
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

/6
/2

02
6 

11
:0

4:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Synthesis of an e
aAcademy of Sri Lanka Institute of Nanotechn

Mahenwatte, Pitipana, Homagama, Sri Lan
bSri Lanka Institute of Nanotechnology

Mahenwatte, Pitipana, Homagama, Sri Lan
cInstitute for Combinatorial Advanced Res

Kotelawala Defence University, Ratmalana,
dInstitute of Materials Engineering and Tec

Sri Lanka. E-mail: mantilaka.publications@
eDepartment of Engineering Technology,

University of Sri Lanka, 70140 Belihuloya, S
fCentre for Nanodevices Fabrication and C

Technology, Sabaragamuwa University of Sr
gDepartment of Physics, Khalifa University

das@ku.ac.ae

Cite this: RSC Adv., 2023, 13, 28852

Received 30th April 2023
Accepted 8th September 2023

DOI: 10.1039/d3ra02857g

rsc.li/rsc-advances

28852 | RSC Adv., 2023, 13, 28852–2
co-inspired anticorrosive
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We synthesised a polyaniline/mica (Mica–PANI) nanocomposite using naturally occurring muscovite mica

by a top-down approach. The developed coating materials were characterised using a different technique

to investigate their chemical and structural properties using Fourier transform infrared spectroscopy (FTIR),

X-ray diffraction (XRD), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and

thermogravimetric analysis (TGA). Furthermore, the electrochemical properties of the coating materials

were investigated by linear sweep voltammetry (LSV). SEM images elucidate the composite's average

particle diameter of the prepared nano-mica, approximately 80 nm. The existence of relevant functional

groups and bonding in the prepared Mica–PANI composite material was confirmed by means of XPS and

FTIR techniques. Moreover, the synthesised composite with 5% w/w shows high anticorrosion

protection, i.e. 84 mm per year, compared to competing materials, including commercial paint and

individual raw materials (0.35 mm per year). The anti-corrosive effect occurs mainly due to two opposing

effects: the formation of an Fe(OH)3 passive layer on the steel surface by oxidation of surface iron atoms

by the PANI and the barrier effect of mica NPs through inhibition of corrosive agents. Therefore, the

eco-inspired composite could be an ideal cost-effective coating material to prevent the corrosion of

mild steel surfaces.
Introduction

Degrading metals through the corrosion process has become
a signicant challenge to ensure the durability of metal prod-
ucts and surfaces. Accordingly, corrosion protection has been
a vital topic among scientists, engineers, manufacturers, and
product consumers in recent years and for many decades.1 The
currently available techniques to protect metal structures from
corrosion include applying special protective organic or
metallic coatings, galvanising, corrosion inhibitors, etc.2–4

Nonetheless, the development of anticorrosive coatings using
organic and inorganic materials as composites has attained
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great interest in the eld of research and industries due to their
cost effectiveness, the availability of raw materials, effective-
ness, superior performance in corrosion protection, and the
synergetic properties on the nished product or surface.5,6

Moreover, the anticorrosive coating, fabricated by graing
corrosion inhibitors directly into nanocarriers and forming
nanocomposite coatings, is a promising strategy for protecting
metals and metal alloys against a corrosive environment.

PANI is highly utilised due to its fascinating and unique
properties such as redox tunability, environmental stability,
electrochromic properties, cost-effective/exible method of
production, and forming passivation of oxide layer between
metal and coating.7–9 It is also more attractive as it shows
a simple acid–base doping–developing process and three
distinct oxidation states with different colours.10 Alkyd or epoxy
resins are generally used to synthesise PANI-based anticorrosive
paints, which can protect metals and metal alloys from corro-
sion.11 Nevertheless, there are also limitations to using PANI in
anticorrosive paint due to its poor adhesion, thermal stability,
and low abrasion resistance.9,12,13

Muscovite is a phyllosilicate mica mineral with a chemical
composition KAl2(Al, Si3O10)(F, OH) widely found in the natural
deposits abundantly.14 The previous study conrms that
muscovite is a more convenient compound that can be utilised
for coatings.15 It also exhibits excellent properties for producing
© 2023 The Author(s). Published by the Royal Society of Chemistry
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anticorrosive paint, including structure with chemical stability,
low reactivity, compatibility in producing polymer matrices,
high electrical and thermal insulation, and protection fromU.V.
radiation.16

