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INTRODUCTION

Corrosion that occurs by rupturing of metals is an unplea-
sant process to nature; therefore, serious efforts are taken to
check this phenomenon. Commonly applied three approaches
to reduce the corrosion are anodic protection, cathodic prote-
ction and protective coatings [1]. Inspite of having many methods
to control the metal corrosion, the application of conducting
polymers for the inhibition of corrosion is an area which is
recently gaining increasing attention [2].

Generally, polypyrrole (PPy), polyaniline (PANI) and their
derivatives have been broadly studied because of their easy
preparation and stability. The ring-substituted conducting
polymers [3] like poly(o-toluidine), poly(o-anisidine), poly(o-
chloroaniline) and poly(m-toluidine), can improve their anti-
corrosion performance in aggressive environment than the
straight line polymers like PANI and PPy [4-7].

Aminothiophenols (ATP) are interesting electrochemical
materials since both amine and thiol have different reactivities
and thus provide more reactive sites. The productive use of this
molecular assembly can give rise to remarkable morphologies,
which leads to multiple applications. Poly(aminothiophenol)
(PATP) is considered as one among the most interested condu-
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cting polymers and also attracted much interest in many studies
with various practical applications because of its high condu-
ctivity, outstanding air stability and special physical, chemical
properties differentiated with other conducting polymers [8-11].
Conducting polymers/inorganic metal oxide nanocomposites
attracted considerable attention because of their physico-
chemical, electro-optical properties, unique microstructure and
their effective usage in sensors, microelectronics and also in
constructing nanoscopic assemblies and battery cathodes
[12,13]. In the advancement of research in nanoscience, CuO
nanoparticles have found multiple applications in various fields
[14-17].

In view of these favourable characteristic properties, poly-
(o-aminothiophenol) (PoATP) and poly(o-aminothiophenol)/
CuO (PoATP/CuO) nanocomposites have chosen for the
synthesis and corrosion studies. To our best of knowledge, no
reports in literature dealing with the anticorrosion properties
of poly(o-aminothiophenol) and poly(o-aminothiophenol)/
CuO nanocomposites on active metals. The main objective
herein is to investigate the corrosion process of mild steel in
1 M HCl solution in the absence and presence of different
concentrations of PoATP and PoATP/CuO and also to study
the adsorption isotherm and mechanism.
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EXPERIMENTAL

Monomer o-aminothiophenol (Alfa aezar), ammonium
persulfate (Sigma-Aldrich) and hydrochloric acid were purchased
from Merck Ltd., India. The CuO nanoparticle was purchased
from Sigma-Aldrich. All the chemicals and reagents were of
Analytical Grade and used as received without any further
purification.

Synthesis of poly(o-aminothiophenol)/CuO nanocom-
posites: o-Aminothiophenol (monomer), ammonium persulfate
(oxidant) and CuO were taken in 1:2:1 ratio. The monomer
dissolved in 1 M HCl. The CuO nanoparticles were added to
this solution with vigorous stirring to get a suspension. The
oxidizing agent solution was slowly added into monomer and
metal nanoparticle solution. The resultant solution was kept
stirring for 5 h at 298 K, after that the brownish black powder
obtained as residue. The polymer nanocomposites synthesized
was washed with distilled water upto the filtrate became colour-
less then remove excess monomer, initiator and oligomers by
using acetone and methanol. Finally, the resultant precipitate
dried at 298 K for 24 h [18]. Same procedure was adopted for
the synthesis of polymer.

Characterization: The FT-IR spectra of the synthesized
polymer and its CuO nanocomposite were performed using
Perkin-Elmer 1750 FTIR spectrophotometer at room tempera-
ture. UV-Vis spectra were recorded from 200-800 nm using
Shimadzu model UV-2450 spectrophotometer by dissolving
the polymer and its CuO nanocomposites in DMSO solvent.
X-ray diffraction (XRD) was recorded with Bruker AXS D8
Advance diffractometer at room temperature ranging from 0º
to 80º.

