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The current study demonstrates the development of an eco-friendly and sustainable anti-corrosion coating ma-
terial derived from eugenol and curcumin. The eugenol benzoxazine-curcumin epoxy (EBCE) composite coating
material was fabricated by blending the different ratios of EB and curcumin-based epoxy (CE) resin. Graphene
oxide (GO) and multiwalled carbon nanotube (MWCNT) are amine functionalized with 5-amino-2,4-di-tert-butyl-
phenol separately, and their effects on the anti-corrosion efficacy of EBCE was evaluated. The synthesized ma-
terials were characterized by FT-IR, XRD, Raman spectroscopy, XPS, EDX, FE-SEM, TGA, TEM, and SAED
techniques. The surface morphology, hydrophobicity, and nature of the coatings were examined by AFM, contact
angle (CA) measurements, and crosshatch adhesion test. The barrier performance of the coatings was ascertained
using electrochemical impedance spectroscopy (EIS) and salt spray analysis (SSA). The EBCE (1:1) coating
showed the CA of 77.47°, and coating and charge transfer resistances (Rc and Ry in the range of 10° Q cm?
Induction of 0.3 wt% functionalized multiwalled carbon nanotube (FMWCNT) into EBCE coating reliably
enhanced the corrosion resistance property (R and Re = 10° © em?), and hydrophobicity (113.10°) up to 40™
day of immersion. Some of the reported coating formulations showed lesser Re; (<10° Q cm?) and hydrophobicity
(<110°) compared to EBCE/FMWCNT (0.3 wt%) coatings. The higher surface area of FMWCNT core and
compatibility with CE significantly enhanced the adhesion property of EBCE, and also densely occupy the voids
in the coating matrix. Thus, EBCE (1:1) with 0.3 wt% FMWCNT demonstrated as a prospective material in anti-
corrosion studies.

1. Introduction

The corrosion phenomenon is a major threat to metals, and their
protection holds a key role in preventing damages to all the industrial
sectors. Organic coating is a well-established technology for the active
protection of metals from corrosion [1]. However, the present envi-
ronmental protection society accentuating to replace the hazardous
organic and petroleum-based materials with sustainable eco-friendly
products due to their toxicity, health concerns to handlers, and
disposal issues [2-4]. Some of the less toxic materials based on natural
fatty acids and renewable plant sources [5,6], and sustainable benzox-
azines coatings derived from plant oils are receiving attention in the
field of corrosion protection [7,8].

The bio-based benzoxazine frontiers are swiftly expanding in the
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field of coating technology from past two decades [9-11]. The ease of
flexibility in designing the benzoxazines from natural sources like car-
danol, eugenol, vanillin, and catechol, make them an interesting mate-
rial in many industrial, and coating applications like rocket nozzle
protection [12], radiation shielding [13], aerospace composites [14],
anti-corrosion coatings [15], and self-healing materials. Eugenol is a
unique phenylpropanoid compound obtained from bio sources, and
extracted from syzygium aromaticum, a native to Indonesia known as
clove oil. It is generally used to treat toothache, skin disorders and in-
flammatory conditions, and known to fight against oral bacterium [16,
17]. Eugenol based benzoxazines act as natural defenders against the
corrosion phenomenon due to their thermal resistance, high crosslinking
ability, and hydrophobicity [18,19]. Solely employing benzoxazines in
corrosion prevention strategies can result in brittle coatings, demanding
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higher curing temperature, and slow curing processes. Hence, composite
preparations involving benzoxazines with epoxy resins, and nanofillers
refine toughness, water repellence, and less curing temperature of
coating formulations [20,21]. Conventional epoxy resins are prone to
develop pores, cracks, and their complete dependency on the filler
materials to enhance their anti-corrosion properties makes them an issue
to be looked upon [22-26]. In view of this, non-hazardous, and
eco-friendly epoxy resin derivatives need to be developed in the
anti-corrosion coating studies. Curcumin is one such non-toxic poly-
phenolic compound majorly found in turmeric, shows potential
anti-oxidant and anti-inflammatory properties. Eco-friendly, hydro-
phobic and recyclable nature of curcumin prompted to employ it in
anti-corrosion investigations by subjecting it to simple one-step epoxi-
dation. The epoxies derived from curcumin are thermosetting bio-based
resins, and are known to act as prominent corrosion inhibitors [27,28].
Curcumin assists in enhancing the crosslinking, chain extension, and
increases the probability of hydrogen bonding with the polymer matrix
[29]. With above properties, epoxy resins derived from curcumin is a
budding candidate to be employed as anti-corrosion coatings.
Benzoxazine derived from eugenol forms bio-based polybenzoxazine
easily without additional polymerizing catalysts. The eco-friendly na-
ture, hardness and low flammability make it suitable for industrial us-
ages. Its ability to undergo functionalization assists in the dispersion of
nanofillers, and adhesion of the coatings due to the presence of aromatic
groups. The eugenol benzoxazine is naturally hydrophobic, further its
hydrophobicity increases on curing by forming dense crosslinked
network and denying the entry to corrosive agents [30]. On the other,
curcumin-based epoxies are non-toxic, safer even when contacted on
skin, possess high chemical resistance in comparison with conventional
epoxy resins, and aids in uniform distribution of nanomaterials due to
the presence of polar group in its core structure. The chelation properties
of the curcumin diminish the corrosion sites with higher adsorption
affinity to metals [31]. Recently eucalyptus oil-based polyurethane (PU)
coating was developed by Nogueira et al, and the results showed
improved thermal stability, adhesion and anti-corrosion performance
compared to traditional petroleum-based coatings [32]. Bio-based water
borne polyester modified with cellulose nanofiber and rGO/ZnO nano-
composite was prepared, and their corrosion inhibition studies showed
excellent anti-corrosion efficacy [33]. The sesamol based benzoxazine
acts as an efficient thermoset, and the presence of aromatic oxazine
group contributes to the enhanced mechanical properties, and hydro-
phobicity [34]. The adhesion and hydrophobic performance of ben-
zoxazine based materials can be further enhanced by the addition of
fillers, and resinous copolymeric materials, promoting its applicability
in the coating technology. The silicon/eugenol-based derivative was
reported as an efficient anti-corrosion coating material [35]. The ther-
mal property of eugenol based benzoxazine polymer was reported by
Thirukumaran et al. [36]. The mixed benzoxazine precursors synthe-
sized from eugenol and phenol showed high thermal stability with
enhanced crosslinking [37]. Eugenol-pyrogallol copolymer benzoxazine
coatings showed superior corrosion protection in saline medium up to
30 days of immersion [38]. Eugenol benzoxazine fabricated with bio
silica and natural fibrous materials were studied for crosslinking ability,
and corrosion resistance [39,40]. Contemporarily, bio-based polymers
act as sustainable and eco-friendly alternative coating materials
compared to petroleum-based coating systems [41,42]. In view of the
outstanding characteristic assets of eugenol and curcumin combination
made us to explore their synergy in the anti-corrosion studies.
Graphene based nano fillers are employed in material applications
due to their exceptional strength, improved mechanical, thermal sta-
bility and corrosion barrier properties [43]. They are proven to be
efficient reinforcement filler materials in the field of corrosion studies to
uplift the coating materials performance [44,45]. Both GO and MWCNT
belong to carbon-based nanomaterials, nonetheless their structural
features, mechanism of protection, compatibility, optimization role, and
dispersion in the coating matrix varies significantly [46,47]. Mixing GO
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and MWCNT into a single matrix might reduce the optimal performances
due to their incompatible geometries (2D and 1D), dissimilar surface
chemistry which can lead to uneven dispersion, phase separation, and
agglomeration in the matrix. Also, GO could wrap around the tube-like
structures of MWCNT affecting their individual performances [48]. The
bio-based matrix interaction with GO and MWCNT individually can
affect in water interaction phenomenon, and creating a discrepancy in
the hydrophobic nature of the coating. MWCNT incorporated coatings
possess high interfacial area between the coating matrices and offer
excruciating path for ionic movement due to is fine distribution,
increasing the barrier performance of the coatings [49]. Chemical
functionalization like amidation, esterification, silanization and poly-
mer grafting plays a crucial role in tuning the pristine filler material
properties. The addition of minuscule amount of functionalized nano
fillers into the composite materials improves the adhesion, hardness,
and corrosion resistance [50]. Jing et al. synthesized a silanized GO, and
evaluated its anti-corrosion performance [51]. The anti-corrosion per-
formance of PU coating was improved by the incorporation of covalent
functionalized GO [52]. Polyamido-amine dendrimer functionalized GO
incorporated epoxy coating demonstrated a dependable corrosion
resistance [53]. 2-Amino-4,6-dichloropyrimidine modified GO blended
fluorinated polyurethane coating enhanced the corrosion protection
ability of the coating matrix [54].

