steel after 24 h of immersion with 1.0 mL/L clove oil. 

Element 1.0 mL/L 

Fe 85.39 

Cr 0.20 

Cl 0.07 

Zn 0.20 

Si 0.48 

O 13.66 

Total 100 

3.6.3. Scanning electron microscopy and energy 

dispersive spectroscopy (SEM/EDS) – 2.0 mL/L clove oil 

The SEM micrographs obtained for the 2.0 mL/L 

clove oil treatment are shown in Figures 15–17. At 500x 

magnification (Figure 15), the steel surface appeared to 

bear a more uniform film deposit compared to the 

1.0 mL/L treatment; however, irregularities, residual 

corrosion deposits, and localised pitting remained evident. 

At higher magnifications (Figures 16 and 17), the inhibitor 

film appeared partially developed, with regions of 

apparent organic deposition interspersed with zones of 

corrosion product accumulation [13, 39]. The observed 

surface heterogeneity at 2.0 mL/L is consistent with the 

anomalously low inhibition efficiency of 42.27 % 

recorded from the Tafel analysis at this concentration – 

lower than that of the 1.0 mL/L treatment – confirmed 

that at this intermediate concentration, the inhibitor 

adsorption layer may be less compact or stable than at 

lower or higher concentrations, possibly due to 

competitive adsorption phenomena or reorganisation of 

the adsorbed phytochemical film at the electrode surface 

[13, 21]. The EDS analysis (Figure 18 and Table 5) of the 

0.2 mL-treated   surface   showed   a   composition   closely  

 

Figure 15 SEM diagram of the mild steel surface after 24 hours 

of immersion in simulated seawater + 2.0 mL/L clove oil extract 

at 500x magnification. 
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Figure 16 SEM diagram of the mild steel surface after 24 hours 

of immersion in simulated seawater + 2.0 mL/L clove oil extract 

at 1000x magnification. 

 

Figure 17 SEM diagram of the mild steel surface after 24 hours 

of immersion in simulated seawater + 2.0 mL/L clove oil extract 

at 2000x magnification. 

 

Figure 18 Energy dispersive X-ray spectroscopy (EDS) graph of 

the mild steel surface after 24 hours of immersion in simulated 

seawater with 2.0 mL/L of clove oil extract. 

Table 5 – Elemental composition (wt. %) from the EDS analysis 

of mild steel after 24 h of immersion with 2.0 mL/L clove oil. 

Element 2.0 mL/L 

Fe 92.20 

Cr 0.27 

Cl 0.00 

Zn 0.00 

Si 0.00 

O 7.53 

Total 100 

resembling that of the uninhibited control: Fe: 

92.20 wt. %, O: 7.53 wt. %, with no detectable Cl, Zn, or 

Si. The near-control-level iron content and the relatively 

low oxygen signal confirm that the protective organic film 

formed at 2.0 mL/L is thin and provides limited elemental 

differentiation from the base steel, which may in part 

account for the reduced electrochemical protection 

observed at this concentration [21, 39]. The absence of Si 

and Zn signals, in contrast to the 1.0 mL/L treatment, may 

reflect the nature and distribution of the phytochemical 

constituents adsorbed at this concentration, with the 

dominant eugenol component forming a thin but uniform 

layer that does not significantly alter the bulk EDS signal 

relative to the substrate [16]. 

3.6.4. Scanning electron microscopy and energy 

dispersive spectroscopy (SEM/EDS) – 3.0 mL/L clove oil 

The SEM micrographs of the mild steel surface 

treated with 0.3 mL of clove oil (Figures 19–21) exhibited 

the most significantly altered and protected surface 

morphology among all tested conditions, providing 

compelling visual corroboration of the superior 

electrochemical protection at this concentration. At 500x 

magnification (Figure 19), the steel surface displayed a 

markedly smoother and more uniform covered 

appearance relative to the control and lower-

concentration treatments, with the characteristic rough 

corrosion product deposits of the uninhibited surface 

substantially attenuated, indicative of the formation of a 

more complete, compact organic adsorption film [25, 39]. 

At 1000x and 2000x magnifications (Figures 20–21), the 

inhibitor film exhibited a relatively continuous 

morphology with significantly reduced micro-pitting and 

surface roughness, consistent with more complete 

monolayer coverage of the steel surface by eugenol and 

associated phytochemical molecules at this higher 

concentration [5, 39]. The suppression of corrosion 

product deposit morphology at 3.0 mL/L corroborates 

the highest inhibition efficiency of 61.22 % and the lowest 
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corrosion current density (𝑖𝑐𝑜𝑟𝑟 = 0.887 · 10–6 A/cm2) 

observed in the Tafel analysis, confirming that increasing 

inhibitor concentration promotes more extensive surface 

coverage and more effective barrier film formation [13]. 

