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Abstract

Graphene nanoribbon (GNR) is a flat ribbon-like 1D nanomaterial of graphene family rarely explored in the development
of anti-corrosion coatings. In the present work, a bio-based anti-corrosion coating was fabricated using GNR as nanofiller
in malenized linseed oil (MLO) polymer network. MLO polymer network was first prepared from commercially available
linseed oil by malenization reaction at 80 °C using maleic anhydride. Later, GNR was synthesized from multiwalled carbon
nanotube by oxidative unzipping method and incorporated into MLO polymer network to obtain the bio-based MLO-GNR
nanocomposite. The as-prepared MLO and MLO-GNR coating materials were spin coated onto bare mild steel samples
and cured at 80 °C for 24 h. The morphology and surface characteristics of coatings were studied by spectroscopic and
microscopic techniques. Further, the anti-corrosion behaviour of bare and coated MS samples was investigated by potentio-
dynamic polarization and electrochemical impedance methods in a 3.5% NaCl medium. Among the samples, MLO-GNR-
coated samples exhibited a high level of corrosion inhibition in the saline medium compared to uncoated MS sample as
the damages and destruction activity were more on its surface than their counterparts. MLO-GNR nanocomposite coating
exhibited robust corrosion resistance activity and showed 99.9% protection efficiency. Further, the MLO-GNR coating dis-
played higher stability in the saline medium as well as open-air environment establishing that the flat GNR molecule acts as
excellent nanofiller in MLO polymer network to produce robust anti-corrosion activity leading to protection of mild steel.

P4 Kikkeri Narasimha Shetty Mohana
drknmohana@gmail.com

Department of Studies in Chemistry, University of Mysore,
Mysuru, Karnataka 570006, India

Department of Chemistry, JSS Science and Technology
University, Mysuru, Karnataka 570006, India

@ Springer


http://orcid.org/0000-0002-5213-1497
http://crossmark.crossref.org/dialog/?doi=10.1007/s10800-022-01692-z&domain=pdf

1134

Journal of Applied Electrochemistry (2022) 52:1133-1148

Graphical abstract

#

¢ 3 Malanization

' 210°C

Oxidative

.% Unzipping
'% KMnO4+H2504

Malanized I I GNR o
Linseed Oil Linseed oil ] MWCNT
(MLO) Sonicate
MLO+GNR
in Ethanol
B 1 Ay s
1804 — GNR 44 '.
uo--—._——v-L-_v\Nv\A _ a
< d
;"04 1] % “ i MLO 2 s
o N \ R =
0 B MLO-GNR composite *]—amoonmzn
00 e 4. MLO-GNR 24 s
w—. MLO-GNR 72 hes
T T T . ) Coat FY R PRERY )
Wave number (cm™) Spin coating composite

on mild steel I
et oot - R

MLO-GNR coated mild steel

Keywords Graphene nanoribbon - Linseed oil - Malenization - Bio-based nanocomposite - Anti-corrosion coating

1 Introduction

Protection of steel from corrosion is a long-standing unre-
solved issue in many domestic and engineering applications
namely power production, petroleum, marine, pipeline, acro-
space, automobiles, electrochemical industries, construction
industries and so forth [1]. Though several coating materi-
als viz nanocomposite coatings, hydrophobic coatings and
organic—inorganic hybrids have been explored and proven
to enhance the life of steel, there is still exigency for simple,
scalable, cost-effective and environment-friendly corrosion
protection materials and techniques for industrial applica-
tion [1-3].

Organic coatings offer protection to metals by acting
as an effective physical barrier between the metal sur-
face and the corrosive environment. However, the coating
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barrier performance often declines due to the diffusive
migration of corrosive species such as oxygen, water and
chloride ions into the metal-coating interface through coat-
ing porosities [4]. There have been attempts to enhance
the barrier performance and anti-corrosion properties of
these coatings through insertion of various nanofillers,
additives and/or anti-corrosive pigments into the coating
matrix [4-7]. The nanofiller insertions have been reported
to enhance the protective properties of coatings by sev-
eral means such as increasing the diffusion path length
of electrolyte, reducing cavities and micro-pores and/or
increasing cross-linking density. By reducing porosity
and extending the diffusion path length, the nanofillers
reduce the diffusion of ions and water into metal-coating
interface, thereby bringing down the coating adhesion loss
[7, 8].
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Organic coatings derived from natural products, apart
from being anti-corrosive, offer some advantages such as
low cost, non-toxic, abundance, eco-friendliness, and there-
fore can be effective alternatives to petro-based polymer
coatings. Several authors have reported the use of vegetable
oils as renewable raw materials for the synthesis of polymers
[9-13]. Vegetable oils can be the competing alternative to
the petro-based polymer products due to their diverse abun-
dance and the functional group flexibilities in their backbone
structure such as double bonds, epoxies and hydroxyls which
pave way for variety of modifications through chemical reac-
tions [13, 14].

Linseed oil (LO) is a triglyceride made up of 51-55%
triply unsaturated a-linolenic acid, 18-22% doubly unsatu-
rated oleic acid, 14—-17% monounsaturated linoleic acid,
7% saturated palmitic acid and 3-4% stearic acid. LO is an
excellent raw material for the preparation of polymers due
to the presence of di- and tri-unsaturated esters in larger pro-
portions [15, 16]. For the present work, a green organic coat-
ing material was prepared by subjecting LO to malenization
reaction and its anti-corrosive behaviour was investigated.

