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ARTICLE INFO ABSTRACT

Keywords:
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This paper reports the self-healing properties of novel epoxy coating comprised of multi-walled carbon nanotubes
(MWCNTSs) as nanocontainers loaded with 5% green inhibitor-Elaeis guineensis/silver nanoparticles (EG/AgNPs)
that acted as robust corrosion inhibitor for mild steel against adverse seawater environment. The self-healing

ieltf,'heahng, assisted anti-corrosion effectiveness of the inventive coating for mild steel under seawater exposure for 42
nti-corrosion . . . . . N N
MWCNTSs days was evaluated via polarisation resistance, electrochemical impedance spectroscopy, adhesion strength and

visual inspections. Further, the coated mild steel surface was characterised using X-ray diffraction, atomic force
microscope and scanning electron microscopy analysis. The microstructures of smart powder (MWCNTs-EG/
AgNPs) were also screened by a variety of microstructures techniques. Results revealed an excellent self-healing
functionality of the produced smart epoxy coating with satisfactory anticorrosion behaviour against seawater
exposure. A maximum of 97.87% inhibition efficiency and a minimum of 0.0009 mm/year corrosion rate were
recorded after 42 days of exposure. Furthermore, this smart coating disclosed superior corrosion inhibition
abilities even after 42 days of submersion in seawater by weakened the lepidocrocite (y-FeOOH), as a result of
the release of Elaeis guineensis /AgNPs, which in turn acted as efficient corrosion inhibitors to repair or self-heal
the damaged coatings on mild steel surface.

1. Introduction

Since the human civilization, metals and its alloys remained the
workhorse in the industrial and construction engineering sector due to
their unique strength and ductility in addition to several other notable
attributes. The applications of metal materials are very wide, including
buildings, dams, casing, tubing, valves, tanks, pumps, boreholes, boilers,
as well as bridges [1-5]. Despite such superior features, metals
frequently become thermodynamically unstable and suffer from corro-
sion under diverse aggressive environments [6,7]. The main corrosive
agents of those constructions are Cl~, HO, SO%’, H,S, CO,, and dis-
solved O4 [8-11]. Since metallic corrosion of expensive civil engineering
structures causes billions of dollars economic loss annually on a global
basis [12-14], safety reduction, pollution of the environment, and loss

* Corresponding authors.

of product [15], diverse approaches are developed to protect metal
against corrosion.

These protection techniques include, shapes of the metal [16],
electroplating [17], galvanizing [18], cathodic protection [19,20],
insulating coatings [21,22] and corrosion inhibitors [23-26]. Epoxy
coating technique is commonly exploited to circumvent the metal
corrosion. In this technique, a coating on the metal is applied to create a
dense barrier against corrosive elements [27,28]. These coatings prevent
metal corrosion by maintaining the protective barrier. However,
breaching of the barrier causes a quick development of the corrosion
processes due to the association of varieties of additional reactions. This
in turn may influence both the composition and properties of the metal
surface and its immediate environment [29,30].

The degradation of epoxy coating may originate from various other
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external factors including UV radiation, extreme temperature variation
and mechanical cracks or scratches of the surface. All these effects leads
to the opening of pores and crack propagation, thereby allows the
movement of water and dissolved ions by capillary action, make contact
with the metal surface, and eventually the initiation of corrosion
[31-33]. Once the corrosion is commenced, the coating cannot defend
the defective zone effectively and fails to prevent the defect propagation
on the metal surface. To provide enduring corrosion protection, coatings
with active “self-healing or smart” support are preferred. Such coatings
can extend the interval required between maintenance inspections.

The ability of encapsulated inhibitors and sealants to interact with
their environment together with sensing and response to appropriate
changes may offer notable benefits including the reduction of human
error, and misjudgement or negligence. Besides, it can simplify the
overall operational costs [34,35]. Driven by this idea, lately the research
on the development of nanocontainers has generated renewed interests.
It is realized that such nanocontainers release corrosion inhibitors and
thus make the coating susceptible to aggressive corrosion medium. The
technology of encapsulating corrosion inhibitors that offer responsive
nanocontainers, became prospective towards the development of self-
healing protective coatings. Nanoparticulate fillers provide superior
barrier properties even at low concentrations over conventional micron
sized amendments [36]. Furthermore, most nanocontainers including
halloysite nanotubes [37], silica tubes [38], cerium molybdate nano-
containers [39], and hollow core-shell nanoparticles [33], can only act
as corrosion inhibitors releasing agents. They cannot optimise the other
properties of coatings and may rather weaken the adhesion and struc-
tural characteristics.

Of late, carbon nanotubes (CNTs) became attractive owing to their
multifaceted superior traits. According to Lee et al. [40], it is possible to
exploit multiwall carbon nanotubes (MWCNTs) as optimum nano-
materials for interfaces, particularly for controlling the boiling heat
transfer. The superior thermal properties, good mechanical-chemical
stability and optimum fibre-like structures to enhance porous layer
production of MWCNTs make them a choice in its own right. Gergely
et al. [41,42] were extensively screened CNT’s role over zinc - rich
hybrid paints application for low carbon steel corrosion against NaCl
medium [42,43]; the series of reports include the characterization of
nano-particles [41] and protection properties/mechanism of hybrid
coatings [43]. They also [42] successfully tested the alkyl paint coatings
embedded with alumina and CNT for the protection of cold-rolled steel
in 1 M HCI and NaCl medium. Lanzara et al. [44] used CNTs as self-
healing containers to significantly reduce the voids size in healed
crack regions and hence structural reinforcement. Besides, improved
adhesion and cohesion characteristics of coatings combined with
MWCNTs have been reported by Park and Shon [45]. Shen et al. [46]
have argued that CNTs could be conductive additives due to their
optimal electrical conductivity and characteristic length-to-diameter
(aspect) ratio. Although, a variety of filler inhibitors have been stud-
ied as self-healing amendments to provide endurable mild steel pro-
tection [47-53], literature revealed that so far very few studies have
exploited the green nanotechnology route to synthesize self-healing
filler as protective coatings of mild steel against aggressive corrosion
medium. The green nanotechnology enrouted production of metal
nanoparticles is an emergent area with applications in physics, chem-
istry, biology, material science and medicine [54-58]. Presently, green
nanotechnology is preferred to surmount the detrimental effects of
heavy metals on human health and ecosystem. Environmentally-
friendly, ‘green’ and inexpensive alternative coatings are demanded to
minimise the excess usage of potentially toxic coating constituents
[59-64]. Such green materials based coatings are advantageous because
of superior chemical resilience, anti-bacterial abilities, catalytic, as well
as electrical conductivity [65,66].

Although, majority of research over nanotechnology involves the
synthesis and stabilisation of a range of nanoparticles by physical and
chemical methodologies which are not environmentally sound, there is
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now an increasing necessity to develop an environmentally friendly
route involving non-toxic materials that do not contain heavy metals.
Due to their diminutive size and their mechanical, electromagnetic,
optical and biochemical properties [67], such nanoparticles can be used
to inhibit corrosion of the metals when the composite material is
exposed to aggressive species. Amongst the noble metallic particles,
AgNPs-silver nanoparticles have enticed more regard as they possess a
huge number of performances, including optical properties, high-
efficiency, and unique electronic. This can be contributed to potential
commercial applications in various areas, such as nanomedicine, elec-
tronics, catalysis, and optics [68-70].

With this plan, oil palm (Elaies guineensis-EG) leaf extract was
investigated as an alternative/advanced sustainable corrosion inhibitor
for mild steel protection. The oil palm (EG) is a member of the Arecaceae
family of plants. Malaysia is currently the second largest global palm oil
producer with 4.917 million hectares under oil palm cultivation [71].
Whilst oil palm finds a variety of uses in plywood manufacture [72],
cooking oils [73] and other food items [74], as well as in pharmacology
[75], the leaf residues are considered an agricultural waste product.
Hence, the utilisation of a corrosion inhibitor extracted from the (EG)
plant, combined with a synthesis of silver nanoparticles (AgNPs) to
produce a green nanoparticles corrosion inhibitory compound (EG/
AgNP) encapsulated with MWCNTSs applicable to mild steel in aggressive
environments represents an innovative feature of this work.