All the above grounds for contracting the two carbon-based filler
materials individually into EBCE for the prevention of mild steel (MS)
corrosion. In the present work an eco-friendly, sustainable, and original
composite material derived from eugenol based benzoxazine and
epoxidized curcumin was developed. The eugenol benzoxazine (EB) was
synthesized by mannich type reaction, and curcumin epoxy (CE) resin
was synthesised using curcumin. They are blended to form a EBCE
composite material, and assessed its anti-corrosion performance.
Further, the GO and MWCNT were modified with 5-amino-2,4-di-tert-
butylphenol, and the anti-corrosion evaluation of EBCE with different
wt% of FGO and FMWCNT was also explored.

2. Experimental
2.1. Materials

Eugenol, 1-hydroxybenzotriazole (HOBUY), 1-ethyl-3—
(3-dimethylaminopropyl) carbodiimide (EDCI) were purchased from
Avra synthesis pvt. Ltd., multiwalled carbon nanotubes obtained from
ultrananotech Ltd., graphite flakes, potassium permanganate, concen-
trated hydrochloric acid, concentrated sulphuric acid (98%), sodium
nitrate, 30% hydrogen peroxide solution, triethyl amine, formaldehyde,
sodium hydroxide pellets, aniline, anhydrous sodium sulphate, and
glacial acetic acid were obtained from S.D. Fine Chem Ltd., 5-amino-2,4-
di-tert-butylphenol (DTB) was purchased from Sigma Aldrich Ltd. Emery
papers of grades 1/0, 2/0, 3/0, 4/0, 5/0, 6/0, 7/0 were used to
smoothen the surface of MS. The MS specimen with the composition of S
(0.012%), Mn (0.13%), C (0.05%), Si (0.05%), P (0.010%), Al (0.1%)
and Fe (99.6%) was used in the anti-corrosion studies.

2.2. Methods and characterization techniques

Perkin Elmer FT-IR spectrophotometer was used to confirm the
functionalization of the nano fillers in the spectral range of 500-4000
cm™. Rigaku D/max2200PC diffractometer equipped with sealed 2kW
X-ray tube utilizing CuKa radiation, and a scan rate of 0.1/6 (°/min) in
the reflection mode was used for the P-XRD investigations. Xplore plus
Raman microscope of Horiba Scientific was used to acquire the Raman
spectra of FGO and FMWCNT. The X-ray photoelectron spectra were
obtained with the model PHI 5000 Versa Probe II, FEI Inc, operated in a
rotating anode with 100W high power, in a highly sensitive non-
dispersive monochromator X-ray beam, and adjustable rectangular
area from 0.1 to 0.5 mm. The surface roughness parameters of the coated



M.C. Hithesh et al.

Grapehene oxide

%
EDCI, HOBE,

Triethyl amine

Surfaces and Interfaces 72 (2025) 107150

DMF
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Scheme 1.2. Functionalization of MWCNT.

samples were analysed by SPM atomic force microscope of the make
Innova, equipped up to 100 pm scanner in a tapping mode. The surface
morphologies of FGO and FMWCNT were obtained with FE-SEM Ultra
plus, Carl Zeiss. The thermal stability FGO and FMWCNT was evaluated
by TA instruments, SDT Q600 model equipped with dual beam hori-
zontal balance and furnace. The TEM images were obtained by G2-20
TWIN FEG with the quantum SE 963 fitted, 2k x 2k CCD camera oper-
ated at 200 kV, super twin lens featured with Gatan imaging filter, and
filtered diffraction patterns of the make FEI - TECNAL The contact angle
measurements were done using the sessile drop method with deionised
water at room temperature of Kyowa DMs-401. The electrochemical
workstation, CHI608E, USA, was used to study the anti-corrosion per-
formance of the coated samples. Priorly, the mild steel (MS) samples
were cut into 2 x 5 cm (width x length). The desired dimensions of MS
coupons were immersed in dilute HCI solution for 10 minutes to remove
the pretreated zinc coatings. Afterwards, it was thoroughly washed with
distilled water and dried completely. The dried MS specimens were
smoothened with different grades of emery sheets (1/0 to 7/0), and
washed with distilled water followed by ethanol, and acetone, finally
dried before coating. The salt spray analysis was carried out at 35 °C
chamber temperature and pH of 6.8 by ASTM B117-19 method.

2.2.1. Functionalization of graphene oxide
The GO was synthesized by following the modified hummer’s
method. In a clean dry round bottom (RB) flask, 400 mg of the

synthesized GO was dispersed in 99.9 % ethanol in a ultrasonicator for
45 mins and transferred the RB flask to magnetic stirrer, and maintained
at 0 - 4 °C in an ice bath. Then, the coupling agents, HOBt (0.488 g,
0.00361 moles), EDCI (0.692 g, 0.003614 moles), and 2 ml of triethyl-
amine were added. Then, 400 mg (0.001807 moles) of 5-amino-2,4-di-
tert-butylphenol (DTB) dissolved in minimum amount of N, N-
dimethyl formamide was immediately added into the reaction mixture
and stirred for 6 hours at 0 - 4 °C. Later, the temperature was raised to 80
°C and continued stirring for overnight. After the completion of the re-
action, the contents were ultrasonicated for 5 mins, followed by perco-
lation of the obtained FGO, and washed with distilled water and ethanol
several times, finally, dried in a hot air oven at 70 °C for 90 mins. Its
synthetic route is presented in Scheme 1.1.

2.2.2. Functionalization of multi-walled carbon nanotubes

The functionalization of MWCNT was carried out in 2 steps (Scheme
1.2). Initially, 500 mg of pristine MWCNT was added into a 1:3 acid
mixture of HNO3 and H,SO4 to introduce oxygen containing function-
alities. The above contents were ultrasonicated for 1 hr at 45 °C to attain
a fine dispersion of the particles, and then stirred at 90 °C for 6 hrs on a
magnetic stirrer. After the completion of reaction, the contents were
neutralized with double distilled water, rinsed and centrifuged with
99.9% ethanol to get the oxidized MWCNT (OMWCNT). The obtained
product was dried at 70 °C for 5 hrs in a hot air oven.

The oxidized MWCNT (300 mg) was dispersed in 5 ml ethanol taken
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in a clean dry 100 ml RB flask and ultrasonicated for 1 hr with a 30 min
interval. The RB flask was transferred to magnetic stirrer (300 rpm) and
maintained at 0 — 4 °C in an ice bath. Subsequently, the coupling agents
HOBt (0.6103 g, 0.004517 moles) and EDCI (0.8659 g, 0.004517 moles)
were added. Then, 400 mg of 5-amino-2,4-di-tert-butylphenol priorly
dissolved in 8 ml of ethanol and 1.5 ml of triethyl amine was succes-
sively supplemented. The above reaction mixture was stirred at 0 — 4 °C
for 5 hrs in an ice bath, and continued stirring by maintaining room
temperature for 12 hrs at 700 rpm. Once the reaction is completed, the
contents were ultrasonicated for 5 mins, washed with de-mineralized
water, tailed by ethanol to remove the impurities to get black powder.