This paper describes a novel method to synthesise Mica–
PANI nanocomposite using naturally occurring muscovite mica
as an anticorrosive coating material on mild steel surfaces.
Although, there have been plenty of research based on PANI/
montmorillonite nanocomposites, PANI doped with p-toluene-
sulfonate for the anticorrosive performance, this study
contributes signicantly to the surface protective coating
industry as it uses Muscovite mica nanoparticles made with
a convenient top-down approach, which is readily available,
cost-effective, uncomplicated, nontoxic, insulative, and exible
material. This effort is also signicant in value-addition to
natural mica deposits in a sustainable manner. Preparing new
composite material as an anticorrosive coating for mild steel
surfaces is the critical element contributing novelty to the study.
Earlier studies have shown that PANI inhibits corrosion
through the barrier effect and electrochemical process of
forming a passive layer of Fe(OH)3 on the steel surface due to
the oxidation of surface iron atoms.17,18 In this study, the anti-
corrosion ability of PANI is further increased by the addition of
mica nanoparticles due to the barrier effect provided by mica
NPs towards corrosive agents.

Experimental
Synthesis

Analytical grades of aniline (∼99.5%), stearic acid (octadecanoic
acid ∼95%), hydrochloric acid (∼37%), sodium persulfate
(∼99.9%), and ethanol (∼99.8%) were purchased from Sigma-
Aldrich. Commercial grade 2K clear, 2K hardener (Alkyd
resin), xylene (thinner), and mild steel were purchased from Sri
Lankan open market. Mica samples were collected from
Badulla, situated in the lower central hills of Sri Lanka.

Preparation of mica nanoparticles (NPs)

Mica nanoparticles (NPs) were synthesised using a top-down
approach. Bulk mica sheets were ground to micron size in the
synthesis using a grinder. Then, the ground mica was sieved
using a 300 mm mesh strainer to obtain lesser size particles.
Aer that, sieved mica particles were ground using 1 mm silica
balls of nano-grinder for 2 h. Finally, the gravity ltration
technique separated mica nanoparticles from silica balls.

Preparation of Mica–PANI nanocomposites

To prepare Mica–PANI nanocomposites, 2 g of mica NPs was
added to 0.1 M, 25 mL stearic acid in ethanol solution. The
solution was heated to 80 °C, and then, 1.5 M, 25 mL of HCl was
added and stirred well using a magnetic stirrer until the solu-
tion became homogenous. Then, 2 mL of aniline was added to
the same solution and stirred further for 30 min. Later, 0.4 M,
25 mL of Na2S2O8 was added dropwise into the mixture at the
rate of 1 drop per sec. The prepared Mica–PANI composite
material was thoroughly washed with 200 mL of distilled water
© 2023 The Author(s). Published by the Royal Society of Chemistry
and collected by centrifugation at 6000 rpm. Finally, the
collected Mica–PANI composite was dried in a vacuum oven at
40 °C for 8 h.

Chemical characterisation

Fourier transform infrared (FT-IR). FT-IR spectra of the
Mica–PANI composite material, mica NPs, and PANI were
recorded on Bruker Vertex 80 FT-IR spectrometer with attenu-
ated total reectance (ATR) in the range of 500–4000 cm−1. The
measurements were performed with a resolution of 4 cm−1.

X-ray photoelectron spectroscopy (XPS). The elemental
composition of the prepared composite materials and mica NPs
was investigated by X-ray photoelectron spectroscopy (XPS)
Scienta ESCA 200 spectrometer with Al Ka X-ray source, base
pressure >5 × 10−10 mbar and spot size of 300 mm.

Physical characterisation

X-ray diffraction (XRD). The bulk mica prepared mica NPs,
PANI, and Mica–PANI composite were characterised using XRD
patterns from a Siemens D5000 Powder X-Ray Diffractometer,
with the Cu Ka radiation of wavelength l = 0.1540562 nm, and
the scan rate of 1° min−1 to study the crystalline phases. The
obtained XRD patterns were examined using X Powder 12
Soware with the help of the ICDD PDF2 database. The average
crystallite size of the composite was determined by applying the
Debye–Scherer equation to the major XRD peaks frommica NPs
and Mica–PANI composite.

