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In present study corrosion inhibition property of 2-(4-chlorophenyl)-3-hydroxy-4,6-dioxo-8-phenyl-
4,6-dihydropyrimido[2,1-b][1,3]thiazine-7-carbonitrile (CHPPC) in 1.0 M HCI was investigated using

electrochemical impedance spectroscopy, potentiodynamic polarization and DFT studies. From
electrochemical measurements it is observed that inhibition efficiency increases with CHPPC
concentration and maximum efficiency (98.9) was obtained at 1.0 mM. The potentiodynamic study
reveals that pyrimidothiazine derivative is a mixed type inhibitor with predominant cathodic action.
EIS plot indicates that the addition of inhibitor increases the charge-transfer resistance (R and
decreases the double-layer capacitance (Cgy) of the corrosion process, these observation reveal that
investigated pyrimidothiazine derivative inhibits carbon steel corrosion by adsorption mechanism.
Adsorption of pyrimidothiazine derivative on carbon steel surface obeys the Langmuir adsorption
isotherm. The effect of temperature on the corrosion rate was investigated and some thermodynamic
parameters were also calculated in order to explain the mechanism of adsorption. A theoretical study
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of the corrosion inhibition efficiency of this pyrimidothiazine derivative, was carried out using density
functional theory (DFT) at the B3LYP/6-31G(d) level of theory.
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1. INTRODUCTION

The use of corrosion inhibitors is an effective and economic method for controlling corrosion
of metals and alloys in many industrial processes during pickling processes, industrial acid cleaning,
oil and gas well acidizing [1]. Organic compounds containing nitrogen, sulphur, oxygen atoms and
multiple bonds act as effective corrosion inhibitors and inhibit corrosion by adsorption mechanism
[2-23].

It is generally accepted that the primary step in the protecting action of an inhibitor in the acid
metal corrosion is adsorption of the organic molecule onto the metal surface, which is usually oxide-
free. The adsorption requires the existence of attractive forces between the metal surface (adsorbent)
and the organic molecule (adsorbate). According to the type of forces, adsorption can be physisorption,
chemisorptions or a combination of both [24,25]. Physisorption is weak undirected interaction and is
due to electrostatic attraction between inhibiting organic ions or dipoles and the electrically charged
surface of metal. A peculiarity of physisorption is that the ions or dipoles are non in direct physical
contact with the metal. A layer of water molecules separates the metal from the ions or dipoles.
Physisorption involves rapid interaction between adsorbent and adsorbate but it is also easily removed
from surface with the temperature increase.

Figure 1. The chemical structure of the studied pyrimidothiazine derivative.

Hence, in the present study 2-(4-chlorophenyl)-3-hydroxy-4,6-dioxo-8-phenyl-4,6-
dihydropyrimido[2,1-b][1,3]thiazine-7-carbonitrile (CHPPC), is selected. The choice of this compound
was based on the consideration that this compound contains many n-electrons and hetero atoms which
induce greater adsorption of the inhibitor compared with other compounds organic. By considering the
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remarks mentioned above, in the present work, the inhibition effect of CHPPC on the corrosion of
carbon steel in 1.0 M HCI solution at 303-333K was studied using potentiodynamic polarisation curves
and electrochemical impedance spectroscopy (EIS) methods. Density functional theory used to
calculate some quantum chemical parameters which will assist in the interpretation of inhibition
process. The chemical structure of the studied pyrimidothiazine derivative is given in Fig 1.

2. EXPERIMENTAL METHODS

2.1. Materials

The steel used in this study is a carbon steel (CS) (Euronorm: C35E carbon steel and US
specification: SAE 1035) with a chemical composition (in wt%) of 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
(Fe).

2.2. Solutions

The aggressive solutions of 1.0 M HCI were prepared by dilution of analytical grade 37% HCI
with distilled water. The concentration range of 2-(4-chlorophenyl)-3-hydroxy-4,6-dioxo-8-phenyl-
4,6-dihydropyrimido[2,1-b][1,3]thiazine-7-carbonitrile (CHPPC) used was 10° M to 107 M.

