


FORMULATION AND PERFORMANCE EVALUATION OF A BIO- BASED HYBRID EPOXY COATING FOR METAL PROCTECTION IN AQUEOUS AGRESSIVE ENVIRONMENT

ABSTRACT
A sustainable epoxy coating was formulated using a bio-based organic – inorganic hybrid comprising of Dacryodes edulis leaf extract (DE) and precipitated amorphous silica (PAS). DE was obtained via cold extraction while PAS was synthesised by neutralization reaction between sulphuric acid and sodium silicate. FTIR and GC-MS analysis confirmed the presence of functional groups including O-H, C=C, and aromatic esters. SEM, TEM and XRD analysis validated successful DE/PAS hybridization and the amorphous nanoscale nature of PAS. Raman and FTIR on coatings confirms a well cured epoxy network. Environmental evaluation test (Salt spray and UV radiation /weathering test) in 5 wt% NaCl revealed superior barrier performance of the hybrid coating over epoxy only and single additive systems. Electrochemical studies confirmed enhanced corrosion resistance of the hybrid  system,  low corrosion current (1.3 × 10⁻⁶ mA/cm²), high pitting (−0.26 V) and repassivation (0.27 V) potentials, narrow hysteresis width  (0.01 V) and, high charge transfer resistance (352 Ω·cm²), and lower admittance values (Yo1 = 1.179×10⁻⁴, Yo2 = 1.541×10⁻⁴) and stable capacitive behaviour . These findings highlight the potential of DE/PAS hybrids as eco-friendly, high performance additive for protective coatings

INTRODUCTION
The demand for eco-friendly, high-performance coatings has significantly increased due to growing environmental regulations and the need for sustainable alternatives to conventional protective systems. Traditional coatings, particularly those based on hexavalent chromium and volatile organic compounds (VOCs), have demonstrated excellent corrosion resistance and durability. However, their high toxicity and poor environmental compatibility have prompted legislative restrictions, including bans and limitations enforced by regulatory agencies such as the U.S. Environmental Protection Agency (EPA). Consequently, substantial research efforts have been redirected toward developing safer, biodegradable, and high-performance coatings (Chen, et al., 2019; Kumar et al., 2018 Askari, et al., 2016;  Bakhshandeh, et al.,  2014; Costa & Klein, 2006; Ashassi-Sorkhabi, et al., 2005)
 Hybrid organic–inorganic coatings have emerged as a promising alternative, offering synergistic properties derived from both material classes. These hybrid systems exhibit enhanced mechanical strength, improved adhesion, anti-sagging behaviour, and superior barrier performance compared to their single-component counterparts. Organic components, typically polymeric matrices such as polyethylene, polyurethane, polyesters, and epoxy resins, contribute flexibility, chemical resistance, and adhesion. Epoxy-based coatings, in particular, are widely appreciated for their strong adhesion and chemical stability. However, they suffer from certain limitations such as hydrophobicity, which can lead to crack formation and the ingress of corrosive species. Hou, et al., 2024; Krishnapriya, et al., 2019;  Behzadnasab, et al., 2017; Lamakaa, et al., 2015; Jalili, et al., 2009; Barletta, et al., 2007; Bergna,. & Roberts, 205;  Galliano & Landolt, 2002; Ellis, 1993)  
Inorganic fillers and nanoparticles, including silica-based materials, have been incorporated into epoxy systems to address these deficiencies. Precipitated amorphous silica (PAS), a non-toxic, eco-friendly material, has shown promise as a reinforcing agent, crack inhibitor, and corrosion-resistant additive (Music et al., 2011). Additionally, bio-based materials, particularly plant extracts derived from leaves, bark, or roots, have attracted attention as green corrosion inhibitors due to their biodegradability and effective inhibitory properties. Despite their advantages, such natural extracts often suffer from limited thermal and mechanical stability, poor adhesion, and short shelf life.(Agiriga et al., 2019;  Udo & Gloria, 2016; Yasakau, et al., 2008 )
To overcome these limitations, recent studies have explored the fabrication of organic–inorganic hybrid coatings using plant extracts and inorganic fillers. Notable examples include Zinc−Cichorium intybus leaf extract hybrid coatings, Gracilaria edulis-modified epoxy systems, and silane-treated Mentha longifolia coatings, which have demonstrated enhanced corrosion protection and mechanical performance in aggressive environments (Sanaei et al., 2017; Rajan et al., 2017;  Nikpour et al., 2017; canosa , et al., 2014; Ahmad et al., 2014 ).
Recent literature has demonstrated the superior performance of hybrid coatings compared to neat or single-phase systems. For example, Gasiorek et al. (2023) reported that solvent selection during sol-gel processing significantly affects polarization behaviour and coating integrity. Peter and Milošev (2015) observed excellent anodic protection using sol-gel-based hybrid coatings on AA2024-T3 and 7075-T6 aluminium alloys, with no pitting up to ~7 V in 0.5 M NaCl. Bongiorno et al. (2023),  demonstrated that coatings with lower pigment volume concentrations (PVC) exhibit higher impedance and better performance on both AA2024-T3 and mild steel substrates. Similarly, Hou et al. (2023) showed that superhydrophobic coatings dramatically increase charge transfer resistance, indicating effective barrier protection.
Dacryodes edulis (African pear), a fruit-bearing tree native to West and Central Africa, has recently gained attention due to its leaf extract’s corrosion-inhibitive properties, particularly in mixed-type inhibition mechanisms (Agiriga et al., 2017; Bhawsar, et al., 2015; Oguzie et al., 2010). The integration of D. edulis leaf extract with PAS in an epoxy matrix offers a novel route toward developing high-performance, bio-based hybrid coatings.
In this study, a novel bio-based hybrid epoxy coating was developed using ethanol-extracted Dacryodes edulis leaf extract (DE) and precipitated amorphous silica (PAS) as organic and inorganic components, respectively..The hybrid coating were systematically characterized using Fourier-transform infrared spectroscopy (FTIR), Raman spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM), Gas chromatography–mass spectrometry (GC–MS), and thermogravimetric analysis (TGA).
The corrosion resistance and barrier properties of the developed coatings—including neat epoxy, epoxy/PAS, epoxy/DE, and epoxy/hybrid systems—were evaluated in simulated aggressive environments containing 3.5 wt% and 5 wt% NaCl, which are relevant for applications in the marine and aviation industries. This work aims to provide insight into the structural integrity, corrosion resistance, and performance enhancement potential of bio-based hybrid coatings as sustainable alternatives to conventional protective systems
EXPERIMENTAL
Materials
The reagents (Sodium chloride (NaCl 39.34 % Na, 60.66 % Cl) , Sodium siliate (Na2SIO3; SiO2/Na2O, ratio of 3.22), 99 % ethanol (C2H5OH), concentrated sulphuric acid  (H2SO4; 98 %), and acetone  (70 %) were purchased from Fuchen Chemical Reagent Co., Ltd. (China, Tianjin) while  polyetheroxylated, polyethylene glycol, titanium oxide, zinc phosphate, barium sulphate, hydrated magnesium silicate , hydroxyethyl cellulose,  N butanol, solvent naphtha, polyamide resin and normal butanol were  purchased from Sigma-AldrichSigma-Aldrich and all  were  used as received
Mild steel panel having a nominal composition (wt%) of C= 0.05, Si = 0.3, Mn = 0.6, P = 0.36, Fe = 98.69) and of dimension 6 cm × 10 cm × 1.5 cm was obtained from Mechanical Engineering Department, Federal University of Technology Owerri was employed as the substrate material. Daroyodes edulis was obtained locally at Ubomiri in Mbaitoli local Government Imo state area and identified at the Department of Agriculture Federal University of Technology Owerri.
Preparation and characterization of the plant extract and PAS
Ethanol extract of leaves of the plant (Dacryodes edulis) was prepared as described in our paper (Ohaegbulam et al., 2025)) and different weight percentages of the extract material were employed (0.4, 0.8 and 1.2 wt%). In addition precipitated amorphous silica was prepared using a method described by  Ohaegbulam et al., 2025.
The weight percentages of the plant extract (0.4 wt%, 0.8 wt%, 1.2 wt%)  were loaded  on the inorganic material (PAS- 2 wt%) to obtain respectively the hybrid (DE-PAS) material;  epoxy/PAS – 2 wt%, (epoxy/PAS- 2 wt%/DE- 0.4 wt%), (epoxy/PAS-2 wt%/DE -0.8 wt%),  (epoxy/PAS – 2 wt%/DE- 1.2 wt%). These were prepared by dispersing required amount of PAS (2 wt%) in the ethanol extract of the plant material after which both were thoroughly mixed

