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ti-corrosion properties of Zn-
eggshell particle composite coatings on mild steel
in seawater-simulated solution using starch as
a modifier

Victor Sunday Aigbodion abc and Ekele Dinneya-Onuoha *cd

This study investigates the development and efficacy of Zn-eggshell particle (ESAp) coatings on mild steel,

utilizing starch extract as a modifier to enhance anti-corrosion properties. Coatings with varying ESAp

content (0, 2, 4, 6, and 8%) and a fixed addition of 2% starch were successfully applied via

electrodeposition. The findings reveal that increasing the ESAp content results in thicker coatings, with

the Zn-8% ESAp + 2% starch coating exhibiting the greatest thickness. SEM analysis confirmed the high

quality of the coatings, showing no external surface defects. The Zn-8% ESAp + 2% starch-coated

sample demonstrated a 46.45% increase in hardness (100.3 HB) and achieved superior corrosion

protection efficiencies of 82.92% and 94.69% for Zn-8% ESAp and Zn-8% ESAp + 2% starch coatings,

respectively. Electrochemical tests indicated that the coated samples shifted towards higher positive

potential values, suggesting enhanced corrosion resistance. The results underscore the potential of using

starch extract and waste eggshells to develop robust anti-corrosion coatings, with Zn-8% ESAp + 2%

starch identified as the optimal formulation for superior protection and mechanical properties. Further

research is recommended to explore the matrix–particle interactions and adhesion properties using

advanced microscopic and electrochemical techniques.
1. Introduction

Effective corrosion prevention techniques have long been
considered essential to materials science and engineering,
especially in elds where metallic constructions are frequently
exposed to harsh environmental conditions.1–3 This is especially
true in industries like construction, transportation, maritime,
and oil and gas, where the integrity of metal structures is crucial
to safety, usefulness, and lifespan.4,5 The electrochemical
process of corrosion, which occurs when metals deteriorate due
to interactions with surrounding elements, endangers the
structural integrity and aesthetic value of metals and results in
large nancial losses.6–9 Globally, corrosion is thought to cost
billions of dollars every year.10 This cost includes direct costs
such as maintenance and replacing corroded components, as
well as indirect costs such as production downtime, lost effi-
ciency, and environmental contamination.10–12
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Zinc (Zn) and its derivatives are widely favored as protective
coatings due to their excellent galvanic protection
properties.13–16 Acting as sacricial anodes, zinc corrodes pref-
erentially to the underlying metal, forming a robust protective
barrier.13,17,18 In steel construction, cathodic protection proves
highly effective in preventing rust. Zinc coatings, similar to
galvanization, have long been utilized for their cost-
effectiveness, ease of application, and reliable performance
across diverse conditions.14 Despite their extensive use, poten-
tial enhancements through modications and composite
formulations offer signicant promise for boosting effective-
ness. While traditional zinc coatings perform adequately, they
remain susceptible to environmental degradation, especially in
harsh conditions characterized by high humidity, salt, and
industrial contaminants.19 Achieving greater mechanical
strength, longevity, and corrosion resistance in these coatings
necessitates the adoption of novel materials and hybrid
manufacturing techniques.

Research now focuses on developing composite coatings,
which combine zinc with other materials to provide protective
layers with many uses.20,21 Natural materials have garnered a lot
of attention lately for use in engineering applications. This
paradigm shi was prompted by the demand for long-term,
ecologically conscious solutions that minimize environmental
effects while preserving or enhancing material performance.20
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Eggshell particles, a byproduct of the food industry, have
emerged as a viable replacement for such uses.22–24 Calcium
carbonate (CaCO3), the main component of eggshells, has
natural qualities that can improve the mechanical strength and
corrosion resistance of composite coatings.23 Using eggshell
particles in zinc coatings has several advantages. First, by
sealing up micro-pores and other imperfections in the zinc
matrix, calcium carbonate can act as a physical barrier to lessen
the entry of corrosive substances.25 CaCO3 can also engage in
chemical reactions that enhance the coating's protective prop-
erties.26 For example, when moisture and CO2 are present,
calcium carbonate may transform into calcium bicarbonate, as
shown by eqn (1).

CaCO3 + CO2 + H2O / Ca(HCO3)2 (1)

This reaction raises the overall density of the coating and
helps closemicro-cracks. Moreover, acidic environments, which
oen intensify corrosion processes, can be countered by the
alkaline properties of CaCO3.27 The neutralization process
described in eqn (2) may take place when the coating is exposed
to acidic conditions:

CaCO3 + 2HCl / CaCl2 + CO2 + H2O (2)

This neutralization can stop corrosion to the underlying
metal by balancing the pH at the metal-coating contact.27 To
help create a more adherent and compact layer, eggshell
particles are added to the mixture, increasing the layer's
mechanical integrity and resistance to degradation. Aigbodion
and Akinlabi28 found that the zinc-eggshell particles composite
coating on mild steel demonstrated better corrosion resistance
and thermal stability than traditional zinc coatings. At a certain
concentration of eggshell powder, the composite coating
showed a notable improvement in corrosion resistance,
achieving a maximum corrosion protection efficacy of 82.3%.
Furthermore, microstructural alterations were discovered and
the thermal properties of the composite coating were enhanced,
both of which may result in increased adhesion and protective
characteristics.

