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The polyaniline (PANI) coating on a mild steel (MS) surface, prepared from 0.3 M aniline in 0.04 M benzoic acid in a 3:1 alcohol-water
(BAW) solvent, was investigated by the galvanostatic method. The influence of current density on the development of a homogeneous
and adherent PANI coating on MS was explored at current densities of 100, 200 and 300 pA cm2. The results showed a sequential process
of MS dissolution, benzoate salt formation, oxidation of the aniline monomer and PANI coating nucleation and growth. The corrosion
behaviour of the PANI coating was examined using potentiodynamic polarisation (PDP) and electrochemical impedance spectroscopy
(EIS) in a 0.4 M NazSOs solution to simulate an industrial environment. The inhibition efficiency of the PANI coating was affected by
the applied current density. The best inhibition efficiency of the PANI coating by PDP, obtained at 100 uA cm-2, was approximately 96%,
followed by 85% at 200 pA cm2 and 75% at 300 pA cm-2. The EIS showed 99.75% inhibition efficiency, resulting in excellent barrier
protection. The PANI film showed stability in 0.4 M Na2SOs solution at a higher anodic potential. The optical and scanning electron
microscopic techniques were utilised to investigate the microstructural features and surface morphology of the coatings before and after

polarisation exposure.

Keywords: Electropolymerisation, Mild steel, Benzoic acid in alcohol-water, Polyaniline.

INTRODUCTION

Corrosion protection remains a major concern in modern
industry because the degradation of metallic materials leads
to significant economic losses, resource depletion and safety
hazards [1]. Mild steel (MS) is widely used in wires, fencing,
automobiles, pipelines, machinery components and construc-
tion materials due to its low cost and favourable mechanical
properties [2]. Its susceptibility to corrosion has stimulated
extensive research on protective coatings. Polymer coatings
have attracted considerable attention for MS protection owing
to their chemical, optical, environmental, electrical and thermal
properties [3-8], together with their ease of preparation and
application [9,10]. Among conducting polymers, polyaniline
(PANI) has emerged as a promising green anticorrosion mat-
erial. Electrochemically deposited PANI coatings on active
metals have shown excellent corrosion protection due to their

environmental compatibility, simple synthesis and favourable
protective characteristics [11-15].

Hence, using PANI-based coatings has increased and is
considered the best option for metal corrosion protection.
PANI protects the MS by preventing etchant penetration and
forming a passive primer film on the metal surface. Wessling
suggested [16] that PANI and polypyrrole (PPy) conducting
polymer coatings may tend to self-heal the passive film
between the metal and the coating, which might be naturally
restored at defective areas with the oxidation of conductive
polymer. The inherent porosity and ion-exchange character-
istics of conducting polymer coatings may facilitate electrolyte
penetration into the coating matrix, thereby limiting their long-
term protective performance [16,17].

Adhesion of the coating to the mild steel substrate plays
a crucial role in corrosion protection [18] and this character-
istic is strongly influenced by the electrolyte composition and

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original
creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made.


https://orcid.org/0000-0001-6010-9495
https://orcid.org/0009-0006-0935-5838
https://orcid.org/0000-0002-7491-0731
https://orcid.org/0000-0001-9405-6889
https://orcid.org/0000-0002-8592-4856

2038 Gupta et al.

Asian J. Chem.

dopant ions employed during the electropolymerisation of
aniline onto the MS surface. Researchers have proposed the
use of oxalic acid [19-21], sodium oxalate [22,23], sodium
benzoate [24] and sodium salicylate [25] as the electrolytes
in the polymerisation of aniline. It has been reported that
polyaniline can be deposited after the first oxidation of the MS,
which forms an oxalate/salicylate/benzoate pseudopassive
layer. This pseudopassive layer can diminish metal dissolu-
tion without interfering with the electron transfer process for
polymer synthesis [26]. PANI electrosynthesis has primarily
been explored with oxalic acid as an electrolyte. However,
the oxalate layer does not adequately control iron dissolution;
consequently, iron loss and electrolytic bath contamination
have been issues.