Hefni et al. [76] studied the performance of Ch-g-mPEG inhibitor
(chitosan (Ch) grafted with poly(ethylene glycol) on carbon steel in 1 M
HClI solution in the presence and absence of AgNPs. The results revealed
that the inhibition efficiency of Ch-g-mPEG/AgNPs inhibitor was 93%
compared to 77% for Ch-g-mPEG inhibitor alone at the same concen-
tration. Atta et al. [77] incorporated AgNPs into poly (vinyl pyrrolidone)
matrix, and stated that the inhibition efficiency up to 91% was acquired.
In brief, many researchers have successfully incorporated the inhibitors
with silver nanoparticles, which found enhanced the inhibition effi-
ciencies and reduced the corrosion rate of mild steel exposed to different
aggressive environments [78-84].

Organic inhibitors tend to be mixed inhibitors, displaying both
anodic and cathodic actions in tandem, and are exceptionally effective
inhibitors due to the presence of heteroatoms such as oxygen, nitrogen
and sulphur and the presence of multiple bonds in their molecules, all of
which facilitate adsorption onto the metal surface [24,85,86]. According
to Ali [87], they decrease the corrosion rate by: (i) increasing or
decreasing the anodic and/or cathodic reaction, (ii) decreasing the rate
of diffusion of reactants to the metal surface, and (iii) decreasing the
electrical resistance of the metal surface.

Concern with all added advantages of smart/green coatings, we
evaluated the corrosion protection ability of epoxy embedded MWCNT
incorporated with EG/AgNPs inhibitor against mild steel corrosion in
seawater. For determination of anti-corrosion efficacy of smart coating
(epoxy coating embedded with MWCNTs incorporated with EG/AgNPs),
mild steel surface was immersed in seawater for prolonged duration and
subsequently monitored using potentiodynamic polarisation, electro-
chemical impedance spectroscopy (EIS), scanning electron microscopy
(SEM), energy dispersive X-ray (EDX) spectroscopy, X-ray diffraction
(XRD), atomic force microscopy (AFM), adhesion strength and visual
observation test. Finally, the powder form of MWCNTs-EG/AgNPs
(smart nanocontainers), as well as EG/AgNPs (inhibitor), were charac-
terized via transmission electron microscopy (TEM), (XRD), field emis-
sion scanning electron microscopy (FESEM), thermogravimetric analysis
(TGA) and EDX techniques.

2. Materials and methods
2.1. Preparation mild steel coupon

The mild steel sheet was mechanically cut into coupons in size of (40
mm x 30 mm x 1 mm), abraded by emery papers of grade up to 1500
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particle size and then degreased with 70% acetone. Next, the mild steel
coupon was rinsed with distilled water and air-dried prior to immersing
in the coating. The mild steel coupon was composed of 0.5% of Si, 0.04%
of S, 0.1% of Mn, 0.27% of C, 0.06% of P and 99.03% of Fe. For elec-
trochemical analysis, both coated/non-coated mild steel specimens were
prepared accordingly to fit over electrochemical cell with exposed area
of 1 cm?. In order to study the self-healing properties of epoxy coating,
mild steel specimens were scratched with X— mark (surface area ~ 0.785
em?) and the electrochemical data were normalized to 1 cm?.

2.2. Preparation of green nanoparticles inhibitor (EG/AgNPs)

The fresh leaves of Elaeis guineensis (palm tree) were manually
collected from UTM- Universiti Teknologi Malaysia, Malaysia, to extract
the EG inhibitor, the specimens were rinsed under running fresh water
and left to dry in a place protected from light. Total phenolic contents
(TPC) are reported to be higher in freeze and shade drying that gave the
highest antioxidant capacity [88]. As far as simplicity and effective
method is concerned, we have chosen a shade drying based on this
literature. After drying, the leaves were turned into powder with 1-5
mm particles. This was followed by the suspension of 100 g of powder
into 800 mL analytical reagent grade 95% ethanol (Qréc) at temperature
of 25 + 3 °C for a period of 15 days (optimum time period). Afterward,
the suspension was filtered through Whatman No.1 filtration paper
before being subjected to Heating Mantle (MS-E105) to evaporate the
ethanol extract. At last, the resultant 250 mL concentrated EG extract
(EG extract and the rest of ethanol with a ratio of 1:2 respectively) was
used for further study.

Silver ions (Ag*) were initially derived from silver nitrate (AgNO3)
(Fluka, purity 99.99%) to synthesise EG/AgNPs. About 1000 mL of
AgNO3(aq) (0.1 M) were added to 250 mL of Elaeis guineensis leaf extract
in an Erlenmeyer flask at room temperature. The aqueous medium
colour was changed immediately from dark-green to yellowish-green
signalling the formation of AgNPs [61,62,89]. Next, the aqueous
media were allowed to settle for 72 h (three days) at room temperature.
AgNPs were extracted by centrifuging at 6000 rpm for 15 min and then
allowed the reagents to dry. The green solid residues of EG/AgNPs were
rinsed twice with double distilled water and redissolved in 95% ethanol
which was finally evaporated. The cleaned and dry EG/AgNPs inhibitor
powder, having an average size of 13.35 nm was used in the corrosion
studies by incorporating into epoxy embedded MWCNTs.

2.3. Encapsulation of EG/AgNPs inhibitor into MWCNTs containers

MWCNTs containers (purchased from Cheap Tubes, USA) with outer
diameter of 10-20 nm, electrical conductivity below 100 s/m, specific
surface area of 233 m?/g, length of 10-30 um, and density of 2.1 g/cm®
was used. Green EG/AgNPs inhibitor powder was encapsulated with
following the modified protocol of Kartsonakis et al. [90]. The MWCNTs
containers were loaded with EG/AgNPs corrosion inhibitor powder
wherein 8 g of EG/AgNPs powder was dissolved in 200 mL of (70%
acetone, (RCI Labscan)) for 48 h to achieve a saturated solution. Then, 1
g of MWCNTs containers were placed in a sealed container and the air on
the interior side of the MWCNTSs containers were evacuated via a vac-
uum pump (Gast, Doap104BN Model) for 20 min so that air could be
removed from the CNTs. Next, these containers were recycled at atmo-
spheric pressure and the process was repeated three times to enhance
the loading efficiency. It’s noteworthy that the saturated EG/AgNPs was
also present at this process. Afterward, the saturated solution
comprising of EG/AgNPs inhibitor and MWCNTSs were placed in the
sealed container and the whole mixture was subjected to stirring for 2 h
at room temperature using a hot plate stirrer with a stirring temperature
of 60 °C (Favorit, HS070V2 Model). Finally, the MWCNTSs containers
encapsulated with EG/AgNPs were concentrated via centrifugation
(Hettich, EBA 21 Model) for 15 min at the revolution of 6000 min/s
before being oven (Memmert, UF30 Model) dried at 50 °C for 5 h.
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2.4. Preparation of Self-Healing coating

The epoxy material that used for the coatings was consisted of water-
based epoxy system frequently utilised as anticorrosive primer and the
epoxy material properties is listed in Table 1. Two sets of water-based
epoxy solutions were prepared namely blank coating (without smart
nanocontainers) and modified coating (with smart MWCNTs-EG/AgNPs
nanocontainers (inhibitor-loaded MWCNTs containers). The smart
MWCNTs-EG/AgNPs nanocontainers of concentration 5% (w/w) were
added to the blank epoxy coating and the whole mixture was exposed to
sonication for 24-hour, which is led to yielding a uniform dispersion of
MWCNTs-EG/AgNPs in the coating without any precipitation. The
epoxy mixture loaded with the smart MWCNTs-EG/AgNPs nano-
containers was applied to mild steel coupons by following the method
reported elsewhere [91]. The procedure involved 30 s of dip-coating
followed by drying at room temperature for 30 min together with
baking in an air circulating oven at 50 °C for 4 h. Eventually, a coating
with thickness range of 11.8-15.6 pm was achieved. The coated mild
steel specimen was cooled and then deliberately scratched before being
immersed in the seawater which was collected from Pontian Seaside,
Johor, Malaysia. The scratch was made using a blade reached the mild
steel surface, producing up to 430.2 pm wide scratches.