The obtained product was dried for 5 hrs at 78 °C in a hot air oven and
labelled as FMWCNT.

2.2.3. Synthesis of eugenol based benzoxazine

Eugenol based benzoxazine was synthesized by following the liter-
ature method [55]. Briefly, in a dry 2 necked RB flask, 7.5 ml of eugenol
was dissolved in toluene and 3.7 ml of formaldehyde was added, and
then stirred at 60 °C for 2 hrs, followed by the addition of 4.5 ml of
amine source, and the contents were vigorously stirred at 80 °C for 12
hrs. Then, 2N NaOH solution was slowly added until the yellow
brownish product of eugenol based benzoxazine was formed. The
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sonication individually
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Scheme 1.5. Schematic route for the synthesis of EBCE, EBCE/FGO, and EBCE/FMWCNT coatings.
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Fig. 1. XRD patterns of (a) GO, FGO and (b) OMWCNT, FMWCNT.

obtained product was washed and separated using chloroform. The
synthesized eugenol benzoxazine (EB) was stored in a desiccator. The
synthetic route is given Scheme 1.3.

2.2.4. Synthesis of curcumin-based epoxy resin

Curcumin epoxy (CE) resin was synthesized by stirring curcumin (1
) and epichlorohydrin (4.5 ml) at 80 °C on a magnetic stirrer for 2 hrs.
Tertiary butyl ammonium bromide (0.525 g) was added as the catalyst
to the above mixture and continued stirring for 2 hrs. The reaction
mixture was allowed to cool and transferred to ice bath. Then, 40%
NaOH solution was gradually added to the above reaction mixture to get
a brown precipitate of the CE resin, which was further stirred for 6 hrs in
ice-cold condition. The obtained product was extracted with ethyl ace-
tate and washed with brine solution, trailed by the removal of any water
content using anhydrous sodium sulphate from the organic layer.
Finally, the product was stored in a desiccator. The synthetic outline is
presented in Scheme 1.4.

2.2.5. Fabrication of eugenol benzoxazine-curcumin epoxy, EBCE/FGO
and EBCE/FMWCNT coatings

Initially, 0.3 g of EB and 0.3 g CE resin (1:1) are taken in two different
clean beakers and dissolved in 5 - 7 ml of chloroform. The EB solution
was stirred at 80 °C for an hour. Then, the prepared CE resin solution
was gradually added to the EB solution and continued stirring at 600
rpm for 3 hrs. The appearance of brownish orange color solution in-
dicates the formation of EBCE. The composite solution was stirred
further to get the gluey appearance till the occurrence of coating con-
sistency by ensuing slow solvent evaporation technique to obtain the
coating composite (Scheme 1.5). Similar procedure was followed by
taking appropriate quantities of EB and CE in the preparation of 1:2 and
2:1 EBCE. The obtained coating materials are coated on the MS surface

using doctor blade technique in 2 sets, and 2 trails were performed for
each set. All the MS coated samples were cured at room temperature for
48 hrs to prevent crack formation, followed by curing in hot air oven
from 50 °C up to 140 °C with the increment of 30 °C, and the thickness of
the single layer of the applied coating was found to be 36 pm.

3. Result and discussion
3.1. X-ray diffraction studies

Fig. 1(a-b) represents the XRD patterns of pristine GO, FGO,
OMWCNT, and FMWCNT. The extent of amine functionalization and
changes in the crystallinity were estimated using the nature and in-
tensity of the peaks along with the 26 values. The definite sharp peak of
GO (10.81° with 001 plane) was disappeared after the chemical modi-
fication by transforming into a broad peak at 26.67° (002 plane) in FGO,
indicating the deviations occurred on the highly ordered arrangements
of GO sheets, and unveiling the amorphous nature of FGO. The satellite
peaks at 42.92° (100 plane) and 43.96° (100 plane) insisting graphitic
defects induced due to the interaction of coupling agents and DBT with
the GO. In addition, the d-spacing was decreased from 8.17 A (GO) to
3.33A (FGO) indicating the integration of DBT onto the GO skeletal core
and exfoliation of its sheets by noting a clear difference in the d-spacing
values [56]. The OMWCNT exhibited the 20 value of 25.27° with 3.45 A
d-spacing. After the chemical modification, similar peak was noticed (26
= 26.66°, 002 plane), which could be due to retention of unbroken
graphitic core and intact inner cylindrical structure of MWCNT [57].
The crystallite size (D) of the particles was determined by Scherrer
equation (Eq. 1) using full width half maximum (FWHM) values from
the obtained XRD peaks. The D of FGO (1.25 nm) and FMWCNT (3.48
nm) were reduced compared to their respective pristine GO (2.74 nm)
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Fig. 2. FT-IR spectra of (a) GO, FGO and (b) OMWCNT, FMWCNT.
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and OMWCNT (3.43 nm), indicating the decrease in the size of nano-
fillers after functionalization [57,58].

ki
" B cosf

@

3.2. FT-IR spectral studies

The FGO and FMWCNT were compared with GO and OMWCNT by
FT-IR spectral analysis (Fig. 2). The presence of epoxy group (C-O-C)
was confirmed by a band at 1052 cm’!, and the sp? graphitic core (C=C)

of GO and OMWCNT was found in the range of 1620 — 1624 cm™. The
stretching modes of carboxylic acid and hydroxyl groups (-OH) of GO
and OMWCNT are seen at 1719 cm™, 1714 cm™ and 3263 cm™!, 3254
cm™? respectively, indicating complete oxidation of graphite flakes and
MWCNT [59]. The appearance of absorption peaks at 1660 cm™! and
1692 cm™! for FGO and FMWCNT, respectively confirms the formation of
amide group [(C=0)-NH] [60]. Correspondingly, the bands at 1574
em™ and 1563 cm! designates the N-H bending of amide moiety in FGO
and FMWCNT [61]. Further, the desertion of carboxylic acid peak re-
assures the successful amide functionalization. The C-H bending vibra-
tions of benzene molecule are noticed at 831 em™ and 841 cm™! [62].
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The -OH absorption bands obtained in the range of 3180 cm™ - 3560
em™ for FGO and FMWCNT.

3.3. Raman studies of FGO and FMWCNT

The Raman spectral plots of GO, OMWCNT, FGO and FMWCNT are
depicted in Fig. 3. The peak intensities, D and G bands were used to
identify the structural changes occurred in the hexagonal core, and
hybridization of the existing carbon atoms in the nanofiller core. The
high intense D-band with a value of 1342 cm™ and G-band with 1592
em™ for GO are recognized, while the FGO displayed a shift in their
values to 1353 cm™ and 1580 cm™! for D and G bands, respectively with
decreased intensity. This suggests the intercalation of DBT molecule
with GO. Additionally, the intensity ratios (Ip/Ig) of GO (0.927) and
FGO (1.096) showed a definite upsurge after amine functionalization
[63]. The D and G bands of FMWCNT were seen at 1347 cm’! and 1587
em’, respectively. This clearly indicates the shift in the band values
compared to OMWCNT (D-band = 1345 cm'l, G band = 1582 cm™) as
seen in the Fig. 3b. The larger difference in the intensities of D and G
bands in case of FMWCNT confirms the change in the hybridization from
sp? carbon to sp> carbon due to the formation of amide moiety. The 2D
bands noticed in the range of 2650 - 2980 cm™! are the overtone peaks
which designate the oxidation followed by amine functionalization.