In recent years, researchers have employed several car-
bon-based nanomaterials viz. graphene oxide, carbon nano-
tubes, carbon nanofibers, etc., as nanofillers to improve
anti-corrosion performance of polymer coatings. The car-
bon-based nanomaterials have been proved to show good
barrier properties due to their large specific surface area [6,
7,14, 16, 17].

Among the carbon-based nanomaterials, GNR is a newly
discovered quasi-one-dimensional graphene-like carbon-
based nanomaterial with a ribbon-type structure. Unlike
graphene sheets, GNRs possess narrower width, dense and
abundant edge defect sites with superior chemical reactivity
[18-20].The high surface area of GNRs coupled with a high
density of reactive edges and defects on the surface makes
it potential nanofiller for anti-corrosive applications. GNR
is reported as nanofiller in polyurethane (PU) coating and
it is found to enhance the mechanical properties and the
anti-corrosive behaviour of PU coating [21]. Some of the
GNR-based reinforcements and nanocomposites reported in
literature such as GNR/PVDF [22], PEG-GNR [23], GNR @
CeO, nanocomposite [24] and GNR-CoB nanocomposite
[25] have respectively shown EMI shielding, wound heal-
ing, sono-photocatalytic and sensing properties. However,
unlike graphene and other carbon-based nanomaterials, the
GNR is very less explored as nanofiller in anti-corrosive
coating applications. Keeping this in view, we have syn-
thesized meleinized linseed oil (MLO) polymer network by
malenization of linseed oil and investigated its potentials
as an anti-corrosion coating material for mild steel in the
saline medium. Further, for the first time, we have used GNR
as the nanofiller in MLO coating matrix and investigated
its effect on anti-corrosion properties in the saline medium.

The results showed that the MLO coating exhibit good anti-
corrosive characteristics and the incorporation of GNRs
enhanced the performance characteristics of the coating.

2 Experimental section
2.1 Materials and instruments

Multi-walled carbon nanotube (MWCNT), potassium per-
manganate (KMnO,) and maleic anhydride were procured
from Sigma-Aldrich. The analytical grade reagents conc.
sulphuric acid (H,SO,) and hydrogen peroxide (H,0,) used
in study were purchased from Fischer Scientific. LO was
purchased from Deve Herbes, New Delhi, India. The mild
steel panels (1 mm thickness) with an elemental compo-
sition of Fe (99.6%), Mn (0.12%), Al (0.1%), S (0.012%),
C(0.05%), Si (0.05%) and P (0.010%) were used in the study.

The '"H-NMR spectral characterization of LO and MLO
was performed with Agilent 400MR DD?2 instrument.
The powder X-ray diffraction (XRD) studies were con-
ducted using 3-kW Rigaku D/max2200PC diffractometer
A=1.54 10%, Cu—Ka radiation). Fourier-transform Infrared
spectroscopy (FTIR) analysis was performed in the wave
number range of 4000—400 cm™~! using Perkin Elmer FTIR
spectrometer. Raman spectra of samples were recorded using
Lab Spec-6 instrument. Morphological features of GNRs
and coatings were studied by High-resolution Transmis-
sion electron microscopy (HR-TEM, Instrument: JEOL/
JEM2100), Scanning electron microscopy (SEM, Instru-
ment: ZEISS EVO LS-15) and Atomic force microscopy
(AFM, Instrument: Hitachi S-3400N). Thermal analysis of
the coatings was performed using Q-500 TA Instruments
(USA). All electrochemical investigations were carried
out using CH1608E electrochemical work station (Austin,
USA).

2.2 Synthesis of GNRs by unzipping MWCNTs

GNRs were synthesized from MWCNTs via a two-step unzip-
ping process described in the literature [26]. 300 mg of MWC-
NTs were mixed with 120 ml conc. H,SO, (98%) under con-
stant stirring condition at room temperature for about 24 h to
get a slurry-like material. Later, 1.5 gm of KMnO, was slowly
introduced to slurry and heated to 85 °C for 4 h under vigor-
ous stirring conditions. The resulting hot slurry was diluted
to 400 ml with deionized water and then kept in an ice bath
for 30 min under constant stirring. The mixture was removed
from ice bath and 60 ml of H,0, was added to it followed by
dilution with 200 ml deionized water. Further, the reaction
mixture was cooled and washed, and centrifuged with 10%
HCI. The centrifuged sample was washed repeatedly using
deionized water till the solution attains neutral pH. The solid
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residue was repeatedly washed with ethanol and deionized
water, and subsequently dried at 60 °C in vacuum to get a
dark grey solid powder of GNRs. The synthesized GNRs pow-
der was characterized by XRD, FTIR, HR-TEM and Raman
spectral methods.

2.3 Synthesis of MLO using LO

For the synthesis of MLO, 20 ml of commercially available
LO was taken into a 100 ml round bottom flask and 4 g of
maleic anhydride was mixed to it. The mixture was subjected
to malenization reaction by heating it at 210 °C on an oil
bath for 6 h under constant stirring to get a brown paste of
MLO. The product was cooled to room temperature and the
unreacted excess maleic anhydride was removed by solvent
extraction process using water as a solvent. The thick brown
semi-transparent paste of MLO was finally washed in distilled
water and air dried for 24 h at 25 °C before being used as a
coating material.