2.5. Electrochemical test

Potentiodynamic polarisation and EIS measurement was performed
to evaluate the electrochemical performance of plain and coated mild
steel (MS) with the blank coating, and the one modified with MWCNTs-
EG/AgNPs subjected to seawater. The mild steel coupons were sus-
pended in beakers that consist of 200 mL natural seawater. Electro-
chemical tests were conducted in a 3-electrode cell comprised of MS
coupons as working electrodes with an exposed area of 1 cm?, a plat-
inum wire having a surface area of 4.9 cm? as a counter electrode, in
addition to saturated calomel (SCE) as a reference electrode. The elec-
trochemical measurements were conducted utilising an electrochemical
workstation VersaSTAT 3 (USA) at room temperature. The MS (plain/
scratched coating) was submerged in the natural seawater test solution
for 30 min until a steady state open-circuit potential (OCP) was devel-
oped and the corrosion progress was monitored after 7 days, 21 days and
42 days. The composition of the seawater used in this study is presented
in Table 2. In order to analyse the electrochemical impedance results,
ZSimpWin software was utilised over an equivalent circuit for fitting
impedance data. EIS measurements were conducted at 10 mV-potential
amplitude, peak to peak (AC signal) in an open circuit at 0.1 Hz—10,000
Hz - frequency range. The values for charge transfer resistance were
determined from the Nyquist plots’ using semicircular diameter.
Meanwhile, DC polarisation studies were carried out over potential
voltage from —250 mV to +250 mV with reference to the open circuit
potential at 0.5 mV/s - scan rate. Extrapolation of the linear Tafel seg-
ments of anodic and cathodic curves to corrosion potential was per-
formed to obtain the values of the corrosion current densities (icor). The
formulas below were used to determine the inhibition efficiency (IE)
values for Tafel and EIS tests, respectively at various immersion times in
the presence and absence of 5% EG/AgNPs inhibitor (utilised as an

Table 1

Properties of water-based epoxy.
Parameter Value
Appearance Grey liquid
Viscosity 570 (cPs) @ 25 °C
Solid content (%) 80 + 2
Density 1.1 g/em? @ 23 °C
Temperature resistance To 120 °C
Dry to touch 6h@ 20 °C
Specific gravity 1.13 g/cm® @ 25 °C
Tensile Strength 6.85 MPa
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Table 2
Chemical compositions of seawater.
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Chemical compositions

Chemical Ion H,0 e Na* Mg+ p3- S0% Ca?* K+ Rr™ Fe?*
Concentration(ppm) 979,000 14,400 6800 1100 870 715 420 310 61 4
optimum percentage): 2.7. Characterisation of smart powder (MWCNTs-EG/AgNPs)
IE(%) = <1 — 1‘2’&) x 100% @ The surface morphology of MWCNTs was examined using A FESEM
Feorr (model-Hitachi, SU8020) operated at the accelerating voltage of 2 kV,
where i denotes the corrosion current density without an inhibitor both before and after loaded with green EG/AgNPs inhibitor. A tiny
e . 7 ’ amount of MWCNTs and MWCNTs-EG/AgNPs powder was glued on
hol.le. icon denotes the corrosion current density in the presence of an cylinder stub using double-sided tape. The powder was scanned, and the
inhibitor. images were formed by backscattered electrons. The analyser was
Rinh further fitted with an EDX spectrophotometer to detect the elemental
IE(%) = <1 - RE) x 100% 2 composition of the MWCNTs before and after loaded with smart inhib-

where Ri™ and RS, the charge transfer resistance in the presence and

absence of EG/AgNPs respectively.
2.6. Surface characterisation

2.6.1. SEM imaging

The morphology of the plain and coated mild steel surface (blank
epoxy and epoxy modified with 5% of MWCNTs-EG/AgNPs) at
scratched area were examined by SEM (Jeol, JSM-IT300) after
immersing it in the seawater for 42 days. The coated mild steel coupon of
dimension (30 mm x 40 mm x 1 mm) was gold covered for 90 s by
automated platinum sputter coater (Qourum-Q150R Model) before
being glued (using double-sided tape) on Aluminium stub of diameter
32 mm. In addition, the images of the coated mild steel coupons with
and without MWCNTs-EG/AgNPs were formed by backscattered
electrons.

2.6.2. AFM analysis

An AFM (Nano Wizard 3, JPK) technique was used to image the mild
steel surface of dimension (30 mm x 40 mm x 1 mm) for blank epoxy
coating and loaded with smart nanocontainers (MWCNTs-EG/AgNPs). A
square area of (20 um x 20 um) on the mild steel surface was scanned at
scan time of 0.5 s. The AFM instrument which is provided by a silicon
cantilever (Nano ACCESS — NC — A) having a spring constant of 25-95
N/m, tip radius below 10 nm operated at a frequency range of 200-400
kHz.

2.6.3. XRD analysis

The XRD pattern was measured using model Rigaku, SmartLab 3 kW
for analysing the composition of the corrosion products of mild steel
surfaces at scratched area following immersing it in the seawater for 42
days. The mild steel surface of dimension (30 mm x 40 mm x 1 mm) for
blank epoxy coating and loaded with smart nanocontainers (MWCNTs-
EG/AgNPs) were subjected to XRD analysis equipped with Cu Ka radi-
ation over 20 from 20°-80°, operated at a voltage of 40 kV and a current
of 30 mA.

2.6.4. Adhesion test

A pull-off adhesion tester of model-DeFelsko Corporation, USA was
utilised to determine the adhesion strength of coated mild steel of
dimension (30 mm x 40 mm x 1 mm) for blank epoxy coating and
loaded with smart nanocontainers (MWCNTs-EG/AgNPs) according to
ASTM D4541. The mild steel dollies in a diameter of 20 mm were uti-
lised as adherents. An Araldite epoxy adhesive with two components,
specifically hardener and resin with a glue mix ratio of 1:1 was applied
to glue the dollies on the coated mild steel surfaces. Five specimens for
each blank and modified epoxy were examined with a view to calculate
the average value.

itor. The thermogravimetry analyser (TGA Q 500) was used to record
TGA thermogram of the smart nanocontainers. The smart powder was
added into ceramic specimen pan, having height of 5 mm and diameter
of 6 mm. Finally, the smart powder was subjected to heat treatment in
the range of 30 °C to 1000 °C at the heating rate of 10 °C/min.

2.8. Characterisation of EG/AgNPs inhibitor

The crystalline structure of the green EG/AgNPs inhibitor was
examined using XRD analysis (Rigaku, SmartLab 3 kW) that used Cu K«
radiation in the angular range of 20 from (20-90)°, operated at a voltage
of 40 kV and a current of 30 mA. TEM (Hitachi HT 7700, BIO-TEM)
imaging was performed to determine the shape and size the synthe-
sized nanoparticles. A drop of nanoparticle green inhibitor was located
on a carbon-coated copper grid and screened at 120 kV - an operating
voltage. The EDX spectra were captured to confirm the existence of
AgNPs and other organic elements that constitute the green inhibitor
extract and that are also responsible for corrosion inhibition.

3. Results and discussion
3.1. Characteristics of MWCNTs-EG/AgNPs

3.1.1. FESEM images and EDX spectra

Figure 1 displays the FESEM images of MWCNTs powder without
(Fig. 1(a)) and with (Fig. 1(b)) EG/AgNPs inhibitor loaded. The di-
ameters of MWCNTs and MWCNTs-EG/AgNPs were different, where
green nanoparticles inhibitors were primarily located in the nanotubes
themselves. These caused a mean increase in tubes diameter from 12.7
nm to 42.7 nm, indicating that such inhibitor was successfully loaded
inside the carbon nanotubes. The swelling of MWCNTs due to loading
with EG/AGNPs inhibitor was in agreement with earlier literature
[92,93]. The shared characteristic of the FESEM micrograph is the
accumulation of the nanotubes (Fig. 1(b)) as an artefact of powerful
surface tension forces between the nanotubes and the solvent during the
acetone evaporation phase of the analytical procedure.