Fabrication of the coating
The coating was formulated using all materials in their required amount, epoxy resin (grade KER828) was employed as the binder while polamide was used as the hardener, The pigments  employed were Zinc phosphate, hydroxyethyl cellulose (thickener and stabilizer), titanium oxide, hydroxyethyl cellulose,  hydrated magnesium silicate, barium sulphate were used to develop the primier to required thickness. The part B (curing agent) was formulated by incorporating polyamide as the binder, this was dissolved in N – butanol and solvent naphtha  to obtain the coating thinner and solvent blend, Other materials such as  polyetheroxylated fatty alcohol ether (wetting agent and dispersant), polyethylene glycol flowing and levelling agent) were also added to the primier and the mixture were thoroughly stirred using a mechanical stirrer until a homogenous mixture was obtained.
Epoxy coating /PAS (C)  was formulated by incorporating 2 wt% of PAS during the synthesis as explained elsewhere, epoxy /DE  coating  consists of  varying weight percentages of DE (0.4, 0.8 & 1.2 wt%), while  the  hybrid coating ( G, H, &  I)  contained  the  percentages of the plant extract (0.4, 0.8, 1.2) and PAS (2 wt%). The coatings  C, D, E, F G, H, I were fabricated without Zinc phosphate as an additive  
Characterization of DE and PAS by FTIR, GC-MS,TEM and SEM and XRD
The plant extract (DE) was characterised by FTIR in other to ascertain the possible functional group present (Ohaegbulam et al., 2025) while GC MS was performed to provide an insight on the major and active compounds present using BUCK M910 Gas chromatography equipped with HP-5MS column (30 m in length × 250 μm in diameter × 0.25 μm in thickness of film). The bio active  compounds extracted from different extracts were identified based on GC retention time on HP-5MS column and the spectra was matched with computer software data of standards (Replib and Mainlab data of GC–MS systems). Morphological information on PAS was obtained by TEM analysis (Ohaegbulam et al., 2025) to confirm the particle size while SEM analysis was carried on both DE and PAS 
More so, the thermal response  of the three composite material  elevated temperature  was performed by thermogravimertic / differential thermal analysis (TGA.DTA) at 30 oC to 950 oC in pure Nitrogen environment (Ohaegbulam et al., 2025)
Characterization of hybrid coating by FTIR and Raman spectroscopy
FTIR of coated  were performed similar using procedure as described elsewhere while Raman spectroscopy was performed Raman spectroscopy was performed using Bruker Handheld  Bravo Raman spectrometer. The spectrometer probe was securely positioned in direct contact with the surface of the sample to ensure optimal signal acquisition . The spectra data obtained were recorded in the range of 4000- 200 cm-1 with an integration  time of 32 scans and  a spectra resolution of 4 cm-1 . The acquired data underwent baseline correction and was processed using  a savitzky – Golay method for noise reduction and peak enhancement followed by peak identification and analysis (Hana et al., 2011)
XRD analysis was performed on PAS to verify the structure and confirm the amorphous nature/lack of crystallinity using a Rigaku MiniFlex Benchtop X‑ray diffractometer equipped with a Cu Kα X‑ray source (λ = 1.5406 Å). The equipment has a maximum tube power of 600 W and an 1D silicon strip detector (D/teX Ultra) or equivalent, under the control of the SmartLab Studio II software
Scans were performed over a 2θ range of 10° to 80° at a step size of 0.02° and a counting time of 1 s per step. A flat‑plate sample holder was used; the sample surface was packed evenly to a smooth finish. An identical background scan using the empty holder was collected under the same instrumental settings for background subtraction.
COATING APPLICATION
The mild steel panels (6 × 10 ×1.5 cm) was prepared before coating. Firstly, MS panels  were polished with silicon carbide papers of different grades (180, 320 and 500), followed by thorough rinsing with distilled water, alcohol and acetone, dried with hot air blower in air and stored in a  moisture free desiccator. The as – prepared metal substrate was coated with the different coating system formulated stated elsewhere  by  spraying technique using a graco spray gun  and allowed to cure for 48 h at room temperature
SALT SPRAY TEST