2.4 Preparation of MLO and MLO-GNR composite
coatings on mild steel

Mild steel panels were first cut to small dimensions
(4.0 cmx2.0 cm) and abraded using different grades of sand-
papers to get mirror shiny surface. They were degreased by
subsequent washing with water and acetone, and then air dried
at room temperature. MLO coating and MLO-GNR compos-
ite coatings were applied onto MS specimens by spin coating
method.

For developing the MLO coatings, optimized stochiometric
quantities (2:1) of MLO paste and hardener ((3-aminopropyl)
triethoxysilane) were mixed uniformly and coated uniformly
onto the as-prepared MS specimens using spin coating tech-
nique. The coated samples were first dried at room temperature
for 24 h and then cured at 80 °C for another 24 h. The cured
samples were preserved in vacuum desiccators until further
usage.

For the preparation of MLO-GNR nanocomposite, 1.0 gm
MLO paste was weighed into a 100 ml beaker and dissolved in
20 ml ethanol. 0.5 wt% of GNRs powder was added to above
MLO solution and the mixture was sonicated for 30 min to
ensure the effective transfer of GNRs particles onto MLO.
Further, the ethanol was removed by evaporation at room tem-
perature to get brown solid paste of MLO-GNR composite.
MLO-GNR composite coating was also applied on MS speci-
mens using the same procedure as described for MLO coating.
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2.5 Electrochemical investigations on anti-corrosive
behaviour of coatings

The anti-corrosive behaviour of bare and coated MS
samples in saline medium was studied using CH1608E
electrochemical workstation. The three-electrode cell
assembly comprising of Ag/AgCl (reference), platinum
(counter electrode) and bare/coated mild steel specimens
(working electrode) immersed in 3.5% NaCl electrolyte
was employed as an electrode—electrolyte system. All
open circuit potential (OCP), potentiodynamic polariza-
tion and electrochemical impedance spectroscopy (EIS)
experiments were conducted on 1.0 1.0 cm? area of bare
and MS-coated samples immersed in 3.5% NaCl medium.
Potentiodynamic polarization measurements were con-
ducted between the potentials — 0.3 V and+0.3 V from
open circuit potential at a scan rate of 2 mV min~'. EIS
measurements were performed at open circuit potentials
in the frequency range between 100 kHz and 10 mHz with
an sine-wave amplitude of 5 mV. The stability of MLO
and MLO-GNR composite coatings were investigated by
repeating Tafel polarization and EIS measurements for
immersion time intervals of 2, 24 and 72 h.

3 Results and discussion
3.1 Physical characterization of GNRs

The dark powdery GNRs were synthesized by chemical
unzipping of MWCNTSs and structural characterization
was performed by using electron microscopic and spectro-
scopic methods. Morphological features of MWCNT and
the product GNRs were captured via HR-TEM analysis.
The captured HR-TEM images of MWCNTs and GNRs are
displayed in Fig. 1A and B, respectively. The inset pictures
reveal magnified version of images. The captured image
of MWCNTs displays smooth, tubular and undamaged
surfaces, while that of product GNRs reveal two-dimen-
sional damaged/wrinkled ribbon-like structures, thereby
suggesting successful unzipping of MWCNTs into GNRs.
The Raman spectral analysis of GNRs showed two intense
bands (G and D) with much higher intensity compared to
those revealed by MWCNTs (Fig. 1C). The higher band
intensity ratio of GNRs (/p/I5;=1.2) compared to MWC-
NTs (Ip/I;=0.8) suggest certain degree of damages and
deformations at the edges of GNRs structure as a result of
unzipping of nanotubes. GNRs exhibit two major signals
at 20=27° and 20 =43° in their XRD spectrum (Fig. 1D)
and the results are in agreement with literature [18, 20].
Contrary to this, XRD profile of MWCNTs show only one
signal at 260 =27° which explicitly indicate the successful
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Fig. 1 HR-TEM image of MWCNT (A) and GNRs (B). Insets show magnified image; Raman (C) and XRD (D) profiles of MWCNT and GNRs

conversion of MWCNT into GNRs. The microscopic and
spectroscopic data provide strong ample evidence on the
successful unzipping of MWCNTs into GNRs.

3.2 Characterization of MLO

The successful synthesis of MLO from LO was confirmed
through 'H-NMR and FTIR characterization technique and
the recorded 'H-NMR spectra of LO and MLO are shown
in Figs. S1 and S2, respectively. In the NMR spectra of LO,
methylene hydrogens from the triglyceride moiety resonate
to produce a multiplet signal around & 4.14-4.34 ppm. The
signal between 5.27 and 5.42 ppm appear correspond to the
presence of vinyl hydrogens and methine hydrogen from the
glyceride group. The NMR signals in the "TH-NMR spectrum
of MLO provide evidence for the formation of final product.
The spectrum shows the newly generated proton peaks at
0 3.46-2.52 ppm indicating the attachment of diethylene
tri-amine by ring opening of maleic anhydrides moiety in