Eggshell particles are an excellent addition to zinc-based
anti-corrosion coatings, however dispersion, adhesion, and
homogeneity are still intrinsic issues with composite coatings.
Recent research has examined several novel approaches to
address the issues of dispersion, adhesion, and uniformity in
composite coatings. By enhancing adhesion and dispersion,
coupling agents and silanization—two sophisticated surface
modication techniques—have increased the interfacial inter-
action between particles and the matrix.29,30 Particle dispersion
within the composite matrix has been shown to be enhanced by
the inclusion of surfactants and dispersants, such as naturally
occurring polymers like chitosan and gelatin.31,32 Furthermore,
the use of nanoparticles like graphene oxide and carbon
nanotubes in the development of nanocomposite coatings has
shown enhanced mechanical characteristics and homogeneity
because of their strong interfacial contacts and high aspect
ratios.33–35 Additionally, it has been shown that during the
© 2024 The Author(s). Published by the Royal Society of Chemistry
production of composite coatings, high-shear mixing and
ultrasonic agitation may be used to break up particle agglom-
erates and provide a more uniform distribution.32,36 Further-
more, improvements to electrophoretic deposition protocols
have allowed composite materials to be deposited more
precisely and evenly, resulting in coatings with improved
structural integrity and performance.37–39 However these tech-
nologies also frequently entail difficult, expensive, and time-
consuming procedures.40 They could also need signicant
energy inputs or introduce potentially hazardous substances,
which would make them less environmentally friendly and
inappropriate for large-scale applications. On the other hand,
starch offers a more straightforward, economical, and ecolog-
ical alternative as it is a readily available, biodegradable, and
non-toxic substance.

When starch was added to the electrolyte system, a denser
and thicker oxide layer formed on the alloy surface compared to
the electrolyte without starch, according to Kaseem and Ko's41

analysis of the impact of starch on the corrosion behavior of Al–
Mg–Si alloy processed via micro-arc oxidation (MAO). The
alloy's resistance to corrosion in chloride conditions was
enhanced by the denser oxide layer, which had a lower porosity
and included both the g-Al2O3 and a-Al2O3 phases. Compared to
the alloy made without starch, the use of starch improved the
structural qualities of the protective layer and enhanced its
corrosion resistance. The study highlighted the possibility of
using starch as an affordable and environmentally friendly
additive to increase the corrosion resistance of MAO's Al–Mg–Si
alloy coatings.

Akinfenwa et al.42 claim that adding starch to Zn–TiO2

coatings signicantly improves their anti-corrosion properties.
Compared to the unmodied Zn–TiO2 coating, which corrodes
at a rate of 6.7197 × 10−4 mm year−1, the study discovered that
Zn–TiO2-starch coatings had signicantly reduced corrosion
rates, ranging from 4.1902 × 10−4 to 2.418 × 10−4 mm year−1.
The increased starch concentrations in the coating were
thought to be responsible for its improved corrosion resistance
due to improved starch granule dispersion as seen by SEM/EDS
imaging and the creation of stable crystallite phases in XRD
patterns. The starch-modied coatings provide a more homo-
geneous, hydrophobic barrier, which increases the coating's
resilience to corrosive conditions.

The purpose of this study is to utilize electrodeposition to
produce and evaluate a novel anti-corrosion coating incorpo-
rating zinc and starch-modied eggshell particles. Electrode-
position is a versatile and commonly employed process for
depositing metallic coatings, offering precise control over
coating microstructure, thickness, and composition.43 This
method is useful when metal matrices and particle reinforce-
ments are co-deposited since it makes it possible to create
composite coatings with specic characteristics.44 The major
goals are to examine the combined impact of these materials on
the microstructural characteristics, mechanical capabilities,
and corrosion resistance of the resulting coatings. This research
aims to advance corrosion prevention through high-
performance, environmentally friendly composite coatings. It
leverages the inherent properties of eggshell particles and the
RSC Adv., 2024, 14, 24548–24560 | 24549
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Table 2 Coating thickness of the coated samples

1st reading 2nd reading 3rd reading
Average reading
mm

Zn-ESAp
0% ESAp 91 92 99 94
2% ESAp 98 99 100 99
4% ESAp 104 105 104 103.3
6% ESAp 125 130 128 127.7
8% ESAp 124 130 130 128

Zn-ESAp + 2% Starch
0% ESAp 94 95 99 96
2% ESAp 99 99 100 99.3
4% ESAp 106 107 104 105.67
6% ESAp 130 130 128 129.3
8% ESAp 135 130 130 131.6
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binding capabilities of starch. This nding is signicant as it
offers a sustainable alternative to conventional anti-corrosion
coatings, thereby supporting global initiatives in materials
engineering. The study's ndings might lead to the develop-
ment of novel coating formulae that combine the benets of
natural and engineered materials, producing corrosion
prevention solutions that are more durable and eco-friendly.