The EDS analysis (Figure 22 and Table 6) of the 

3.0 mL/L-treated surface revealed an elemental 

composition intermediate between the control and the 

1.0 mL/L-treatment: Fe: 88.58 wt. %, O: 11.21 wt. %, Cr: 

0.21 wt. %, with no detectable Cl, Zn, or Si. The elevated 

oxygen content (11.21 wt. %) relative to the control 

(6.96 wt. %) confirms the deposition of oxygen-rich 

organic phytochemical inhibitor molecules – particularly 

eugenol – onto the steel surface, and the complete absence 

of chloride in the EDS spectrum at 0.3 mL indicates the 

effective exclusion of aggressive Cl– ions from the 

inhibitor-covered surface, demonstrating the protective 

efficacy of the adsorbed organic film [5, 7, 16]. The 

progressive increase in the surface oxygen content from 

control (6.96 %) to 3.0 mL/L (11.21 %), with the 1.0 mL/L  

 

Figure 19 SEM diagram of the mild steel surface after 24 hours 

of immersion in simulated seawater + 3.0 mL/L clove oil extract 

at 500x magnification. 

 

Figure 20 SEM diagram of the mild steel surface after 24 hours 

of immersion in simulated seawater + 3.0 mL/L clove oil extract 

at 1000x magnification. 

 

Figure 21 SEM diagram of the mild steel surface after 24 hours 

of immersion in simulated seawater + 3.0 mL/L clove oil extract 

at 2000x magnification. 

 

Figure 22 Energy dispersive X-ray spectroscopy (EDS) graph of 

the mild steel surface after 24 hours of immersion in simulated 

seawater with 3.0 mL/L of clove oil extract. 

Table 6 – Elemental composition (wt. %) from EDS analysis of 

mild steel after 24 h of immersion with 3.0 mL/L of clove oil. 

Element 3.0 mL/L 

Fe 88.58 

Cr 0.21 

Cl 0.00 

Zn 0.00 

Si 0.00 

O 11.21 

Total 100 

treatment exhibiting the highest oxygen signal (13.66 %), 

likely reflects a combination of increased organic film 

deposition and differing oxide/hydroxide corrosion 

product formation at each condition, with the 1.0 mL/L 
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surface exhibiting a mixed organic–inorganic film 

composition and the 3.0 mL/L surface bearing a denser, 

more purely organic phytochemical protective layer 

[5, 16]. 

4. Conclusions 

This study evaluated clove essential oil (Syzygium 

aromaticum) as a green corrosion inhibitor for mild steel 

in simulated seawater (3.5 wt. % NaCl) using FTIR 

spectroscopy, OCP monitoring, potentiodynamic 

polarisation, EIS, and SEM-EDS. FTIR confirmed that 

eugenol is the dominant active constituent, with its 

phenolic O–H, methoxy C–O–C, aromatic 𝜋-system, and 

allyl C=C functionalities providing the molecular basis for 

chemisorptive electron donation to the iron d-orbitals, 

forming a stable protective surface film. All 

electrochemical techniques consistently identified 

3.0 mL/L as the optimal inhibitor concentration, yielding 

the highest inhibition efficiency of 61.22 %, the lowest 

𝑖𝑐𝑜𝑟𝑟 (0.887 · 10–6 A/cm2), and the greatest charge 

transfer resistance. OCP and Tafel analyses classified the 

extract as a mixed-type inhibitor – simultaneously 

retarding anodic iron dissolution and cathodic oxygen 

reduction – based on 𝐸𝑐𝑜𝑟𝑟 displacements within ± 85 mV 

of the control across all concentrations. EIS Nyquist and 

Bode plots confirmed a concentration-dependent increase 

in impedance modulus and charge transfer resistance, 

consistent with the progressive formation of a resistive 

organic barrier layer. SEM micrographs corroborated 

these findings, showing markedly reduced corrosion 

product deposition and surface roughness at 3.0 mL/L, 

while EDS analysis confirmed an elevated surface oxygen 

content (11.21 wt. % versus 6.96 wt. % for the control) and 

complete exclusion of Cl– ions, confirming effective 

inhibitor film coverage. The anomalous inhibition 

efficiency of 42.27 % at 2.0 mL/L is attributed to 

competitive adsorption effects and reduced film 

compactness at this intermediate concentration. 

Moderate overall efficiencies relative to studies in acidic 

media reflect the reduced electrostatic adsorption driving 

force at a near-neutral pH (~ 8.0) of seawater. These 

results establish clove essential oil as a promising 

biorenewable corrosion inhibitor under simulated 

seawater conditions, with future work recommended to 

include quantum chemical modelling, molecular 

dynamics simulations, and temperature-dependent 

adsorption isotherm studies to fully elucidate the 

inhibition thermodynamics. 
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