Electrochemical measurements: The anticorrosion
activities of PoATP and PoATP/CuO at different concentrations
ranging from 100 ppm to 750 ppm on pure mild steel in 1 M
HCl were carried out by electrochemical techniques like poten-
tiodynamic polarization method (PDP) and electrochemical
impedance spectroscopy (EIS) using CHI 660E Electrochemical
work station. An electrochemical cell with a three-electrode
was used for electrochemical measurements; mild steel (area
of 1 cm2), a platinum electrode and a Ag/AgCl electrode (in 1M
KCl) were used as working, counter and reference electrodes,
respectively. The mild steel specimens were polished with a
series of emery papers, followed by thorough rinsing in acetone
and double distilled water and dried in air. Prior to any experi-
ment, the substrates were treated as described and freshly used.

Potentiodynamic polarization method: The potentio-
dynamic current-potential curves were recorded by changing
the electrode potential from open circuit potential (OCP) at a
scan rate of 0.01 V/s. The corrosion inhibition efficiency (%IE)
was evaluated for PoATP and PoATP/CuO at different concen-
trations using the following relationship [19].

o
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where I°corr and Icorr are the corrosion current densities in the
absence and the presence of the inhibitor.

Electrochemical impedance spectroscopy: To find the
impedance parameters, the measured impedance data were

fitted to an electric equivalent circuit. Thus the impedance para-
meters like the charge transfer resistance (Rct) and the double-
layer capacitance (Cdl) were calculated from the difference in
impedance at low and high frequencies. Finally, the inhibition
efficiency of the PoATP and PoATP/CuO has been calculated
from charge transfer resistance using eqn. 1 [20]:

o
ct ct

ct

R R
IE (%) 100

R

−
= × (1)

where Rct and R°ct are the charge transfer resistance with
and without inhibitor. Before every experiment, the surface
area of the mild steel electrode exposed to the solution con-
taining 1 M HCl with and without various concentrations of
inhibitors.

Weight loss method: Corrosive medium 1 M HCl was
prepared with double distilled water and the inhibitor solutions
of PoATP and PoATP/CuO with different concentrations were
employed in 1 M HCl. Specimen samples of mild steel coupon
each having a surface area of 1 cm2 were abraded with emery
paper and washed with acetone then with distilled water and
dried. The coupons were immersed into the aggressive solution
for 2 h. The percentage of inhibition efficiency (%IE) of PoATP
and PoATP/CuO were calculated using eqn. 2 [21].
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where W°corr is the weight loss without inhibitor and Wcorr is the
weight loss with inhibitor.

Adsorption isotherm: Basic information on the inter-
action between an inhibitor and the metal surface was obtained
by adsorption isotherm. The surface coverage (θ) of different
concentrations of PoATP and PoATP/CuO can be related to
using eqn. 3 [22]:

%IE

100
θ = (3)

The values of θ were used to find the best fitting adsorption
model. The thermodynamic parameters like Gibb’s free energy
(∆Gads), equilibrium constant (Kads) of the adsorption process
were derived by using eqns. 4-6 [23,24]:

Langmuir isotherm:

ads

C 1
C

K
= +

θ (4)

Freundlich isotherm:

θ = Kads C (5)

∆Gads = -RT ln (55.5 Kads) (6)

where C is the inhibitor concentration and R is the universal gas
constant, T is the absolute temperature in K and the numerical
value 55.5 is the molar concentration of water in acid solution.

RESULTS AND DISCUSSION

The FTIR spectra of PoATP and PoATP/CuO are illust-
rated in Fig. 1a. The bands at 1471 and 1620 cm–1 are assigned
to C=C stretching vibrations of the quinonoid and benzenoid
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rings, which confirmed the formation of polymer [25]. The
peaks at 3379 and 3300 cm–1 are associated with νas(N-H) and
νs(N-H) stretching vibrations, respectively. The peak appears
around 2360 cm–1 is the characteristics peak of S-H stretching
[26]. The strong peak at 1101 cm–1 is considered to be stemmed
from delocalization of electrons in polymeric backbone [27].
All the above peaks confirmed the polymerization of o-amino-
thiophenol. The PoATP/CuO has all the peaks of polymer but
the values are slightly shifted towards higher wavenumber.
The shift in the peaks of polymer nanocomposite is due to the
formation of hydrogen bonding between CuO and NH group
on the surface of PoATP and this can be explained on the basis
of constrained growth of CuO in the presence of PoATP
[28,29].