2. Materials and method
2.1. Materials

The outcomes of this experiment could be relied upon since all
chemicals used were of analytical grade. The primary materials
were mild steel from Ajaokuta Steel in Nigeria and eggshells
(ES) from Enugu State in Nigeria. The chemical analysis, dis-
played in Table 1, shows the elemental makeup of the mild steel
and its suitability for this inquiry. The starch required to modify
the anti-corrosion coating was purchased at the local market in
Nsukka, Nigeria. The materials utilized in this experiment were
prudently selected and handled to ensure the precision and
integrity of the outcomes.

2.2. Method

2.2.1. Eggshell particle (ESAp) and mild steel processing.
With some slight adjustments, the synthesis of ESAp was
carried out based on the protocols described by Nandiyanto
et al.45 and Wibowo et al.46 Aer being rst cleansed with
deionized water, the raw eggshells were gathered and sun-dried
for three days. Aerwards, KOH was used as the main digestive
precursor and the dried eggshells were burnt to ash in an
electric furnace. Sodium hydroxide and simple combustion
were used in the current procedure's pretreatment phase. To be
more precise, the ash was combined with 400milliliters of 2.5 M
sodium hydroxide and heated for four hours at 100 °C. Aer
that, Whatman Filter paper No. 5 (47 mm) was used to si the
mixture. Following titration of the residues, the mixture was
stirred for eighteen hours to achieve a neutral pH in preparation
for further purication. Two milligrams of sulfuric acid were
then added. Following the formation of the two distinct gel
layers, the layers were centrifuged at 6000 g for ve minutes to
remove the pellet. The stirring was then stopped. Aer cleaning
the pellet several times with ethanol and deionized water, it was
oven-dried for thirty minutes at eighty degrees Celsius. The
dried pellet was then ground into a ne powder using a mortar
and pestle.

To get rid of any impurities and oxides on the surface, the
mild steel was rst immersed in a 10% HCl solution for ten
minutes. Following the acid treatment, metallographic grit
sheets and alumina paste were used to polish and grind the
steel to produce a uniformly smooth surface. Aer rinsing the
prepared steel samples in deionized water to remove any last
Table 1 Chemical composition of the mild steel used for this research (

Elements C Mn Si P
% 0.16 0.35 0.15 0.0031

24550 | RSC Adv., 2024, 14, 24548–24560
bits of abrasive material, they were dried completely. To prepare
the mild steel samples for coating application, they were nally
chopped into 5 cm by 4 cm pieces.

2.2.2. Composite fabrication. The new composites were
made via the electrodeposition technique. The electrodeposi-
tion bath was prepared with 5 g L−1 thiourea, 100 g L−1 ZnCl2,
15 g L−1 boric acid, and 100 g L−1 KCl. Starch concentration of
2% was combined with varying doses of ESAp at 0%, 2%, 4%,
6%, and 8%. To guarantee uniformity, the bath solution was
constantly stirred throughout the day employing an aquarium
pump and a magnetic stirrer. For twenty minutes, the electro-
deposition operation was carried out with a current density of
2.5 A cm−2. The electrodes were connected to a direct current
source by a rectier, with the substrate serving as the cathode
and zinc metal serving as the anode.

2.2.3. Characterization. The coating thickness was ascer-
tained by cutting perpendicular to the sample's length at
a moderate speed with an Allied High Tech TechCut 4. Three
independent measurements were averaged to determine the
thickness of each sample to guarantee consistency and accuracy
in the results.

The VeecoDektak 150 Prolometer was used to measure the
surface roughness of the coatings. This gadget captures and
amplies the vertical displacements of a stylus moving at
a constant rate across the sample surface to nd surface irreg-
ularities. For this experiment, a stylus with a tip radius of 12.5
mm was employed, scanning at a speed of 26.7 mm s−1 with
a force of 5 N. This method produced detailed surface topog-
raphy data for the coatings.

To gather comprehensive details on the materials' chemical
makeup and crystalline structure, X-ray diffraction (XRD) was
utilized. CuKa radiation (a = 1.5418 Å) at 34 kV and 25 mA was
used to study the XRD patterns. An “X-PertProPANalytical, LR
39487C XRD diffractometer” was used for the experiments.
wt%)

S Zn Al Ni Fe
0.021 0.034 0.005 0.075 Balance

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Variation of surface roughness with %ESAp.

Fig. 2 Variation of surface roughness with %ESAp.

Fig. 3 XRD spectrum of the samples.
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With step measurements made every 0.04° for 6 seconds per
step, the diffraction data were acquired in a 2q angular range
spanning from 10 to 90°, yielding accurate and thorough crys-
tallographic data.

