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ABSTRACT

The corrosion inhibition effect of 5-(2-Thienyl)pyrazole (5-TPZ) on steel in 1.0 M HCl was investigated
by weight loss and electrochemical methods. The effect of concentration was studied. The results indicated
that the compound are efficient, mixed type and fellow Langmuir adsorption isotherm and the calculated
Gibbs free energy value confirms the physicochemical nature of the adsorption. EIS results show that the
charge in the impedance parameters (Rct and Ca) with concentrations of 5-TPZ is indicative. The adsorption of
this molecule leads to the formation of a protective layer on carbon steel surface. The electrochemical results
have also been supplemented by Monte Carlo simulation studies.
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INTRODUCTION

Acid solutions are widely used in industry, chemical cleaning, descaling, and pickling, which lead to
corrosive attack. Therefore, the consumption of inhibitors to reduce corrosion has increased in recent years[1-
7]. The corrosion control by inhibitors is one of the most common, effective, and economic methods to protect
metals in acid media[8-13]. The majority of the well-known inhibitors are organic compounds containing
heteroatoms, such as oxygen, nitrogen, or sulfur, and multiple bonds, which allow an adsorption on the metal
surface[14-22]. It has been observed that the adsorption of these inhibitors depends on the physico-chemical
properties of the functional groups and the electron density at the donor atom[23-27]. The adsorption occurs
due to the interaction of the lone pair and/or m-orbitals of inhibitor with d-orbitals of the metal surface atoms,
which evokes a greater adsorption of the inhibitor molecules onto the surface, leading to the formation of a
corrosion protection film[28-30].

The objective of the present work is to investigate the inhibitor effects of 5-(2-Thienyl)pyrazole (5-
TPZ) on carbon steel corrosion in 1.0 M hydrochloric acid (HCl) using weight loss, potentio-dynamic
polarization, Electrochemical impedance spectroscopy (E/S), and Monte Carlo simulation studies.

EXPERIMENT

Electrodes, chemicals and test solution

Corrosion tests have been performed, using the gravimetric and electrochemical measurements, on
electrodes cut from sheets of carbon steel with the chemical composition: 0.370 % C, 0.230 % Si, 0.680 % Mn,
0.016 % S, 0.077 % Cr, 0.011 % Ti, 0.059 % Ni, 0.009 % Co, 0.160 % Cu, and the remainder iron.

The aggressive medium of molar hydrochloric acid used for all studies were prepared by dilution of
analytical grade 37% HCl with double distilled water. The concentrations of 5-TPZ used in this investigates
were varied from 10 to 5.103 M. The inhibitor molecule used in this paper was purchased from Sigma—Aldrich

and have the structure presented in Fig. 1. As can be seen, they have different active groups, which can act as
adsorption centers.

s /
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Figure 1. Chemical structure of inhibitor.
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Gravimetric and electrochemical studies

Gravimetric measurements were realized in a double walled glass cell equipped with a thermostat-
cooling condenser. The carbon steel specimens used have a rectangular form with dimension of 2.5 x 2.0 x 0.2
cm were abraded with a different grade of emery paper (320-800-1200) and then washed thoroughly with
distilled water and acetone. After weighing accurately, the specimens were immersed in beakers which
contained 100 ml acid solutions without and with various concentrations of 5-TPZ at temperature equal to 303
K remained by a water thermostat for 6h as immersion time. The gravimetric tests were performed by
triplicate at same conditions.

The corrosion rates (L) and the inhibition efficiency (1, U4) of carbon steel have been evaluated
from mass loss measurement using the following equations:

w
Co=—1\1 (1)
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Where w is the average weight loss before and after exposure, respectively, S is the surface area of
sample, t is the exposure time, £F and Cg is the corrosion rates of steel without and with the 5-TPZ inhibitor,
respectively.

The potentiodynamic polarization curves were conducted using an electrochemical measurement
system PGZ 100 Potentiostat/Galvanostat controlled by a PC supported by the Voltamaster 4.0 Software. The
electrochemical measurements were performed in a conventional three electrode glass cell with carbon steel
as a working electrode, platinum as counter electrode (Pt) and a saturated calomel electrode used as a
reference electrode. The working electrode surface was prepared as described above gravimetric section. Prior
to each electrochemical test an immersion time of 30 min was given to allow the stabilization system at
corrosion potential. The polarization curves were obtained by changing the electrode potential automatically
from -800 to -200 mV/SCE at a scan rate of 1 mV s-1. The temperature is thermostatically controlled at desired
temperature +1K.The percentage protection efficiency (7, %) is defined as:

R
Nope {%j = J:W‘%I 100 (3)

feorr

Where, I+ are corrosion current in the absence of inhibitor, Icorr are corrosion current in the
presence of inhibitor.