the oil. The NMR results are in accordance with the earlier
reported work on the synthesis of MLO from LO [27]. FTIR
spectral analysis of reactants and products was performed
to confirm the malenization of LO to MLO. FTIR spectrum
(Fig. 2A) of LO reveals an IR signal at 3015 cm™! ascribed
to the =C—H stretching vibrations. The IR signals at 2920
and 2848 cm™, respectively, indicate asymmetric and sym-
metric stretching vibrations of methylene groups, while their
signals corresponding to asymmetric and symmetric bending
vibrations appeared in the positions 1467 and 1378 cm™!
respectively. The bond stretching vibrations of -C=C- pro-
duced a weak band at 1646 cm™'. The bond stretching vibra-
tions of C=0 and C-O bonds of fatty acids have appeared as
bands at 1743 and 1146 cm™" positions. In the spectrum of
LO, a prominent band at 1745 cm™! is observed for the C=0
group of triglycerides. Contrary to the LO spectral data, the
FTIR spectral data of MLO appear to be slightly distinct
(Fig. 2A). FTIR spectrum of MLO shows an additional band
corresponding to —C=0 stretching frequency. The new band
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Fig.2 A FTIR spectrum of LO and MLO paste, B XRD spectrum of GNR, MLO and MLO-GNR coating, C FTIR spectrum of GNR, MLO and
MLO-GNR coating, D Raman spectrum of GNR, MLO and MLO-GNR coating

appears at 1780 cm™! along with the C=0 stretching band
of triglycerides which can be solely attributed to the C=0
stretching frequency of maleic anhydride moiety. This addi-
tional band in IR spectrum of MLO is a clear indication of
successful attachment of maleic anhydride into the linseed
oil backbone during malenization reaction. The mechanism
of malenization of linseed oil [27] is shown in Scheme 1.

3.3 Physical and surface characterization of MLO
and MLO-GNR coatings

3.3.1 X-ray diffraction studies

XRD studies on MLO coatings showed a dominant diffrac-
tion peak at 20 =20° corresponding to the crystalline phase
of MLO polymer network. Similarly, XRD profile of GNRs
showed two diffraction peaks at 26 values 27° and 43° sug-
gesting its better crystalline character compared to MLO
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coating. The incorporation of GNR into MLO matrix in
small proportion (0.5%) produced a XRD profile similar to
MLO coating revealing no significant changes in crystalline
characteristics of MLO coating upon GNR incorporation
(Fig. 2B).

3.3.2 FTIR and Raman characterization of coatings

FTIR analysis pure GNR, MLO coating and MLO-GNR
coating were carried out and the FTIR spectral data are
shown in Fig. 2C. The FTIR data of pure GNRs indicate
feeble signals around the frequencies 1010, 1520 and
3700 cm™! corresponding to C—O, C=C and —OH stretch-
ing vibrations of GNRs backbone and the edge groups on
GNRs surface. FTIR spectrum of MLO shows prominent
peaks at 1120 and 2920 cm™! assignable to C—O stretching
vibration and the asymmetric stretching vibrations of meth-
ylene group in MLO respectively. MLO spectrum shows
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Scheme 1 Mechanism of malenization of LO

an additional band corresponding to —C=0 stretching fre-
quency at 1780 cm™'along with the C=0 stretching band
of triglycerides which may be solely attributed to the C=0
stretching frequency of maleic anhydride moiety.

On the other hand, the spectrum of MLO-GNR compos-
ite has lot of similarity to the spectrum of MLO. The signals
of MLO-GNR coating almost have appeared at the same
frequency as MLO coating. However, the signal intensity
enhanced significantly possibly due to the interaction arising
due to interaction between the MLO polymer backbone and
the incorporated GNR sheets.

Raman spectrum of pure GNRs showed two intense G
and D bands with band intensity ratio Ip/I;=1.2 (Fig. 2D).
However, the Raman spectrum of MLO and MLO-GNRs
did not produce the G and D bands (Fig. 2D). The absence
of G and D bands in MLO-GNR composite coating was not

LO

MLO

surprising considering the low concentration of GNRs used
in the preparation of MLO-GNR composite.

3.3.3 AFM analysis

The roughness of surface is a crucial parameter that decides
the coating characteristics such as wear resistance, surface
adhesion, wettability and pitting susceptibility which in
turn determines anti-corrosive behaviour of applied coat-
ings. The surface roughness and surface topography of MLO
and MLO-GNR composite coatings were investigated by
AFM technique. The 3D-AFM micrographs of MLO and
MLO-GNR coating are shown in figures Fig. 3A and D.
The analysis of 3D-micrographic images of MLO coatings
reveals rough and non-uniform surface with small hills and
valley regions featured on the coating surface. On the other
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Fig.3 AFM image of MLO (A)
and MLO-GNR (B) coatings. C
TGA (a) and DTA (b) curves of
thermal analysis data of MLO-
GNR coating
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hand, MLO-GNR coating shows relatively smoother and
uniform surface compared to MLO coating which lacks
prominent hills and valley regions on its surface. The aver-
age roughness (R,) and root mean square roughness (R,)
calculated from AFM data provides further evidence to
support above topographic observations. The average
roughness of MLO-coated specimen (R,=129.8 nm) was
higher compared to MLO-GNR coating (R,=87.5 nm). The
root mean square roughness of MLO coating also showed
higher values (Ry=107.7 nm) than that of MLO-GNR
coating (R, =66.58 nm) suggesting better smoothness and
uniformity for the MLO-GNR composite coating. These
results clearly suggest that the roughness of coating surface
reduced significantly upon the incorporation of GNR into
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MLO polymer matrix. The GNR incorporation expectedly
blocks the defected sites, improves adhesion and enhances
the barrier properties of MLO polymer network to retard
the corrosion rate. The literature also suggests that the coat-
ings with higher surface roughness tend to promote corro-
sion reaction easily compared to smoother surfaces [28, 29].
Therefore, the AFM roughness data conclusively propose
that the MLO-coated samples have greater corrosion ten-
dency compared to MLO-GNR-coated samples.