TESCAN SEM was used to analyze the coated specimens'
surface morphology (SEM). The specimens were carefully
cleaned with acetone before imaging to guarantee a good view
of the surface characteristics and eliminate any impurities. This
cleaning process was necessary to avoid interference from
residual particles that may obscure the coatings' true shape.
The SEM analysis yielded high-resolution images of the speci-
mens that allowed for a detailed inspection of the coating
uniformity, surface structure, and any potential microstructural
features. This inspection was necessary to assess the integrity
and quality of the coatings and to comprehend their physical
properties. The SEM images provided information on the
distribution and microscopic interactions of the coating mate-
rials in addition to making it feasible to identify any faults, such
as holes or cracks.
© 2024 The Author(s). Published by the Royal Society of Chemistry
A portable Rockwell hardness tester was used to measure the
hardness values of the coated specimens, strictly according to
the ASTM E-384 hardness test methodology. A measurable
indicator of the coating's resistance to deformation is provided
by this established method, which guarantees accurate and
consistent readings. An indenter was used in the test, and it was
loaded to a certain point until it pierced the specimen's surface.
The hardness value was obtained by measuring the indentation
depth exactly. To ensure accuracy and reproducibility, this
procedure was carried out repeatedly on each sample at various
times in order to get the average hardness value.

The electrochemical tester, type CHI604E, was used to test
for corrosion. The process guaranteed methodological preci-
sion and consistency by adhering to the ASTM G19 Standard.
The reference electrode in the electrochemical setup was an Ag/
AgCl electrode, the counter electrode was a graphite rod, and
the working electrode was the coated samples. A 3.5% NaCl
solution was utilized to replicate an environment that is
corrosive, similar to seawater. In complete compliance with ISO
9227:2017 guidelines, the test settings comprised a potential
range of 0.5 to−0.5 V, a temperature of 30 °C, a scanning rate of
0.5 mV s−1, and a relative humidity (RH) of 100%. These
circumstances guaranteed a regulated and repeatable setting
for assessing corrosion behavior. Using the linear polarization
eqn (1), the polarization resistance (RP) of the samples was
determined, offering important information about the coatings'
ability to protect. A thorough evaluation of the coated speci-
mens' corrosion resistance and electrochemical stability was
made possible by this extensive testing regimen.

RP ¼ babc

2:3icorrðba þ bcÞ
(3)

where; ba and bc are the anodic and Tafel constants and icorr is
the current density from the potentiodynamic curve.
RSC Adv., 2024, 14, 24548–24560 | 24551
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Fig. 4 SEM image of the mild steel.
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3. Results and discussion
3.1. Coating thickness

Table 2 and Fig. 1 present the coating thickness data for the
various samples and highlight noteworthy trends with the
addition of eggshell particles (ESAp) and starch.

The samples with starch added had thicker coats than the
ones without, per the results. Moreover, a rise in coating
thickness was proportionate to an increase in the formulation's
ESAp content. The sample containing 0% ESAp had the thinnest
coating due to the absence of both starch and ESAp, high-
lighting the crucial role that both additives play in facilitating
coating deposition. Interestingly, the Zn-8% ESAp + 2% starch
coating exhibited the thickest layer of all the samples. This
implies that starch and ESAp work in concert to promote
a coating layer that is thicker andmaybemore protective. Starch
increased the viscosity of the electrodeposition solution, which
resulted in a more uniform and dense deposition of zinc on the
substrate, while ESAp, which is mostly made of calcium
Fig. 5 SEM image of Zn-0% ESAp.

24552 | RSC Adv., 2024, 14, 24548–24560
carbonate, served as nucleation sites for zinc deposition,
encouraging a thicker coating. Since the deposition rate slowed
down and became more regulated, the thicker coating was
probably the result of the lower mobility of zinc ions caused by
the greater viscosity.

3.2. Surface roughness (Ra)

The Ra values, which are shown in Fig. 2, aer the deposition
procedure provide important information on how starch affects
the coatings. As depicted, the inclusion of starch markedly
inuences surface roughness. For instance, the surface rough-
ness (Ra) values observed were 0.53, 0.51, 0.47, 0.41, and 0.40
mm for Zn-%xESAp, and 0.50, 0.49, 0.45, 0.40, and 0.38 mm for
Zn-%xESAp + 2% starch, with x representing 0, 2, 4, 6, and 8
respectively. These results clearly indicate that the presence of
starch signicantly reduces both the grain sizes and the surface
roughness of the coatings. Ra values decrease when starch is
added, which is explained by the polymer's capacity to smooth
out and improve the coated surface by rening the grain
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 SEM image of Zn-8% ESAp.
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structure. Since reduced surface roughness is usually associated
with increased resistance to corrosion and mechanical wear,
this effect is very helpful for improving the protective qualities
of the coatings.
Fig. 8 OCP of the Zn-ESAp samples.
3.3. X-ray diffraction analysis

Fig. 3 displays the XRD scans of the coated samples and the
mild steel substrate. The substrate exhibited two prominent
peaks at approximately 45 and 65°, corresponding to a-Fe and
Fe3C (101, 111) phases, respectively. Aer coating, the samples
showed similarities to the substrate and notable extra peaks in
their XRD patterns. The coated samples that included 8% ESAp
and 8% ESAp + 2% starch, in particular, had distinct peaks at 2q
= 45.5°, suggesting the existence of Zn (102) and Fe3C (101, 111)
phases in addition to the a-Fe phase. The emergence of the Zn
phase in the coated samples is caused by zinc's presence as the
primary matrix component in the coating composition. This
inclusion causes a Zn-rich layer to form on the mild steel
surface, improving the coating's protective properties. The
Fig. 7 SEM image of Zn-8% ESAp + 2% starch.