Electrochemical impedance spectroscopy (EIS) measurements were carried out with same equipment
used for potentiodynamic polarization study (Voltalab PGZ 100) at applied sinusoidal potential waves of 5mV
amplitudes with frequencies ranging from 100 KHz to 10 mHz at corrosion potential. The impedance diagrams
are given in the Nyquist representation. The charge transfer resistance (Rct) was determined from Nyquist plots
and double layer capacitance (Cal) was calculated from CPE parameters of the equivalent circuit deduced using
Zview software. In this case the percentage protection efficiency (7;,;%) is can be calculated by the value of

the charge transfer resistance (Rc)

"":r

- A"
—%= 100 (4)
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Where RZ; and Rct were the polarization resistance of uninhibited and inhibited solutions, respectively.
Monte Carlo simulation study

The Monte Carlo (MC) search was adopted to compute the low configuration adsorption energy of
the interactions of the 5-TPZ on a clean iron surface. The Monte Carlo (MC) simulation was carried out using
Materials Studio 6.0 software (Accelrys, Inc.)[31]. The Fe crystal was cleaved along the (110) plane, it is the
most stable surface as reported in the literature. Then, the Fe (110) plane was enlarged to (8x8) supercell to
provide a large surface for the interaction of the inhibitor. The simulation of the interaction between 5-TPZ
and the Fe (110) surface was carried out in a simulation box (19.85 x 19.85 x 38.11 A) with periodic boundary
conditions, which modeled a representative part of the interface devoid of any arbitrary boundary effects.
After that, a vacuum slab with 30 A thickness was built above the Fe (1 1 0) plane. All simulations were
implemented with the COMPASS force field to optimize the structures of all components of the system of
interest. More simulation details on the methodology of Monte Carlo simulations can be found in previous
publications[32—34]

RESULTS AND DISCUSSION
Weight loss study

Corrosion inhibition performance of organic compounds as corrosion inhibitors can be evaluated
using electrochemical and chemical techniques. For the chemical methods, a weight loss measurement is
ideally suited for long-term immersion test. The weight loss results regarding the corrosion parameters for
carbon steel in 1.0 M HClI solution in the absence and presence of different concentrations of the inhibitor are
summarized in Table 1. It can be seen that the corrosion rate values in 1.0 M HCI solution containing 5-TPZ,
decreased as the concentration of inhibitor increased. Maximum inhibition efficiency was shown at 5.1073 M of
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5-TPZ. This result reveals that the compound under investigation is fairly an efficient inhibitor for carbon steel
dissolution in 1.0 M HClI solution. The inhibition of corrosion of carbon steel by 5-TPZ can be explained in terms
of adsorption on the metal surface[35]. This compound can be adsorbed on the carbon steel surface by the
interaction between lone pairs of electrons of nitrogen, and sulfuric atoms of the inhibitor and the metal
surface. This process is facilitated by the presence of vacant orbital of low energy in iron atom, as observed in
the transition group elements[36,37].

Table 1: Inhibition efficiency of various concentrations of 5-TPZ for corrosion of MS in 1 M HCl obtained by weight loss
measurements at 303K.

Inhibitors Concentration Cr e ¢]
(mM) (mgcm=2h1) (%)
Blank 1.0 1.135 - -
5.103 0.0434 96.18 0.9618
5-TPZ 1.103 0.0677 94.03 0.9403
5.10* 0.0985 91.32 0.9132
1.104 0.1266 88.84 0.8884

Polarization results

Polarization curves of the mild steel electrode in 1.0 M HCI solution at 303 K in the absence and
presence of 5-TPZ are shown in Figure 2. Electrochemical parameters, i.e., corrosion potential (Ecorr), cathodic
Tafel slope (B¢) and corrosion current density (icorr), Obtained by extrapolation of the Tafel lines are presented
in Table 2. The inhibition efficiencies (§zzs %) of the compound in 1.0 M HCl are also given in Table 2.
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Figure 2. Polarisation curves of MS in 1 M HCI for various concentrations of 5-TPZ at 303K.