3.3.4 Thermal stability study

Thermal stability of MLO—GNR composite coating was
studied by performing TGA and DTA analysis in the
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temperature range of 0—800 °C. The TGA and DTA data of
MLO-GNR coating is presented as thermogram in Fig. 3C.
The thermogram indicates a very high thermal stability for
the coating in the temperature range of 0-250 °C. The ther-
mal treatment in the temperature range 250-600 °C showed
a drastic weight loss in the sample accounting for a net loss
of 82%. Thermogravimetric data showed 18% ash content,
80% organic content and 2% moisture content for the sam-
ple. The observed weight reduction is purely attributed to
the loss of moisture content and organic content. The dif-
ferential thermogram revealed the presence of two major
organic compounds in the sample which are thermally less
stable at very high temperature. These compounds are argu-
ably relatable to MLO polymer and the hardener employed
in the development of MLO-GNR coating. These data are
very well supported by the high ash content recorded in
thermogravimetric analysis which is also evident from the
highly organic nature of MLO-GNR coating. TGA and DTG
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studies provide conclusive evidence on the high thermal sta-
bility of MLO-GNR coating in ultra-normal temperature up
to 250 °C.

3.3.5 SEM studies of coating

The morphology and surface features of MLO and
MLO-GNR coated MS samples were studied by SEM tech-
nique. The SEM micrograph of MLO and MLO-GNR com-
posite-coated samples are shown in Fig. 4A and B, respec-
tively. The micrographic image of MLO-coated specimen
shows a smoother surface with very few defects on the sur-
face. MLO-GNR composite coating show dense and com-
pactly packed surface with lesser defects than MLO coat-
ing signalling that the MLO-GNR coating promises more
protection to mild steel against corrosive agents. The digital
images of MLO and MLO-GNR composite coatings before
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Fig.4 SEM images with digital images (insets) of MLO coating (A) and MLO-GNR coating (B) before immersion in saline medium; SEM
images of MLO coating (C) and MLO-GNR coating (D) after 72 h of immersion in saline medium
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immersion in saline medium are shown as insets in Fig. 4A
and B, respectively.

3.4 Evaluation of anti-corrosion behaviour
of coatings

As the corrosion in saline medium occurs via electrochemi-
cal charge transfer processes, the anti-corrosion behaviour of
bare and coated samples in 3.5% NaCl solution at different
immersion times was examined by performing open circuit
potential studies, potentiodynamic polarization and electro-
chemical impedance measurements.

3.4.1 Open circuit potential measurements

The OCP is the potential developed at the interface of coat-
ing/metal and the corrosion medium under zero current con-
dition, and it provides insight into diffusibility of corrosive
electrolyte into the coating/metal interface. The OCP values
were recorded for bare and coated steel samples in 3.5%
NaCl medium after prior immersion of samples for a period
of 1 h and the results are presented as a plot of OCP vs run
time in Fig. SA. The results showed steady OCP responses
for all samples and the response was more towards positive
potential values for coated samples while it was more nega-
tive for the uncoated sample. The recorded OCP values of
MS, MLO and MLO-GNR samples were — 0.41 V,+0.07 V
and+0.13 V, respectively. MLO-coated sample exhibited
significantly higher OCP value than bare MS specimen sug-
gesting the exhibition of high corrosion resistance by MLO
coating. The OCP value of MLO-GNR composite-coated
sample has shown more substantial shift to positive poten-
tial value compared to the other samples suggesting that the
MLO-GNR composite coating more effectively resist the
corrosion and prevent the diffusion of corrosive electrolyte.
The higher OCP value of MLO-GNR composite is solely
ascribed to the incorporation of GNR nanofiller into MLO
polymer network. The validation of the observed anti-cor-
rosive behaviour of coated samples was further confirmed
by Tafel polarization experiments.

3.4.2 Potentiodynamic polarization studies

Potentiodynamic polarization experiments were conducted
to determine the corrosion current density (/.,,), corro-
sion potential (E_,,,) and the corrosion rates of bare and
coated MS samples. The obtained experimental results are
shown in the form of Tafel polarization curves in Fig. 5B.
The potentiodynamic polarization curves of MLO and
MLO-GNR composite-coated samples show a significant
drift in the potentials to more positive side compared to
uncoated MS specimen. The corrosion current densities
of coated samples shifted to lower values suggesting a
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decrease in corrosion activity at the coating—electrolyte
interface. Further, the shift in E ., and I, is more pro-
nounced in MLO-GNR composite-coated sample com-
pared to MLO-coated sample, thereby indicating highest
corrosion prevention ability of the composite coating.
Further, the polarization data reveal highest polariza-
tion resistance (R,) and lowest corrosion rate (CR) for
MLO-GNR composite coating. The polarization resist-
ance enhanced above 200 folds and the corrosion rate
reduced by over 2000 folds for MLO-GNR coating which
clearly demonstrate the higher corrosion resistance exhib-
ited by MLO-GNR composite coating in saline medium.
The manifested robustness in corrosion resistance of
MLO-GNR composite is presumed to be a combined
effect of MLO polymer network and the GNR nanosheets
in effectively shielding the transportation of electrons and
chloride ions between the coated surface and electrolyte.
The corrosion protection efficiency (PE) of different coat-
ings were calculated from the current densities of blank
(Lorrblank)) and coated samples (1o (cony) USIng the equa-
tion [17, 29]