UV-Vis studies: Fig. 1b shows the UV-Vis spectra of poly-
(o-aminothiophenol) and its CuO nanocomposites consist of
two major absorption peaks. The peak at 259 nm for the polymer
is assigned to π-π* transition of benzenoid rings. The second
absorption peak at 352 nm is assigned to n-π* transition of
the quinonoid ring [30]. The observation of hypsochromic shift
in PoATP/CuO is because of the incorporation of metal oxide
into the polymeric matrix [31] and it is also evident from Fig.
1b.

XRD studies: The XRD spectra of PoATP and PoATP/
CuO are given in Fig. 1c. The diffraction patterns are typical
of semi crystalline nature. The strong peaks exhibited by the
polymer are characteristics 2θ values of the van der Waals
distance between stacks of phenylene rings in PoATP [32].
The d-spacing [33] of highest intense crystalline peak in PoATP
is found to be 3.4 Å. The degree of crystalline ordered structural
pattern in PoATP owed to the more intrachain hydrogen bonding
or electrostatic interaction through amine and thiol groups
present in the polymer [34]. It can be seen from Fig. 1c, the
intense diffractive peaks of PoATP has become weak in PoATP/
CuO and it is because of the existence of the polymer layer on
the surface of the nanoparticles, the molecular chain of PoATP
is confined and the degree of crystallinity is decreased [35,36].

Anticorrosion studies of PoATP and PoATP/CuO

Potentiodynamic polarization: Polarization study was
performed to collect the information about the cathodic and
anodic kinetic reactions of the corrosion process [37]. Fig. 2
shows the Tafel curves for the mild steel in blank solution and

at various concentrations of PoATP and PoATP/CuO at 298
K. The corrosion current density (Icorr) and corrosion potential
(Ecorr) were calculated by extrapolating the linear part of
cathodic and anodic curves. The polarization parameters like
Ecorr, Icorr, surface coverage (θ) and inhibition efficiency (IE%)
are listed in Table-1.

TABLE-1 
COMPARISON OF PDP PARAMETERS  

OF PoATP AND PoATP/CuO 

Conc.  
(ppm) 

Ecorr  
(mV) 

Icorr 
(µA/cm2) 

IE  
(%) θ 

Blank -364 125.1 – – 
PoATP 

100 -358 40.9 67.30 0.67 
250 -333 26.7 78.65 0.79 
500 -289 22.9 81.69 0.81 
750 -301 32.0 74.40 0.74 

PoATP/CuO 
100 -324 37.80 69.78 0.70 
250 -321 29.78 76.19 0.76 
500 -312 13.23 89.42 0.89 
750 -313 24.89 80.10 0.80 

 
Absolute dissolution of mild steel in acid can be distin-

guished into cathodic, anodic half reactions [38-40] and the
anodic reactions given below:

Fe + Cl–  FeCl–
(ads)

FeCl–
(ads)  FeCl(ads) + e–

FeCl(ads)  FeCl+
(ads) + e–

FeCl+
(ads)  Fe2+ + Cl–

whereas, cathodic reaction involves through the following steps
[38-40]:

Fe + H+  FeH+
(ads)

FeH+
(ads) + e–  FeH(ads)

FeH(ads) + H+ + e–  Fe + H2

Fig. 2 clearly shows that in case of inhibited solution both
anodic and cathodic region of the Tafel curves shift towards
the lower corrosion current density, which may be due to the
development of protective film by PoATP and PoATP/CuO
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Fig. 1. (a) IR spectra (b) UV-Vis spectra and (c) XRD patterns of PoATP and PoATP/CuO
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on the metal surface [41]. Moreover, the addition of PoATP
and PoATP/CuO do not alter the value of Ecorr significantly
(change is less than 85 mV), which indicate the mixed type
inhibitors [42].