As can been seen from Figure 2, both anodic and cathodic reactions of corrosion process were
significantly inhibited while the pyrazole derivative was added to the acid solution. The addition of the studied
compound decreased the current densities in a large domain anodic and cathodic of potential. In literature, it
has been reported that, if the displacement in Ecorr, 1) is >85 mV with respect to Ecorr, the inhibitor can be seen
as a cathodic or anodic type and 2) if the displacement in Ecorr is <85 mV, the inhibitor can be seen as mixed
type[38,39]. In our study, the maximum displacement in Ecorr value is 32.8 mV towards anodic region, which
indicates that studied pyrazole derivative is mixed-type inhibitor. The increase in inhibition efficiency with
increasing inhibitor concentration may be attributed to the formation of a barrier film, which prevents the
attack of acid on the metal surface[37,40,41]. It can be observed from Table 2 that the icorr values decrease
considerably in the presence of 5-TPZ and the icorr values have a trend to decrease with the increasing inhibitor
concentration. Correspondingly, inhibition efficiencies (§zpz %) values increase with the increasing inhibitor
concentration and then reach a maximum value at 5 mM.
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Table 2. Corrosion parameters for corrosion of MS with selected concentrations of 5-TPZ in 1 M HCI by Potentiodynamic
polarization method at 303K.

Inhibitor Concentration -Ecorr -B¢ icorr Nepo (S}
(M) (mV/SCE) (mV dec?) (MA cm?) (%)
Blank - 496 162.0 564.0 - -
5.103 463.2 195.6 25.21 95.53 0.9553
5-TPZ 1.103 472.5 193.4 35.08 93.78 0.9378
5.10* 480.5 164.9 55.3 90.19 0.9019
1.104 474.1 191.3 78 86.17 0.8617

Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a well-established and powerful tool in the study of
corrosion. Surface properties, electrode kinetics, and mechanistic information can be obtained from the
impedance diagrams[42]. Figure 3, shows the Nyquist plots obtained at the open circuit potential after
immersion for 0.5 h. Table 3 summarizes the impedance data extracted from EIS experiments carried out both
in the absence and presence of increasing concentrations of 5-TPZ. Semicircular appearance of Nyquist plots
shows that the charge-transfer process takes place during dissolution[43,44]. From the curves, it is clear that
the impedance response for carbon steel in uninhibited acid solution has significantly changed after the
addition of inhibitor. The impedance spectra were fitted to the Rs(RctCPE) equivalent circuit of the form in Fig.
4. Where Rs is the solution resistance, R« denotes the charge-transfer resistance and CPE is constant phase
element. The introduction of CPE into the circuit was necessitated to explain the depression of the capacitance
semicircle, which corresponds to surface heterogeneity resulting from surface roughness, impurities, and
adsorption of inhibitors[36,37,41]. The impedance of this element is frequency-dependent and can be
calculated using the Eq. 5:

1
ZCPE = Qljuw)®

(5)

Where Q is the CPE constant (in Q! S" cm?), w is the angular frequency (in rad s?), j> = -1 is the
imaginary number and n is a CPE exponent which can be used as a gauge for the heterogeneity or roughness of
the surface[45,46]. In addition, the double layer capacitances, Cu, for a circuit including a CPE were calculated
by using the following Eq. 6:

Cﬂl: — (Q-Rcrl_n)lfn (6)

The fact that the impedance diagrams have an approximately semicircular appearance shows that a
charge-transfer process controls the corrosion of carbon steel in 1.0 M HCI.
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Figure 3. Nyquist curves for mild steel in 1M HCI for selected concentrations of 5-TPZ at 303K.

September - October 2016 RJPBCS 7(5) Page No. 1204



ISSN: 0975-8585

By increasing the inhibitor concentrations, the Rc: values increase and the Cul values decrease, which
causes an increase in inhibition efficiency. The most pronounced effect and the highest R is obtained by
concentration 5.1073 M of the inhibitor. The decrease in Ca can result from the decrease of the local dielectric
constant and/or from the increase of thickness of the electrical double layer, which suggests an adsorption of
the inhibitor molecules on the carbon steel surface[47,48]. The thickness of the protective layer 6, is related to
Cai by the following equation:

§=2= (7)

Cap

where g; is the dielectric constant and . is the relative dielectric constant. McCafferty and
Hackerman[49] attributed the change in Ca values to the gradual replacement of water molecules by the
adsorption of the organic molecules on the metal surface, decreasing the extent of metal dissolution. The
impedance data confirm the inhibition behavior of the inhibitor with that obtained from other techniques. It
can be concluded that the inhibition efficiency found from weight loss, polarization curves, and
electrochemical impedance spectroscopy measurements are in good agreement.

Table 3. AC-impedance parameters for corrosion of mild steel for selected concentrations of 5-TPZ in 1M HCI at 303K.