Table 3 depicts the EDX spectra of MWCNTs powder without and
with EG/AgNPs inhibitor loaded. The appropriate elements were
detected on the surface of MWCNTs with C (98.7%). However, the
percentage of C was reduced to 82.7% due to the inclusion of green EG/
AgNPs inhibitor into MWCNTSs. This observation authenticated the ex-
istence of EG/AgNPs inhibitor in the MWCNTs.

3.1.2. TGA curves

Figure 2 presents the TGA curve of the MWCNTs and smart nano-
containers MWCNTs-EG/AgNPs. The EG/AgNPs loaded MWCNTSs was
found to be the thermally stable. The TGA curves indicated the extent to
which the corrosion inhibitor was grafted in MWCNTs-EG/AgNPs. A
decrease in the smart nanocontainers (MWCNTs-EG/AgNPs) weight
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UTM-SU8020 2.0kV 4.5mm x100k SE(U)

I
UTM-SU8020 2.0kV 6.4mm x100k SE(UL)

1 1 1
500nm

Fig. 1. MWCNTs powder (a) without and (b) with green nanoparticles inhibitor
loaded. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 3
EDX elements of MWCNTs with and without EG/AgNPs.

Specimen Composition (%)

[0} C Ag
MWCNTs 1.3 98.7 0.0
MWCNTs-EG/AgNPs 4.0 82.7 13.3

with increasing temperature was observed, revealing three phases of
weight loss. The first phase was in the range of 46-180 °C where 0.89 wt
% weight losses were observed, which was attributed to the evaporative
loss of residual moisture. The second phase of weight loss was appeared
between 185 and 500 °C, where 14.58 wt% losses were ascribed to the
evaporative release of organic dopant. Lastly, when the temperature was
higher than 600 °C, the weight loss was 2.54 wt%, which was approved
to the mass loss of different substances. The presence and interaction
between MWCNTs and EG/AgNPs inhibitor resulted in a reduced weight
loss over these temperature ranges. This is validated the existence of EG/
AgNPs inhibitor in MWCNTs and subsequent contribution to assist the
coating for withstanding high temperatures.

3.2. Properties of AgNPs
Figure 3 shows the XRD pattern of AgNPs, which comprised of four

significant diffraction peaks located at 20 values of 37.7°, 43.9°, 64.3°
and 76.6° indexed to the crystalline lattice planes of (111), (200),
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Fig. 2. TGA curve of MWCNTs and smart MWCNTs-EG/AgNPs nanocontainers.

Intensity (a.u.)

20 (deg.)

Fig. 3. XRD patterns of the synthesized AgNPs within Elaeis guineensis extract.

(220) and (311) of the face centred cubic (fcc) structure of nanoAg.
While the other diffraction peaks located at 26 values of 27.7°, 32.2°,
46.1°, 54.8°, 57.5°, 67.4° and 74.4° indicated of the presence of Tin
Telluride (Sn Te) from the inhibitor. AgNPs prepared within Elaeis gui-
neensis extract did not reveal any morphological changes. The existence
of these peaks verified the orthorhombic crystals structure of nanoAg
[94].

Figure 4 depicts the TEM images of green EG/AgNPs inhibitor. The
majority of the nanoparticles were spherical with non-agglomerated
distributions. Fig. 5 illustrates the particles size distribution of EG/
AgNPs were ranged within 7.79 nm-30.02 nm in accordance with TEM
image (Fig. 4). However, the peak value of EG/AgNPs distribution was
found as 13.35 nm. The EDX spectra (Fig. 6) detected the strong silver
signal together with C, O and other elements that might be present in
Elaeis guineensis biomolecules and was bounded to the surface of the
AgNPs. However, the presence of heavy metals like Pb (1.8%) might be
detected from the plant extract sources which were in-taken from the
soil [95-97].

3.3. Potentiodynamic polarisation (Tafel) parameters

The potentiodynamic polarisation curves of mild steel in the absence
and presence of 5% EG/AgNPs extracts, as well as mild steel coated with
blank and 5% MWCNTs-EG/AgNPs modified epoxy are displayed in
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Fig. 4. TEM images of green EG/AgNPs inhibitor. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 5. Particles size distribution of EG/AgNPs in accordance with TEM image
together with Gaussian fit.
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Fig. 6. EDX spectra of EG/AgNPs inhibitor extract.

Fig. 7. The corrosion response of the mild steel in the presence and
absence of EG/AgNPs inhibitor alone and with MWCNTs-EG/AgNPs
coating was examined via potentiodynamic polarisation measurement
after immersing the mild steel in seawater at room temperature for 7, 21,
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and 42 days. Polarisation parameters including corrosion potential
(Ecorr), corrosion current density (icorr), anodic (b,) and cathodic (b.)
Tafel slopes were derived from the polarisation curves via Tafel region
extrapolation as depicted in Fig. 7. Table 4 enlists the achieved poten-
tiodynamic polarisation parameters of mild steel.

The inhibition efficiency of EG/AgNPs extract rises in a concurrent
way with immersion time, reaching at the highest value of 93.59%
following 42 days of exposure to seawater as shown in Table 4. Never-
theless, it should be noted that the corrosion rate with EG/AgNPs pre-
sent fell to 0.204 mm/year when compared against 3.174 mm/year,
namely, the corrosion rate without EG/AgNPs. In view of this, it is
evident that EG/AgNPs extract plays a strong inhibitory role for the
corrosion of mild steel in the context of a seawater solution. It should
also be noted that the EG/AgNPs inhibitor’s cathodic Tafel slope (b.) and
anodic Tafel slope (b,) displayed change over time as depicted in Fig. 7
(b) and Table 4. Thus, it is possible to conclude that the inhibitor mol-
ecules impacted the pair of reactions and adsorbed on the mild steel
surface, which itself occurred by blocking the active sites situated on the
surface, thereby inhibiting the corrosion reaction. Furthermore, Ecopr
values indicate positive variance with the availability of an inhibitor,
especially when compared to blank mild steel. Hence, this indicates the
anodic dissolution of mild steel, as well as the cathodic reduction of
hydrogen ion depression, which occurs via adsorption of EG/AgNPs
extract onto anodic and cathodic surface sites. The implication is that
EG/AgNPs compounds function as mixed type inhibitors.

Mild steel with blank epoxy coating (Fig. 7(c) and Table 4) demon-
strated a value of Eq,;y = -0.250 V after 7-day which was increased to
—-0.379 V after 42 days exposure to seawater. In contrast, the current
density for blank coated coupons in the scratched area was increased
from 1.412 pA.cm~2 to 2.286 pA.cm~2 whilst the corrosion rate was
increased from 0.6465 mm/y (at 7-day exposure) to 1.0465 mm/y (at
42 days exposure), indicating the significance of absence of surface
protection at the scratched area in combination with exposure to chlo-
ride ions mediated aqueous solution. The constitutions of both the
cathodic and anodic portions of the polarisation curve produced by the
blank coating is entirely modified by the addition of 5% MWCNTs-EG/
AgNPs as depicted in Fig. 7(d).