Thermogravimetric analysis (TGA). Thermal analysis of the
prepared Mica–PANI composite material, mica NPs, and PANI
was conducted using a TGA STD Q600 from room temperature
to 800 °C at the heating rate of 10 °C min−1 in N2 purged
condition.

Morphological analysis and elemental analysis. Morphol-
ogies and the particle size of the prepared composite materials
and mica NPs were observed using scanning electron micros-
copy (SEM) Hitachi SU6600 with an accelerating voltage of 10 kV
and energy dispersive X-ray spectroscopy (EDX) to investigate
the elemental composition qualitatively.

Study of anticorrosive property

Mica–PANI composites of 0.34 g (5% w/w), 0.7 g (10% w/w), and
1.25 g (16% w/w) were dispersed separately in a mixture of 2K
clear (2.5 g), 2K hardener (0.625 g), and xylene (3.3 g) to prepare
the composite mixtures for the coating “a”, “b” and “c”
respectively to compare the activity of Mica–PANI composite
percentages. The ratios of each material of 2K clear, 2K hard-
ener, and xylene were selected according to the procedure
mentioned on the label of the products. To compare the activity
of individual components of PANI and mica NPs, mixtures for
the coatings “d” and “e” were prepared by of 5% w/w PANI and
5% w/w of mica NPs separately with the mixture of 2K clear (2.5
g), 2K hardener (0.625 g) and xylene (3.3 g). The coating “f,”
which is the “blank” sample, is prepared by mixing 2K clear (2.5
g), 2K hardener (0.625 g), and xylene (3.3 g). The coating “g”
with purchased commercial paint was prepared to compare the
corrosion inhibition efficiency of the Mica–PANI composite.
RSC Adv., 2023, 13, 28852–28860 | 28853
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Fig. 1 Schematic representation of the anticorrosive coatings.

Fig. 2 XRD patterns of (a) PANI, (b) Mica–PANI composite, (c) nano-
mica, and (d) mica.
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Brush coating technique was found to be effective for prepara-
tion of each coating among other techniques including spray
coating, dip coating and ow coating aer series of SEM image
investigation. Though, these seven coatings were applied on
mild steel immediately using the brush coating technique aer
polishing the surface with 220 and 400 emery papers and
cleaning with acetone and ethanol. The coated area is 1 cm ×

1 cm. The thicknesses of the coatings were measured using
a digital micrometre screw gauge.

Corrosion studies were carried out on each coated and
uncoated (bare) mild steel surface initially (soon aer dipping
the coating inside the NaCl solution) and aer 24 h in the same
condition to observe the changes aer attaining the equilibrium
position inside the solution to conrm the stability of the
coatings. The coated and uncoated mild steel was used as the
working electrode with a platinum sheet counter electrode and
Ag/AgCl reference electrode in 0.1 M NaCl (aq) solution. Linear
sweep voltammetry (LSV) studies were carried out for each
coating cast on mild steel surfaces. LSV was performed in the
potential range from −0.5 V to +0.5 V with respect to the open
circuit potential of each sample at the scan rate of 5 mV s−1. The
corrosion studies were performed using a potentiostat (Met-
rohm Autolab PGSTAT 302N). Electrochemical Impedance
Spectroscopic (EIS) study was carried out in the frequency range
105 Hz to 0.1 Hz with an amplitude of 10 mV under no applied
DC bias.

The corrosion efficiency of the coatings (in percentages) on
mild steel surfaces were calculated by taking the corrosion rate
of bare mild steel surface as a reference as 100%.

The corrosion rate efficiency ðpercentagesÞ

¼ Corrosion rate of specific coating

Corrosion rate of uncoated steel coating
(1)
Results and discussion
Natural muscovite sample and synthesised intermediate and
nal products

The formation of short chains of polymers or oligomers of PANI
was conrmed in the experimental procedure by the appear-
ance of thick and brown colour colloidal solution at the initial
stage of polymerisation of the PANI. The continual process of
polymerisation leads to long PANI polymer chains in which the
colloidal turns blue-green at the nal stage.10 A schematic
representation of the anticorrosive coatings is shown in Fig. 1
below.