Furthermore, the higher Ip/Ig ratio quotes for the modification of side
walls of the filler material, where FMWCNT (1.490) exhibited increased
Ip/Ig ratio compared to OMWCNT (1.297) [64-67].

3.4. X-ray photoelectron spectroscopy and EDX spectral studies

The elemental composition and functional groups of modified
nanofillers are probed by X-ray photoelectron spectroscopy (XPS), and
are represented in Fig. 4. The presence of core elements viz., carbon,
oxygen, and nitrogen are depicted in Fig. 4a, signifying the addition of
DBT molecule on to the surfaces of GO and OMWCNT. The graphitic core
for Cls peak was seen at 284.9 eV in both FGO and FMWCNT (Fig. 4b
and 4e). The sp? C-C/C=C of skeletal graphene structure and the
oxidized functional groups such as C-OH and C-O/C=0 were attributed
to the presence of peaks at 284.6 eV, 285.7 eV, and 287.1 eV for both
FGO and FMWCNT. The amine functionalization can be ascertained by
the presence of peaks corresponding to C-N group of amide in the range
of 287.5 - 287.7 eV, and carbonyl group of amide in the range of 288.1 -
288.9 eV [68]. The Nls simplified plots depicted in Fig. 4c and 4f
interpret the nitrogen bound to carbonyl group at 401.2 eV. These
confirm the covalent amine functionalization by the formation of amide
and N-H bonds, and are assigned to 400.3 eV and 398.1 eV for FGO and
FMWCNT, respectively [69]. Supplementing the above, the existence of

Oute 21 Jon 2025
Time 148101

Fig. 6. FE-SEM images of (a-c) FGO, (d-f) FMWCNT.
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Fig. 7. TEM images of (a-b) FGO, (c-d) FMWCNT, and SAED patterns of (e¢) FGO and (f) FMWCNT.

-[(C=0)NH] and C-OH groups positioned at 531.8 eV and, between
532.3 eV and 532.5 eV are recapitulated in O1s plots (Fig. 4d and 4g)
[70]. The EDS data summarized in Fig. 4h shows the presence of 52.6%
and 82.3% of carbon in GO and MWCNT, respectively. The presence of
44.7% and 17.7% of oxygen content depicting the complete oxidation of
GO compared to MWCNT. Further, FGO and FMWCNT contain 16.1%
and 9.3% of nitrogen, 53.3% and 74.9% of carbon and 26.1% and 74.9%
oxygen, respectively.: The degree of functionalization (DOF) of nitrogen
was estimated with N/C ratio using Eq. 2. The atomic percentages of
nitrogen content in the functionalized nanofillers are directly related
higher degree of functionalization. The DOF of N content in FGO and
FMWCNT are found to be 5.14 and 12.2. The atomic percentages are
presented in Table S6 of the supplementary section.

DOF:% x 100 2)

3.5. Thermogravimetric analysis of FGO and FMWCNT

The thermograms of the synthesized materials are obtained by
plotting weight loss in percentage as a function of change in temperature
in the Ny atmosphere (Fig. 5). Initially, pristine GO lost 19.8% and FGO
lost 13.1% of their respective mass in the form of volatile and moisture
content in the range of 60 - 90 °C. The second stage of GO decomposition
occurred from 100 - 230 °C with the loss of 20.8% due to the removal of
oxygenated functionalities, while the major mass loss (60.9%) of carbon
hexagonal core was seen above 220 °C. The FGO displayed a minimal
loss of 4.8% in the secondary decomposition phase, then perceived
16.7% of weight loss in later stages due to the breakdown of DBT
molecule followed by delayed consistent weight loss (23.7%) up to 800
°C indicating that FGO displayed thermally more stable compared to
pristine GO [71]. The OMWCNT revealed the weight loss of 0.9% and
2% indicating the loss of oxygen functionalities. Beyond this point it is
stable with the detection of insignificant amount of weight loss in the
range of 100 — 750 °C due to amorphous nature of carbon in the core

structure of MWCNT [72]. In case of FMWCNT, the removal of volatile
components took place up to 70 °C (9.4% mass loss), and resistance to
thermal degradation was witnessed till 230 °C with the narrow loss of
1.6% of its mass indicating the loss of few oxygenated species. From 230
- 710 °C, the secondary tedious mass loss was noted (Fig. 5b) due to the
successful integration of DBT molecule into MWCNT, indicating the
bonding integrity of the FMWCNT. Above 710 °C a steep fall initiates,
pointing at the loss of all functional groups leaving only carbon core of
MWCNT.

3.6. Field emission-scanning electron microscopy of FGO and FMWCNT

Fig. 6 elucidates the FE-SEM images of FGO and FMWCNT. The
morphology of FGO shows the defect induced layers on the surface of
graphene sheet. The shiny edges are due to the alterations of GO sheets
occurred during the course of interaction between the coupling agents
and the GO sheet (Fig. 6a-b). The disorganized arrangements of the
stacked graphene skeletal sheets (Fig. 6¢) validate the decreased in-
tensity and broadening of the peaks observed in XRD. The Fig. 6d shows
fine distribution of CNTs, and the tubular surface structure possessed a
coarse nature with edges and glittering like deposition on few regions of
the sides of CNTs walls. The above reasons for the interaction of 5-
amino-2,4-di-tert-butylphenol with GO and MWCNT.

3.7. Transmission electron microscopy and SAED patterns of FGO and
FMWCNT

TEM images of FGO and FMWCNT are depicted in Fig. 7. FGO visibly
shows exfoliated wrinkled like graphene sheets and the dark spots on its
surface could be due to the intercalation of the DTB with GO via amide
bond (Fig. 7a-b). FMWCNT possess the fine tubular structure with visible
ends, and the outer walls of the CNTs have rough nature, which could be
occurred on the course of modification reaction. The multiple layers of
the inner walls of nanotube are presented in the magnification range of
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Fig. 8. 2D, 3D topographical images and roughness graphs of (a-c) EBCE (1:1), (d-f) EBCE/FMWCNT (0.3 wt%), and (g-i) EBCE/FGO (0.3 wt%) coated MS samples.

20 nm and 10 nm (Fig. 7 ¢ & d). MWCNT has the size of 12.4 nm with 8.9
nm outer diameter and 3.2 nm of inner diameter as seen in the Fig. 7d. In
addition, the SAED patterns of FGO and FMWCNT are presented in Fig. 7
(e-f). The nature of the diffraction rings shows the diffusing ring form,
indicating their amorphous nature after chemical modification. Further,
the diameters of the diffraction rings were used to acquire the d-spacing
of 3.68 A and 3.41 A for FGO and FMWCNT, respectively, which were
found to be in agreement with XRD studies.

3.8. Atomic force microscopy and contact angle measurements of coated
samples

The quantitative and qualitative statistics of the coatings were
evaluated using AFM at 10 x 10 pm scan rate in a tapping method. The
alteration in EBCE (1:1) coating with and without the incorporation of
different nanofillers was reported. Fig. 8 (a-b) and 8 (g-h) depicting the
clean EBCE (1:1) and EBCE/FGO (0.3 wt%) coatings which exhibit more
hills and gorges, and their coating surfaces showed 21 nm, 32.1 nm and
15.2 nm, 18.7 nm of average roughness (R,) and root mean square
roughness (Ry), respectively. Higher roughness could contribute to
electrochemical corrosion affecting the barrier performances of the
coatings, by facilitating increased active surface area to interact with
corrosive species which in turn enable easier mass transport across
coatings and substrate resulting in least charge transfer resistance and
increase the capacitance of the coatings [73]. Further, more waviness of
the profile, easily causes the coating to disintegrate, and initiate the
corrosion process by creating the clogging site, Induction of 0.3 wt%
FMWCNT into the EBCE reduces the roughness, and its R, and Rq values

were found to be 5.6 nm and 7.6 nm. Its 2D image shows reduced pits,
defects, and smoother coating surface. Additionally, lesser profile height
was seen in its 3D image compared to other samples. The gaps in the
coating are filled by the nanofiller which help to achieve denser packing
of the inter-molecular bonding, thereby enhancing the hydrophobicity
and hence the anti-corrosion performance.