© 2024 The Author(s). Published by the Royal Society of Chemistry
successful electrodeposition of the zinc-based composite coat-
ings is conrmed by the presence of zinc in the XRD patterns.
These results corroborate those of Fayomi et al.'s study,47
RSC Adv., 2024, 14, 24548–24560 | 24553
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Fig. 9 OCP of the Zn-ESAp + 2% starch samples.

Fig. 10 Tafel extrapolation data of the Zn-ESAp samples.

Fig. 11 Tafel extrapolation data of the Zn-ESAp + 2% starch samples.

Table 3 Tafel results of the Zn-ESAp

Sample Rate (mil per year) Corrosion I (A)
Lin pol R
(Ohms)

Mild steel 4.971 × 102 2.105 × 10−2 10
0% ESAp 1.035 × 102 1.297 × 10−3 31
2% ESAp 9.248 × 101 9.079× 10−4 46
4% ESAp 7.497 × 101 9.391× 10−4 42
6% ESAp 6.091 × 101 7.629× 10−4 50
8% ESAp 3.506 × 101 4.392× 10−4 99

Table 4 Tafel results of the Zn-ESAp + 2% starch

Sample Rate (mil per year) Corrosion I (A)
Lin pol R
(Ohms)

Mild steel 4.971 × 102 2.105 × 10−2 10
0% ESAp 8.472 × 101 1.061 × 10−3 38
2% ESAp 7.003 × 101 8.773 × 10−4 47
4% ESAp 5.335 × 101 6.682 × 10−4 59
6% ESAp 3.389 × 101 4.245 × 10−4 104
8% ESAp 2.638 × 101 3.304 × 10−4 125
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demonstrating the value of zinc inclusion in enhancing the
coatings' structural and protective qualities.

Moreover, large diffraction peaks at 2q = 40° and 51° were
visible in the coated samples' XRD patterns, indicating the
existence of the CaO and CaSiO3 (100, 104) phases, respectively.
These stages imply that the eggshell particles (ESAp) have
a major impact on the system's crystalline behavior. These
peaks' existence suggests that ESAp efficiently alters mild steel's
24554 | RSC Adv., 2024, 14, 24548–24560
surface, encouraging the phases of calcium oxide and calcium
silicate to develop within the coating. To improve the coating's
mechanical and chemical qualities and increase its overall
performance and longevity, this surface modication is
essential.

In addition, Fig. 3 demonstrates that the coated sample
containing 2% starch and 8% ESAp had more diffraction peaks
and a lower interspacing distance than the 8% ESAp sample
that was le untreated. This discovery implies that a more
rened and densely packed crystalline structure results from
the addition of starch to the ESAp composite. The interfacial
interactions made possible by the inclusion of ESAp in the
coating mixture lead to the creation of the CaSiO3 phase in the
composite coating. A composite material with improved struc-
tural integrity and corrosion resistance is produced as a result
of these interactions, which facilitate the integration of silicon
and calcium from the ESAp into the zinc matrix. The results are
consistent with research by Aigbodion et al.,48 which found that
adding ESAp improved coating characteristics in a comparable
way. The improved phase formation and crystalline structure
support the coating's overall efficacy in shielding the mild steel
substrate from corrosive conditions.

3.4. SEM analysis

SEM was used to analyze the composite coating's microstruc-
ture; the ndings are shown in Fig. 4–7. The abrasive cutter
lines may be seen as surface scratches in the SEM picture of the
untreated mild steel (Fig. 4). The coated samples' SEM pictures,
however (Fig. 5–7) show notable morphological variations. The
inclusion of starch caused the grains to become smaller and the
structure to become tightly packed. This phenomenon is
explained by the electrodeposition process, in which a uniform
and compact coating was produced by the applied current
mobilizing the distributed ESAp and zinc cations towards the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) Nyquist plots (b) Bode impedance plots (c) Bode phase angle plots.

Fig. 13 Equivalent circuit model used to fit the impedance data.
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cathodic substrate. The orientation and surface morphology of
the coated samples suggest a superior and uniform appearance,
which can be linked to the optimized deposition parameters.