Coated panel (B to I) were loaded in standard salt spray chamber( American Standard Test method B 117-SJI  (ASTM B 117-SJl), each inclined at an angle of 15-30° from the vertical and  operated at 35 ± I.50C and a steady state relative humidity of approximately 95-98%.  About 5% wt % of NaCl was sprayed indirectly on them  for 15 days. More so, in other to stimulate the effect of sunlight, moisture and temperature on the coating over time, UV degradation / weathering test (ASTM G 154) was performed on the coated panels  (B to I). In the test procedure coated panels loaded into the UV chamber  arranged vertically such that there were no touching between samples. The condition employed were 8 h radiation with UV-B 340 lamp at 60 oC followed by 4 h condensation in the dark at 50 oC and relative humidity of   ~ 95 %. . The cycle was repeated every twelve hours for 1000 hours (Wypych,  2018;  Kaczmarek  & Oldak  2012; Raps, et al., 2009  &  Crivello, & Bulut,  2005)
 ELECTRON IMPEDANCE STUDIES 
A CHI 604C electrochemical analyser (Shanghai ChenHua Instrument, China)  was employed and experiment ran at  a broad frequency range from 100 kHz to 10 mHz, using a 50 mV amplitude sinusoidal voltage vs open circuit potential of 15 – 30 mins. A measuring cell was placed on the coated panel (working electrode), filled with a 3.5 wt% NaCl solution. The  coatings were applied on the as- prepared mild steel panel using a spray gun  and  the coated panels  B(bare epoxy), C(epoxy/ PAS – 2 %) , F(epoxy / DE- 0.4 wt%) and G epoxy /DE-0.4 wt%/PAS- 2 wt%) were applied  respectively on the as-prepared metal surfaces by spraying technique using a graco air spray gun (Graco Xtreme) and allowed to cure for 48 hours at room temperature.  The experiment was ran using a three electrode system comprising of  the working electrode (coated metal), reference electrode (saturated calomel electrode) while the counter electrode was Ag/AgCl cell. These were connected to Gamry electrochemical work station. Data was analysed to obtain the Nyquist plot, Bode plot, phase angle plot. The measurement was ran in triplicate to mimimize error. The EIS result was analysed with the aid of  , ZPlot, ZView and CorrView software (Scribner Associates,USA).  The classic equivalent circuit model for coated metals was regressed individually to each impedance spectra to calculate the following key parameters such as coating resistance  (Rc), charge transfer resistance (Rct), double layer capacitance Cdl and coating capacitance (Cc) using a constant phase element (Bongiorno, et al., 2023; Trentin,  et al.,2022; Dandan, et al., 2018;  Nguyen, et al.,  2016; Figueri, et al., 2014; Murray,1997; Crank, & Park, 1968).
CYCLIC POLARIZATION MEASUREMENT
 A reference 600+ potentiostat / Galvanostat/ZRA Gamry instrument USA was employed, the electrochemical cell was a three electrode  system comprising of the working electrode  (coated metal)  with a exposed area of 1 cm2,  the reference electrode (saturated calomel electrode)  and  the counter electrode (platinum wire)
Mild steel panels coated with  B(bare epoxy), C(epoxy/ PAS – 2 %) , F (epoxy / DE- 0.4 wt%) and G epoxy /DE-0.4 wt%/PAS- 2 wt%) were  employed. The  electrolyte was 3.5 wt% NaCl (stimulated sea environment) was freshly prepared using distilled water,  and  deareated  by purging with nitrogen for 30 minutes. The measurement was ran at an  initial potential of ~–250 mV vs  OCP and final potential: ~+1000 mV vs OCP at a scan rate of 0.1667 mV/s . A reverse scan was run to enable it loop back to starting potential. The scan was run anodically until  the maximum set potential is reached, a reverse scan was ran in the cathodic direction and the entire cycle  was recorded until it is back to the initial potential. Data acquisition was carried out using Nova software to evaluate key parameters such as Corrosion potential (Ecorr),  Corrosion current density (Icorr),Pitting corrosion  (Epit)  or repssivation potential  (E rp), hysteresis loop (Amir, 2010; ASTM G, 2015)
RESULTS AND DISCUSSION
FTIR analysis on the plant extract revealed characteristics functional group and the corresponding adsorption bands (aromatic esters, alkyl aryl ethers, hydroxyl, carbonyl, anhydride, isothiocyanate, alkyne, and alkane) (full details in our published paper, Ohaegbulam et al., 2025). The bioactive compounds extracted from  the GC- MS based on retention time revealed a total
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Fig 1: Spectrum of thin layer chromatography of Dacryodes edulis (DE)
of 43 peaks in the thin layer chromatography (fig 1) carried out on the plant extract.. The major active compounds present were identified as aliphatic compounds, phenols, carboxylic acid and esters confirming the functional groups present from FTIR result. In addition the major chemical compound present in the plant extract DE are presented in table 3 in increasing order of their retention time, molecular weight, structure and percentage compositions. Hence the plant extracts possesses electron deficient group such as double bonds, heteroatom possessing lone pair electron that have been proven to be the active cites inhibiting corrosion.
Table 1: Summary of the major compounds present in Dacryodes edulis from GC- MS Analysis