The shift in polarisation curves towards a more noble potential of
-0.034 V accompanied by lower current density of 0.075 pA.cm ™2 was
observed due to the inclusion of MWCNTs-EG/AgNPs containers. In
addition, the week 1 analysis of corrosion current (icorr) values showed
reduction from 1.412 (blank coatings) to 1.002 pA.cnf2 (self - healing
coatings); correspondingly Ecor values as well-found shift in cathodic
direction from 0.250 to 0.365 V. This evident that under electrochemical
cell stimulation, steel corrosion initiates on week 1 itself; which subse-
quently releases the self- healing coating’s inhibitors (MWCNTs-EG/
AgNPs) and controls corrosion by supress cathodic reaction. Till day 21
analysis, similar trend was observed for both blank coating and self-
healing coating (i.e.) Ecor shifted in cathodic side and correspondingly
reduces corrosion current (icor) values. These observations evident that
epoxy coating is predominantly controls corrosion in either case of
blank/self-healing coatings while the MWCNTSs-EG/AgNPs enhance the
protection ability in later case. This may because, the oxygen transfer
from corrosive solution to the metal/solution interface will strongly
affect the rate of oxygen reduction according to,

2e” + HyO + %20, — 2(OH)~ 3

The above can be inferred that the adsorbed coating layer behaves as
a cathodic inhibitor by retarding the O diffusion to the cathodic sites of
the metal surface. This indicates that epoxy coatings inhibit corrosion
process of the mild steel predominantly through cathodic mode and
MWCNTs-EG/AgNPs enhances the corrosion protection of self-healing
coating. The 42nd day results for blank coating followed the same
trend of earlier (7th and 21st day) observations; while self - healing
coating shown deep anodic shift from — 0.531 V to — 0.034 V and
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Fig. 7. Potentiodynamic polarisation curves of mild steel surface after exposure to seawater with (a) bare, (b) EG/AgNPs inhibitor, (c) blank coating and (d)

MWCNTs-EG/AgNPs modified epoxy coating.

Table 4

Potentiodynamic polarisation parameters of mild steel surface, bare and with EG/AgNPs inhibitor, blank and MWCNTs-EG/AgNPs modified epoxy coating.

Specimen Exposure time (day) Tafel
—Ecorr(V) Teorr (HA.cN ™) b,(V/dec) —b.(V/dec) IE% Corrosion rate (mm/y)
Bare mild steel 7.0 0.438 90.072 0.067 0.101 - 1.028
21 0.485 113.214 0.087 0.110 - 1.249
42 0.501 157.591 0.106 0.142 - 3.174
EG/AgNPs 7.0 0.462 35.728 0.089 0.098 60.33 0.408
21 0.455 26.344 0.081 0.097 76.73 0.291
42 0.425 10.109 0.083 0.088 93.59 0.204
Blank coating 7.0 0.250 1.412 0.245 0.224 - 0.6465
21 0.264 2.262 0.119 0.687 - 1.0353
42 0.379 2.286 1.180 5.680 - 1.0465
Self-healing coating 7.0 0.365 1.002 0.867 0.632 29.04 0.0081
21 0.531 0.687 0.395 0.246 69.63 0.0056
42 0.034 0.075 0.613 0.581 96.72 0.0009

correspondingly lowered i, values from 0.687 to 0.075 uA.cm’z. This
clearly evident that during long exposure period, embedded corrosion
inhibitor (MWCNTs-EG/AgNPs) released more which may leads the
protection action over epoxy coating. These results are in agreement
with the literature [98,99].

The observed corrosion reduction (enhanced corrosion resistance)
was attributed to the effect of a re-passivation process occurred from the
self-healing properties of the conversion coating [100-102]. It indicated
that blocking of areas of the mild steel surface is the mechanism by
which corrosion protection was afforded by the coating which in turn
caused minimal oxygen reduction and metal dissolution within the pores
of the coating layers. Furthermore, the blank coating augmented the

values of b, and b, to 1.180 V/dec and 5.680 V/dec, respectively
following 42 days of exposure, whilst the b, and b, for the MWCNTs-EG/
AgNPs coating was correspondingly decreased to 0.613 V/dec and
0.581 V/dec for the same exposure period. It was asserted that the
MWCNTs-EG/AgNPs coating could minimise the mild steel corrosion
rate via blocking of both anodic and cathodic sites. Furthermore, the
coating material comprising of 5% of MWCNTs-EG/AgNPs exhibited the
lowest corrosion rate of 0.0009 mm/y than the one with blank coating
(1.0465 mm/y) and highest inhibition efficiency reached to 96.72%.
The efficacy of smart coating was in good agreement with the results
achieved by the literature reported for mild steel’s smart coating
development using epoxy nanocomposite coatings blended with
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corrosion inhibitor functionalized nanoparticles, and hybrid nano-
coating of polyvinyl alcohol and Titania against NaCl solution [103,104]
respectively. It was concluded that the self-healing agent (EG/AgNPs)
offered a significant barrier against corrosive species and thus promoted
the overall mild steel corrosion resistance.

3.4. Electrochemical impedance spectra

The corrosion behaviour of epoxy coated MS in a seawater solution
was examined by EIS method, in presence and absence of 5% EG/AgNPs
at 7, 21, and 42 days. The open circuit potential (OCP) was measured
before the electrochemical analysis and the respective results were
depicted in Fig. 8. The stable OCP was obtained (approximately after 25
min) which evident the attainment of steady state after 30 min time.
Fig. 9 depicts the electrical equivalent Randles circuit for plain and
coated mild steel, where R; is the solution resistance, Ry is the resistance
of portative film over mild steel surface, Q4 and Q; are the constant
phase angle elements (CPE), representing double-layer capacitance Cy
and, film capacitance Cr , respectively. R is the charge-transfer resis-
tance for mild steel. Various equivalent circuits were generated and
fitted against the experimental impedance values, while the circuit that
having lowest fitting error was selected.

Regarding the use of EIS in the context of plain mild steel in
seawater, Nyquist plots were gathered, and these are outlined for the
presence and absence of 5% EG/AgNPs inhibitor in Fig. 10 (a and b)
respectively. Based on the impedance spectra, it is clear that the increase
of the semicircle diameter is directly and proportionally related to the
exposure time of mild steel when the EG/AgNPs inhibitor is present.
With the observation of the semi-circular shape in the case of blank mild
steel and with EG/AgNPs present, it was shown that the corrosion
mechanism was identical regardless of the absence or presence of EG/
AgNPs inhibitor [105]. Several factors can be attributed to the depressed
semicircle depicted in the Nyquist plots regarding the ideal case,
including frequency dispersion, the adsorption of inhibitive compounds,
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Fig. 9. The electrical equivalent Randles circuit for (a) bare mild steel and (b)
coated mild steel.

the surface’s inhomogeneity levels, and polycrystallinity [106]. As
shown in Fig. 10(a), the reduction of — Z” at high frequencies for mild
steel with the absent of EG/AgNPs inhibitor can be linked to the
adsorption of several aggressive species, including Cl™ ions. In contrast,
the higher diameter of capacitive loops (Fig. 10(b)) is indicative of an
increase in charge transfer resistance, as well as a fall in corrosion cur-
rent density. As a consequence of this, addition of 5% EG/AgNPs pro-
tects mild steel surface and conversely supress the corrosion rate.
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Fig. 8. Open circuit potential of mild steel surface immersed in seawater with (a) bare, (b) EG/AgNPs, (c) blank coating and (d) MWCNTs-EG/AgNPs modified

epoxy coating.
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Fig. 10. Nyquist diagram of mild steel surface with (a) bare, (b) EG/AgNPs, (c) blank coating and (d) MWCNTs-EG/AgNPs modified epoxy coating.