The gritty appearance observed during electrodeposition was
due to the uniform dispersion of ESAp in the solution. SEM
images of the coated samples did not show any external surface
defects such as faults, damage, or contours. The characteristics
of mild steel are signicantly inuenced by the surface layers of
the coating. The addition of conductive elements such as starch
Table 5 EIS results of the composite coating

Sample Rs Rct (U cm2)

Mild steel 3.1 × 102 4.64 × 105

Zn-8% ESAp 4.6 × 103 1.88 × 106

Zn-8% ESAp/starch 1.47 × 104 2.35 × 106

© 2024 The Author(s). Published by the Royal Society of Chemistry
and boric acid is thought to promote adhesion. The Zn-8%
ESAp + 2% starch lm has superior barrier qualities because it
is denser and more compact than the Zn-8% ESAp lms,
according to SEM examination. These discoveries are in line
with the ndings of Akpan et al.,49 who found that a ne-
grained, homogeneous, and compact microstructure was
produced when the Zn–Ni–Al2O3 composite was deposited on
mild steel.

The composite coating's EDS analysis, shown in Fig. 4–7,
adds more credence to these ndings. Themild steel substrate's
EDS revealed a prominent Fe peak as expected (Fig. 4). However,
the coated samples' EDS revealed signicant peaks for zinc and
calcium, indicating that the coating included these elements
from the ESAp (Fig. 5–7). These results conrm the successful
integration of ESAp into the coating and show better composi-
tional characteristics of the coated samples, which is in line
with the work done by Tuaweri et al.50
Cpdl (mF cm−2) CPE × 10−4 U−1 sn cm−2 c2 × 10−4

1.91 × 10−9 8.6 3.5
1.35 × 10−10 6.4 3.0
6.79 × 10−11 4.3 2.0

RSC Adv., 2024, 14, 24548–24560 | 24555
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Fig. 14 (a) and (b) SEM corroded images of the samples.

Fig. 15 Variation of hardness values with %ESAp.
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3.5. Potential open circuit

The coated samples' anticorrosion performance in a 3.5% NaCl
solution at 35 °C was evaluated using open circuit potential
(OCP) testing. The results show that the addition of starch and
ESAp signicantly increased the samples' potential, as seen in
Fig. 8 and 9. Surprisingly, the Zn-8% ESAp + 2% starch coating
demonstrated enhanced cathodic corrosion shielding ability, as
Fig. 9 shows. The formation of surface oxides and other corro-
sion products contributed to a slight increase in the OCP of the
coated samples, leading to a more positive potential value. This
shi towards higher positive potential values suggests
improved corrosion resistance, attributed to the protective
nature of the composite coating and its ability to form stable
passive layers on the surface.

However, the barrier effect of Zn and ESAp is responsible for
the OCP for the coated samples with starch that retain higher
24556 | RSC Adv., 2024, 14, 24548–24560
noble potential values than those of Zn-8% ESAp andmild steel.
Moreover, Zn and Ca transform into Zn2+ and Ca2+, which
function as cation ions, in coatings containing Zn and ESAp.
The steel substrate's corrosion is halted by these cations.
Particularly for Zn-8% ESAp + 2% starch, it was seen that the
OCP value shied in the direction of a nobler value, suggesting
improved protective qualities. With a higher positive corrosion
potential (Ecorr) value than the as-received value, the coating was
primarily protecting the cathodic area of the steel. Conversely,
the Zn-8% ESAp + 2% starch coatings frequently showed
a mixed corrosion protection effect. The effect of the starch on
the OCP of the steel coatings was further demonstrated by the
fact that the OCP, which is a material's initial potential in
a corrosive media, remained steady over the 3600 seconds
immersion, suggesting that the stable state potential had been
attained. However, the OCP of the other samples seemed to vary
throughout the course of the 3600 seconds and stabilizations of
time was obtained. This is consistent with what Fayomi et al.51

found.
3.6. Polarization via potentiodynamics Tafel ellipses

The study examined the protective qualities of various coatings
using linear potentiodynamic polarization (Tafel measure-
ments) in a 3.5% NaCl solution. All of the pertinent polarization
data, including anodic and cathodic Tafel slopes (ba, bc),
corrosion potential (Ecorr), corrosion rate (CR), and current
density (Icorr), are shown in Fig. 10 and 11. Tafel curves for
composite coated electrodes consisting of Zn-%x ESAp (x= 0, 2,
4, 6, and 8) and uncoated mild steel are displayed in Fig. 10 and
11. This method was applied to evaluate the degree of corrosion
protection offered by various coating lm types. The polariza-
tion curves of the coated and substrates differed, as seen in
Fig. 10 and 11, suggesting varying corrosion tendencies
(Table 3).

The whole coated mild steel's corrosion potential (Ecorr)
changed to a noble positive potential, and the coated mild steel
electrode's corrosion resistance was signicantly reduced.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Additionally, the corrosion current (Icorr) was less than that of
the electrodemade of mild steel. It is commonly recognized that
a positive shi in Ecorr and a decrease in Icorr are caused by the
Zn layer coating the metal surface. The protection provided by
composite coatings is impacted by both the barrier behavior
and the passivation effect. According to corrosion kinetics, the
rate of corrosion is determined by the corrosion current density;
the potential decreases with increasing corrosion resistance. As
the corrosion current density increases, so does the corrosion
resistance. Consequently, the starch-coated sample exhibits
superior resistance to corrosion. The mild steel sample that was
obtained exhibited greater corrosion current density (jcorr),
higher corrosion rate (CR), and lower polarization resistance
(PR). When compared to the coated samples, these values
showed that the as-received sample had the lowest resistance to
the corrosive medium's degrading impact (3.65% NaCl). ESp
coating signicantly raised PR while lowering CR and jcorr.