	S/N
	RT 
	Compounds
	Molecular Weight
	Structure
	Percentage
Composition %

	1
	22.692
	1-Pentadecene
	210.3987
	[image: C15H30]
	8.34

	2
	20.974
	2,4-Di-tert-butylphenol
	206.3239
	[image: C14H22O]
	7.94

	3
	9.339
	Decane, 2-methyl-
	156.3083
	[image: C11H24]
	7.42

	4
	8.958
	Dodecane, 2,6,10-trimethyl-(
	212.4146
	[image: C15H32]
	6.44

	5
	9.118
	Carbonic acid, nonyl vinyl ester
	214.3013
	[image: C12H22O3]
	5.84



 FTIR result of the coatings reveals the presence of O-H/N-H  at  peaks  3675 cm-1 and 3351 cm-1  suggesting  an  alcohol, carboxylic acid or amine while the peak  at 2927 cm-1 is indicative of an aliphatic C-H stretch  suggesting  an alkane.  More so, the peak at 1636 cm-1 suggests a C=O or C=C  indicating  a carbonyl compound such as ketones, amides or carboxylic acids or metal-oxygen bond  likely  from  an inorganic component possibly from Si-O-Si  bond. 

Table 2  Functional groups and compounds present in epoxy/hybrid coating
	Peak (cm⁻¹)
	Possible Functional Group
	Typical Compound Type

	3675.73
	Free O-H stretch
	Alcohols, Phenols

	3351.86
	H-bonded O-H / N-H stretch
	Alcohols, Carboxylic acids, Amines

	2927.70
	C-H stretch (sp³)
	Alkanes, Organic Compounds

	1636.19
	C=C or C=O stretch
	Alkenes, Amides, Carbonyl     Compounds

	1454.36
	CH₂ bending (scissoring)
	Alkanes, Aromatic Compounds

	1385.25
	CH₃ symmetric bending
	Alkanes, Methyl Groups

	1013.49
	C-O stretch
	Alcohols, Esters, Ethers

	879.93
	C-H out-of-plane bending
	Aromatic Compounds

	730.42, 696.24, 666.44
	C-H out-of-plane bending
	Aromatic Compounds (e.g., Benzene Derivatives

	599.06, 461.74
	Metal-Oxygen stretch
	Metal Complexes, Inorganic Compounds
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Fig. 2  Fourier transform infrared spectroscopy of epoxy /hybrid  (epoxy/PAS/DE) coating
Conversely, result from Raman spectroscopy (fig 2 ) and table 2,   the spectrum covers a wide wave number range  from 800 cm-1– 3000 cm-1 The  low-frequency  (below 800 cm⁻¹),    the fingerprint region ( 800–1500 cm⁻¹)  and  the high-frequency  ( 2700–3100 cm⁻¹). 
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Fig. 3  Raman spectra of  epoxy /Hybrid (DE/PAS) coating
The  bands close to 450 cm-1 are associated with skeletal vibration of a polymer backbone, suggesting   an inorganic component such as silica or metal oxide which can  appear as metal-oxygen (M-O) stretching vibrations. This  provides  evidence of  the integration of an inorganic network in the epoxy matrix
At the finger print region (approximately 800 – 1500 cm-1),  band around 800 cm-1 is often consistent with the ring breathing mode of aromatic structure which maybe derived from bisphenol –A  common with epoxies, confirming  presence of benzene ring.  The band at  980 and 1220 cm-1 is  common with  C-O  and C –O –C stretching vibrations, these are hallmark for the formation of ether linkages formed through the cross linked  network during curing process. Further more,  the aliphatic content of the polymer backbone was demonstrated by the  additional band observed at 1300 – 1450 cm-1 common with  a CH bending (scissoring) modes. More so, at the high frequency region (≈ 2700–3100 cm⁻¹), C–H stretching vibrations  were  observed at the bands of 2800–3000 cm⁻¹,  the   strong bands in this region is commonly attributed  to aliphatic C–H stretching vibrations (from –CH₂– and –CH₃ groups).  Similarly, the  band at 3050–3100 cm⁻1  is  consistent with  aromatic C–H stretching , hence,  provides additional support on  the presence of aromatic rings within the epoxy coating. Therefore result from Raman spectroscopy confirms successful  curing of the epoxy system evident from the  cross-linked network,  the aromatic component was demonstrated by the ring-breathing mode. In addition, the aliphatic contribution was illustrated by the intense aliphatic C–H stretching bands which can contribute to the  toughness and flexibility of the coating while the inorganic phase  was  demonstrated  at  the low-frequency region illustrating the  metal–oxygen bonds (e.g., Si–O or other M–O linkages) integrated into the organic matrix, hence confirms  the  hybrid nature of the coating. Similar observation was demonstrated by Sandra, Alberto &  Ceccato, 2012; Edward. et al., 2007 & Edward,  et al., 2008;  Wanrui Zhang, et al., 2004 )
Morphological information from SEM/EDS on  DE. PAS and DE/PAS (fig 4 --6), SEM micrograph on DE reveals a uniform, compact and homogeneous surface with minimal clustering or agglomeration. This illustrates effective dispersion of particles in the matrix, the particle size and  shape  are majority submicron to a few microns in size and appear rounded or irregularly shaped. The absence of visible pores or cavities  suggests a dense and continuous phase. On the other hand the EDS on the elemental composition of DE result reveals the presence of Sulphur, Phosphorous, Chlorine etc. 
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Fig  4a.  SEM image of DE	Fig 4b  EDS result on DE
The micrograph on PAS on the other hand (fig. 5),  reveals a rough and irregular surface with the presence of clusters or agglomerates distributed unevenly across the field. These agglomerated features appear globular or cauliflower-like. The presence of minor microvoids or pores was evident, especially in areas surrounding agglomerates. The micrograph hence confirms the porosity of PAS
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Fig 5a: SEM image of PAS		Fig 5b EDS result on PAS
In contrast, the micrograph on DE/PAS (fig 5a & 5b) showed significant changes/modification on the surface morphology of  DE/PAS after hybridization. A very rough, highly porous, and fibrous texture with  a network-like structure and  dense entanglement of fibrous and granular phases was observed. There appears to be numerous microvoids and cavities visible across the surface and the particle distribution reveals a white  bright spots appearing as clusters which suggests  the presence of inorganic or metallic nanoparticles. Their brighter contrast suggests higher atomic number elements (possibly Zn, Si, or Ti oxides), that could be embedded or adsorbed on organic fibers.