The hydrophobic nature of the EBCE (2:1), EBCE (1:1), EBCE (1:2),
and different wt% of FGO and FMWCNT incorporated EBCE coated MS
samples are estimated by measuring contact angle (CA) (Fig. 9) between
the surface of coating and water droplet formed. The corrosion resis-
tance property is unswervingly linked to higher CA values. Among the
different weight ratios of EBCE coatings, EBCE (1:1) showed higher CA
value (77.47°). The incorporation of 0.2 wt% and 0.3 wt% FGO
enhanced the CA values (90.59° and 95.19°), whereas, the CA values of
EBCE/FGO (0.1 wt%) and EBCE/FMWCNT (0.1 wt%) were dropped to
73.33° and 67.79°, respectively. Noteworthily, EBCE/FMWCNT (0.3 wt
%) possessed highest CA values (113.10°), suggesting its elevated hy-
drophobicity compared to all other samples. This is attributed to the
uniform distribution of FMWCNT, aids to achieve low surface energy,
equal stress distribution throughout the coating. Further the presence of
hydrophobic functional groups such as aromatic group in eugenol ben-
zoxazine, tertiary butyl group in modified nanofillers, and polyphenolic
group in curcumin promoting its hydrophobicity even after saline im-
mersion duration (supplementary information Fig. S5). On the other,
uneven dispersion of fillers can agglomerate and form uneven regions
assisting in absorption of water reducing contact angle. Further, the
natural hydrophobic nature of the curcumin in its epoxidized form
plummeting the absorption of water and assisting in filling the plausible
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113.10°

Fig. 9. Contact angle results of (a) EBCE (2:1), (b) EBCE (1:1), (c) EBCE (1:2) coatings, (d) 0.1 wt%, (e) 0.2 wt%, (f) 0.3 wt% FGO incorporated EBCE coating, (g) 0.1

wt%, (h) 0.2 wt%, (i) 0.3 wt% FMWCNT incorporated EBCE coated MS surface.
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Fig. 10. OCP variations of different ratios of EBCE and various wt% of FGO and FMWCNT incorporated EBCE (1:1) coatings. Fitted electrochemically equivalent

circuits (¢) Ry(QcR)(QaiRe), and (d) Ry(QcR)(QaiRed) (CinRin)-

voids in the coating and enhances water repellence nature. The hydro-
phobicity of the coatings follows the order, EBCE/FMWCNT (0.3 wt%) >
EBCE/FMWCNT (0.2 wt%) > EBCE/FGO (0.3 wt%) > EBCE/FMWCNT
(0.2 wt%) > EBCE (1:1) > EBCE/FGO (0.1 wt%) > EBCE (1:2) > EBCE
(2:1).

3.9. Corrosion studies

3.9.1. Electrochemical impedance spectroscopy

The electrochemical impedance spectroscopy (EIS) technique was
employed to estimate the anti-corrosion evaluation of EBCE with
different weight ratios of EB and CE resin, and with different wt% of FGO

and FMWCNT incorporated EBCE coatings at 4 hrs, 3 days, 10 days, 20
days and 40 days. Prior to this, open circuit potential (OCP) was con-
ducted to evaluate the corrosion susceptibility and steadiness attained
between the working electrode and the saline environment for all the
samples. The OCP value of EBCE (1:1) was gradually declining in the
range of 0.012 V to -0.291 V from initial to 40™ day of immersion,
whereas, the OCP values of EBCE (2:1) and EBCE (1:2) are found at high
negative potentials on increasing the immersion duration, witnessing a
radical fall over time (Fig. 10a). The 0.2 wt% of FGO and 0.3 wt% of
FMWCNT inducted EBCE coatings showed high positive OCP values
(0.015 V, -0.041 V and 0.087 V, -0.038 V) in the initial period of im-
mersion (Fig 10b), pointing at high corrosion resistance. The OCP of

10
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Fig. 11. Nyquist plots of (a) EBCE (2:1), (b) EBCE (1:1), (c) EBCE (1:2) coatings. EBCE (1:1) coating with different wt% of FGO (d) 0.1 wt%, (e) 0.2 wt%, (f) 0.3wt %

and different wt % of FMWCNT (g) 0.1 wt% (h) 0.2 wt% (i) 0.3 wt%.

other samples are found in the range of -0.150 V to -0.400 V, and
dropped over time indicating their susceptibility to corrosion. The EIS
was conducted in the frequency range of 0.01 Hz - 0.1 MHz with a three-
electrode system (Ag/AgCl reference electrode, Pt - wire counter elec-
trode, coated MS specimen as working electrode). The coated samples
were immersed in the saline medium with the unit area exposure and the
remaining regions were closed entirely with an insulation tape.

The anti-corrosion phenomenon of the coatings was assessed with
Nyquist-Bode plots. The nyquist plot is a graphical representation of real
impedance (Z") on X-axis and imaginary impedance (- Z%) on Y-axis. They
are interpreted by the nature of altitude, breadth of the semi-circle,
semi-circular arc, diffusion tail, and single/double time constant
development, while, the bode plots are the impedance modulus at lower
frequency (|Z]o.01uz)- The nyquist plots of EBCE (2:1) and EBCE (1:2)
coatings showed a characteristic diffusion tail at the initial saline
soaking period with decreasing peak height (Fig. 11a and 11c). As
perceived, the 1:1 EBCE displayed highest impedance and semi-circular
arc on initial days, followed by single time constant, and complete semi-
circle compared to other weight ratios of EBCE coatings, indicating its
notable corrosion resistance at 10% and 20™ day of immersion
(Fig. 11b). The bode plots showed 7 to 6.5 counts for EBCE (1:1) coating
depicting its high resistance to electrolyte permeation with higher
capacitive loop and phase angle (69 1muz) above -80°. The EBCE with 1:2
and 2:1 ratios offered lesser resistance as seen with lower |Z|¢ 011 values
(4.5 to 5.5) and lower capacitive range with ©¢ 1vn, around -60°.
Additionally, the second time constant at around -45° was witnessed as
seen in Fig. 12(a-c). This could be ascribed to the insufficient molecular
interaction between the EB and CE, and also uneven distribution of
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composite materials with deficient crosslinking throughout the coatings.
This leads to deficient crosslinking and increase the pores in the coating
and paving easier path for the electrolytic movement to initiate corro-
sion. From the above results, the EB and CE at 1:1 weight ratio has been
opted as an ideal composition for evaluating the effects of different
weight percentages of FGO and FMWCNT in the EBCE coating matrix.
The 0.1 wt% and 0.3 wt% of FGO inducted EBCE (1:1) coatings
showed a complete and broader semi-circle with single time constant.
on 20™ and 40™ days of soaking, the crescent heights decreased with
depressed semicircle (Fig. 11 d and f), depicting the constant attacks of
corrosive agents causing fatigue in coatings, and thus failed to provide
durable anti-corrosion performance. The EBCE/FGO (0.2 wt%) coating
developed a strong diffusion tail with an angle of 45° from 10 day of
saline immersion and further showed 2-time constants on 40™ day of
immersion with least resistance as seen in the Fig. 11e. In addition, the
bode-phase plots exhibited lesser capacitive range, with more than one
one-time constant, due to the lesser compatibility of the FGO in the
coating matrix leading to agglomeration of GO sheets, pointing at the
deterioration of coating due to the formation of passive oxide layer [74].
The nyquist plots of 0.1 wt% and 0.2 wt% FMWCNT incorporated EBCE
(1:1) coatings during initial immersion period (4 hrs and 2 days), dis-
played the diffusion tails in lower frequency range as shown in Fig. 11g
and h, attributing to least corrosion resistance due to the delamination
and permeation of Na®, CI” ions through the coatings. However, the
EBCE/FMWCNT (0.3 wt%) coating showed a larger complete semi-circle
with higher impedance. The phase angles were consistent throughout
the soaking period with larger capacitive range, indicating the capaci-
tance behaviour of the coating (Fig. 11i). Bode plots exhibited fine
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Fig. 12. Bode-Phase plots of (a) EBCE (2:1), (b) EBCE(1:1), (c) EBCE (1:2) coatings, EBCE (1:1) coating with different wt% of FGO (d) 0.1 wt%, (e) 0.2 wt%, (f) 0.3 wt

% and different wt % of FMWCNT (g) 0.1 wt% (h) 0.2 wt% (i) 0.3 wt%.

coating resistance even on moving to higher frequency (up to 2 counts)
(Fig. 12i). Thus, 0.3 wt% of FMWCNT inducted EBCE coating resisting
the corrosive ions to pass through compared to all other coatings.