From Table-1, it is evident that the corrosion current
density (Icorr) values were found to decrease with increase in
concentrations for the PoATP and PoATP/CuO, respectively,
which confirmed the adsorption of inhibitors on the metal
surface and hence inhibition occurs and this decrease in the
Icorr value is more pronounced at higher concentrations of
PoATP and PoATP/CuO. As the concentrations increase from
100 to 500 ppm, the % IE increases up to 81.6% for PoATP and
89.4% for PoATP/CuO. Further increase in the concentration
to 750 ppm leads to decrease in the inhibition efficiency, which
shows that 500 ppm is the optimum concentration for both
PoATP and PoATP/CuO.

Electrochemical impedance spectroscopy: The anti-
corrosion activities of PoATP and PoATP/CuO at various
concentrations were analyzed by EIS technique. The Nyquist
plots are given in Fig. 2c-d with an equivalent circuit Fig. 2e
as well as the EIS parameters are given in Table-2. Here, CPE
was used at the place of pure double layer capacitance (Cdl) to
consider the effect of roughness and heterogeneities on the
mild steel surface and grain boundaries [43,44].

It is clear from Fig. 2c-d that Nyquist plots for mild steel
in blank also in inhibited solution has similar appearance which
means that polymer and nanocomposites are reducing corrosion
without changing its mechanism [45]. The Nyquist plots consist

TABLE-2 
COMPARISON OF EIS PARAMETERS OF  

PoATP AND PoATP/CuO 

Conc. (ppm) Cdl 
(µF/cm2) Rct (Ω cm2) IE (%) θ 

Blank 102.2 36.43 – – 
PoATP 

100 94.8 107.3 66.05 0.66 
250 75.3 194.8 81.30 0.81 
500 19.2 398.1 90.84 0.91 
750 22.7 253.3 85.62 0.86 

PoATP/CuO 
100 89.3 101.3 64.04 0.64 
250 61.5 183 80.09 0.80 
500 20.6 637 94.28 0.94 
750 31.4 298 87.80 0.88 

 
of depressed semicircles with centers under the real axis, which
are because of frequency dispersion of interfacial impedance.
This phenomenon can be usually attributed to different factors
like adsorption of inhibitors, inhomogeneity of electrode surface
and impurities [46].

The %IE were found to be 0%, 66%, 81%, 90.8% and
85.6% for blank, 100 ppm, 250 ppm, 500 ppm and 750 ppm
for PoATP. The highest IE 94%, for chemically synthesized
CuO embedded PoATP, was observed at the concentration of
500 ppm, respectively. Table-2 shows that that the increase in
inhibitors concentration from 100 to 500 ppm increases the
%IE of mild steel in 1 M HCl at 298 K. Further increasing the
concentration of PoATP and PoATP/CuO to 750 ppm shows a
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sudden decrease in %IE and the EIS parameters start to follow
the opposite trend [47] and reveals that the optimum concentra-
tion of inhibitors is 500 ppm. The results showed that incre-
asing the concentration of PoATP and PoATP/CuO, leads to a
substantial increase in Rct values suggesting that inhibitors
retard the charge transfer reaction rate by getting adsorbed over
mild steel surface and thus inhibiting rate of corrosion [48].

Table-2 shows that the value of Cdl with inhibitors is less
than Cdl value in case of blank. The decline in Cdl values may
be because of the reduction in local dielectric constant and
rise in the electrical double layer thickness. This increase in
thick-ness of electric double layer is due to adsorption of PoATP
and PoATP/CuO over the mild steel surface. This finding also
supports that the inhibition of mild steel corrosion owed to the
adsorption mechanism [49].

Weight loss method measurements: The %IE by weight
loss method for polymer PoATP and PoATP/CuO nanocompo-
sites on mild steel in 1 M HCl at various concentrations were
studied after 2 h of immersion of mild steel at 298 K.

Variation of inhibition efficiency with the concentration
of PoATP and PoATP/CuO is observed and corrosion para-
meters like surface coverage (θ) and inhibition efficiency (%
IE) are reported in Table-3. It is clear from the results that the
%IE of PoATP, PoATP/CuO increases and reaches to a maxi-
mum value at optimum concentration (500 ppm). The higher
inhibition at the optimum concentration may be due to the
increase in surface coverage by reason of adsorption of PoATP
and PoATP/CuO on the mild steel surface thus blocking the
active sites and isolating the mild steel surface from corrosive
environment [50]. The results attained from weight loss method
were in good agreement with in PDP and EIS results.