The highest IE (%) was observed at 42 days (Table 5), with a per-
centage of 93.67%. Based on these outcomes, it is clear that charge
transfer resistance (R) rises considerably in line with the length of time
exposed to the inhibitor. The highest value for impedance was identified
for EG/AgNPs extract (6.83 x 10? Q.cmz), and this was paired with the
tendency to fall for the double-layer capacitance Cq; to 16.2 pF.cm 2
compared with 97.1 pF.cm™2 in the absence of EG/AgNPs extract. This
behaviour is attributed with increase in the protective layer’s thickness
at the electrode surface, which promotes mild steel corrosion resistance.
The rise in R values is linked to the development of the protective layer
at the metal/solution interface. In view of these observations, it is
possible to conclude that the inhibitor extract operates via adsorption at

the surface of the metal, which blocks charge transfer across the metal/
solution interface, thus inhibiting corrosion. This is supported by the
decrease in Cq) values, paired with the attendant rise in inhibition effi-
ciency. The literature evidence shows that Elaesis guineensis include al-
kaloids, terpenoids, saponins, flavonoids, tannins, phenolic compounds,
carbohydrate, and coumarins [107], and when these compounds are
adsorbed via the aromatic ring, as well as the heteroatoms of nitrogen
and oxygen upon the mild steel surface, this can hinder against the
ingress of corrosive ions into the solution. This is because the com-
pounds establish a barrier associated with mass and charge transfer.
Further, the self-healing properties of the MWCNTs-EG/AgNPs
coating were evaluated using EIS measurement, where the coated mild

Table 5
EIS parameters of mild steel surface, bare and with EG/AgNPs inhibitor, blank and MWCNTs-EG/AgNPs modified epoxy coating.
Specimen Exposure time (day) Rs(Q.cm?) Rf(Q.CmZ) Ree(Q.cm?) Cf(pF.cm’z) Cdl(pF.cm’z) 1IE %
Bare mild steel 7.0 4.88 - 7.49 - 59.4 -
21 4.58 - 5.86 - 66.3 -
42 5.27 - 4.32 - 97.1 -
EG/AgNPs 7.0 4.99 - 1.90 x 10? - 28.6 60.47
21 4.86 - 2.52 x 10? - 22.9 76.72
42 473 - 6.83 x 10° - 16.2 93.67
Blank coating 7.0 2.61 x 102 54.813 9.88 x 10° 8.67 x 107! 1.52 x 1071 -
21 1.57 x 102 23.550 4.51 x 10° 32.98 x 107! 4.74 x 107! -
42 2.68 x 107 19.841 1.11 x 10° 47.35 x 107! 6.34 x 107 -
Self-healing coating 7.0 1.68 x 102 450.2 2.25 x 10* 312 x 107! 2.01 x 1073 56.09
21 2.57 x 10° 1031.8 4.69 x 10* 2.39 x 107! 1.05 x 1073 90.38
42 1.61 x 10* 1897.5 8.25 x 10° 0.86 x 107! 1.59 x 1074 97.87
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steel was immersed in seawater for different duration. The electro-
chemical behaviour of mild steel specimens and the impact of MWCNTs-
EG/AgNPs on the barrier properties mild steel were determined. EIS
measurements were performed for the scratched area of both the blank
epoxy specimen and epoxy specimen loaded with MWCNTs-EG/AgNPs.

Figure 10 also illustrates the Nyquist plot of the seawater exposed
mild steel specimen with blank epoxy coating (Fig. 10(c)) and the one
included to smart MWCNTs-EG/AgNPs nanocontainers (Fig. 10(d)). The
polarisation resistance of the test specimens was characterised by the
diameter of the capacitive loops in the Nyquist plot, where bigger
capacitive loop signified lower corrosion rate [108]. Table 5 presents the
values of EIS parameters of mild steel for blank epoxy coating and
MWCNTs-EG/AgNPs modified epoxy coating. The resistance of porta-
tive film and the charge transfer resistance of the blank coating were
54.813 Q.cm? and 9.88 x 10 Q.cm? after 7 days of seawater immersion.
However, for long duration immersion the blank coating portative film
resistance values and the charge transfer resistance were gradually
reduce. For 42 days of seawater immersion, the values of the blank
coating including portative film resistance and the charge transfer
resistance were decrease to 19.841 Q.cm? and 1.11 x 10° Q.cmz,
respectively. The reduction of impedance values with increasing the
period of exposure is obviously indicated that the barrier properties of
the film are decreased due to the dispersion of electrolytes into the
coating matrix. Conversely, the value of film capacitance C; and the
double-layer capacitance of the blank coating were increased from
0.867 plF.cm’2 to 4.735 pF.cm’2 and 0.152 uF.cm’2 to 0.634 pF.cm’z,
respectively during the studied period. The observed reduction in the
portative film resistance and enhancement in the capacitance for the
blank coating over the studied period was correlated to the corrosion
properties of epoxy. On the contrary, the incorporation of MWCNTs-EG/
AgNPs was attributed to the strengthening of the coating throughout
decreasing its porosity. Hence, the portative film resistance of MWCNTs-
EG/AgNPs coating surface was increased from 450.2 Q.cm? (7 days) to
1897.5 Q.cm? (42 days) of submersion in seawater. Furthermore, the
improvement of the barrier properties of the modified coating can be
related to the formation of a protective film due to the adsorption of
inhibitor molecules upon the mild steel surfaces [109]. The remarkable
enhancement in the charge transfer resistance values for the MWCNTs-
EG/AgNPs modified epoxy coating (Fig. 10(d)) was attributed to the
anti-corrosive impact of green EG/AgNPs inhibitor. Besides, the double-
layer capacitance Cq and, film capacitance C¢ were correspondingly
reduced from 2.01 x 103 pF.cm ™2 t0 1.59 x 10~* yF.cm ™2 and 3.12 x
107! to 0.86 x 107%, respectively over the same period of immersion.
The increasing of coating charge resistance from 2.25 x 10* Q.cm? to
8.25 x 10° Q.cm? and reducing the coating capacitances under the same
conditions can be attributed to the increasing the inhibition efficiency of
modified coating to 97.87%. The results of inhibition efficiency are
comparable with the literature that hindered the corrosion of mild steel
by using a water-based hybrid organo-silane film combined with non-
toxic organic-benzimidazole/ inorganic-praseodymium inhibitors
[110], and by the development of active barrier, affected the hybrid
chitosan/silica composite epoxy-based coating [111] against NaCl so-
lutions. Also, the coating that exhibited low film capacitance Cr (0.86 x
107! uF.cm~2) for modified coating compared to the high C; (47.35 x
107! uF.cm™2) for the epoxy coating after 42 days of exposure, which
indicates a good anti-corrosion performance over the mild steel surface.
While the rise of C¢ values with exposure time as listed in Table 5,
demonstrating the continued deterioration of the coating in the
aggressive solution [112]. It’s worthy to note that, the significant de-
viation between the measured data and the fitted curves at high fre-
quencies in the Nyquist plots as depicted in Fig. 10 (a, ¢, and d) at 7 and
21 days is related to other origins frequency dispersion such as the
adsorption of (CI) ions [113]. This achieved high resistance and low
capacitance of the MWCNTs-EG/AgNPs coating was ascribed to the
impact of green EG/AgNPs inhibitor that could produce a protective
oxide film with self-healing properties on the mild steel surface. Present
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findings also confirmed that the embedment of green nanoparticles into
the organic coating could produce significant benefits with respect to the
long-term barrier protective properties.

Figure 11 depicts EIS Bode plots, which characterised the time con-
stant within the high frequency range associated with the protective
barrier properties of the coatings. The magnitude of the capacitive slope
within this high frequency range was found to be identical for all
specimens following 7 days of immersion in seawater. This was expected
since the coatings have similar thickness. Additionally, the bigger |Z|
(low-frequency impedance modulus), shows a good corrosion preven-
tion performance [114]. Conversely, blank coating (Fig. 11(a)) revealed
a significant decrease in the frequency region /Z/ at 42 days, whilst the
self-healing coating exhibited high frequency range at 42 days of im-
mersion in seawater (Fig. 11(b)). These results demonstrate that the
composite coating improves the inhibition performance of mild steel
against corrosion in seawater solution.

Figure 11 shows the phase angle plots of mild steel with blank and
MWCNTs-EG/AgNPs inhibitor modified epoxy coating. The blank
coating exhibited a considerable reduction in the phase angle over the
high frequency region combined with a reduction in the impedance
modulus (Fig. 11(a)). Meanwhile, the self-healing coating revealed an
increase in the phase angle from 7 days to 42 days of immersion in
seawater (Fig. 11(b)). The observed notable deterioration of the pro-
tection film on mild steel for blank coating was due to the exposure of
seawater. This finding takes consideration of the massive defects
developed in the blank coating following 42 days of seawater
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Fig. 11. Bode plots for mild steel surface with (a) blank coating and (b)
MWCNTs-EG/AgNPs modified epoxy coating.
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immersion.