Inhibitor Concentration Ret Qx10* Cal NEIS ¢]
(M) (Qcm?) n (s" Qlcm2) (UF cm2) (%)

Blank 1.0 29 .35 0.910 1.7610 91.6 - -
5.10°3 589.7 0.892 0.1688 9.66 95.02 0.9502
5-TPZ 1.103 476.3 0.864 0.2667 13.41 93.83 0.9383
5.10* 294.8 0.874 0.3777 19.74 90.04 0.9004
1.104 2223 0.883 0.4823 26.44 86.79 0.8679

Rs CPE

R

Figure 4. Equivalent electrical circuit corresponding to the corrosion process on the carbon steel in hydrochloric acid.
Adsorption isotherm

The proposed adsorption of the pyrazole derivative was further characterized by fitting the surface
coverage (o) data obtained gravimetrically to the Langmuir isotherm(8,9]:

C 1

H K-‘Ilf:: . C (8)

Where, C is the concentration of the inhibitor, Kags is the equilibrium constant of adsorption and ¢ is
the surface coverage. The Langmuir approach is based on a molecular kinetic model of the adsorption—
desorption process. On the other hand, the adsorption equilibrium constant (Kads) is related to the standard
free energy of adsorption (AG°ads) of the inhibitor molecules by the following Eq. 9[9]:

1 —AGY, (9)
K‘“’5_55.59"“’( RT )

Where R is the universal gas constant, T the absolute temperature in K, and 55.5 represents the
molar concentration of water in the solution. It generally accepted that the values of AG_z, up to -20 k) mol™,

the types of adsorption were regarded as physisorption, the inhibition acts due to the electrostatic interaction
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between the charged molecules and the charged metal. While the values around -40 kJ mol™* or smaller, were
seen as chemisorption, which is due to the charge sharing or a transfer from the inhibitor molecules to the
metal surface to form covalent bond[37]. In this study, the free energy of adsorption AG_ . and the adsorption

equilibrium constant (Kaas) are found to be -37.17 k) mol™ and 46591 M, respectively. The higher value of Kags
and the negative and low value of ﬁG::d_g indicate the spontaneous adsorption of the inhibitor and have strong

interaction with the metal surface[41]. It suggested that the adsorption mechanism of the 5-TPZ on carbon
steel in 1.0 M HCl solution was typical of physical and chemical adsorptions[35,36].
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Figure 5: Langmuir adsorption of inhibitor on the MS surface in 1.0 M HCl solution at 303K.

Molecular dynamic (Monte Carlo) simulation

To investigate the adsorption mechanism of the studied compound on the steel surface, the
adsorption of 5-TPZ was studied theoretically by using Monte Carlo simulation methods. As can be seen in
Table 4 present the outputs and descriptors calculated by the Monte Carlo simulation. Figure 6 shows the
most suitable configurations for adsorption of 5-TPZ on Fe (1 1 0) substrate obtained by Monte Carlo
simulation. The adsorption energy of 5-TPZ is more than -90 kcal mol™ which explain its highest inhibition
efficiency. High values of adsorption density presented in Figure 6 indicates that 5-TPZ is likely to adsorb on
the iron surface to form stable ad layers and protect iron from corrosion[33,34].

Figure 6. The most stable low energy configuration for the adsorption of the inhibitor on Fe (1 1 0) surface obtained
through the Monte Carlo simulation.(a) side view, (b) top view.
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Table 4: Outputs and descriptors calculated by the Monte Carlo simulation for the lowest adsorption configurations of 5-

TPZ on Fe (1 1 0) surface (in kcal/mol).

System Total Adsorption Rigid Deformation dEad/dNi
energy energy adsorption energy inhibitor
energy
Fe (110)/5-TPZ 21.312 -90.846 -91.480 0.633 -84.231
CONCLUSION

Corrosion inhibition properties of 5-TPZ were investigated on mild steel in 1 M HCI using

electrochemical methods, weight loss and Monte Carlo simulations. The following conclusions were drawn
from the results:

v

v

v

The inhibitor studied in this work showed appreciable inhibition efficiency for mild steel corrosion in 1
M HCl and the inhibition efficiency increases with increasing concentration of the inhibitor.
Potentiodynamic polarization study showed that the studied pyrazole derivative is mixed type
inhibitor and the EIS study revealed that the 5-TPZ form protective film on mild steel surface.

The experimental results showed that the studied compound adsorb spontaneously on mild steel
surface and conform to the Langmuir adsorption isotherm. The adsorption process involves both
physisorption and chemisorption mechanisms.

Both experimental and Monte Carlo simulations results showed that the 5-TPZ act as efficient
inhibitor for mild steel in 1 M HCl medium.
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