This response showed that the coated sample was being kept
free of chloride ions by the ESA particles. In contrast to the Zn-
8% ESAp sample, the Zn-8% ESAp + 2% starch coated sample
had lower CR and jcorr values when it came to corrosion resis-
tance performance (Table 4 and Fig. 11). At Zn-8% ESAp and Zn-
8% ESAp + 2% starch, corrosion protection efficiencies of 82.92
and 94.69% were attained. The addition of Zn–Zn-8% ESAp +
2% starch enhanced the adhesive binding of the coating by
reducing the amount of holes or pores that the corrosive
medium may penetrate, as shown by the decreased corrosion
resistance. Furthermore, it's likely that the 2% starch added to
the Zn-% ESAp coating matrix inhibited the growth of the
micro-voids in the ESA particles, shrank the diameters and
boundaries of the grains, and hampered the production of new
grains. Higher CR and jcorr values may have been the outcome,
though, if the reduced quantity of ESA had reinforced big grain
boundaries and created more gaps, apertures, or holes for the
chloride ions to ow through. It is evident that the results ob-
tained with the starch modier show lower passivation current
and oxide monomer current density than those obtained
without it. This suggests that a less conductive composite
coating with improved protective properties has been produced.

Zn–Zn-8% ESAp + 2% starch has been discovered to have the
greatest polarization resistance and lower corrosion current,
indicating superior protective characteristics.52 Barrier effects
and electrochemical protection are said to be the two most
crucial elements in improving the corrosion-resistant proper-
ties of composite coatings. Put another way, the electrochemical
protection justies the formation of a passive layer on the metal
surface and the increase in corrosion potential. Furthermore,
since starch plays a useful function in dispersing Zn and ESAp
to generate a thick and smooth coating surface, mild steel has
been provided advantageous morphological qualities to protect
it from corrosive environments by the Zn-8% ESAp + 2% starch
coating.
3.7. Electrochemical impedance spectroscopy (EIS)

The effectiveness of the composite coating under research in
preventing corrosion while submerged in a 3.5% NaCl solution
© 2024 The Author(s). Published by the Royal Society of Chemistry
was veried using EIS. Fig. 12 presents the EIS spectra,
including both Bode and Nyquist plots, for mild steel, Zn-8%
ESAp, and Zn-8% ESAp/starch samples. The single capacitive
loop displayed in the Nyquist plot (Fig. 12a) illustrates the
charge transfer occurring during the corrosion process. The
signicantly larger diameter of the loop for the Zn-8% ESAp/
starch-coated sample indicates that the composite coating
offers higher resistance, attributed to the enhanced surface
coverage provided by the starch.

The sample containing starch exhibited a greater semicircle
diameter compared to the one without starch. A larger semi-
circle diameter, or more pronounced persistence of charge
transfer, is oen indicative of higher corrosion resistance.50 The
increase in charge transfer resistance is believed to result from
the corrosion products formed on the sample surface, which
reduce the corrosion rate.34,50 The Zn-8% ESAp/starch sample
demonstrated the highest corrosion resistance, evidenced by
the widest capacitive arc width. This enhancement is attributed
to the formation of a barrier between the corrosive electrolyte
and the sample surface, where the resulting oxide layer
passively increases the material's resistance to corrosion.

The formation of an oxide layer is evident from the semi-
circle loop in the Nyquist plot, which suggests a strong protec-
tive effect of the passive layer. However, the presence of an
inductance loop indicates potential delamination of the passive
layer. Fig. 13 illustrates the impedance plots tted with an
equivalent circuit comprising solution resistance (Rs), charge
transfer resistance (Rct), and double-layer capacitance (Cdl). To
achieve a more accurate t, the double-layer capacitance (Cdl) is
replaced by a constant phase element (CPE), as the metal/
solution interface does not behave as an ideal capacitor.

Table 5 summarizes the EIS parameters, including Rs, Rct,
and Cdl. Typically, a decrease in Cdl values combined with an
increase in Rct values signies improved surface coverage and
enhanced corrosion prevention. This is further supported by
the Bode diagrams. The Bode modulus diagram shows an
increase in impedance modulus across all frequencies, while
the Bode phase angle diagram displays a more negative phase
angle at high frequencies, indicating the benecial effect of
starch. The charge transfer resistance (Rct) is a crucial param-
eter for assessing the effectiveness of the passive layer. Higher
Rct values denote greater resistance to ion movement within the
passive layer, leading to better corrosion resistance. Fig. 12a
shows that mild steel exhibits smaller semi-conductive loops
compared to the coated samples, indicating that Zn-8% ESAp/
starch coatings provide superior passive layer barrier efficiency.