The XRD spectrum of the raw mica material (Fig. 2d) reveals
that it consists of peaks at 2q values of 8.82°, 17.98°, 26.74°,
36.2°, 45.36°, and 54.92° are attributed to the corresponding
basal planes of (002), (004), (006), (112), (0010), and (139) that
can be assigned to muscovite (JCPDS card no. 01-089-5401). The
muscovite consists of the chemical composition of KAl2.20(Si3-
Al)0.975O10((OH)1.72O0.28) with a monoclinic crystallographic
structure. The intermediate product nano ground mica (nano-
mica) shows similar XRD peak positions in the pattern with
28854 | RSC Adv., 2023, 13, 28852–28860
the slight broadening of the peak that relates to the width of the
peak due to increment in the high surface area and breakage
along weaker cleavage planes (Fig. 2c). The pure PANI exhibit
a sharp peak at the 2q value of 21.13° and two other peaks
around 24.29° and 26.99° with the corresponding planes (011),
(020), and (200) respectively (Fig. 2a). The peaks at the 2q values
of 21.77° and 24.55° representing PANI are also observed in
Fig. 2b, which indicates the PANI-coated nano-mica (mice-
PANI). The XRD pattern of Mica–PANI consists of the peaks of
both nano-mica and PANI, conrming the process of coating
PANI on mica. The spectra reveal the certainty of the lattice
structure of the formation of the nano-mica and polymer of
PANI-coated nano-mica.

FE-SEM images of the raw, intermediate product materials
“nano-mica and PANI” and the nal product “Mica–PANI” are
revealed in Fig. 3a–c, respectively, with different magnications.
Images of FE-SEM (Fig. 3a) describe the changes in the layered
silicate structure of muscovite during the top-down approach of
mechanical milling to produce nano-mica. It shows that
muscovite's distinct layered silicate structure with sharp edges
has changed to an agglomerated ball-like structure with an
average particle diameter of 80 nm. Fig. 3b conrms the worm-
like agglomerated heterogeneous polyaniline formation with
the average particle length and width of 500 nm and 75 nm,
respectively. A similar morphology of the PANI is observed as
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The two different magnifications of the (a1) and (a2) nano-mica
with low-focused and highly-focused images (b1) and (b2) PANI with
low-focused and highly-focused images (c1) and (c2) Mica–PANI
composite with low focused and highly-focused images.
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the coating of the nanomica in the image Fig. 3c. It has an
uneven surface with the blunted edges of muscovite. It is
completely covered with PANI, which explains that nano-mica
has offered the active sites to initiate the nucleation process
of PANI during polymerisation.9,10

The chemical structure of the PANI, Mica–PANI, nano-mica
and mica are illustrated in Fig. 4a–d, respectively. FT-IR spec-
trum conrms the presence of the synthesised intermediate
Fig. 4 FT-IR focused images in the ranges of wavenumber 4000–
600 cm−1 of (a) PANI, (b) Mica–PANI composite, (c) nano-mica, and (d)
mica.

© 2023 The Author(s). Published by the Royal Society of Chemistry
nano-mica and product PANI-coated muscovite (Mica–PANI) by
the appearance of the corresponding peaks. The characteristic
band at 830–900 cm−1 in Fig. 4d is referred to the octahedral
sheets occupied by a trivalent central atom O–H bending bands
to the silicate sheets in the structure of muscovite.19 The weak
band at around 3624 cm−1 represents the stretching of the free
hydroxyl group between tetrahedral and octahedral sheets in
the structure of muscovite. The Al–OH group in the mica lattice
does not show any peak due to no accessible reaction for steric
hindrance. The bands in the range 600–750 cm−1 exhibit the
bending vibrations of the Si–O bond.20 The Al–O out-of-plane
vibrations absorb at 810 cm−1, and Al–O–Si in-plane vibra-
tions absorb at 750 cm−1. Liberational vibrations involving OH
lie between 950–800 cm−1.19,21–23 The FT-IR spectra of nano-mica
(Fig. 4c) show similar trend spectra like bulk mica with precise
change. The peak around 3406 cm−1 displays a broad peak
attributed to the hydroxyl (OH) group between tetrahedral and
octahedral sheets. The difference between bulk and nano-mica
is due to the rise in the surface area that leads to the effective
vibration mode of the hydroxyl group.24

