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Abstract

Ethyl 3-hydroxy-8-methyl-4-ox0-6-phenyl-2-(p-toly)-4,6-dihydropyrimido[2,1-b] [1,3]thiazine-7-carboxylate.  (PT) was
examined as a corrosion inhibitor for carbon steel in 1.0 M HCI by using electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization (PDP). Results show that PT is a good inhibitor and its inhibition efficiency reaches
95 % at 10> M. The percentage inhibition efficiency (1) was found to increase with increase of the inhibitor concentration
due to the adsorption of the inhibitor molecules on the metal surface. Tafel polarisation study revealed that (PT) acts as a
mixed type inhibitor. In addition it was established the adsorption follows Langmuir adsorption isotherm. Moreover, the
thermodynamic activation parameters for the corrosion reaction were calculated and discussed in relation to the stability of
the protective inhibitor layer. Quantum chemical parameters are calculated using the Density Functional Theory method
(DFT). Correlation between theoretical and experimental results is discussed.

Key words: Carbon steel; Hydrochloric acid; Corrosion inhibition; Adsorption; pyrimidothiazine derivative.

1. Introduction

The protection of metal surfaces against corrosion is an important industrial and scientific topic. Inhibitors are one of
the practical means of preventing corrosion, particularly in acidic media. Inhibitors can adhere to a metal surface to
form a protective barrier against corrosive agents in contact with metal. The effectiveness of an inhibitor to provide
corrosion protection depends to large extent upon the interaction between the inhibitor and the metal surface. The
adsorbed inhibitors can affect the corrosion reaction either by the blocking effect of adsorbed inhibitor on the metal
surface or by the effects attributed to the change in the activation barriers of the anodic and cathodic reactions of the
corrosion process.

Organic compounds which can donate electrons to unoccupied d orbitals of metal surface to form coordinate covalent
bonds and can also accept free electrons from the metal surface by using their antibond orbitals to form feedback bonds
constitute excellent corrosion inhibitors. Researchers conclude that the adsorption on the metal surface depends mainly
on the physicochemical properties of the inhibitor group, such as the functional group, electronic density at the donor
atom, p orbital character [1-22]. The molecular electronic structure with number of adsorption active centers such as S,
N and O atoms, the molecular size, the mode of adsorption, the formation of metallic complexes and the projected area
of the inhibitor on the metallic surface (degree of surface coverage) also affect the efficiency of inhibition.
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The choice of an appropriate inhibitor depends on the physicochemical properties of the inhibitor molecule, the nature
and state of the metal surface, and the type of the corrosion medium. Inhibitors have been selected mainly by using
empirical knowledge based on their macroscopic physicochemical properties. Recently, the effectiveness of an
inhibitor molecule has been related to its spatial as well as its electronic structure [23-26].

2. Experimental details

2.1. Materials

The steel used in this study is a carbon steel (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). The carbon steel samples were pre-treated prior to the experiments by grinding with
emery paper SiC (120, 600 and 1200); rinsed with distilled water, degreased in acetone in an ultrasonic bath immersion for 5
min, washed again with bidistilled water and then dried at room temperature before use.

2.2. Solutions

The aggressive solutions of 1.0 M HCl were prepared by dilution of analytical grade 37% HCI with distilled water. The
concentration range of Ethyl 3-hydroxy-8-methyl-4-0x0-6-phenyl-2-(p-toly)-4,6-dihydropyrimido[2,1-b] [1,3]thiazine-7-
carboxylate used was 1 x 10°M to 1 x 10”°M.

2.3. Synthesis
General procedure for the Synthesis of ethyl 3-hydroxy-8-methyl-4-oxo0-4,6-dihydropyrimido[2,1-b][1,3]thiazine-7-
carboxylate :

o R .
= /’t N .= EI0” TN OH
NS H O\ co,R,  Reflux,30h N/ks "

@ Q) o

R: 4-C6H5 / Rl: Csz /| Ar = 4'CH3'C6H5

To a solution of epoxide (2) (1 mmol) in acetonitrile (20 ml), ethyl 6-methyl-4-aryl-2-thioxo-1,2,3,4-tetrahydropyrimidine-5-
carboxylate (1) (Immol) was added, and the mixture was refluxed for 3h.The reaction mixture was distlledusing rotary
vacuum evaporator to affordcrudeproduct, which was treated with a mixture of ether/petroleum ether, the 3-hydroxy-4,6-
dioxo-pyrimido[2,1-b][1,3]thiazine-7-carbonitriles (3) . [27]

2.4. Corrosion tests

2.4.1. 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 (Volta master 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 (E,e). After measuring the E,,, 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 100 mHz 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.
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2.4.2. 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 (Ioy).