2.3. Polarization measurements

2.3.1. Electrochemical impedance spectroscopy

The electrochemical measurements were carried out using Volta lab (Tacussel- Radiometer
PGZ 100) potentiostate and controlled by Tacussel corrosion analysis software model (\VVoltamaster 4)
at under static condition. The corrosion cell used had three electrodes. The reference electrode was a
saturated calomel electrode (SCE). A platinum electrode was used as auxiliary electrode of surface
area of 1 cm?. The working electrode was carbon steel. All potentials given in this study were referred
to this reference electrode. The working electrode was immersed in test solution for 30 minutes to a
establish steady state open circuit potential (Eocp). After measuring the Eocp, the electrochemical
measurements were performed. All electrochemical tests have been performed in aerated solutions at
303 K. The EIS experiments were conducted in the frequency range with high limit of 100 kHz and
different low limit 0.1 Hz at open circuit potential, with 10 points per decade, at the rest potential, after
30 min of acid immersion, by applying 10 mV ac voltage peak-to-peak. Nyquist plots were made from
these experiments. The best semicircle can be fit through the data points in the Nyquist plot using a
non-linear least square fit so as to give the intersections with the x-axis.

The inhibition efficiency of the inhibitor was calculated from the charge transfer resistance
values using the following equation:
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where, R and R! are the charge transfer resistance in absence and in presence of inhibitor,

respectively.

2.3.2. Potentiodynamic polarization

The electrochemical behaviour of carbon steel sample in inhibited and uninhibited solution was
studied by recording anodic and cathodic potentiodynamic polarization curves. Measurements were
performed in the 1.0 M HCI solution containing different concentrations of the tested inhibitor by
changing the electrode potential automatically from -800 to -100 mV versus corrosion potential at a
scan rate of 2 mV s™. The linear Tafel segments of anodic and cathodic curves were extrapolated to
corrosion potential to obtain corrosion current densities (lcor). From the polarization curves obtained,
the corrosion current (lcorr) Was calculated by curve fitting using the equation:

el ]

The inhibition efficiency was evaluated from the measured ¢ Values using the relationship:

|1
e % =~ =0 100 3)

corr

where, | and |

corr corr (i)

are the corrosion current density in absence and presence of inhibitor,

respectively.

2.4. Computational procedures

Density Functional theory (DFT) has been recently used [26-29] to describe the interaction
between the inhibitor molecule and the surface as well as the properties of these inhibitors concerning
their reactivity. The molecular band gap was computed as the first vertical electronic excitation energy
from the ground state using the time-dependent density functional theory (TD-DFT) approach as
implemented in Gaussian 03 [30]. For these seek, some molecular descriptors, such as HOMO and
LUMO energy values, frontier orbital energy gap, molecular dipole moment, electronegativity (%),
global hardness (n), softness(S), the fraction of electron transferred (AN), were calculated using the
DFT method and have been used to understand the properties and activity of the newly prepared
compounds and to help in the explanation of the experimental data obtained for the corrosion process.

According to Koopman’s theorem [31] the ionization potential (IE) and electron affinity (EA)
of the inhibitors are calculated using the following equations.

| = -Enomo (4)

E =-ELumo (5)

Thus, the values of the electronegativity (y) and the chemical hardness (1) according to
Pearson, operational and approximate definitions can be evaluated using the following relations [32]:
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The number of transferred electrons (AN) was also calculated depending on the quantum
chemical method [33,34] by using the equation;

AN = Xre — Xinn (8)

2 (77|:e + Tinn )

Where yre and yinn denote the absolute electronegativity of iron and inhibitor molecule ng and
Ninh denote the absolute hardness of iron and the inhibitor molecule respectively. In this study, we use
the theoretical value of yr. =7.0 eV mol™ and nr = 0 eV mol™, for calculating the number of electron
transferred.