The characteristic bands (Fig. 4b) of Mica–PANI conrm the
presence of PANI and Muscovite by the characteristic peaks of
each compound. The presence of PANI is conrmed chemically
in Fig. 4a. The characteristic bands at 2800 cm−1 to 3200 cm−1

are referred to as the stretching mode of N–H.25 The bands at
the ranges from 1697 cm−1 and 1470 cm−1 corresponded to
C]N and C–C stretching modes for the quinoid and benzenoid
rings.9,10,26 The bands at about 1090 cm−1 have been referred to
as the C–N stretching mode for the benzenoid ring. The band at
780 cm−1 is specied to an in-plane bending vibration of C–H
(mode of N]Q]N, Q]N+ H]B, and B–N+ H–B; where Q is
a quinonoid unit. B is a benzenoid unit) formed during
protonation.12,13 Similar bands detected at 3406 cm−1, and
938 cm−1 represent the presence of characteristic muscovite in
the nal product Mica–PANI illustrated in Fig. 4b.

The thermal properties of the PANI, prepared composite
Mica–PANI, nano-mica, and bulk mica, are interpreted using
thermograms which are shown in Fig. 5a–d, respectively. The
Fig. 5 TGA plots of (a) PANI, (b) Mica–PANI composite, (c) nano-mica,
(d) mica.

RSC Adv., 2023, 13, 28852–28860 | 28855
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TGA graphs of the nano-mica and Muscovite (Fig. 5c and d)
interpret that muscovite exhibit higher thermal stability
comparatively than the nano-mica due to lower surface area and
lower concentration of free water molecule and a hydroxyl
group. The mass-loss (0.37%) at the temperature range between
150 °C and 400 °C at the TGA curve of muscovite is due to
adsorbed water that is different from simple moisture. In the
case of nano-mica, the TGA curve shows two stages of weight
loss at the temperature ranges between 100 –700 °C and 700–
890 °C that show weight loss as 10.03% and 0.98%, respectively.
The weight loss results from adsorbed water content and the
removal of hydroxyl ions below the temperature of 890 °C. The
total mass loss of muscovite and nano-mica is 4.7% and
11.01%, respectively.

The TGA curve of PANI (Fig. 5a) shows three stages of weight
loss. The rst weight loss of 11.37% at 130 °C is probably due to
the evaporation of physisorbed water molecules. The second
weight loss of 24.25% at the temperature of 460 °C can be
attributed to the decomposition and evaporation of unreacted
solvents. The third weight loss of 30.98% at the temperature of
907 °C is due to the degradation of the unsaturated group present
in the polymer. The total weight loss of PANI is 66.6%. The TGA
curve of composite Mica–PANI also exhibits a similar curve to
PANI as it has the coating of the PANI on the surface of musco-
vite. However, the composite show comparatively higher thermal
stability than the PANI as it consists of thermally stable nano-
mica. The Mica–PANI composite exposes three stages of weight
loss, as clearly indicated in Fig. 5b. The rst weight loss of 8.97%
in the composite's TGA curve can be associated with removing
physisorbed water molecules via evaporation. The second weight
loss at the temperature of 320 °C shows 19% due to the decom-
position and evaporation of the unreacted solvents. 15% of
weight loss in the third stage of the TGA curve can be related to
the removal of hydroxyl ions of the muscovite nano-mica and the
decomposition of the unsaturated group present in the polymer
matrix. The TGA curve of the composite can be concluded that
the composite is stable enough up to the temperature of 800 °C
that the structure can be preserved due to the polymer coating.
Fig. 6 Tafel plots of composition weight percentage (a1) initial (a2)
24 h and individual components at (b1) initial and (b2) 24 h after dipping
the coating inside the 0.1 M, 30 mL NaCl solution.
Mechanism of composite of Mica–PANI formation