Fig 6a. SEM micrograph on DE/PAS	  Fig. 6b: EDS result on DE/PAS
Hence the SEM image on  DE/PAS  confirms complete grafting of the plant extract on PAS after hybridization, the result provides evidence on the formation of strong covalent bond  and cross linking between the  Si –O –Si and  Si- OH group from PAS and the electron rich functional group in DE  (–OH, –C=O ). Furthermore, the elemental composition obtained from energy dispersive spectroscopy (EDS) on DE/PAS confirmed the presence of some specific element present (C. N, &  Si) with their corresponding weight percentages. A higher  wt % was  illustrated in Carbon, Nitrogen, Potassium and iron  with  Carbon having  the highest wt % (26.99 %) compared to Silicon  (0.77 %),  hence, provides concrete evidence that the organic phase  completely covered inorganic phase confirming successful hybridization thereby aligning with the micrograph obtained on DE/PAS. Similar observed was recorded in a work carried out by  Singh, Verma, & Kumar, 2023. Further evidence of successful hybridization was indicated from the result of transmission emission microscopy (refer to our published work, Ohaegbulam et al., 2025) which confirms nano sized PAS (20nm-50 nm) and an increased lighter regions obtained from the hybrid (DE/PAS) consistent with a predominance of low electron density organic phases (carbon-rich matrix) 
The XRD diffractogram of precipitated amorphous silica (PAS) (Fig. 7) exhibited a broad diffraction halo centered at 2θ ≈ 22°, characteristic of amorphous silica. The absence of sharp, well-defined peaks indicates a lack of long-range crystalline order, confirming the non-crystalline nature of the synthesized PAS. This pattern is consistent with reported features of amorphous silica, where short-range Si–O–Si network structures produce broad scattering rather than distinct reflections (Conradi,  et al., 2014; Jesionowski & Krysztafkiewicz, 1999).
The broad halo and absence of crystalline peaks confirm that the synthesized PAS exists in an amorphous state, which is desirable for applications requiring high surface area, enhanced reactivity, and suitability as a filler or reinforcing agent in coatings and composites.
Furthermore, from Fig 8 showing the XRD profile of PAS, it demonstrates that PAS was  predominantly amorphous with minor crystalline phases. The presence of tridymite (SiO₂), a high-temperature silica polymorph, indicates partial crystallinity within the amorphous matrix. In addition, secondary crystalline phases including albite (NaAlSi₃O₈), vermiculite (Na–K–Al–O–Si·12H₂O), and sodalite (Na₄Al₃ClSi₃O₁₂) were identified, suggesting incorporation of sodium and aluminum species during the neutralization of sodium silicate with sulfuric acid. A weak reflection corresponding to urea (CH₄N₂O) was also observed, likely originating from residual stabilizers such as polyvinylpyrrolidone used during synthesis. The coexistence of amorphous silica with crystalline silicate phases is consistent with earlier reports on sol–gel and precipitation-derived silica, where incomplete condensation of silanol groups and the presence of alkali ions promote structural reorganization and crystallite formation (Chen et al., 2019). These results suggest that PAS comprises a hybrid network of amorphous silica and aluminosilicate domains, which may enhance its thermal stability, surface functionality, and compatibility for hybrid organic–inorganic applications.


Fig 7. XRD Analysis on synthesised PAS



Fig 8. XRD profile on synthesised PAS
Coating performance
Environmental evaluation test (salt spray test) performed  on the coated panels: B (bare epoxy), C (epoxy/PAS – 2 wt%), D(epoxy/DE-0.4 wt%), E(epoxy /DE -0.8 wt%), F(epoxy/DE-1.2 wt%),  G(epoxy/PAS- 2 wt%/DE- 0.4 wt%),  H (epoxy /PAS-2 wt%/DE - 0.8 wt%), I(epoxy/PAS – 2 wt%/DE- 1.2 wt%) as shown in  fig 9a-9b before and after exposure time (20 days)  reveals emergence  of  corrosion products (more evident on panel B) on all the coated panels. There appears to be evidence of pitting corrosion occurring in panel B compared to others. The coated panel  G(epoxy/PAS- 2 wt%/DE- 0.4 wt%), showed more resistance to corrosion attack after exposure time, this was followed by panel H and I. In general the panels coated with the hybrid coating  exhibited superior corrosion resistant in the test procedure compared to others, this demonstrates its more enhanced barrier protection property  hence offers an excellent alternative to the conventional coating (bare epoxy).  
  . 
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  Sample  F   		  Sample  G               Sample  H                Sample I
Fig  9a:Salt Spray test  before exposure
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Sample  F	      Sample G               Sample  H	 	Sample  I	
Fig 9b: Salt spray test after expoure (20 days) 

Similarly, UV degradation /weathering test performed on the coated panel after exposure time (1000 h)  showed that all the panels apparently showed moderate discolouration and  loss of gloss after exposure time with panels coated with the hybrig coating G, H, & I showing superior performance. Compared with panel B which showed very poor performance, this behaviour clearly illustrates the inability of the coating to withstand the  extreme harsh environment  which may be as a result of loss of chemical stability, breakdown of pigments or binder, polymer chain scission,  loss of smoothness and reflection ability of the coating. More so,  panel B showed on  onset of corrosion with the  emergence of tiny cracks on the surface which maybe as a result UV embrittlement. The panels coated with the hybrid coating (G to I )  exhibited good performance after the period of exposure, panels C, D, E & F showed moderate degradation while B (bare epoxy) showed severe degradation  evident in the presence of the tiny cracks and on set of corrosion on the metallic surface. Similar observed were recorded by  (Wypych,  2018;  Kaczmarek  & Oldak  2012;  Crivello, & Bulut,  2005).
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Fig. 10a:  Coated panels before exposure to UV degradation test
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Fig. 10b: Coated panels after 1000 h   UV degradation test
The superior performance of the hybrid coating compared to others in the test procedures  can be attributed to  the  strong interaction existing between the organic and inorganic phase resulting from the cross linking between the Si- O –Si/Si-OH in the inorganic phase and the carbon – carbon chain of the organic phase, thus leading a strong polymer chain this further strengthens the interaction between the organic/inorganic phase and the ether linkages in the epoxy matrix. The net effect is a robust coating with more  enhanced multifunctionality.  Accordingly, SEM micrograph revealed complete coupling of the organic /inorganic material after hybridization while TEM micrographs shows that the organic phase completely covered the inorganic phase providing additional prove on complete hybridization.  Furthermore, FTIR result reveals some active functional group present in the plant extract which have been  proven to be responsible for corrosion inhibition while GC-MS confirms the presence of some of these  functional groups . Therefore it can be inferred that the hybrid coating provided more protective layer over the substrate material due to its more enhanced barrier properties (Iyer, et al., 2024; Gasiorek, ,et al., 2023; ASTM G154-16, 2016)
Electrochemical studies
Cyclic polarization measurement: 
The Tafel plot of the cyclic polarization measurement ( Fig. 11)  obtained on  the coated panels studied B(bare epoxy), C(epoxy/ PAS – 2 %) , F (epoxy / DE- 0.4 wt%) and G epoxy /DE-0.4 wt%/PAS- 2 wt%) is a plot of working electrode potential (Ewe/V) vs. reference electrode (V) for the X – axis against the  logarithm of the absolute current density (log (|i|/mA), y – axis indicating corrosion rate. The plot shows the forward scan (anodic branch), where the potential increases and metal oxidation occurs, the reverse scan (cathodic branch), the potential decreases after vertex which assesses repassivation.