Our previous study has found sodium potassium tartrate
(Na-K tartrate) and benzoic acid in alcohol-water (BAW) as
a superior substitute to oxalic acid for PANI coating on MS
by the potentiodynamic method [27,28]. The Na-K tartrate
medium eliminated the induction period related to mild steel
dissolution and lowered the energy requirement for PANI
polymerisation and deposition, thereby reducing substrate
degradation during coating formation [29].

The present work aims to examine the influence of current
density on the deposition behaviour and adhesion character-
istics of PANI coatings on MS. Particular attention is given
to obtaining compact and adherent PANI films in benzoic
acid-water (BAW) electrolyte to improve the corrosion resis-
tance of MS. The protective performance of the coatings was
assessed in a simulated industrial environment using 0.4 M
Na,SO3 as the corrosive medium. Electrochemical measure-
ments showed that aniline oxidation in BAW required only
0.1 mC cm2 of charge for polymerisation initiation. The BAW
medium substantially reduced iron dissolution during electro-
polymerisation and lowered the energy requirement for PANI
formation and subsequent coating deposition on the MS surface.

EXPERIMENTAL

Aniline, ethanol and sodium sulphite were purchased from
Fisher Scientific, India while benzoic acid was obtained from
Merck, India. Aniline was stored in an air-tight, coloured bottle
after being freshly distilled before usage. The experiment was
conducted at room temperature using solutions prepared in
milli water with the requisite concentrations. Commercial-
grade mild steel (MS) was cut into 3 cm x 3 cm x 0.15 cm
pieces obtained from the local market of Kathmandu, Nepal.
After that, the samples were abraded with various grades of
silicon carbide (SiC) paper (#100 to #2000) until the MS
surface was slick. Before each measurement, the polished
MS samples were washed with hexane. The samples were
taken in ethanol for ultrasonication for 10 min and dried using
compressed air.

Galvanostatic deposition of polyaniline: A potentiostat
of Hokuto Denko HA-151 was used for the electrodeposition
of PANI on the abraded MS samples [30]. In a three-electrode
setup, the MS sample was employed as a working electrode, a
saturated calomel electrode (SCE) and graphite electrodes
were employed as reference and counter electrodes. Applying
an anodic current through an MS sample introduced in 0.3 M
aniline containing 0.04 M benzoic acid in 3:1 alcohol-water

(BAW) deposited PANI on MS galvanostatically. The current
density of 100 pA cm to 300 pA cm2 was applied for the
deposition of PANI on MS. After polymerisation, the PANI-
coated MS was washed with milli water, dried using compre-
ssed air and kept in a desiccator for the study.

Surface morphology: Radical Scientific, India, a light
polarizing microscope, was applied to study the PANI-coated
MS surface morphology in reflection mode with a connected
USB ProCam. Before and after polarisation experiments,
images of the PANI coatings were taken. The surface morp-
hology of PANI was also established by scanning electron
microscope (SEM). The elemental composition of PANI was
examined by energy dispersive X-ray spectroscopy (EDX)
using a JEM-1200EX electron microscope (JEOL, Japan).

Corrosion test: PANI coating performance for corrosion
control was examined in 0.4 M NazSOs solution by the poten-
tiodynamic technique and electrochemical impedance spectro-
scopy (EIS). The PANI-coated MS samples were immersed
in the test solution for 30 min to obtain a constant open circuit
potential (OCP). The potentiodynamic polarisation was carried
out by sweeping the potential + 200 mV from the open circuit
potential (OCP) at a scan rate of 1 mV/s. The corrosion
inhibition efficiency (IE) was calculated using the egn. 1:

Inhibition efficiency (IE,%) = IC"”I—C"" x100 (1)

where leonr and I'corr are the corrosion current densities of
uncoated MS and PANI-coated MS, respectively. The Tafel
plot was used to determine the corrosion current and potential.
The EIS was also measured in the CH 660 electrochemical
workstation at the OCP. The EIS was recorded using an AC
signal of MS and PANI-coated MS in 0.4 M Na;SOs with an
amplitude of 10 mV between 100 kHz and 0.01 Hz. Using the
ZView 2 software, the experimental findings were analysed.
From the Nyquist plot, the charge transfer resistance (Rct)
was determined. The fitting analysis substituted the constant
phase element (CPE) for the double-layer capacitance (Cdl)
to obtain a better fit. The percentage corrosion inhibition
efficiency (n%) was determined from eqn. 2:
(VAN Rct — Rgt
IE (%) —R

ct

=100 @)

where the charge transfer resistances of PANI-coated MS and
MS are denoted by R and R, respectively.

RESULTS AND DISCUSSION

Galvanostatic polymerisation of aniline: The electro-
chemical deposition of PANI coating on MS was achieved
by oxidation of aniline under galvanostatic conditions. The
galvanostatic behaviour of MS immersed in 0.3 M aniline +
0.04 M BAW polymerizing solution at current densities of
100 pA cm2, 200 pA cm2 and 300 uA cm 2, respectively, is
shown in Fig. 1. The formation of PANI coating on MS invo-
Ives three distinct stages, as shown in the potential-time curve:
(1) dissolution of MS, (1) formation and growth of the passive
film and (111) oxidation and deposition of PANI coating. Fig.
1 shows no induction period is related to MS dissolution and
passivation. This property reflects that, unlike oxalic acid,
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Fig. 1. Galvanostatic coating of a PANI on MS in 0.3 M aniline with 0.04

M BAW at different current densities

which has a distinct induction phase, MS dissolution occurs
almost immediately once current is applied (inset in Fig. 1).

The potential remains around -0.270 V during the early
phases of polarisation, as shown in Fig. 1 and during stage I,
there is a sharp increase in potential, which can be attributed
to MS dissolution and the formation of Fe- benzoate. The MS
dissolves anodically over time, dependent on the applied
current density. The following relationship defines the charge
(Q) that passes through the electrode before the potential
increases [31,32].

Q=1Ixt )
where | is the current density (uA/cm?) and t is the time (sec).

In oxalic acid solution, a charge of 275 mC cm™2 is
required for the oxidation of aniline [31], butin BAW, aniline
oxidizes with just 0.1 mC cm~ of charge. As a result, BAW
prevents iron loss and reduces the energy required for the
polymerisation and subsequent coating of PANI on MS. It
subsequently gains in potential (Region Il) and a marginal
change in potential (Region II1).

The MS potential rises as the current density amplifies in
the polarisation process represented that metal dissolution
decreases as the applied current density rises [33]. The poten-
tial increased abruptly from -0.270 V to 0.270 V at a lower
current density (100 pA cm2), then amplified to 0.912 V with
effects depicting the passivation and dissolution of MS till 8 sec.

The development of an Fe-benzoate passive film prece-
ded aniline oxidation, which caused a gradual rise in potential
and promoted the polymerisation and deposition of PANI. The
current density and other experimental parameters, viz. media
and MS, ascertain the charge needed to oxidize MS [29,34].
For current densities of 200 uA cm= and 300 pA cm, the
corresponding potential rose from -0.200 V to 0.634 V in 4
sec and 0.612 V t0 0.739 V in 3 sec. A rise in current density
causes the passivation of the MS surface. A small drop in
potential reveals the passivation, which remains constant due
to the continuous growth and surface coverage of PANI.

At a nearly steady potential, small polymerisation was
observed on the outer surface. Progression of the polarisation
process resulted in a gradual rise in potential and the initiation
of external PANI deposition. A prolonged stable potential
region followed the formation and thickening of the polymer

film. These results are similar to those reported for the electro-
deposition of aniline onto MS [31,33,35,36]. Thus, a higher
PANI formation rate can be obtained with a higher applied
current density.