TABLE-3 
THE WEIGHT LOSS PARAMETERS OF PoATP AND PoATP/CuO 

Inhibitor Conc. (ppm) θ IE (%) 

100 0.56 56.34 
250 0.67 66.91 
500 0.78 78.09 

PoATP 

750 0.71 71.23 
100 0.68 67.89 
250 0.76 75.84 
500 0.85 84.77 

PoATP/CuO 

750 0.80 79.63 

 
Adsorption isotherm and thermodynamic parameters:

The interaction between the PoATP and PoATP/CuO with mild
steel surface can be provided by the adsorption isotherm. So
the study of adsorption isotherm becomes very crucial to under-
stand the mechanism of inhibition. To study the isotherm, the
linear relation between surface coverage (θ) values and inhibitor
concentration (Cinh) is needed. Attempts were made to fit the θ
values to Langmuir and Freundlich isotherms. By far the best
fit was obtained with the Langmuir isotherm for both PoATP
and PoATP/CuO systems [51,52].

The plot of Langmuir isotherm in Fig. 3a gives a straight
line between Cinh and (Cinh/θ) with regression coefficient R2

values, which are very close to unity. The strong correlations
(R2 = 0.990 for PoATP, R2 = 0.996 for PoATP/CuO) confirmed
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Fig. 3a. Langmuir isotherm plot of PoATP and PoATP/CuO

the validity of this approach and Kads values of PoATP and
PoATP/CuO were calculated and reported as 31.25 × 103 L/
mol and 76.92 × 103 L/mol, respectively. It is well established
that value of Kads represents the strength of adsorption of PoATP
and PoATP/CuO on the mild steel surface.

The higher values of Kads for studied polymer and its CuO
nanocomposites indicate stronger adsorption on the mild steel
surface in 1 M HCl solution and hence, which leads to higher
inhibition efficiency [53]. This can be explained by the presence
of hetero-atoms and π-electrons in the polymeric backbone.
These data supported the good performance of PoATP and
PoATP/CuO as corrosion inhibitors for mild steel in 1 M HCl.
The proposed mode of adsorption of PoATP on mild steel in 1 M
HCl is schematically represented in Fig. 3b.

S N

S

S

N nNH
+

Cl
–

Cl
–

Cl
–

Cl
–

Cl
–

Fe Fe Fe+ + + +

Chemisorption

Physisorption

Retrodonation

Fig. 3b. Adsorption mechanism of PoATP on mild steeel in 1 M HCl

The Kads values are related with the standard free energy
of adsorption (∆Gºads) and the calculated negative values of
∆Gºads, were consistent with the adsorption process’s spon-
taneity and adsorbed layer stability of the PoATP and PoATP/
CuO on the mild steel surface. In present case, the calculated
values of ∆Gads for PoATP and PoATP/CuO were -35.59 KJ/
mol and -37.82 KJ/mol. Since these values are between -20
and -40 KJ/mol, it can be concluded that PoATP and PoATP/
CuO adsorb on MS via both physisorption [54,55] and chemi-
sorption [56] but predominantly through chemisorption.
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Conclusion

In this work, poly(o-aminothiophenol) and CuO nano-
particles embedded poly(o-aminothiophenol) were synthe-
sized, characterized and utilized as effective corrosion inhibitors
for mild steel in 1 M HCl. The inhibition efficiency increases
with concentration and maximum efficiency was found at the
optimum concentration of 500 ppm. The percentage of inhib-
ition efficiency was greater for PoATP/CuO than the pure
polymer PoATP. The order of inhibition efficiency studied by
electrochemical impedance spectroscopy (EIS), potentiody-
namic polarization (PDP) and weight loss method were in good
agreement with each other and both polymers PoATP and PoATP/
CuO nanocomposites behaved as efficient mixed type of corro-
sion inhibitors for mild steel in 1 M HCl. These polymer and
nanocomposites inhibited corrosion by adsorption mechanism.
The adsorption of PoATP and PoATP/CuO was spontaneous
and followed Langmuir isotherm and the values of standard
free energy showed that the adsorption of them on mild steel in
1 M HCl was predominantly through chemisorption.
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