The chi-square (c2) values conrm the tting accuracy of the
equivalent circuit. Values of c2 around 10−3 typically indicate
a good t,51 and the relatively low c2 values (<10−3) for the
proposed equivalent circuit in Table 5 suggest that the observed
impedance spectra t well with the suggested model.

Overall, the addition of starch enhances corrosion resis-
tance, likely due to the electron-rich heteroatoms in starch,
which facilitate the adsorption of ESAp on the metal surface
during electrodeposition, thereby increasing the coating's
surface coverage and improving its protective capabilities.45
RSC Adv., 2024, 14, 24548–24560 | 24557

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04283b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
1/

28
/2

02
5 

5:
11

:0
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
3.8. SEM corrosion surface

The corroded surface of the substrate and its composite
covering were examined using a scanning electron microscope.
The substrate was shown to have a higher tendency to pit than
the samples that were covered. Many of the pits had an iron
oxide covering surrounding them, indicating that pit formation
continues during the exposure time as iron oxide accumulates
on the surface (Fig. 14a).

The eroding surface of the coated material demonstrated
that themild steel's surface had retained the Zn and ESAp in the
absence of corrosion attack. By covering the surface of the mild
steel, the coating functions as a passive corrosion barrier. The
presence of hard phases in the Zn-ESAp composite coating
samples reduces the degree and kind of surface damage. Zn-8%
ESAp + 2% starch stems exhibited less overall damage because
the hard phases shield the stems from the damaging effects of
the corrosion. Consequently, this result conrms that the
essence of ESAp allows for reduced sample degradation.
Moreover, the corrosion process would be slowed down since
the superior dispersion of Zn and ESAp that starch promised
assisted in sealing the coating's pores and limiting the paths
that corrosive ions and the electrolyte might take.

Fig. 14b displays the corroded samples' EDS. It was evidence
that Fe, C, and O were the visible elements in mild steel;
however, the corroded sample containing only Zn with the
absence of starch and ESAp show Fe, Zn, C, O, and Cl. Why the
coated samples containing 8% ESAp and 8% ESAp + starch
reveal Fe, Zn, C, O, Cl, Si, Ca, and Na. Compared to the other
studied samples, the 8% ESAp + starch sample exhibits more
diffraction peaks. This backs up the early ndings that the 8%
ESAp + starch sample formed more corrosion products that
prevent the mild steel from further corrosion attack. The
corroded product that forms may be ZnO, Zn(OH)2, CaO,
CaCO3, and Na2O. Work by25,28 has yielded similar observations.
It was evident that the corrosion attack had caused a signicant
variation in the EDS spectrum between the samples under
investigation. The different oxide layers emerge, which help to
form a thin lm around thematerials and halt further corrosion
attacks on the 8% ESAp + starch sample was responsible for the
lowest corrosion rate.
3.9. Hardness values

Fig. 15 displays the Brinell hardness of the coated and as-
received samples. The mild steel sample has the lowest Bri-
nell hardness rating when compared to the other samples. This
demonstrated that obtaining the indenting force on the steel
ball was facilitated by the sample. It was discovered that the Zn-
8% ESAp + %starch coated steel had a much greater Brinell
hardness than the sample that was received. The Brinell hard-
ness of the Zn-8% ESAp + %starch-coated steel sample was
100.3, indicating a 46.45% improvement in hardness. The
capacity of ESAp to disperse, harden, and rene grain within the
coating matrix might account for the extraordinary hardness of
the Zn-8% ESAp + %starch coating.53 It's possible that trace
elements like calcium found in the ESA particles worked with
Zn to create a layer of reinforcement between the coating and
24558 | RSC Adv., 2024, 14, 24548–24560
steel. Consequently, the coated steel's plastic deformation was
reduced by the hardened layer.
4. Conclusion

The study successfully developed Zn-X%ESAp (0, 2, 4, 6, and 8)
coatings with starch extract as a modier, demonstrating
signicant improvements in the anti-corrosion behavior of mild
steel. The Zn-ESAp + 2% starch coatings were effectively applied,
with coating thickness increasing proportionally to the ESAp
content. SEM analysis revealed no external surface defects,
indicating a high-quality coating process. Notably, the Zn-8%
ESAp + 2% starch-coated sample exhibited a 46.45% increase in
hardness, reaching 100.3 HB, and achieved impressive corro-
sion protection efficiencies of 82.92% and 94.69% for Zn-8%
ESAp and Zn-8% ESAp + 2% starch, respectively. The coated
samples showed a shi towards greater positive potential,
enhancing their corrosion resistance compared to untreated
mild steel. Overall, the Zn-8% ESAp + 2% starch composite was
identied as having the optimum properties for anti-corrosion
applications, demonstrating the effective use of starch extract
and eggshell particles in improving the durability and perfor-
mance of mild steel coatings.
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