Muscovite composition, which is (K, Na)(Al, Mg, Fe)2(Si3Al2.90-
H2KO12Si3.10), has plenty of hydroxyl groups due to water
adsorbed molecules on the surface of mica NPs. The electro-
chemical interaction between the carbonyl group of the stearic
acid and the negatively surface-charged mica NPs forms the
highly reactive COO− group to the surface. The hydrogen
bonding interaction between the surface hydroxyl groups, or the
hydroxyl groups in ethanol, makes it possible to weaken the
strong particle agglomeration of mica NPs and form a disper-
sion. Then, adding aniline to the mixed homogeneous
suspension of HCl and mica NPs produces the adsorbed aniline
on the surface of muscovite NPs due to the electrostatic inter-
action. When the initiative oxidant sodium persulfate is added
to the solution, polymerisation is initiated just as at adsorbing
sites producing a large number of PANI nuclei on the surface of
the muscovite NPs by heterogeneous nucleation. The initial
28856 | RSC Adv., 2023, 13, 28852–28860
lower molecular weight positively charged PANI molecular
chains would spontaneously be surrounded by free negative
ions (Cl−), forming an excellent protective layer to restrain the
growth of PANI. The excess ionic liquids and ethanol can be
washed out at the end of the polymerisation process.12,27
Anticorrosive property of prepared product Mica–PANI
nanocomposites

Dynamical aspect of anticorrosive performance. Fig. 6a1 and
a2 show Tafel plots for coatings with different weight percent-
ages of Mica–PANI composites aer reaching the initial equi-
librium and aer continuing to be in the corrosive conditions
for 24 h respectively. According to Fig. 6a1, Ecorr are most
negative for bare mild steel at −0.8088 V and for the blank at
−0.84339 V. For the 5% composite, Ecorr is −0.68822 V. Ecorr
values of the 10% (−0.70924 V) and 16% (−0.66647 V)
composites are not signicantly different from that of 5%
composite. Jcorr is the lowest for the 5% composite material at
2.23 × 10−6 A cm−2 which is an order of magnitude lower than
that of bare mild steel at 8.36 × 10−5 A cm−2. According to Ecorr
and Jcorr, the 5%, 10%, and 16% composite materials have
signicant and comparable anticorrosion activity compared to
bare mild steel and the blank samples. Hence, the composite
samples resulted the lowest corrosion rates of 2.7%, 3.9%, 3.1%
are for 5%, 10%, and 16% composites respectively compared to
the bare mild steel (100%) and the blank (86.7%) corrosion
rates.

As shown in Fig. 6a2, even aer 24 h, the composites showed
better anticorrosion activity with less negative Ecorr and smaller
Jcorr compared to that of bare steel and blank samples and
hence lower corrosion rates. This 24 h result also indicates the
appreciable composite coating stability. The weight percentage
increase of Mica–PANI composites has not signicantly
improved the anticorrosion performance of the coating. This
could be due to several reasons. At higher weight percentages it
is possible that composite material aggregates28 and the lm
integrity,29 homogeneity,30 diffusion properties,31 and the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Tafel plots for comparison of the Mica–PANI composite and
commercial paint (a) initial equilibrium (b) 24 h after dipping the
coating inside the 0.1 M, 30 mL NaCl solution.

Table 1 The composition of each prepared coating and the electrochemical parameters of the initial coatings and coatings dipping into the
0.1 M NaCl solution for 24 hours

Coating

Content Electrochemical corrosion studies

Compound
2K
clear (g)

2K
hardener (g)

Xylene
(g)

EcorrjEcorr
24 h (V)

JcorrjJcorr
24 h (A cm−2)

RpjRp

24 h (U)
RMjRM 24 h
(mm per year)

RMjRM
24 h (%)

a 5% compo 2.5 0.625 3.3 −0.68822 2.23 × 10−6 51 620 0.025958 2.7
−0.66259 7.27 × 10−6 29 380 0.08444 0.23

b 10% compo 2.5 0.625 3.3 −0.70924 2.66 × 10−6 29 403 0.030895 3.9
−0.57674 1.07 × 10−5 11 158 0.12472 0.3

c 16% compo 2.5 0.625 3.3 −0.67273 2.57 × 10−6 13 568 0.029855 3.1
−0.69614 7.16 × 10−6 12 534 0.08315 0.22