The detailed quantification of anti-corrosion properties of the coat-
ings was estimated using electrochemical parameters by fitting suitable
equivalent circuits. During initial days, Rs(Q.Rc)(QqiRct), and on later
days, Rs(QcR)(QaiRet)(CinRyp) circuits (Fig. 10 c,d) are fitted to measure
the impedance data, and the rendered results are presented in Tables 1
and 2. The y? values resulting from fitting all the measured data of the
coatings were found to be below 0.001, indicating admirable agreement
with measured (msd) and calculated (cal) data [75]. Here R and R; are
the coating resistance and charge transfer resistance, respectively, these
parameters are directly related to the anti-corrosive behaviour of the
coatings. Q. and Qq) are the capacitance of coating and double layer
capacitance introduced as a constant phase elements due to non-ideal
behaviour of the coating, which are calculated using Eq 3, where Y, is
the admittance to solution and ‘n’ is the exponent ranging between 0 <
1. The capacitance of the coating conveys the coating ability to retain
the water molecule to reach the MS surface.

(Yo xRee)"

Qja =
/ Rc/ct

3

During initial soaking period (4 Hr), the 2:1, 1:1, and 1:2 ratios of
EBCE coatings showed the R, values of 1.91 x 10*Q cmz, 9.24 x 107 Q
em?, and 1.92 x 10* Q cm?, respectively. The highest R value (4.28 x
107 Q cm?) was seen for 1:1 coating, showcasing the formation of
impermeable layer, while the other coatings showed lesser resistance to
corrosive agents. As the soaking period increased, the R, and R values
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of 2:1 and 1:2 ratios were decreased to 4.59 x 10% Q cm?, 8242 Q cm?
and 6999 Q cm?, 9241 Q cm?, respectively. The fluctuation in R value
of EBCE (2:1) during 10" and 20" days of soaking is due to the passive
protection provided by the oxide layer [76]. The R. and R values of 1:1
ratios were found to be around 10° @ em? - 10° @ em? of up to 20™ day of
immersion indicating its coating intactness despite longer saline expo-
sure. This exceptional resistance of coating against the corrosive me-
dium validating the fine crosslinking leading to the dense arrangement
of the matrix which ceases the electrolyte permeability and allocates for
high capacitance behaviour of the EBCE (1:1) coating with lower and
more negative Q. and Qg values [77,78]. The different wt% of FGO
incorporated EBCE coatings exhibited the R, values of around 10° Q cm?
-10* Q ecm? and their coating capacitance (Q.) increased over time. The
Q. is inversely related to water intake of the coating. The higher and
negative Q. values directly attribute to coatings ability to resist the
water movement through the coatings. The Q. and Qg values of EBCE at
2:1 and 1:2 ratios displayed increasing trend from initial days to final
immersion duration (2.99 x 107!° F/cmz, 5.93 x 107! F/cm2, to 2.65 x
10° F/cmz, 8.59 x 107 F/cm?). This abrupt decline in Q. and Qg values
over time could be due to the water intake through the coatings [79].
The fluctuations in the Qg values of EBCE coatings and FGO incorpo-
rated EBCE coating indicate the higher interfacial activity between the
metal and the coating junction, resulting in loss of corrosion protection
property of the coatings. The 0.1, 0.2 and 0.3 wt% s of FMWCNT
incorporated EBCE coatings exhibited the R values of 2.38 x 10* Q cm?,
1.61 x 10* Q em?, 9.25 x 10”7 Q cm?, respectively, conveying greater
corrosion resistance at 0.3 wt% in the initial immersion period. It is
supported by its highest R value (2.76 x 108 Q cm?) compared to other
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Table 1 Table 2
Electrochemical parameters of different ratios of EBCE coatings. Electrochemical parameters of FGO and FMWCNT inducted EBCE coatings.
Sample Immersion Q. R, Qui Rt I Sample Immersion  Qc R, Qdl Rt x>
time (F/cm?) «Q (F/cm?) «Q values time (F/ «Q (F/ (Qcm? values
sz) cmz) sz) cmz) cm2)
4 hrs 2.99 x 1.91 x  0.00010 1909 5.73 x 4 hrs 2.33x 490 8.47 x  1.83 x 9.32 x
EBCE 1010 10* 10 EBCE 1010 x10° 10! 10* 10*
(2:1) 2 days 0.0002 116 x  4.66 x 688 1.48 x 1:1y/ 2 days 483 x 285 139 x  1.25x 4.82 x
10* 10° 10 FGO 1010 x10° 107 10° 10
10 days 2.8 x 1.61 x  0.00036 231 x 204 x 0.1 wt 10 days 259 x  5.67 261 x  6.78 x 6.86 x
107 10° 10° 10 %) 1010 x10°  10°® 10* 10
20 days 7.78 x 1.34 x  6.15 x 5.51 x 3.35 x 20 days 2.87 x 6.45 1.61 x 7.86 x 1.38 x
10 10* 10° 10° 10 1010 x10°  10° 10° 10*
40 days 2.65 x 459 x  3.64 x 6999 1.72 x 40 days 3.94 x 7.77 2.56 x 1.10 x 1.64 x
10° 10* 10° 10 10 x10*  10° 10* 10
4 hr 1.33 x 9.24 x  7.98 x 428 x 470 x 4 hrs 276 x 217 898 x  1.17 x 5.34 x
EBCE 1010 107 1010 107 10 EBCE 1010 x10° 10713 10° 10
1:1) 2 days 1.73 x 9.53 x 1.61 x 5.02 x 7.26 x aa:1)/ 2 days 1.61 x 1.68 2.99 x 3.35 x 6.81 x
1010 10° 1010 10° 10 FGO 10° x10°  10° 10° 10
10 days 1.61 x 4.97 x 1.21 x 5.72 x 9.33 x (0.2 wt 10 days 1.57 x 5.29 4.39 x 2.81 x 1.67 x
1010 10° 107 10° 10° %) 10 x10°  10° 10° 10
20 days 1.22 x 1.31 x 6.70 x 1.96 x 3.01 x 20 days 5.05 x 1.04 0.0234 1.06 x 1.18 x
107 10° 10 106 10 108 x 10* 10° 10
40 days 1.05 x 5.96 x 4.92 x 3.58 x 5.16 x 40 days 8.33 x 1.63 3.44 x 5.79 x 1.51 x
10° 10° 107 10° 10 10° x10*  10°® 10* 10
4 hr 5.93 x 1.92 x 311 x 3.25x 204 x 4 hrs 1.22 x 454 2.39 x  0.00999  4.48 x
EBCE 101! 10° 10° 10° 10 EBCE 1010 x10°  1071° 10*
1:2) 2 days 4.28 x 9362 3.06 x 1.60 x 1.14 x aa:1)/ 2 days 1.30 x 3.32 2.45 x 1.66 x 5.58 x
1010 107 10* 10 FGO 1010 x10° 10710 10* 10
10 days 4.75 x 9018 1.90 x 777.5 9.07 x (0.3 wt 10 days 0.0215  3.17 577 x  5.46 x 2.28 x
10°® 10 10 %) x10° 1070 10* 10
20 days 8.59 x 8242 0.0002 9241 8.44 x 20 days 1.18 x 1.16 230 x  9.59 x 2.39 x
107 10 10 x10°  107° 10° 10*
40 days 370 x  1.71 1.75 x  3.65 x 1.12 x
107 x10°  10° 10* 10
FMWCNT inducted EBCE coatings (2905 Q cm? and 9705 Q cm?). On 4 hrs 493 x 238 246x 2905 6.22 x
prolonged immersion, the EBCE/FMWCNT (0.3 wt%) displayed a EBCE 107 x 101 1070 10"