During the electrochemical deposition of PANI, a radical
cation reacts with another radical cation to produce a dimer
and combines with an aniline cation to generate polyaniline
[37-39]. The proposed reaction mechanism can be summarized
as follows: the initial potential region corresponds to the
dissolution of iron from the mild steel surface.

Fe — Fe** + 2e 3)

A passive layer is produced at the MS surface when the
Fe?* combines with benzoic acid to form an insoluble Fe-
benzoate.

Fe?* + CsHsCOO, — (CsHsCOO) Fed (4)

Following inhibition of metal dissolution, charge transfer
became predominantly associated with aniline oxidation and
the formation of radical cations responsible for polymer growth.
The corresponding increase in potential accompanied the pro-
gression of polymerisation. The reaction pathway involving
dissolution, passivation, oxidation and polymer formation is
summarized below:

+

Aniline

.
NH,

Aniline

OO0

Polyaniline

Morphology of PANI coating: The morphology of the
electropolymerised PANI coating was strongly influenced by
the applied current density. The optical micrographs (Fig. 2a)
illustrate the surface appearance of PANI-coated mild steel
prepared at different current densities. Deposition at 100 pA
cm2 produced a uniform, compact and homogeneous PANI
film with good surface coverage. An increase in current den-
sity to 300 pA cm2 resulted in a progressive reduction in
coating thickness and surface uniformity. The deterioration
in coating quality at higher current densities can be attributed
to enhanced passivation and oxidation of the mild steel subs-
trate, which reduced the fraction of charge available for aniline
oxidation and polymer growth. Partial overoxidation of the
deposited PANI may also occur under these conditions, lead-
ing to dissolution of brown polymeric species from the outer
layer into the electrolyte solution. In contrast, deposition at
lower current density favoured controlled polymer growth,
resulting in a homogeneous coating composed of uniformly
distributed spherical features.
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The surface morphology of the PANI coating deposited at
100 pA cm2 was further examined by SEM and the corres-
ponding micrograph and EDX spectrum are shown in Fig. 3.
The SEM image revealed the formation of a thick and compact
coating with fine granular features that became distinct only at
higher magnifications. The presence of carbon and nitrogen in
the EDX spectrum verified the successful deposition of the
PANI layer on the mild steel substrate.

Potentiodynamic polarisation in 0.4 M Na2SOs: In0.4 M
sodium sulphite, the corrosion behaviour of PANI-coated MS
was examined after measuring open circuit potential for 30

0 pA cm”

300 pAcm’?
/{" 'y

min. Potentiodynamic polarisation curves are shown in Fig. 4.
The electrochemical parameters measured, such as corrosion
current density (lcorr), corrosion potential (Ecorr) and corrosion
protection efficiency values, are shown in Table-1.

The uncoated MS shows a substantially higher Icor than
the PANI-coated MS. A lower leor Value signifies superior
corrosion resistance. For PANI deposited at a current density
of 100 uA cm2, the lcorr dropped by nearly 33 times, resulting
in a corrosion IE of 96.23%. The corrosion inhibition effici-
encies of PANI coatings deposited at 200 and 300 uA cm
were found to be 85.27% and 75.46%, respectively.

Elements Weight (%)

(] 55:75

5.51
(0] 2.94
Fe

keV
Fig. 3. SEM images of PANI deposited on MS at100 pA cm2 current density and its EDX
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TABLE-1
ELECTROCHEMICAL CORROSION PARAMETERS OF PANI-COATED MILD STEEL (MS)
AT DIFFERENT CURRENT DENSITIES IN 0.4 M Na;SO3 SOLUTION

Current density (LA/cm?) Ba (\V/decade) Bc (V/decade)

lcorr (mA/cmz) Ecorr (V) Inhibition efficiency (%)

MS 0.102
300 0.082
200 0.074
100 0.052

-0.116
-0.058
-0.056
-0.056

0.0163
0.004
0.0024
0.0005

-0.826 =

-0.896 75.46
-0.876 85.27
-0.876 96.23

1.0x 10"