I =1 e
PE (% ) _ < corr(blank) corr(coat)) % 100
]corr(blank)

The calculated protection efficiency was highest
(99.9%) for the MLO-GNR composite coating, while a
similar efficiency was also found for the MLO coating
(99.95%). The blank MS specimen showed highest corro-
sion activity and experienced lowest protection compared
to coated samples as evident from the polarization data.
The experimental polarization data and calculated param-
eters such as corrosion potential, corrosion current density,
anodic slope (b,), cathodic slope (b.), polarization resist-
ance, corrosion rate and protection efficiency for different
samples is summarized in Table 1.

The corrosion rate (CR) was estimated from the corro-
sion current values using the standard equation [17, 29].

E,I
CR = 87600<M>
npF

o 18 the corrosion current density (A cm™2) obtained
from Tafel curves, p is the density of steel (7.85 g cm™), E,
is the formula weight of mild steel (55.85 g mol™), Fis the
Faraday constant and n is the chemical valence of ferric ion.

The polarization resistance was calculated from the
equation

where [

N
» = \2303/1.(b, + b,)

Ci

where b, and b, are the Tafel constants measured from
experimental data.
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Table 1 Potentiodynamic polarization data of bare and coated MS samples

Sample E (V) Loy (Alem?) b, (mV/dec™) b, (mV/dec™) R, (Ohm cm?) CR (mil/year) PE (%)
MS - 0.4566 1.163x 107 11.054 2.544 275 52.97 0
MS-MLO +0.2036 4.525% 107 9.707 4.758 66,425 0.2061 99.6
MS-MLO-GNR +0.3198 5.176x 107 9.013 6.366 546,195 0.02357 99.95

3.4.3 Electrochemical impedance studies

EIS technique is a powerful tool to probe the barrier proper-
ties, corrosion mechanism and the robustness of the coat-
ings. EIS experiments were performed in the frequency
range between 100 kHz and 10 mHz for different samples
at their respective open circuit potentials and the obtained
results are represented as Nyquist diagram (Fig. 5C and D).
Bode impedance (Fig. SE) and Bode phase angle (Fig. 5F)
plots from EIS data assist in understanding the relative
impedance characteristics of different specimens. The lowest
frequency impedance modulus (121, .;1,) value at 10 mHz
in Bode impedance plot and the highest frequency phase
angle (101, xy,) value at 100 kHz in Bode phase angle plot
are detrimental in deciding the anti-corrosive behaviour
of coating in corrosive medium. Low-frequency imped-
ance IZl,, iy, gives assessment of overall resistance (bar-
rier effect) offered by the coating while acting as a barrier
between the metal and corrosive medium. On the other hand,
high-frequency phase angle 10, 4, 1S indicative of pore
resistance, i.e. resistance to the penetration of electrolyte
into coating. Higher the values of IZl; .1, and 101,40 11,5
better is the anti-corrosion performance of the coating.
The 121, ., values recorded for MS, MLO, MLO-GNR
specimen are 6.38 x 107, 3.82 x 10* and 2.05x 10° Q, and
the corresponding 1601, y, Values are 7.16, 66.3 and 79.3,
respectively. These values clearly indicate better barrier
properties for coated specimen compared to uncoated MS
specimen. Comparatively, higher |Zl, .1, and 101,40y, Val-
ues observed for MLO-GNR composite coating indicate
superior anti-corrosion ability of the coating which may
be owed to well disperse GNR nanosheets in MLO matrix.
The GNR nanosheets are presumed to enhance corrosion
prevention capability of composite coating by effectively
blocking the pores and enhancing the diffusion pathway of

electrolyte to metal surface. The lower IZl,( .1y, and 10100 k11,
values recorded for bare MS specimen are expected due to
direct accessibility of metal surface to corrosive electrolyte.

Nyquist diagram of EIS data gives a qualitative assess-
ment of extent of charge transfer phenomenon occurring at
the interface of sample surface and its surrounding corrosive
electrolyte. The semicircular region in a Nyquist curve give
information on the charge transport phenomenon occurring
at the specimen-electrolyte interface, while the linear por-
tion of curve (if any) contains information on the diffusion
phenomenon. The diameter of semicircle is proportional to
charge transfer resistance (R.,) and is inversely related to
corrosion rate. In our experiments, Nyquist diagram of bare
MS specimen (Fig. 5D) reveal smaller semicircle with lower
diameter, whereas the coated samples recorded bigger semi-
circles of wider diameters (Fig. 5C). The wider diameters of
coated samples suggest higher charge transfer resistance for
the transportation of charged corrosive species from elec-
trolyte to coated surface. Among the tested coatings, the
semicircle recorded for MLO-GNR composite coating was
much bigger in diameter compared to MLO coating imply-
ing relatively superior barrier protection and corrosion pre-
vention properties for MLO-GNR composite.