d 5% PANI 2.5 0.625 3.3 −0.66647 2.67 × 10−5 3108.1 0.30973 31.9
−0.69416 4.44 × 10−5 2525.6 0.51567 1.4

e 5% mica NPs 2.5 0.625 3.3 −0.78363 3.54 × 10−6 85 803 0.041167 4.2
−0.76444 1.63 × 10−5 9953.1 0.18946 0.5

f Blank 2.5 0.625 3.3 −0.84339 7.25 × 10−5 9355.2 0.84257 86.7
— −0.80752 1.28 × 10−4 4345 1.4908 3.96

g Commercial — — — −0.66857 5.76 × 10−6 13 800 0.06688 6.9
−0.72038 3.02 × 10−5 37 503 0.35107 0.9

h Uncoated
mild steel

— — — −0.8088 8.36 × 10−5 404.72 0.97151 100
−0.93131 0.0032355 192.26 37.596 100
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electrochemical performance32 are altered. Moreover, 5%
composite showed the highest Rp at 51 620 U compared to all
other samples indicating the greater resistance to corrosion
(Table 1).

Fig. 6b1 and b2 show Tafel plots for coatings with individual
components of the composite, mica and PANI, aer reaching
the initial equilibrium and aer continuing to be in the corro-
sive conditions for 24 h respectively. According to Fig. 6b1, Ecorr
are most negative for the bare mild steel at −0.8088 V and the
blank at −0.84339 V. The lowest Ecorr was obtained for PANI is
−0.66647 V, which is comparable for that of the composite at
−0.67273 V indicating the corrosion resistant nature. Similarly,
Jcorr are highest for the bare mild steel at 8.36 × 10−5 A cm−2

and the blank at 7.25 × 10−5 A cm−2. Jcorr are the lowest for
composite material at 2.57 × 10−6 A cm−2 and then for mica at
3.54 × 10−6 A cm−2 which indicated the anticorrosion behav-
iour. Hence the composite has the lowest corrosion rate
compared to that of bare mild steel, blank, and the individual
components, mica (4.2%) and PANI (31.9%). A similar trend
could be observed in Fig. 6b2 aer 24 h as well. The variation of
Jcorr suggests that incorporation of mica NPs into the composite
has enhanced the anticorrosive performance of coating as it
acts as a barrier for the penetration of atmospheric oxygen and
forming a passive layer on steel surface. In addition, mica has
the highest Rp among all the samples, further conrming its
great barrier effect for corrosion. The variation of Ecorr shows
that incorporation of PANI into the composite has enhanced the
anticorrosive performance of coating via its electrochemical
processes. This conrms that the composite of Mica–PANI
signicantly improved the anticorrosion performance of the
coating compared to individual components due to combined
barrier effect and electrochemical process of mica and PANI.

The Tafel plots in Fig. 7 show the initial and aer 24 h
comparison of the composite Mica–PANI with the commercially
© 2023 The Author(s). Published by the Royal Society of Chemistry
available anticorrosive paint. According to Fig. 7a, initially both
the composite and the commercially available anticorrosion
paint performs in a similar manner comparing Ecorr and RP. Jcorr
is better for the composite and hence smaller Rm and corrosion
efficiency compared to the commercial paint. Interestingly,
aer 24 h, the composite had better values for Ecorr, Jcorr, RP, Rm,
and corrosion efficiency indicating a better anticorrosion
activity. This conrms that the anticorrosion activity and the
coating stability is superior in the composite.

Electrochemical impedance data. To compare the coating
performance, electrochemical impedance spectroscopy was
RSC Adv., 2023, 13, 28852–28860 | 28857
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done on the bare mild steel sample and the 5% composite
sample. The equivalent circuits were tted on electrochemical
impedance data to understand the mechanism. Fig. 8a and
b show the equivalent circuits for the baremild steel and the 5%
composite electrodes respectively where Rs is the solution
resistance, Rcp, Qcp, W, are the resistance of the corrosion
product (oxide) layer, the capacitance of the corrosion product
layer and the diffusion of materials respectively. Cc and Rc are
the coating capacitance and the coating resistance respectively,
where Rct and Qdl are the charge transfer resistance at the
electrode interface and the electrochemical double layer
capacitance respectively. Bare mild steel equivalent circuit
shows evidence of high degree of corrosion susceptibility by
having a low Rct of 84.9 U and formation of a strong passivation
oxide layer by having a high Rcp of 2290U. The equivalent circuit
for 5% composite sample shows the higher resistance of 554 U

of Rc indicating the good coating performance and much lower
Rcp of 401 U compared to bare mild steel sample indicating the
mild formation of corrosion product layer. Most importantly,
for the composite Rct is signicantly high as 1.05 KU compared
Fig. 8 Equivalent circuit used to obtain electrochemical impedance
data.