Fig. 11: Tafel  plots of  bare epoxy, epoxy/PAS, epoxy/DE & epoxy/hybrid coatings
Key corrosion parameter were employed to evaluate the coating performance by extrapolating the tafel plot (fig. 11); corrosion potential (Ecorr),  more positive (Ecorr) indicates better corrosion protection. The trend in the value of Ecorr of the coated panels studied is epoxy/hybrid (~ -0.35 V) ˃ epoxy /DE (~ -0.50 V) ˃ epoxy/PAS(~ -0.55 V) ˃ bare epoxy  (~ -0.65 V), hence epoxy/hybrid coating appears to exhibit more enhanced performance compared to others. On the other hand, the corrosion current density (Icorr) provides an insight on the anti -corrosion properties of a coating on a metal substrates;   lower values of Icorr demonstrates good corrosion resistance, epoxy /hybrid coating  shows  significant corrosion resistance (Icorr  = 1.3 × 10-6 mA/cm2) with  values less by two orders of  magnitudes compared to bare epoxy (4.0 × 10-5 mA/cm2), this was followed by epoxy/DE (4.0 × 10-6 mA/cm2) and epoxy/PAS (1.0 ×10-5 mA/cm2). (ASTM G102-89, 2015; Mansfeld, 1981).  More so, the pitting potential (Epit) evaluates the coating resistance to pitting corrosion, it is the potential where the forward scan increases suddenly indicating breakdown of the passive film and onset of pitting . Higher values favours good resistance to pitting corrosion, epoxy/hybrid coating with Epit value of -0.26 V shows more resistance to pitting corrosion compared to bare epoxy coating(−0.42 V),  epoxy/DE coating (−0.34 V) and  epoxy/PAS coating ˃ (−0.39 V). Conversely,  the repassivation  potential E(rep) indicates the ability of the metal to repassivate after breakdown, high or more positive value indicates good ability to repassivate.  Epoxy /hybrid coating  showed greater tendency to repassivate as indicated by  its high value of Erep (−0.27 V) compared to others;  epoxy/DE coating ( −0.45 V), epoxy /PAS coating (−0.51 V) and  bare epoxy (−0.57 V).  More so,  the hysteresis loop and hysteresis width measures a material’s  susceptibility to pitting corrosion. A large loop and a high width basically signify pitting corrosion and poor repassivaton tendency. The absence of hysteresis loop in epoxy/hybrid coating clearly demonstrates its good resistance to localised corrosion and a more enhanced  tendency to repassivate, notwithstanding the trend in hysteresis loop observed in all the coated panels studies reveals a low width (0.01) with epoxy/hybrid coating compared to others (epoxy/DE coating -0.11 V,  epoxy/PAS coating - 0.12 V,  bare epoxy coating - 0.15 V), thus,  provides additional evidence on its more  repassivating  tendency. The result obtained agrees with similar works carried out by Yao et al., 2025; El-Aonni, et al., 2024 & Mao et al., 2024

EIS measurement
The  Nyquist, bode and phase angle plot obtained on the coated panels listed  B, C, F and G representing bare epoxy, epoxy/PAS, epoxy/DE and epoxy /DE/PAS is shown in fig 12 . The Nyquist plot of all coatings (fig 12) did not show a clear semicircle, but instead exhibited a linear diffusion-controlled response indicating Warburg behaviour. This absence of a semicircle indicates that corrosion was governed by ionic transport through the coating rather than interfacial charge-transfer resistance.
The slope of the low-frequency region reflects the coatings’ resistance to electrolyte diffusion. For bare epoxy the slope of 1.01, confirms its weak barrier effect due to microvoids and defects. While in epoxy/PAS (0.88) and epoxy/DE (0.97) coatings slightly improved ion-blocking ability. On the other hand in  epoxy/hybrid coating which displayed the highest slope (1.32), demonstrates its superior restriction to ionic transport. Hence, the hybrid coating provides the most effective barrier against corrosive species, consistent with its enhanced anti-corrosion performance. (González‐García, et al.,  2007; Vu, et al., 2018; Jokar, et al., 2016;  Kumaravel, et al., 2011)


Fig 13.  Nyquist plot of bare epoxy, epoxy/PAS, epoxy/DE & epoxy/hybrid coatings
Similarly, the bode plot (Fig 14) compares impedance magnitude /Z/ and phase angle of the four coatings (bare epoxy, epoxy/PAS, epoxy/DE, epoxy/hybrid) across the measured frequency range. The obvious high impedance /Z/ at low frequency implies good barrier property. The hybrid coating demonstrated better barrier property revealed by its high impedance at low frequency followed by epoxy/DE, epoxy/PAS while bare epoxy was least in performance. More so, higher low-frequency /Z/ illustrates greater resistance to ionic transport, hence, long term corrosion protection. From the plot obtained the hybrid coating provides best barrier which is consistent with the cross linking filler blocking explained elsewhere and slope (1.32) obtained from the Nyquist plot. In addition, each coating  showed a fail in /Z/ with increase in frequency. It is well known that the frequency at which /Z/ begins to  drop (the breaking frequency)  is related to the dominant time constant of the coating (high Rct) and signifies a more protective coating. A low break frequency (a shift to the left) implies a large time constant  (high Rct) signifying more protective coating. Thus the hybrid coating with the lowest break frequency is consistent with larger effective resistance and/or capacitance of the coating layer while bare epoxy with highest break frequency is correlated with thinner or more permeable dielectric and short time constant. Notwithstanding, the coatings all show larger, broader and phase plasma near -80o to -60o at the mid frequency indicating an ideal capacitor/coating (good dielectric barrier). The hybrid coating displays the most capacitive behaviour (large phase magnitude and broadest plateau) compared to others suggesting a more homogeneous and less porous dielectric while bare epoxy and the single additive systems (epoxy/DE and epoxy/PAS) showed a smaller phase maxima and narrower capacitive plateaus  demonstrating a non ideal capacitive behaviour due to surface inhomogeneity, pores and water uptake resulting to greater diffusion/ohmic contribution at low frequency.