. 6 2 . 1:1)/ 2 days 6.06 x 3929 6.44 x 1346 6.67 x
consistent R, and R values at around 10° Q cm* along with Q. of 2.13 x FMWCNT 105 1010 10
101° Q@ cm? even at 40™ day of immersion contributing to highest (0.1wt%) 10 days 2.95 x 2450 0.0014  1.33 x 3.78 x
contact angle. All the variations of R. and R trends of the coatings 107 104 104
throughout the immersion is presented in supplementary information 20 days ?;;?76 x 1470 00012 1599 169_49 x
Fig. S6. Fz{slglnatlng}%fz, its del Va11.1es .showed high ne.:gatlve values of 40 days 688 x 346 00016 1.36 x 4.06 x
around 107" to 107“ F/cm” validating strong barrier performance, 107 10* 10
decreased wettability, intact coating integrity, and least interfacial ac- 4 hrs 1.27 x 161 1.62x 9750 6.33 x
tivity [80,81]. Also, the bode plots of EBCE (1:1)/FMWCNT (0.3 wt%) EBCE 10" x 10" 1010 10
displayed clear and complete capacitive arc formation even on moving (1:1)/ 2 days 8'1791 x 1.07 . 2'?;‘ x 0.0080 8'93 x

. C . . o . FMWCNT 10 x 10 10 10
to higher frequency, which is supporting the durability of the coatings 0.2 wt 10 days 8.37 x 4730 1.39 x 0.0011 1.10 x
[82,83]. The dependable anti-corrosion performance of EBCE %) 10 107 10
(1:1)/FMWCNT (0.3 wt%) coating was found to be superior to some of 20 days 1.91 x 1112 272x  307.2 9.40 x
the conventional as well as bio-based anti-corrosion coatings, and their 10° 10° 10"
comparative chart is presented in the Table 3. The incorporation of 40 days ?‘02,9 x 438 ?'O?f x 2088 fozf x
optimum quantity of FMWCNT results in its fine dispersion, along with 4hr 0.54 x 9.25 3.01 x 2.76 x 0.04 x
the synergistic effect of CE and tertiary butyl methyl groups of EBCE 1011 « 107  1071° 108 10
FMWCNT, boosted the barrier performance in the coating matrix. a:1)/ 2 days 211 x  3.64 3.09x  1.52x 2.23 x
Further, the hydrophobicity of the coating is enhanced which is reflected FMWCNT 107 x10° 1070 107 10"

. . . (0.3 wt 10 days 3.88 x 1.37 3.14 x 4.14 x 2.53 x
by its high CA value. The high-water repellent property of %) 1010 ©10° 1010 106 104
EBCE/FMWCNT (0.3 wt%) supplementing the increased crosslinking 20 days 1.91 x 4.74 2.78 x 1.02 x 3.22 x
and also the formation of denser network in the coating matrix. 1010 x10° 1072 10° 10

40 days 2.13 x 3.09 3.17 x 6.00 x 3.69 x
1010 x10° 1072 10° 10

3.10. Salt spray analysis

The neutral salt spray analysis (SSA) was conducted for 288 hrs using
5 wt% saline solution at pH 7, and maintaining the temperature of salt
spray chamber at 28 °C. The images are procured for every 48 hrs in-
terval. The accelerated corrosion evaluation was carried out by ASTM
B117-19 standard method. The edges of the prepared EBCE (2:1), EBCE
(1:1), EBCE4+FGO (0.1 wt%), EBCE+FGO (0.3 wt %), EBCE+FMWCNT
(0.1 wt %), and EBCE+FMWCNT (0.3 wt%) coatings are sealed using
insulation tape and the coatings are artificially scratched before sub-
jected to SSA as shown in Fig. 13. Initially, SSA witnessed no changes in
its physical nature of the coatings. After 144 hrs, the EBCE (2:1), FGO

13

incorporated EBCE, and EBCE+FMWCNT (0.1 wt %) coatings were
infested with corrosion blisters, and chipping off of the coatings was
seen, indicating poor adhesion and the corrosive agents were easily
channelled through the coatings. On the other, the EBCE (1:1) and 0.3
wt% of FMWCNT inducted EBCE (1:1) coatings restricted corrosion to
the artificially scratched site and showed no signs of spread through the
coatings even after 288 hrs. The ideal weight ratio of the core matrix
composition, the optimum amount of nanofiller compatibility in form-
ing uniform dense network, and strong intermolecular bonding, con-
tributes for increased anti-corrosion performance of EBCE+FMWCNT
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Table 3
Comparison of the corrosion protection results with other reported coating
systems.

Sl Coating system Ree Contact Reference
no in (Q angle
cm?)
1 Phthalimide/polybenzoxazine 1.29 x 105° to 98° [84]
(PB2) 10°
2 0.25 wt% f-MWCNT/Pin- 3.76 x 91° [85]
epoxy 10°
3 0.5 wt% FGO/epoxy 1.11 x [86]
10°
4 Waterborne polyurethanes 1.37 x 70.5° [87]1
10°
5 MTMS-APTMS/epoxy 4.53 x 75° [88]
10°
6 EPPyNG2 5.61 x [89]
10°
7 TEOS-PBz-210 3.77 x 105° [90]
10°
8 PBz/SiOy 5.12 x 89° [91]
10°
Silane modified Bz/TEOS 10° 103° [92]
10 Beeswax/GO (0.3 wt%) 8.77 x 107° [93]
10*
11 Polycaprolactone/FGO 8.94 x 106° [94]
10°
12 Curcumin octadecyl amine 2.34 x [95]
based Bz 10*
13 Capsaicin based PBz 10° - [96]
14 EBCE (1:1)/FWCNT (0.3 wt%)  6.00 x 113.10° Current
10° work

(0.3 wt%) coating.

Further, the optical images showed in Fig. 14 validate the thorough
spread of corrosion underneath the coating surface for EBCE (1:2), and
FGO and 0.1 wt% FMWCNT incorporated EBCE coatings. The yellow-
coloured markings on the coatings showed the rust deposition and the
bubbles around the coating are due to the saline infusion and lesser
adhesive strength. In the meantime, EBCE/FMWCNT (0.3 wt%) coating
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showed lesser spread of the corrosion compared to all other samples
indicating its strong binding to the MS substrate.