3. RESULTS AND DISCUSSION

3.1. Polarization curves

Fig. 2 shows Tafel polarization curves of carbon steel in hydrochloric acid in the absence and
presence of different concentrations of CHPPC at 303 K. The associated corrosion parameters such as
Ecorr, cathodic Tafel slopes (Bc) and corrosion current density (lcorr) are listed in Table 1.

It is clear that the addition of CHPPC causes a decrease in the corrosion rate, i.e. shifts the
cathodic and anodic curves to lower values of current densities. Namely, both cathodic and anodic
reactions of carbon steel electrode corrosion are inhibited by the inhibitor in acidic medium. This may
be ascribed to adsorption of inhibitor over the corroded surface of carbon steel [35]. It follows from the
date of Table 1 that the corrosion current, le decreases, while g% enhances with increase in
inhibitor concentration. The decrease in the corrosion current density was observed for the CHPPC,
corresponding to a maximum efficiency of 98.9% at 1 x 10 M.

Further inspection of Table 1 reveals that the presence of CHPPC does not remarkably shift the
Ecorr, therefore, the selected compound can be described as mixed-type inhibitor with predominant
cathodic action for carbon steel corrosion in 1.0 M HCI, and the inhibition of the compound on carbon
steel is caused by adsorption, namely, the inhibition effect results from the reduction of the reaction
area on the surface of the carbon steel [36]. The value of B, slight changed, indicates that the cathodic
corrosion mechanism of steel does not change. As it is shown in Fig. 2, cathodic current-potential
curves give rise to parallel Tafel lines, which indicate that oxygen reduction reaction is activation
controlled and that the addition of the CHPPC does not modify the mechanism of this process [37].
The results demonstrate that the oxygen reduction is inhibited and that the inhibition efficiency
increases with inhibitor concentration.
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Figure 2. Polarisation curves of carbon steel in 1.0 M HCI for various concentrations of CHPPC.

Table 1. Polarization data of carbon steel in 1.0 M HCI without and with addition of inhibitor at

303 K.

Inhibitor Conc -Ecorr -Be leorr NIE
(M) (mV/SCE) (mV dec™) (A cm’) (%)

HCI 1.0 479 190 1070 | -
10° 531 151 11 98.9

CHPPC 10* 532 154 21 98.0
10° 526 176 112 89.5
10® 558 159 268 74.9

3.2. Electrochemical impedance spectroscopy

3.2.1. Effect of concentration inhibitor

Electrochemical impedance spectroscopy (EIS) is an effective method for corrosion studies of
metallic materials. The effect of CHPPC concentration on the impedance spectra of carbon steel in 1.0
M HCI solutions at 303 K is recorded in Fig. 3 (Nyquist plots). It is clear to see that the impedance
spectra are significantly changed with addition of different CHPPC concentration. From the Nyquist
plots, it was also observed that, even the presence of CHPPC does not alter the style of impedance
plots, thus indicating the addition of CHPPC does not change the mechanism for the dissolution of
carbon steel in 1.0 M HCI solution [38-40].

The impedance diagrams show only one capacitive loop represented by slightly depressed
semicircle which indicates that the corrosion of carbon steel in 1.0 M HCI
solution is mainly controlled by charge transfer process and formation of a protective layer on the
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carbon steel surface. The diameter of the capacitive loop increases with the increase of CHPPC
concentration proposing that the formed inhibitive film was strengthened by the addition of CHPPC
[41]. The depressed semicircles are generally attributed to the frequency dispersion as well as
roughness and inhomogeneities of solid surface, and mass transport process [42], distribution of the
active sites, adsorption of inhibitors [43-47].
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Figure 3. Nyquist diagrams for carbon steel in 1.0 M HCI containing different concentrations of
CHPPC at 303 K.

The impedance parameters such as the double layer capacitance (Cgy), the charge-transfer
resistance (Rc) and the inhibition efficiency (n, (%)) derived from Nyquist diagrams are given in Table
2.

Table 2. Impedance parameters for corrosion of steel in 1.0 M HCI in the absence and presence of
different concentrations of CHPPC at 303 K.