—a— Mild steel —e— 100 pAcm™>

200 pAcm™ —e— 300 pAcm”
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Fig. 4. Corrosion protection behaviour of PANI coating on MS in 0.4 M
Na,SOs solution

The anodic and cathodic polarization responses of mild
steel do not exhibit ideal Tafel behaviour, with iron dissolu-
tion and hydrogen evolution displaying slopes close to 60 mV
dec? and 120 mV dec?, respectively [40]. The deviation from
regular Tafel characteristics arises from the electrochemical
activity of PANI, whose redox transitions participate in the
corrosion process and modify both anodic and cathodic react-
ions. The presence of the PANI layer influenced the polari-
sation behaviour of the substrate in both potential regions. A
reduction in anodic Tafel slope was observed with decreasing
deposition current density, which can be attributed to the
formation of thicker and more compact PANI coatings under

these conditions. The increased coating thickness imposed a
greater barrier to charge transfer and retarded the anodic disso-
lution process.

The open-circuit potential (OCP) of PANI-coated mild
steel exhibited only minor variations relative to bare MS,
although a slight shift towards more negative potentials was
observed. The difference in open-circuit potential between
the coated and uncoated substrates remained below 85 mV,
consistent with the behaviour of a mixed-type inhibitor affec-
ting both anodic metal dissolution and cathodic reduction
processes [28].

The optical micrographs presented in Fig. 2b illustrate
the changes in coating morphology following polarization in
0.4 M NaySO; solution. The surface morphology of PANI
coatings prepared at 100 and 200 pA cm2 remained largely
unchanged after electrochemical testing, with only slight modi-
fications visible in the micrographs. The coating prepared at
300 pA cm2 developed a distinctly altered surface morpho-
logy after polarization, which may be associated with enhan-
ced dissolution of the mild steel substrate following local
degradation of the PANI layer. The deterioration in protection
performance at higher deposition current densities is consis-
tent with the formation of thinner and less uniform coatings
observed before polarization. The results indicate that the cur-
rent density employed during electropolymerisation strongly
influences both the morphology and the protective character-
istics of PANI coatings deposited on mild steel in the BAW
electrolyte system. These observations provide guidance for
selecting suitable deposition conditions for obtaining compact
and adherent PANI films with improved corrosion resistance.
A comparison with PANI coatings synthesized in oxalic acid
and other reported coating systems in different corrosive media
is presented in Table-2.

TABLE-2
CORROSION PERFORMANCE OF PANI SYNTHESIS IN OXALIC ACID AND OTHER COATING SYSTEMS
PANI coating preparation Corrosive medium Findings Ref.

Galvanostatic PANI in aqueous oxalic acid 0.4 M NaCl + 0.1 M HCI Very good corrosion protection; better than PPy- [21]
coated iron

Galvanostatic PANI in 0.3 M aniline + 0.4 M NazSOs 90% Inhibition efficiency [29]

0.2 M sodium potassium tartrate

Galvanostatic PANI in aqueous oxalic acid 0.4 M NaCl + 0.1 M HCI Strongly adherent films formed through Fe(l1)- [34]
oxalate passivation layer

PANI/Epoxy coating 0.1 M HzSO4 PANI pretreatment enhanced epoxy performance [41]
through passivation

PANI/Epoxy 3.5wt.% NaCl, pH 1 and 13 Better than pure epoxy [42]

PANI-PPy coating preparation in oxalic acid 0.5 M NaCl

Acidic and alkaline media reduced performance

but remained superior to epoxy

Significant decrease in anodic dissolution current [43]
and higher corrosion protection
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The potentiodynamic polarization experiments were ext-
ended to an anodic potential limit of -0.3 V to evaluate the
stability of the PANI coating under more oxidising conditions.
The polarization curve shown in Fig. 5 exhibited a gradual
increase in current with increasing potential, without evidence
of abrupt current fluctuations or coating failure. The optical
image obtained after polarization (Fig. 6) revealed no signifi-
cant changes in surface morphology and thereby confirmed
the stability of the PANI film and its ability to maintain pro-
tection at higher positive potentials.