3.11. Crosshatch adhesion test

The long-term corrosion barrier performance can be corroborated to
cross hatch adhesion test and adhesion rating, in combination with other
properties such as coating integrity and coating resistance. The barrier
property of the coatings shows rapid decrease in the impedance over
time due to poor adhesion. Higher adhesion rating attributes to strong
interfacial bonding between the MS substrate and coating. The strong
adhesion of the coating assists to preserve coating continuity, preventing
delamination, bubbling, and cracking of the coating which in turn
evading the moisture and corrosive agents’ movement. While the poor
adhesion enables rust formation beneath the coating, causing bubbling
and lift off (depicted in Fig. 13 and 14 of salt spray analysis and optical
images). Therefore, strong adhesion augments durability, paired with
excellent barrier property and the chemical properties of the coating
materials [97-99]. The crosshatch adhesion test was conducted by
following ASTM D 3359 method to identify the intactness and adhesion
affinity of the coatings to MS substrate. An ideal barrier performance
requires stronger adhesion between the steel and the coating material
[100]. The shedding and detachment imparity of the coatings were
related with the reference chart as reported by Harsha et al. [101]. The
EBCE (1:2), 0.1 wt%, and 0.3 wt% FGO incorporated EBCE coatings
displayed poor adhesion property, and are peeled off rapidly when
scratched. The bits of coating pieces are found latched on the squared
regions of the tape randomly, and are falling in the adhesion rating of OB
(Fig. 15 a,b,e). Thus, the least adhesive nature of the FGO incorporated
EBCE coatings fail to provide reliable barrier performance. The EBCE
(1:1) showed resistance to peeling and the coating was found to be
intact. The tape peeling results showed few portions of the coating
removal on the edges and intersectional areas, observing 5% - 15% area
removal with 4B rating (Fig. 15c). The EBCE/FMWCNT (0.3 wt%) dis-
played stupendous adhesion with <6 % area loss. The edges are virtually
smooth and the least pieces of coating were seen on the tape markings,

Sample
EBCE
(1:2)

EBCE

Interval 1:1)

EBCE/FGO EBCE/FGO FMWCNT
(0.1 wt%)

EBCE/
FMWCNT

EBCE/

(0.3 wt%) (0.1 wt%)

Before

(0.3 Wt%)

After
144 Hours

After
288 Hours

Fig. 13. Salt spray analysis of scratched MS coated samples of EBCE (1:2), EBCE (1:1), 0.1 wt%, 0.3 wt% FGO inducted EBCE coating, and 0.1 wt%, 0.3 wt%

FMWCNT inducted EBCE coatings.
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EBCE/ EBCE/
EBCE EBCE EBCE/FGO EBCE/FGO FMWCNT FMWCNT
(1:2) (1:1) (0.1 wt%) 0.3 wt%) (0.1 wt%) (0.3 wt%)

Fig. 14. Optical images of scratched MS coated samples of EBCE (1:2), EBCE (1:1), 0.1 wt%, 0.3 wt% FGO inducted EBCE coatings, and 0.1 wt%, 0.3 wt% FMWCNT

inducted EBCE coatings after salt spray analysis.

EBCE/FGO
(0.3 wt%l..

Fig. 15. Crosshatch images of (a) EBCE (1:2), (c) EBCE (1:1), (e) 0.1 wt%, (b) 0.3 wt% FGO inducted EBCE coatings, and (d) 0.1 wt%, (f) 0.3 wt% FMWCNT inducted

EBCE coatings.

Saline
medium

Coatings

Mild steel

Curcumin epoxy only Only EB:CE (2:1) coating Only EB:CE (1:1) coating EBCE/FGO coatings EBCE/FMWCNT coatings
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TR . F 6 18)e) 6181678 X6 16787676 16 1616 78| savabamaber senes)| | [SSDWSSSDSSDS| (1 Molecular
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- by corrosive ions

Fig. 16. Pictorial representation depicting the role of curcumin epoxy, EBCE, and different nanofillers on corrosion protection mechanism.
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validating its virtuous crosslinking network and filler compatibility with
the adhesion rating of 5B to 4B.

3.12. Corrosion resistance mechanism of coatings

In general, the nitrogen atom linkages and the presence of aromatic
group in the benzoxazine assists in achieving high temperature resis-
tance and also low shrinkage on curing [102-104]. The functionalized
carbon based nanofillers act as ideal filler materials in the coating matrix
due to their high aspect ratio, surface area, and amplified dispersibility.
However, excess/deficient amount of nanofiller induction causes
agglomeration and inability to interact with core matrix, and initiating
the development of cracks in the coatings [105]. Based on the EIS
studies, it was ascertained that the EBCE coating with the incorporation
of chemically modified MWCNT showed high corrosion resistance
compared to clean EBCE and FGO inducted EBCE coatings (Fig. 16). The
modified MWCNT generally possess high aspect ratio and acting as
efficient filler material due to its long tubular 1D geometry, enabling its
torturous paths, uniform distribution of stress in the coating matrix, and
hence hindering the diffusion of corrosive agents. The 2D planar
morphology of GO could agglomerate even after modification due to the
strong van der Waals forces, and forming cracks and defects, thereby
reducing barrier properties of the coatings. Better conductivity of
MWCNT facilitates uniform distribution of particles in the coating ma-
trix and assisting to form strong covalent and hydrogen bonding inter-
action with EBCE. The amine functionalized MWCNT improves
interfacial adhesion, and reduces nanofiller separation from the core
matrix, resulting in consistent and tough coating as witnessed in the
adhesion results. Whereas in FGO, the presence of oxygen containing
functionalities promotes water intake and reducing its protection ability
[106-108]. The higher nitrogen content in the FMWCNT compared to
FGO further contributed in increasing the filler and matrix compatibility
and achieving its uniform dispersion of nanofiller in the coating matrix.
Further, the decreased pinholes and defects resulted in increased R, CA
and adhesion ratings of the EBCE/FMWCNT (0.3 wt%) coating. Hence,
the 0.3 wt% of FMWCNT in the EBCE coating denied the entry of cor-
rosive ions due to its compatibility with CE resin, and also the presence
of tertiary butyl methyl group in the nano filler tandemly work to repel
the water molecules in the core matrix, and impede the spreading of
corrosion phenomenon as seen in SSA. Further, the FMWCNT occupies
and sealed the unreachable gaps in the coating resulted in increased CA
values. The sub-optimal concentrations of EBCE and FMWCNT resulted
in agglomeration, weaker inter molecular bonding, and poor adhesion.
Further, due to their hydrophilic nature, the cracks are developed and
widened, making easier paths for corrosive ions movements [109].

4. Conclusion

A non-toxic and sustainable EBCE anti-corrosion coating material is
developed with different weight ratios of EB and CE. The EB is synthe-
sized by one pot Mannich type condensation reaction and CE resin is
prepared by the epoxidation of curcumin. GO and MWCNT are chemi-
cally modified with 5-amino-2, 4-di-tert-butylphenol and confirmed by
XRD, FT-IR, Raman spectroscopy, FE-SEM, EDX, TGA, TEM, SAED and
XPS techniques. The corrosion barrier performances of various weight
ratios of EBCE coatings, and different wt% of FGO and FMWCNT
inducted EBCE coatings are evaluated using EIS and SSA. The surface
morphology, adhesion, and hydrophobic character of the coated MS
samples are estimated by AFM, crosshatch adhesion test and CA mea-
surements. Corrosion analysis and hydrophobic character revealed that,
the 0.3 wt% FMWCNT dispersed EBCE (1:1) coating showed best anti-
corrosion performance compared to all other coatings with the R,
value of 3.09 x 10° Q cm? and CA value of 113.50° at 40™ day of im-
mersion in 3.5 wt% NaCl solution. The ideal weight ratio of the core
matrix composition and the optimum amount of nanofiller compatibility
contributes for uniform dense network, strong intermolecular bonding,
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and increased crosslinking in the EBCE/FMWCNT (0.3 wt%) coating.
The present study provides an insight into an innovative application of a
new class of eco-friendly and sustainable material in the corrosion
protection of marine equipment’s and industrial piping systems.
Further, the EBCE can be a futuristic hybrid smart coating material in
the area of corrosion prevention of metals.
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