3.5. SEM images and EDX spectra

The surface morphological features of mild steel coupons were
examined using SEM after immersion in seawater for a 42-day period.
Initially, SEM screening was carried over mild steel immersed in cor-
rosive medium in absence (Fig. 12(a))/presence (Fig. 12(b)) of 5% EG/
AgNPs extract. In the absence of the inhibitor, the findings indicate a
severe deterioration of the mild steel surface, which stems from metal
dissolution. Fig. 12(a) indicates that the surface has become rough after
immersion in seawater, accompanied by an obvious net of cracks. The
findings indicate that this deterioration was attenuated considerably
when the EG/AgNPs extract was present. Fig. 12(b), clearly indicated
that the corrosion rate was reduced owing to the adsorption of the in-
hibitor molecules on the mild steel surface, thereby formation of a
protective layer between the mild steel and the corrosive environment.

iy Cracks
£

UTM-8SU8020 10.0kV 16.2mm x3.00k SE(L)
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I'he existence of he:
agent at scratched ¢
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Further, SEM analysis was carried out for mild steel with epoxy
coating. Fig. 12 displays the SEM micrographs of scratched mild steel
prior to the immersion in seawater with blank coating (Fig. 12(c)), and
after immersing in seawater with blank coating (Fig. 12(d) and
MWCNTs-EG/AgNPs inhibitor modified epoxy coating (Fig. 12(e)). The
self-healing properties of different aqueous epoxy coatings were
inspected by introducing two identical artificial defects onto the surface
of the blank coating and also the test coating loaded by 5% of MWCNTs-
EG/AgNPs. The defects produced by the blade was clearly seen (Fig. 12
(c)), which touched the metal surface to create wide scratch ranged up to
430.2 pm. These scratches appeared relatively smooth and levelled prior
to the immersion of mild steel in seawater. The entire scratch area of the
blank coating (Fig. 12(d)) became highly corroded following submer-
sion in seawater for 42 days, where the damage surrounded by corrosion
by-products was evidenced. Furthermore, no change was observed to
the width of the scratched region, corrosion by-product precipitates
proliferated over scratched area with time.

Adsorption of EG/AgNPs on

L o
UTM-SU8020 10.0kV 16.6mm x10.0k SE(L) 5.00um

Precipitates due
to corroded area

Fig. 12. SEM micrographs of mild steel surface after immersed in seawater (a) bare, (b) EG/AgNPs, (c) scratched mild steel before immersing in seawater and
scratched mild steel with immersing in seawater (d) blank coating and (e) modified coating.

11



M. Ali Asaad et al.

The detection of the presence of areas of undercoating corrosion with
delamination and blistering of the blank coating, provides further
indication of high corrosion activity. Conversely, the smart nano-
containers assisted coating could seal the scratched area within the
smart epoxy coating by releasing healing compounds immediately after
the creation of the scratch. Subsequently, the scratch width was slowly
narrowed to 380.3 pm and then entirely covered with the green nano-
particles inhibitor (Fig. 12(e)). Moreover, no indication of delamination
or undercoating corrosion was observed and the similar observations
were made earlier as well [115-117]. These could represent an indica-
tion that green inhibitor (EG/AgNPs) could dry and seal the defect area
by oxidation with atmospheric oxygen. The smart coating with healing
layer of 13.85 pm demonstrated pronounced healing, repairing of the
surface scratching, and also promoted the lifespan of mild steel in cor-
rosive seawater environments.

To further analyse the protective behaviour of MWCNTs-EG/AgNPs
coating against corrosion, the EDX analysis was carried out. Table 6
presents the EDX spectra of mild steel with blank and MWCNTs-EG/
AgNPs inhibitor modified epoxy coating. The EDX spectra could
clearly detect the chemical elements present in the scratched area after
submersion in seawater for 42 days. Table 6 depicts detected elemental
traces in mild steel with blank and modified coating. The presence of Fe
(21.5%) and O (15.8%) elements on the blank coated mild steel surface
was detected, suggesting the production of iron hydroxide and high
corrosion activity over the scratched area. Furthermore, the presence of
MWCNTs-EG/AgNPs in the coated area exhibited corrosion protection
activity over the scratched area, wherein the amount of adsorbed
chloride ions (C1™) were reduced from 23.4% to 0.9%, and Fe dropped to
1.0%. This clear verified the self-healing abilities of the MWCNTs-EG/
AgNPs incorporated epoxy coating. The O levels were increased to
27.1% for in the presence of MWCNTs-EG/AgNPs coating, which
confirmed that the smart EG/AgNPs acted as a good mild steel corrosion
inhibitor. The SEM images, EDX spectra strongly supported the EIS and
polarisation results.

3.6. XRD pattern

Figure 13 presents the X-ray diffraction patterns for the coated mild
steel specimens with and without MWCNTs-EG/AgNPs following im-
mersion in seawater for 42 days. As indicated, the peaks at 20 values of
23.97°,46.25° and 52.07° can be assigned to the iron oxides in the form
of magnetite (Fe304), while the peaks at 20 values of 37.58° and 57.73°
can be assigned to the oxyhydroxides in the form of lepidocrocite
(y-FeOOH). In addition, the peaks at 20 values of 43.12° and 58.43°
correspond to iron. A number of the lepidocrocite peaks of mild steel
coupon with smart (MWCNTs-EG/AgNPs) coating are seen to become
weakened or lost following immersion in the presence of MWCNTs-EG/
AgNPs, indicating that the smart nanocontainers sealed the scratched
area by releasing of EG/AgNPs inhibitor and formed as a barrier to
prevent the Cl™ ions to reach the mild steel surface and hence further
hindering the corrosion process.

3.7. Immersion test of Self-Healing coatings
The self-healing capabilities and anticorrosion behaviour of the

smart coatings was verified via long-term immersion tests in seawater,
where mild steel was coated with blank epoxy and MWCNTs-EG/AgNPs

Table 6
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Fig. 13. XRD patterns of scratched mild steel surface with blank and MWCNTs-
EG/AgNPs modified epoxy coating.

modified epoxy. Fig. 14 illustrates the time dependent evolution of the
artificial scratches on the blank epoxy (Fig. 14(a)) and MWCNTs-EG/
AgNPs modified (Fig. 14(b)) epoxy coated mild steel immersed in
seawater. Following 42 days of submersion in seawater of the mild steel
coupon with the blank epoxy coating, visual inspection indicated sig-
nificant deterioration of the mild steel coupon and the formation of
rusty, brown and weakly adherent corrosion products which prolifer-
ated over the scratched area (Fig. 14(a)). Moreover, modified smart
coating (MWCNTs-EG/AgNPs) on mild steel surface revealed excellent
repair attributes (Fig. 14(b)) with remarkable pronounces self-healing
capability of scratch repair. It was established that the scratched re-
gion remained smooth and corrosion-free following submersion in
seawater for 42 days.

Table 7 provides an overview of the adhesion strength associated
with various surface roughness types. Results clearly evidenced for ad-
hesive combined with MWCNTs-EG/AgNPs nanoparticles, adhesion
strength was significantly enhanced when comparatively examined
against blank epoxy adhesive. In particular, adhesion strength increased
from 2.88 MPa to 6.36 MPa. It is worth considering that the even
dispersion of nanoparticles can affect the physical and chemical prop-
erties of the adhesion for epoxy adhesive. This is because they offer
reinforced anchoring, thereby promoting adhesion strength owing to
their location in the steel surface asperities [118]. Nevertheless, the rise
in AS could also be linked to the nanoparticles’ chemical attributes,
which could in turn affect the chemical properties of the steel and epoxy
adhesive surfaces, thereby giving rise to chemical bonds on each steel-
adhesive interface and subsequently promoting adhesion strength. In
this case, the probability is that nanoparticles serve as intermedia, the
purpose of which is to span the superficial atoms or molecules of steel
and epoxy adhesive. The reasonable mechanism was considered that the
rough surface could magnify the interaction area for epoxy and steel,
with the nanoparticles underpinning the reinforcement of the impact. As
such, a greater number of possibilities associated with mechanical
interlocking and chemical bonds could emerge. In the context of a
smooth surface, the absence of this anchoring mechanism would be the
case. Resultantly, for the modified coating with smart nanocontainers,

EDX elements of mild steel surface with blank and MWCNTs-EG/AgNPs modified epoxy coating.