Hence epoxy hybrid coating showed best performance proven by its highest low frequency /Z/, lowest break frequency, and largest capacitive phase, the result aligns with the lowest corrosion rate observed in polarization test. On the other hand the coatings with lower /Z/ and reduced capacitive behaviour (bare epoxy, epoxy/PAS.& epoxy/DE) are more permeable to electrolyte and diffusion controlle
Fig.14: Bode plots of bare epoxy, epoxy/PAS, epoxy/DE & epoxy/hybrid coatings
The EIS was modelled using equivalent circuit model shown in fig 14 in other to extract important corrosion parameters that provides an insight on the coating performance. The extracted parameters are shown in table 2  
Table 2.  Modelled circuit of EEC showing key parameters 
	System
	RS
	Yo (x 10-4) (Ω–1 cm–2)
	n1
	Rp
	Yo (x 10-4
(Ω–1 cm–2)
	n2
	Rct
(Ω·cm2)

	Bare Epoxy
	25.9±0.3
	2.529
	0.99
	34
	3.505
	0.88
	35.4 ±0.1

	Epoxy PAS
	24.7±0.2
	2.478
	0.78
	36.3
	2.141
	0.87
	36.8

	Epoxy/DE
	20.9±0.4
	3.662
	0.84
	33.4
	2.053
	0.84
	73.8 ± 0.4

	Epoxy/hybrid
	20.7±0.1
	1.179
	0.89
	38.3
	1.541
	0.86
	352± 0.2
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Fig 15. Equivalence circuit Model
Equivalent circuit Rs – (CPE1 Rp) – (CPE2 Rct)				(1)
Electrochemical impedance spectroscopy (EIS) measurements were fitted using a two-time-constant equivalent circuit shown in equation 1, comprising solution resistance (Rs), coating pore resistance (Rp) and two constant phase elements (CPE) representing coating and interfacial capacitances; the fitted parameters are summarized in Table 2. The Rs values were similar for all samples (20.7–25.9 Ω·cm²), indicating comparable electrolyte conditions. The bare epoxy exhibited Rp = 34 Ω·cm² and Rct = 36.8 Ω·cm². Incorporation of precipitated amorphous silica (PAS) led to a modest increase in pore resistance (Rp = 36.3 Ω·cm²) but no meaningful change in charge-transfer resistance (Rct = 35.4 Ω·cm²). Addition of the Dacryodes edulis extract (DE) produced a substantially higher Rct (73.8 Ω·cm²) with Rp ≈ 33.4 Ω·cm². The epoxy/Hybrid coating (PAS + DE) produced the most pronounced effect: Rp increased to 38.3 Ω·cm² while Rct rose dramatically to 352 Ω·cm². The CPE admittance (Yo) values decreased for the hybrid coating (Yo1 = 1.179×10⁻⁴, Yo2 = 1.541×10⁻⁴) compared to bare epoxy, and the CPE exponent n lay between 0.78 and 0.99 across all samples, indicating non-ideal capacitive behaviour.
The nearly constant Rs values confirm measurement consistency. The modest changes in Rp indicate that PAS slightly improves the physical barrier by filling voids and increasing tortuosity of ionic pathways, but PAS alone does not substantially alter electrochemical kinetics at the metal interface (unchanged Rct). By contrast, DE primarily increased the charge-transfer resistance (Rct ≈ 74 Ω·cm²), consistent with adsorption/passivation effects at the metal/coating interface: organic species from DE likely inhibit anodic/cathodic reactions, reducing corrosion kinetics where electrolyte reaches the substrate. The hybrid system combined both effects: PAS provided structural densification (highest Rp) while DE provided chemical passivation — their synergy produced a near-tenfold increase in Rct relative to DE alone and an order-of-magnitude increase versus the bare epoxy, indicating far superior protection. Lower Yo values for the hybrid indicate reduced admittance and lower ionic mobility through the coating; n values <1 reflect increased heterogeneity introduced by filler/extract dispersion. Thus, the hybrid (PAS + DE) significantly enhances epoxy corrosion protection. While PAS primarily improves physical barrier properties and DE primarily contributes electrochemical inhibition, their combination yields pronounced synergy: reduced admittance, raised pore resistance, and a dramatic increase in charge-transfer resistance (Rct = 352 Ω·cm²), indicating superior long-term protection compared to either additive alone.. Similar result were recorded by (Lopez-Campos, et al., 2024; Ismail, et al., 2023)
Proposed Barrier Protection Mechanism of the Hybrid Coating
The superior barrier performance of the organic–inorganic hybrid coating is attributed to strong interfacial bonding between the Dacryodes edulis extract and the silica network. FTIR analysis revealed functional groups such as O–H, C=O, C=C, C≡C, N=C=S, esters, and ethers, while GC–MS confirmed the presence of phenols, aliphatic compounds, carboxylic acids, and esters. These electron-deficient groups readily interact with Si–OH and Si–O–Si moieties through covalent grafting and condensation reactions, forming additional siloxane (Si–O–Si) linkages. This extensive crosslinking enhances the thermal and mechanical stability of the hybrid material.
Within the epoxy matrix, the hybrid nanoparticles interact with ether linkages (–C–O–C–) of the resin during curing, forming a dense, interconnected polymer network. The well-dispersed hybrid phase also fills microvoids, suppresses crack initiation, and promotes crack deflection, thereby improving coating integrity and mechanical performance.
The corrosion protection mechanism is governed by the formation of a compact, uniform, and impermeable barrier that restricts electrolyte ingress. This is supported by EIS data showing significantly increased charge-transfer resistance (Rct) and reduced admittance, as well as cyclic polarization results indicating low corrosion current (Icorr), high repassivation potential (Erep), and no hysteresis—evidence of resistance to pitting corrosion. Additionally, TGA/DTA analysis confirmed enhanced thermal stability, while salt spray and UV exposure tests demonstrated improved environmental durability.
Consequently, the hybrid coating's enhanced performance arises from interfacial chemical crosslinking, epoxy matrix reinforcement, and formation of a dense, defect-free barrier that effectively mitigates corrosion.
Conclusion
The bio-based silica–epoxy hybrid coatings developed in this study exhibited significantly enhanced barrier and anticorrosion performance on mild steel in simulated marine environments (3.5 wt% and 5 wt% NaCl), demonstrating strong potential for aerospace and marine applications. SEM and TEM analysis confirmed successful hybridization of plant extract–derived silica (PAS) with Dacryodes edulis (DE), while FTIR and GC–MS verified the presence of key functional groups such as aromatic ester, alkyl aryl ether, O–H, C=C, and Si–O linkages. XRD revealed the amorphous nature of PAS with a broad diffraction halo centered at 2θ ≈ 22°. FTIR and Raman spectroscopy of the coatings confirmed the formation of a well-cured, polymeric epoxy network with integrated inorganic phases (Si–O/M–O linkages), supporting the hybrid nature of the system.
Corrosion performance testing (ASTM B117) revealed that the hybrid coating G (epoxy/PAS-2 wt%/DE-0.4 wt%) exhibited the highest corrosion resistance and retained gloss and color under UV/weathering conditions (ASTM G154, 1000 h).
 Electrochemical measurements demonstrated that the hybrid coating exhibited low corrosion current density (1.3 × 10⁻⁶ mA cm⁻²), high polarization resistance (Rp = 38.3 Ω cm²), and elevated charge transfer resistance (Rct = 352 Ω cm²), confirming improved barrier protection. The near-linear Nyquist plots and capacitive behavior in Bode plots further validated the coating’s intact structure and efficient corrosion resistance.
Consequently, the integration of DE/PAS hybrid into the epoxy matrix enhanced crosslinking through Si–O–Si and carbon–carbon interactions, forming a robust polymeric network that improved adhesion, thermal stability, and corrosion resistance. The resulting bio-based hybrid coating offers a sustainable and high-performance alternative to conventional epoxy systems for marine and aerospace applications.
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  Sample A (DE)   Contains 1 image with a total of 1 analysis     01. Image 1   1 analysis: 1x region   Image 1   1. region  