A quantitative assessment of experimental EIS data was
accomplished by fitting the data to suitable equivalent cir-
cuit models (Fig. 5C and D) using ZsimpWin software and
the electrochemical parameters obtained from the simulated
models are tabulated in Table 2. A closer look into experi-
mental Nyquist and Bode phase angle diagrams of bare MS
sample reveal the presence of one relaxation time in the
medium-frequency regime, which indicate that the corrosion
is controlled only by Faradic process (charge transfer pro-
cess) at electrolyte—metal interface and the impedance data
fits to equivalent electrical circuit with one-time constant.
It was observed that the EIS data of uncoated MS specimen

Table 2 Impedance parameters of bare and coated MS samples fitted to RQR and RQRQRW equivalent circuit models

Sample R, (Qcm™2)  Coating Electrical double layer Coating
— Y - I - . efficiency
0. (8"em™) n R.(Qcm™) Qu™"ecm™) n R,(Qcm™) W @cm™) (%)
MS 6.711 - - - 2.578x107° 0.74  748.1 - -
MS-MLO 628x10*  4.84x107° 079 2.85x10* 2.66%x107* 0.726 1.79%10*  58x107'2 9582
MS-MLO-GNR ~ 6.12x107%  1.39x 10710 1.00 3.3x10* 5.9x107 0.668 3.06x10°  1.8x107° 99.76
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fitted perfectly to the model circuit R(Q 4R, with one-time
constant, where R; Q4 and R, represent solution resistance,
double layer constant phase element and charge transfer
resistance, respectively. The higher value of Q,, obtained for
MS specimen suggest that the metal surface acts as a perfect
electrical double layer capacitance when immersed in ionic
electrolyte. R is a measure of resistance for charge trans-
fer between the metal and the electrolyte and it is inversely
proportional to the corrosion rate. The calculated R, value
for MS sample based on Ry(QyR,,) model was 748.1 Q cm™
and other parameters are given in Table 2.

The experimental Nyquist and Bode phase diagrams of
coated samples exhibited two-time relaxations, one close to
low frequency and another one at high-frequency region.
This means that the corrosion process is controlled by two
parameters namely pore resistance of the coating and charge
transfer control, and the impedance data fits to an equivalent
electrical circuit with two-time constants. EIS data of coated
samples after 2 h of immersion in 3.5% NaCl were found to
fit perfectly to R(Q.(R.(Qyu(RW)))) electrical equivalent
circuit model (Fig. 5C) with two-time constants, where R
0. R., Q4 R and W represent solution resistance, constant
phase element of coating, coating or pore resistance, double
layer constant phase element, charge transfer resistance and
Warburg resistance, respectively. The calculated values of
circuit parameters for MLO and MLO-GNR-coated samples
based on the R(Q4R.) and R(Q.(R.(Q4(R,W)))) models
are shown in Table 2.

3.4.4 Coating stability studies

The long-term stability is one of the essential features that
decide durability and practical applicability of any coat-
ing. The long-time stability of MLO and MLO-GNR coat-
ings were investigated by the potentiodynamic polariza-
tion and AC impedance methods by exposing the coated
MS samples in 3.5% NaCl solution for 2, 24 and 72 h of
prolonged immersion periods. The polarization and imped-
ance responses recorded for MLO and MLO-GNR-coated
samples at different immersion times are shown in Fig. 6A.
Tafel curves from potentiodynamic polarization studies of
both MLO and MLO-GNR-coated samples suggest that
the long-time exposure of coated samples to saline condi-
tions shifted the corrosion potentials to lower values and
enhanced the corrosion current. The calculated polarization
resistance showed a decreasing trend with exposure time
which resulted in enhanced corrosion rates for the samples.
The polarization data shown in Table 3 suggest reduction
in protection efficiency of coating as a function of immer-
sion time. Among the coated samples studied, MLO-GNR
composite-coated sample exhibited relatively lower corro-
sion rates and higher protection efficiencies compared to
MLO-coated sample after 2 h of immersion in 3.5% NaCl.

However, both these coatings exhibited reduced protection
efficiencies against corrosion on further prolonged exposure
to saline medium (Table 3). The results from polarization
studies were further confirmed by conducting impedance
studies. Bode and Nyquist impedance spectral plots for MLO
and MLO-GNR composite coatings at different immersion
times are shown in Fig. 6B and C, respectively.

These plots clearly suggest high overall impedance
IZl, iz, and lower phase angle 161, 1, for both MLO and
MLO-GNR-coated samples after 2 h of immersion. How-
ever, the prolonged exposure of these coatings to 24 and
72 h decreased |Zl, iy, andlOl,q vy, values significantly
which indicate reduction in protection efficiency of coatings,
owing to prolonged exposure to corrosive agents in saline
medium. MLO coating showed more pronounced reduction
in 1Zl,y g, and 101,40 g, values compared to MLO-GNR
coating indicating higher stability for the MLO-GNR com-
posite coating. A comparison of polarization and impedance
parameters shown by different coatings at different exposure
times is summarized in Table 3. The higher coating resist-
ance shown by MLO-GNR is a result of incorporation of
GNR to MLO matrix. The green polymer MLO applied on
MS surface acted as an anti-corrosion barrier by preventing
diffusion of corrosive species to MS surface. The incorpo-
ration of GNRs to MLO matrix has further enhanced the
barrier properties by reducing the pore structure in the coat-
ing. The reduced porosity in polymer matrix prevents the
easier entry of corrosive ions to metal surface. This causes
enhancement in protection ability of MLO-GNR coating.
However, prolonged exposure to corrosive medium dam-
ages the coating as this sets in swelling and delamination of
coating. This gradually opened up the pores in coating and
permits the easier diffusion of corrosive ions through pores
of coating and attack metal surface. This led to failure of
coating to protect the metal against attack of atmospheric
agents.