Conc Ret frnax Cal N2 0
(M) (Q cm?) (Hz) (uF/cm?) (%)

Blank 42 39.2 96.7
103 1660 4.8 20.0 97 0.97
10 749 6.0 35.2 94 0.94
10° 394 6.0 66.3 89 0.89
10® 98 19.2 84.7 57 0.57
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It was observed from the obtained EIS data that R increases and Cgy decreases with the
increasing of inhibitor concentrations. The increase in R values, and consequently of inhibition
efficiency, may be due to the gradual replacement of water molecules by the adsorption of the inhibitor
molecules on the metal surface to form an adherent film on the metal surface, and this suggests that the
coverage of the metal surface by the film decreases the double layer thickness. Also, this decrease of
Cqi at the metal/solution interface with increasing the inhibitor concentration can result from a decrease
in local dielectric constant which indicates that the inhibitor was adsorbed on the surface at both
anodic and cathodic sites [48].

3.3.2. Effect of temperature

The effect of rising temperature on the corrosion current density of carbon steel in free in 1.0 M
HCI solution containing 1.0 mM of 2-(4-chlorophenyl)-3-hydroxy-4,6-dioxo-8-phenyl-4,6-
dihydropyrimido[2,1-b][1,3]thiazine-7-carbonitrile (CHPPC) was tested in the temperature range of
303-333 K using EIS measurements. Similar curves to Fig.3 were obtained (not shown).

The values of the electrochemical parameters obtained from Nyquist plots are given in Table 3.

Table 3. Various corrosion parameters for carbon steel in 1.0 M HCI in absence and presence of
optimum concentration of CHPPC at different temperatures.

Temp Rt Ca Nz
(K) (Qem®) | (WF em?) (%)
303 42 96.7
313 29 234
323 25 549
333 6 636
303 1660 20.0 97
313 387 34.3 92
323 195 56.2 91
333 74 314.3 87

Values of R¢ were employed to calculate values of the corrosion current density (leor) at
various temperatures in absence and presence of CTPTC using the following equation [49]:
l.. =RT(zFR,)"  (9)

where R is the universal gas constant (R = 8.314 J mol™ K™, T is the absolute temperature, z is
the valence of iron (z = 2), F is the Faraday constant (F = 96 485 coulomb) and R is the charge
transfer resistance.

The activation energy of corrosion process can be obtained by investigating the influence of
temperature on the corrosion and corrosion inhibition. Consequently some information about
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adsorption mechanism of the inhibitor can be obtained from the activation energy values. A plot of
Ln leorr VS T obeys Arrhenius equation [50]:

Ln(l,,)=- FIQET +constant (10)

EIS measurements were utilized to obtain the ., Values using the equation (9) of carbon steel
in the absence and presence of 10 M of CHPPC at different temperatures of 303-333K. These values
were plotted as shown in Fig. 4. The values of activation energy of corrosion were determined from the
slope of Ln (lcor) Versus 1/T plots [51]. The E, values for carbon steel in the absence and presence of
10 M of CHPPC were calculated and listed in Table 4. The value of E, found for CHPPC is higher
than that obtained for 1.0 M HCI solution. The increase in the apparent activation energy may be
interpreted as physical adsorption that occurs in the first stage [52]. Szauer and Brand explained that
the increase in activation energy can be attributed to an appreciable decrease in the adsorption of the
inhibitor on the carbon steel surface with increase in temperature.

8
" = Blank
| *x CHPPC
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3.0 31 3.2 33

1000/T (K™)

Figure 4. Arrhenius plots of carbon steel in 1.0 M HCI with and without 10° M of CHPPC.