1.0 x 10°

1.0x 107"

. 1.0x107

1.0x107

Current (mA cm

1.0x10™

1.0x10°
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Fig. 5. Potentiodynamic polarisation behaviour of PANI prepared at 100
WA cm~in 0.4 M Na,SOs, revealing the stability of PANI and the
passive layer

Fig. 6. Optical image of MS coated with PANI potentiodynamically
polarised in 0.4 M Na,SOs solution up to -0.3V

EIS studies: Electrochemical impedance spectroscopy
(EIS) was used to further examine the corrosion behaviour of
PANI-coated MS produced in BAW. The EIS data of PANI
coating at 100 uA cm2 in NazSO3; medium is shown in Fig.
7. The experimental EIS data were fitted using an equivalent
circuit shown in Fig. 7a. Two parallel RC circuits connected
in series with the solution resistance make up the circuit. The
factors Cp and R, define the PANI coating capacitance and
coating resistance. Similarly, Cq represents the double-layer
capacitance and R represents the charge transfer resistance
at the metal solution interface.

Table-3 presents the electrochemical impedance data for
MS and PANI-coated MS in a 0.4 M Na,SOs solution. PANI-
coated MS showed a significant increase in impedance. Depro-
tonation of PANI in a Na,SOs solution leads to a significant
decrease in conductivity. As shown in Fig. 7, the PANI coating
substantially increased the impedance response of the mild
steel surface. An increased in R reflects the suppression of
charge transfer reactions and the improved barrier properties
of the coating. The corrosion inhibition efficiency in Na;SO3
solution reached 99.75%. The increase in phase angle in the
Bode-phase plot, the higher impedance modulus at low freq-
uencies and the larger capacitive loop in the Nyquist plot are
characteristic of effective corrosion protection by the PANI
film. The R, value increased by more than 8.5 times, while
values of n close to unity indicate pseudo-capacitive behaviour
at the metal/electrolyte interface [36,37]. EIS investigates both
charge transfer and diffusion/mass transfer processes at the
electrode surface and adsorption stability or film resistance.

Conclusion

PANI coatings were successfully deposited galvanostati-
cally on mild steel from an electrolyte containing 0.3 M
aniline and 0.04 M BAW. The applied current density had a
pronounced effect on the thickness, homogeneity and adhesion
of the deposited films. Higher current densities exhibited
thinner coatings with lower surface uniformity and the pres-
ence of pores, which adversely affected their corrosion-
protection performance. Deposition at lower current densities
favoured the formation of compact, homogeneous and pore-
free PANI layers, resulting in a corrosion inhibition effici-
ency of approximately 96% in 0.4 M Na,SOj3 solution. The
PANI coating prepared in BAW remained stable at potentials
more positive than -0.6 V, with no evidence of film break-
down at higher anodic potentials. Electrochemical impedance
measurements yielded an inhibition efficiency of 99.75%,
accompanied by substantial increases in both polarization
resistance (Rp) and charge-transfer resistance (Rc). The electro-
chemical and morphological results identify BAW as a suit-
able electrolyte for producing adherent and highly protective
PANI coatings on mild steel for corrosion mitigation in sulp-
hite containing environments.

TABLE-3
ELECTROCHEMICAL IMPEDANCE DATA OF MS AND PANI-COATED MS IN 0.4 M Na:SO3 SOLUTION
Sample Ret () N Rp (Q cm?) Cai (UF cm?) 1 (%)
MS 450 0.82 300 25.40 -
PANI 178000 0.90 200000 0.89 99.75
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Fig. 7. EIS of MS coated with PANI in BAW immersed in 0.4 M Na2SOs solution (a) Nyquist plot, (b) Equivalent circuit, (c) Bode plot and
(d) Phase shift
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