Specimen Composition (%)

Fe C o Ca Mg Cl Na Ag S K Si
Blank coating 21.5 21.8 15.8 0.2 1.7 23.4 14.1 0.0 1.0 0.3 0.2
Modified coating 1.0 60.2 27.1 0.3 0.0 0.9 0.0 10.3 0.0 0.2 0.0
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Fig. 14. The time dependent evolution of artificial scratches on coated mild steel surface immersed in seawater (a) epoxy coating, and (b) (smart epoxy coating).

Table 7
The adhesion strength of coated mild steel surface with blank and modified
epoxy coating.

Specimen Pull 1 Pull 2 Pull 3 Pull 4 Pull 5 Average
(MPa) (MPa) (MPa) (MPa) (MPa) pull value
Blank 3.1 2.7 2.8 2.8 3.0 2.88
coating
Modified 6.4 6.7 5.9 6.3 6.5 6.36
coating

the steel surface’s adhesion strength was considerably higher than when
compared to blank epoxy.

The mild steel coupon with smart (MWCNTs-EG/AgNPs) coating
satisfactorily passed the adhesion test, demonstrating that the inhibitor
coating adhesion was not influenced due to the exposure of the
seawater. Meanwhile, the barrier performance was not yet nearly
repaired without releasing the green nanoparticles inhibitor (EG/
AgNPs).

3.8. Properties of MWCNTs-EG/AgNP (Smart Coating)

3.8.1. AFM images

Figure 15 shows the AFM images of coated mild steel surface with
blank epoxy (Fig. 15(a)) and modified epoxy with MWCNTs-EG/AgNPs
(Fig. 15(b)) prior to immersing in seawater. The image for the blank
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coating illustrated a 700 nm height of mild steel specimen which
appeared comparatively smoother with root mean square (RMS) surface
roughness of 326.9 nm (Fig. 15(a)). Although both type of coating
produced homogeneous surfaces but the MWCNTs-EG/AgNPs modified
smart coating mediated surface displayed somewhat roughness with
RMS value of 1.246 pm and height of 1.6 pm (Fig. 15(b)). The presence
of some large substrate particles was evidenced, which was due to the
agglomeration of smaller nanotubular particles.

3.8.2. FESEM images

Figure 16 shows the high-resolution SEM micrograph of smart ma-
terials coated mild steel surface. The embedded smart nanocontainers
were homogeneously distributed throughout the coating without major
agglomeration, verifying the high affinity between smart nano-
containers and aqueous epoxy coating constituents. Thus, the average
grain size of MWCNTs-EG/AgNPs particles within the coating matrix is
112.231 nm, while the average thickness of the modified coating is
increased to 14.13 pm in comparison to 13.84 pm of pure coating as
depicted in Fig. 12(c).

3.9. Self-Healing mechanism

The healing mechanism for MWCNTs-EG/AgNPs compounds was
depicted in Fig. 17. The reactions of the anodic and cathodic will begin
once the NaCl from seawater reaches the mild steel surface according to
the following reactions [48]:
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Fig. 15. AFM images of mild steel surface with (a) blank and (b) MWCNTs-EG/AgNPs modified epoxy coating.

The anodic reaction:

Average thickness

: verag s Fe 4+ mH,0 + Cl- »FeCIOH 4 + (m — 1)H,0 + H* + ¢~ €]
Smart nanocontainers of modified coating
(MWCNTs-EG/AgNPs) FeCIOH ™ ,4,—FeCIOH + e~ ©)
14.13 pm
FeCIOH + H* »Fe?* 4+ Cl™ + H,0 (6)
The cathodic reaction:
— 10 pm
Fe+H"+Cl" +e -»(H—Fe—Cl7),, @
2(H—Fe — ClI"),,=(H — Fe — H),, +FeCl™ 4+ CI~ (€©)]
(H — Fe — H),, ,=Fe + H, )]
FeCl™=Fe +ClI~ (10)

The presence of NaCl from seawater led to accelerating all the anodic
and cathodic reactions which are mainly affected by chloride ions.
Noteworthily, when the epoxy coating suffers deterioration, the chloride
ions reach the mild steel coupon, resulting in the corrosion products
filled the scratch area (Fig. 17). As a consequence of this, the corrosion

SU8000 2.0kV 9.8mm x100 LM(UL)

Fig. 16. FESEM image of smart materials coated mild steel surface.
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Fe + mH,0 + Cl™ = FeClOH ,4s + (m — 1)H,0 + H* + e~
(2)

Fe?* + 30H = Fe(OH); + e~

Fig. 17. Corrosion and self-healing mechanisms in the (a) absence and (b) presence of MWCNTs-EG/AgNPs.
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process begins, and it is paired with anodic dissolution and cathodic
oxygen reduction. Bonding between smart coating and the inhibitor has
been established and developed when the mild steel is exposed to an
aggressive medium. These bonds are sensitive to the hydroxide ions
(OH™) which are among the main by-products of the metallic corrosion
process. The OH ™ ions facilitate a rise in the pH values of the micro-
cathode regions. In turn, this causes the smart coating — inhibitor
bond to break, and thus releasing the inhibitor that has negative charges
to raise the adhesion force in the direction of the area which has sus-
tained damage. This phenomenon is attributed to increasing the surface
activity of EG/AgNPs in the seawater medium and improving the
adsorption of inhibitor molecules on the mild steel surface, hence, the
EG/AgNPs inhibitor blocking the diffusion paths of chloride ions inside
the coating matrix to reach the mild steel surface. It should be noted that
the efficacy of green corrosion inhibitor is associated with the presence
of polar functions including O, N, or S atoms which are considered the
main source of the adsorption process [23].

It should be remembered here that the detection of 12.9% of O atoms
in the presence of green inhibitor molecules as shown in Fig. 6 is
confirmed the adsorption process of the EG/AgNPs inhibitor. This is
closely aligned with the EIS results pertaining to the mild steel coupons
characterised by artificial defective areas.

In short, EG/AgNPs behaves as an inhibitor of ferrous metals. This
stems from the emergence of covalent bonds between the metal and the
lone pair of electrons that inhabit the oxygen atom. Thus, any area of the
coating that is damaged undergoes rapid healing by the formation of a
passive layer on the mild steel substrate. Consequently, the green EG/
AgNPs inhibitor wrapped the area of the defect and prevented the mild
steel surface from the direct exposure of aggressive mediums, hence
protected the surface against degradation from corrosion.

4. Conclusion

The anti-corrosion behaviour of EG/AGNPs included and epoxy
embedded MWCNTs- hybrid material nanocontainers was inspected
using standard corrosion monitoring techniques. Nanocontainers, which
encapsulated with green EG/AgNPs as corrosion inhibitor was syn-
thesised successfully via a simple and innovative technique. These
nanocontainers were applied on the mild steel surface to determine the
feasibility of self-healing and anticorrosion inhibition of mild steel sur-
face exposed to aggressive seawater environment. Specimens were
thoroughly characterised via FESEM, AFM, TGA, TEM, EDX, and XRD
analysis. The SEM analysis was verified that the loaded green (EG/
AgNPs) inhibitor in MWCNTs nanocontainers effectively released
following the structural damage of coating. The self-healing response
affected by the inhibitor release was noticeable in the corrosion resis-
tance measurements on scratched mild steel. Specimens were examined
by EIS and polarisation resistance measurements, which are exhibited
high inhibition efficiency around 98% and a corrosion rate of 0.009
mm/year in the presence of EG/AgNPs inhibitor. Immersion test results
demonstrated a self-healing capability when the coating was deliber-
ately damaged by external mechanical action and this response was
attributed to the release of the corrosion inhibitor. The uniformly
distributed intelligent nanocontainers were discerned to promote the
anticorrosion performance and contribute an essential mechanism in the
support of self-healing capabilities for mild steel submerged in seawater.
Based on the admirable results, it was established that such smart
coating can provide improved corrosion resistance performance of mild
steel upon submersion in seawater.
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