A transition state complex is decays to products after forming the high energy [53]. The
mathematical form of transition state theory is shown as below:

RT AS AH
| =—ex 4 lexp| ——2 11
corr p ( R j p [ RT j ( )

where lcor IS the corrosion rate, A = RT/Nh is the pre-exponential factor, h is Planck’s constant,
N is the Avogadro number, R is the universal gas constant, AH, is the enthalpy of activation and AS; is

the entropy of activation.
The values of enthalpy and entropy of activation for carbon steel corrosion in 1.0 M HCI in

absence and presence of CHPPC can be evaluated from the slope and intercept of the curve of
Ln (lcor/T) versus 1/T, respectively as shown in Fig. 5.
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Figure 5. Relation between Ln (lco/ T) and 1000/T at different temperatures.

Table 4. The value of activation parameters for carbon steel in 1.0 M HCI in the absence and presence
of 10° M of CTPTC.

Inhibitor Linear regression Ea AH,4 AS,
coefficient (r) (kJ/mol) (kJ/mol) (J/mol K)

Blank 0.905 52.28 49.64 -35.15

CTPTC 0.993 87.15 84.51 52.06

Inspection of these data revealed that the thermodynamic parameters (AS, and AH,) for
dissolution reaction of carbon steel in 1.0 M HCI in the presence of inhibitor are higher than that
obtained in the absence of inhibitor. The positive sign of AH, reflects the endothermic nature of the
carbon steel dissolution process suggesting that the dissolution of carbon steel is slow [54] in the
presence of inhibitor. The large negative value of AS, for carbon steel in 1.0 M HCI implies that the
activated complex is the rate-determining step, rather than the dissociation step. In the presence of the
inhibitor, the value of AS, increases and is generally interpreted as an increase in disorder as the
reactants are converted to the activated complexes [55].

3.3.3. Adsorption and thermodynamic considerations

The extent of corrosion inhibition depends on the surface conditions and the mode of
adsorption of the inhibitors [56]. Under the assumptions that the corrosion of the covered parts of the
surface is equal to zero and that corrosion takes place only on the uncovered parts of the surface (i.e.,
inhibitor efficiency is due mainly to the blocking effect of the adsorbed species), the degree of surface
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coverage 0 has been estimated from the electrochemical impedance spectroscopy (EIS) technique
employed in this study as follows: 6 = 1n,% / 100 (assuming a direct relationship between surface
coverage and inhibition efficiency) [56-59].

The adsorption on the corroding surfaces never reaches the real equilibrium and tends to reach
an adsorption steady state. However, when the corrosion rate is sufficiently small, the adsorption
steady state has a tendency to become a quasi-equilibrium state. In this case, it is reasonable to
consider the quasi-equilibrium adsorption in thermodynamic way using the appropriate equilibrium
adsorption isotherms [60].

Basic information on the interaction between the inhibitor and the carbon steel surface can be
provided by the adsorption isotherm. In order to obtain the isotherm, the linear relation between the
values of 6 and the inhibitor concentration (Cinn) must be found. Attempts were made to fit the 6 values
to various isotherms including Langmuir, Hill de Boer, Parsons, Temkin, Flory-Huggins, Dahar-Flory-
Huggins and Bockris-Swinkel. By far the best fit is obtained with Langmuir isotherm. According to
this isotherm, 6 is related to Ci,y, by:

Cin _ 1 +Cinn (12)

6 K

ads

where Kggs IS the adsorption constant, Ciy, is the concentration of the inhibitor and surface
coverage values (0) are obtained from the EIS measurements for various concentrations.

Fig. 6 shows the relationship between Cin, / 8 and Cin, for the pyrimidothiazine derivative at
303 K. The correlation coefficient (R?) was used to choose the isotherm that best fit experimental data
(Table 5). The linear correlation coefficient (R%) is equal to one. The slope of the straight line for this
inhibitor was close to unity. Data illustrated in Fig. 6 indicated that the adsorption process obeyed
Langmuir adsorption isotherm. Longmuir’s isotherm assumes that there is no interaction between the
adsorbed molecules, the energy of adsorption is independent on the surface coverage (0), the solid
surface contains a fixed number of adsorption sites, and each site holds one adsorbed species.
The equilibrium constant for adsorption process is related to the free energy of adsorption,
and is expressed by following equation:

(ﬁ) IO(— > =T (13)

AG,

ads !

where R is gas constant and T is absolute temperature of experiment and the constant value of
55.5 is the concentration of water in solution in mol L™

The thermodynamics parameters derived from Langmuir adsorption isotherm for the studied
compound, are given in Table 5. The negative value of AG,, along with the high Kggs indicate a

spontaneous adsorption process [61].
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Table 5. Thermodynamic parameters for the adsorption of CHPPC in 1.0 M HCI on the carbon steel at

303 K.
Inhibitor Slope Kaas (M™) R? AG_, (kd/mol)
CHPPC 1.03 608220.71 1.0 -43.67

Generally, the energy values of -20 kJ mol™or less negative are associated with an electrostatic
interaction between charged molecules and charged metal surface, physisorption; those of -40 kJ mol™
or more negative involve charge sharing or transfer from the inhibitor molecules to the metal surface to
form a coordinate covalent bond, chemisorption [62,63]. The value of AG_ is equal to
-43.67 kJ mol™. The large value of AG,, and its negative sign is usually characteristic of strong
interaction and a highly efficient adsorption [64]. The high value of AG_, shows that in the presence of

1.0 M HCI chemisorption of CHPPC may occur. The possible mechanisms for chemisorption can be
attributed to the donation of m-electron in the aromatic rings, the presence of three nitrogen, three
oxygen and one sulfur atom in inhibitor molecule as reactive centers is an electrostatic adsorption of
the protonated pyrimidothiazine derivative compound in acidic solution to adsorb on the metal surface.
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Figure 6. Langmuir adsorption of CHPPC on the carbon steel surface in 1.0 HCI solution.

3.3. Quantum Chemical Calculations

The structure and electronic parameters were obtained by means of theoretical calculations
using the computational methodologies of quantum chemistry. The optimized molecular structures and
frontier molecular orbital density distribution of the studied molecule are shown in Figure 7. The
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calculated quantum chemical parameters such as Exomo, ELumo, AELumo-Homo, dipole moment (n) and
AN are listed in Table 6.

Table 6. Calculated quantum chemical parameters of CHPPC.

Quantum Parameters CHPPC
Enomo (EV) -7.6977
ELumO (EV) -5.9320
AEL umo-HoMO (eV) 1.7657
dipole moment (p) (Debye) 12.1039
AN (eV) 0.05242963

4

Figure 7. (a) Optimized molecular structure (b) HOMO and (c) LUMO molecular orbital density
distribution of CHPPC.

The value of highest occupied molecular orbital, Eomo indicates the tendency of the molecule
to donate electrons to acceptor molecule with empty and low energy orbital. Therefore, the energy of
the lowest unoccupied molecular orbital, E; ymo indicates the tendency of the molecule to accept
electrons [65]. The energy gap AE is an important parameter which is related to reactivity of the
inhibitor molecule towards the metal surface. The interaction of inhibitor molecule to the metal surface
is related to transfer of electrons from inhibitor to metal surface [66].

The fraction of electrons transferred from inhibitor to the iron molecule (AN) was calculated.
According to other reports [34,67], value of AN showed inhibition effect resulted from electron
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donation. In this study, the CHPPC was the donators of electrons while the carbon steel surface was
the acceptor. The CHPPC was bound to the carbon steel surface, and thus formed inhibition adsorption
layer against corrosion.

4. CONCLUSION

CHPPC acts as an excellent mixed type inhibitor with predominant cathodic action for the
corrosion of carbon steel in 1.0 M HCI solution. Inhibition efficiency increases with increase in
concentration of Ind1 but decreases with rise temperature. The surface adsorption of the used inhibitor
led to a reduction in the double layer capacitance as well as an increase in the charge transfer
resistance. The adsorption of CHPPC follows Langmuir adsorption isotherm. Inhibitive action is due to
chemical adsorption of CHPPC on carbon steel surface and the adsorption process is a spontaneous
and exothermic process.
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