Fig. 9 Nyquist plot for electrochemical impedance data.

28858 | RSC Adv., 2023, 13, 28852–28860
to that of bare mild steel indicating the corrosion resistant
behaviour at the metal interface. In addition, the exponent (N)
of the Qdl of the composite sample gives a much lower value of
0.308 compared to that of bare at 0.983 conrming the resistive
nature at the metal interface when the coating is present.
Therefore, impedance results conrm that the coating has
excellent anticorrosion properties (Fig. 9).

Morphological aspect of anticorrosive performance. The
images of the coated mild steel with the coatings of blank paint
and composite paint which were dipped for 24 h inside the
0.1 M, 30 mL NaCl solution, are demonstrated in Fig. 10. The
images clearly indicate that high corrosion protection is
observed in composite and blank respectively.

Visual observations on the comparison of corrosion effi-
ciency of coated mild steel with coatings blank paint and
composite Mica–PANI paint against the bare mild steel and,
which were dipped for 120 h into the solution of 0.1 M, 30 mL of
NaCl solution were depicted in Fig. 11 below. The high corro-
sion protection is observed for the composite than that the
blank paint and bare mild steel even aer 120 h.

Fig. 12 below represents the graphical representation of
percentage of corrosion rate efficiency RM% for different paint
coatings w.r.t. bare mild steel (100%). The synthesised Mica–
PANI nanocomposite material exhibits the highest corrosion
Fig. 10 Images of the comparison of the efficiency of the anticorro-
sive property of coating of blank and composite Mica–PANI paint after
24 h of dipping the coated mild steel inside 0.1 M, 30 mL of NaCl
solution.

Fig. 11 Images of the comparison of the efficiency of the anticorrosive
property of coating of blank, commercial paint, composite Mica–PANI
with mild uncoated steel after 120 h of dipping the coated mild steel
inside 0.1 M, 30 mL of NaCl solution.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Graphical representation of percentage of corrosion rate RM%
for bare mild steel, blank coating, (16%) PANI coating, (16%) mica
coating and composite paint coatings.
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resistance of around 84 mm per year (RM ∼ 0.23%) compared to
blank sample of alkyd resin (1490 mm per year, 3.96%), existing
commercial paint (351 mm per year, 0.9%), and other individual
components such as PANI coatings (∼516 mmper year, 1.4%) on
mild steel surfaces. The results clarify that Mica–PANI nano-
composite is a challenging material for high-tech applications
for surface coating.
Conclusions

Mica–PANI nanocomposite material was fabricated using
natural muscovite and showed high potential as an anticorro-
sive coating on mild steel surfaces. The anticorrosive property
study conrmed that the high anticorrosion protection of the
product is mainly due to the electrochemical process and
barrier effect through inhibition of corrosive agents like atmo-
spheric O2 and acidic environment. The muscovite mica in the
composite product is attributed to high corrosion resistance
due to its attractive properties, including high electrical and
thermal insulation and chemically inertness. The synthesised
eco-inspired Mica–PANI nanocomposite material exhibits the
highest corrosion resistance of around 84 mm per year
compared to blank sample of alkyd resin (1490 mm per year),
existing commercial paint (351 mm per year), and other indi-
vidual components such as PANI coatings (∼516 mm per year)
coated onmild steel surfaces. The results clarify that Mica–PANI
nanocomposite is a challenging material for high-tech appli-
cations for surface coating. The study generally reveals pros-
perous novel techniques for fabricating Mica–PANI
nanocomposite utilising naturally available muscovite mica and
PANI. Furthermore, it indicates the capability of Mica–PANI
nanocomposite as a highly anticorrosive and low-cost surface
coating material for mild steel surfaces.
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