The SEM micrographs of different coated samples before
and after 72 h of exposure to 3.5% NaCl medium are shown
in Fig. 4A-D. SEM images clearly show damages and mor-
phological changes on coating surface upon subjection to
72 h of prolonged exposure to saline medium. Micrographic
images show continuous, non-porous and crack-free smooth
surfaces for the samples before exposure to saline medium.
However, the SEM images of samples subjected to 72 h
of prolonged exposure reveal cracks, severe damages and
blistering of coating surface (Fig. 4C and D). The extent
of damages is relatively higher for the MLO-coated sample
compared to MLO-GNR-coated sample. This suggests that
the presence of GNR enhances close packing in the MLO
network and serve as a blockade for the entry of corrosive
agents to the metal surface. However, both the MLO and
MLO-GNR coatings, despite being damaged, showed high
corrosion protection efficiency (above 90%) even after 72 h
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Fig.6 Coating stability studies: Potentiodynamic polarization data
(A), Bode impedance spectrum (B) and Bode phase angle diagram
(C) of bare and coated MS samples after 2 h, 24 h and 72 h of immer-

sion in 3.5% NaCl medium; (D) Bode plot obtained for MLO-GNR
coating after 6 months of open-air exposure

Table 3 Polarization and impedance data of coating stability studies in saline medium

Sample Immersion E. .. (V) Lo (A cm™) R, (Q cm™?) PE (%) Corrosionrate ~ 1ZI) ; 4, (4
time (hours) (Mil/year)

MLO coating 2h +0.2036 4.525%x 1077 66,425 99.60 0.2061 3.82x10* —66.3
24 h —0.4004 6.283%x107 6044 94.59 2.861 7.87%10° -193
72h -03967  1.118x107° 3645 90.38 5.091 456x10° —15.0

MLO-GNR coating 2h +0.3198 5.176x107® 546,195 99.95 0.0236 2.05%x10° —-79.3
24 h —0.3389 5.87%x10°° 8309 94.95 2.675 7.93%10° -22.6
72 h —04178 1.034% 107 4042 91.11 4.710 4.25%10° - 18.6

of prolonged exposure. These results gave conclusive evi-
dence that MLO-GNR coating show superior anti-corrosive
behaviour in saline medium.

To further assess the stability of MLO-GNR coatings
in open-air environments, the MLO—-GNR composite-
coated MS sample was exposed to open atmosphere for a

@ Springer

period of 6 months and its Bode impedance and Bode phase
angle responses were recorded at the end of 6 months. The
recorded Bode impedance (7.9 x 10~ Hz) and Bode phase
angle (— 76.9°) responses for MLO-GNR coating (Fig. 6D)
showed no significant deviation from those of MLO-GNR
coating recorded is saline medium. This suggests that the
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MLO-GNR coating possess excellent long-term open-air
stability and can be employed for the protection of iron
and steel structures in open environments. Based on these
results, it is concluded that the MLO—GNR nanocomposite
exhibit excellent barrier protection properties and has the
potential to be employed as an efficient anti-corrosive coat-
ing material for the protection of iron metal structures in
domestic and industrial applications.

4 Conclusions

In the present work, a thick brown semi-transparent paste
of MLO was developed by subjecting the bio-based LO to
malenization reaction. Subsequently, the GNRs synthesized
by the oxidative unzipping of MWCNTs were incorporated
into the paste of MLO by a simple sonication method to get
dark brown paste of MLO-GNR nanocomposite. Further,
the as-prepared bio-based MLO and MLO-GNR composite
materials were explored as a barrier layer on mild steel to
reduce its corrosion. The anti-corrosion behaviour of MLO
and MLO-GNR composite coatings on mild steel in 3.5%
NaCl solution was evaluated by performing potentiodynamic
polarization and impedance measurements. Both MLO and
MLO-GNR-coated mild steel showed higher corrosion
potential, higher polarization resistance, lower corrosion
current and lower corrosion rates compared to uncoated
mild steel substrate sample. MLO and MLO-GNRs coat-
ings exhibited protection efficiencies of 99.6% and 99.95%,
respectively, suggesting that they acted as an efficient anti-
corrosion barrier for the substrate. Further, MLO-GNR
nanocomposite-coated sample exhibited far superior pro-
tection capability and barrier properties compared to MLO-
coated sample which is solely attributed to incorporated
GNRs nanofiller. The investigations with prolonged expo-
sure of coated samples to saline medium showed reasonable
stability in 3.5 wt% NaCl solution up to 3 days though deple-
tion and morphological changes have set-in in the coating
after first day of immersion. Based on the observations from
the study, it is concluded that the bio-based MLO coatings
can effectively decrease the corrosion of mild steel and the
incorporation of GNRs to MLO in appropriate proportions
can further enhance anti-corrosion behaviour of coating. It
is further concluded that unexplored 2D nanomaterial GNR
emerge as the effective and promising alternative nanofiller
in corrosion prevention applications. Further, this study
established that there is plenty of scope for utilizing GNR
and its structural derivatives or its various nanocomposi-
tions in future research for development of improved anti-
corrosion coatings.
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