 

Element   Number  Element   Symbol  Element   Name  Atomic   Conc.  Weight   Conc.  

22  Ti  Titanium  2.43  5.82  

50  Sn  Tin  1 3.37  1 8.76  

11  Na  Sodium  5.14  2.59  

19  K  Potassium  2.60  2.22  

12  Mg  Magnesium  3.83  2.03  

14  Si  Silicon  1 3.31  1 2.03  

13  Al  Aluminium  2.84  1.67  

15  P  Phosphorus  2.41  1.63  

17  Cl  Chlorine  1.51  1.17  

16  S  Sulfur  1.37  0.96  

20  Ca  Calcium  1 0.90  1 0.79  

23  V  Vanadium  0.28  0.32  

26  Fe  Iron  4 0.00  4 0.00  

     

 

  

FOV: 537 µm, Mode: 15kV  -   Image, Detector: BSD Full, Time:  Nov 18 2024   12:58      
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FOV: 537 µm, Mode: 15kV - Image, Detector: BSD Full, Time: Nov 18 2024 12:58
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  Sample B PAS   Contains 1 image with a total of 1 analysis     01. Image 1   1 analysis: 1x region   Image 1   1. region  

 

Elemen t   Numbe r  Elemen t   Symbol  Element   Name  Atomi c   Conc.  Weigh t   Conc.  

47  Ag  Silver  58.33  51.25  

50  Sn  Tin  16.04  34.95  

11  Na  Sodium  5.37  2.26  

14  Si  Silicon  3.76  1.94  

12  Mg  Magnesiu m  3.56  1.59  

19  K  Potassium  2.17  1.56  

15  P  Phosphoru s  2.61  1.48  

13  Al  Aluminium  2.96  1.47  

17  Cl  Chlorine  1.91  1.24  

20  Ca  Calcium  1.57  1.15  

16  S  Sulfur  1.46  0.86  

23  V  Vanadium  0.26  0.25  

26  Fe  Iron  0.00  0.00  

     

 

  

FOV: 537 µm, Mode: 15kV  -   Image, Detector: BSD Full, Time:  Nov 18 2024   13:02      
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  Sample C   Contains 1 image with a total of 1 analysis     01. Image 1   1 analysis: 1x region   Image 1   1. region  

 

Elemen t   Numbe r  Elemen t   Symbol  Element   Name  Atomi c   Conc.  Weigh t   Conc.  

6  C  Carbon  2 4.49  2 6.99  

19  K  Potassium  6.35  15.06  

17  Cl  Chlorine  6.61  14.21  

7  N  Nitrogen  15.93  13.54  

11  Na  Sodium  3.57  4.98  

12  Mg  Magnesiu m  1.55  2.28  

20  Ca  Calcium  0.33  0.81  

15  P  Phosphoru s  0.42  0.79  

14  Si  Silicon  0.45  0.77  

16  S  Sulfur  0.30  0.57  

22  Ti  Titanium  1 0.00  1 0.00  

26  Fe  Iron  2 0.00  2 0.00  

     

 

  

FOV: 537 µm,  Mode: 15kV  -   Image, Detec tor: BSD Full, Time:  Nov 18   2024   15:11    
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FOV: 537 µm, Mode: 15kV - Image, Detector: BSD Full, Time: Nov 18 2024 15:11
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Plot of results

$120220930_141013_G04_S04_MO1

Solution

B Tridymite : 1.81(7)%

A\ Urea, syn: 37.3(16)%
A Albite : 16.8(14)%

B Vermiculite : 6.1(8)%
B Sodalite : 38.0(16)%

Table of results

Dataset / Weight Fraction, wt% Value, Unit
PAS 20250917141013 G04 S04 0

Used peak list

Dataset Phase name
Urea, syn
Sodalite

Tridymite
1.81(7)

Peak No.

Urea, syn

37.3(16)

20, °
34.6(12)
34.6(12)

Albite Vermiculite
16.8(14) 6.1(8)
Norm. I.
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13.00

Sodalite
38.0(16)

hkl
210
222
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