The present investigation was undertaken to examine the corrosion inhibition capacity of a Ethyl 3-hydroxy-8-methyl-4-oxo-
6-phenyl-2-(p-toly)-4,6-dihydropyrimido[2,1-b] [1,3]thiazine-7-carboxylate. in 1.0 M HCI solution on carbon steel at 303-
333 K using potentiodynamic polarisation (PDP) curves and electrochemical impedance spectroscopy (EIS) methods. The
adsorption isotherm of inhibitor on steel surface was determined. Kinetic parameters are calculated and discussed in detail.
Figure 1 shows the molecular structure of the pyrimidotgiazine derivative utilised in this investigation.

CHj
Figure 1: Chemical structure of Ethyl 3-hydroxy-8-methyl-4-oxo-6-phenyl-2-(p-toly)-4,6-dihydropyrimido[2,1-b]
[1,3]thiazine-7-carboxylate.

2.4.3. Weight loss measurements

Gravimetric measurements were carried out at definite time interval of 4 h at room temperature using an analytical
balance (precision + 0.1 mg). The carbon steel specimens used have a rectangular form (length = 1.6 cm, width = 1.6 cm,
thickness = 0.07 cm). Gravimetric experiments were carried out in a double glass cell equipped with a thermostated cooling
condenser containing 80 mL of non-de-aerated test solution. After immersion period, the steel specimens were withdrawn,
carefully rinsed with bidistilled water, ultrasonic cleaning in acetone, dried at room temperature and then weighed. Triplicate
experiments were performed in each case and the mean value of the weight loss was calculated.

2.4.4. Molecular Modelling

Complete geometrical optimizations of the investigated molecules are performed using DFT (density functional theory) with
the Beck’s three parameter exchange functional along with the Lee-Yang-Parr nonlocal correlation functional (B;LYP) with
6-31G* basis set is implemented in Gaussian 03 program package [28-30].This approach is shown to yield favorable
geometries for a wide variety of systems. This basis set gives good geometry optimizations. The geometry structure was
optimized under no constraint. The following quantum chemical parameters were calculated from the obtained optimized
structure: The highest occupied molecular orbital (Ernoumo) and the lowest unoccupied molecular orbital (Erun0), the energy
difference (4E) between Eyopo and Epyo, dipole moment (p), electron affinity (4), ionization potential (/) and the fraction
of electrons transferred (4N).

According to Koopman’s theorem [32] the ionization potential (IE) and electron affinity (EA) of the inhibitors are calculated
using the following equations.

IE = -Enomo

EA =-Erumo

Thus, the values of the electronegativity (y) and the chemical hardness () according to Pearson, operational and approximate
definitions can be evaluated using the following relations [33]:

 IE + EA
x 2

IE — EA
7 2

3253



J. Mater. Environ. Sci. 6 (11) (2015) 3251-3267 Larouj et al.
ISSN : 2028-2508
CODEN: JMESCN

The number of transferred electrons (AN) was also calculated depending on the quantum chemical method [34-35] by using
the equation:
AN = —Xre = X

2 (77Fe + 7 )
Where ¥ g and y.n denote the absolute electronegativity of iron and inhibitor molecule ng. and m;,, denote the absolute
hardness of iron and the inhibitor molecule respectively. In this study, we use the theoretical value of
¥re =7.0 eV and ng. = 0, for calculating the number of electron transferred.

3. Results and discussion

3.1. Tafel polarisation study

3.1.1. Effect of PT concentration

Polarization measurements have been carried out in order to gain knowledge concerning the kinetics of the anodic and
cathodic reactions. Typical potentiodynamic polarization curves of the carbon steel in 1.0 M HCI solutions without and
with addition of different concentrations of (PT) are shown in Fig.2. Electrochemical kinetic parameters (corrosion
potential (E¢o), corrosion current density (/.) and cathodic Tafel slope (f.)), determined from these experiments by
extrapolation method [36], are reported in Table 1. The /., was determined by Tafel extrapolation of only the cathodic
polarization curve alone, which usually produces a longer and better defined Tafel region [37]. The .o values were
used to calculate the inhibition efficiency, g1 (%), (listed in Table 1), using the following equation [38]:

1 -7 .
Nragel(%) = _eorr  ~corr(i) % 100 1)

corr
where Icorr and Ieon) are the corrosion current densities for steel electrode in the uninhibited and inhibited solutions,

respectively.
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Figure 2: Typical polarisation curves for carbon steel in 1.0 M HCI for various concentrations of (PT) at 303 K

Inspection of the figure 2 shows that the addition of (PT) has an inhibitive effect in the both anodic and cathodic parts
of the polarization curves and generally shifted the E.,. value towards the negative direction compared to the
uninhibited steel. Thus, addition of this inhibitor reduces the carbon steel dissolution as well as retards the hydrogen
evolution reaction. In addition, the parallel cathodic Tafel curves in Fig. 2 show that the hydrogen evolution is
activation-controlled and the reduction mechanism is not affected by the presence of the inhibitor [39]. So, it could be
concluded that this Ethyl 3-hydroxy-8-methyl-4-oxo-6-phenyl-2-(p-toly)-4,6-dihydropyrimido[2,1-b] [1,3]thiazine-7-
carboxylate. (PT) is of the mixed-type inhibitor for steel in 1.0 M HCI solution. Indeed, this inhibitor can exist as a
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cationic species in 1.0 M HCI medium, which may be adsorbed on the cathodic sites of the carbon steel and reduce the
evolution of hydrogen. Moreover, the adsorption of this compound on anodic sites through the lone pairs of electrons
of nitrogen, and sulphur atoms will then reduce the anodic dissolution of carbon steel.

The analyse of the data in Table 1 revealed that the corrosion current density (/.orr) decreases considerably with
increasing (PT) concentration, with a negative shift in corrosion potential compared to that of uninhibited solution.
From table we can classify an inhibitor as cathodic or anodic type if the displacement in corrosion potential is more
than 85 mV with respect to corrosion potential of the blank [40]. In the presence of this Thiophene derivative, the
corrosion potential of carbon steel shifted to the negative side only 33 mV (vs. SCE). This can be interpreted that
inhibitor acts as a mixed type inhibitor and shows more pronounced influence in the cathodic polarization plots
compared to that in the anodic plots. The values of 5, show a slight change with increasing inhibitor concentration,
indicating the influence of the (PT) on the kinetics of hydrogen evolution. This may probably be due to a diffusion or
barrier effect [41]. The dependence of nr.ei(%) versus the inhibitor concentration of (PT) is also presented in Table 1.
The obtained efficiencies indicate that (PT) acts as effective inhibitor. Indeed, the values of 1r51(%) increase with
inhibitor concentration, reaching its maximum value, 94.5 %, at 1 x107° M.

Table 1: Polarisation parameters and the corresponding inhibition efficiency of carbon steel corrosion in 1.0 M HCI
containing different concentrations of (PT) at 303 K.

Inhibitor Concentration —Ecorr vs. SCE —Be Leorr NTafel
M) (mV) (mV dec™) (LA cm?) (%)

Blank — 496 163 564 —
1x107 498 195 35.7 94.0
1x10™ 492 187 63.0 89.0

(PT) 1x107° 478 181 85.5 85.0
1x 10 465 163 110 80.5

3.2. Impedance spectroscopy

The corrosion of carbon steel in 1.0 M HCI solution in the presence of (PT) was investigated by EIS at room
temperature after an exposure period of 30 min. Nyquist plots for carbon steel obtained at the interface in the absence
and presence of this inhibitor at different concentrations is given in Fig. 3.
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Figure 3: Nyquist plot for carbon steel in 1.0 M HCI solution in presence of (PT).

The impedance diagram obtained with 1.0 M HCI shows only one depressed capacitive loop at the higher frequency
range. The same trend was also noticed for carbon steel immersed in 1.0 M HCI containing (PT) (10'6—10'3 M). Table 2
lists impedance parameters of the Nyquist plots of the (PT) in different concentrations. Rct represents the charge-
transfer resistance whose value is a measure of electron transfer across the surface and is inversely proportional to
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corrosion rate [42]. The constant phase element, CPE (Fig. 4), is introduced in the circuit instead of a pure double layer
capacitor to give a more accurate fit [43].

Figure 4: The Randles CPE circuit which is the equivalent circuit for this impedance spectra.

Table 2: AC impedance data of carbon steel in 1.0 M hydrochloric acid solution for (PT) at 303K

Inhibitor Concentration R; Yox1 0* n Ca NEIS
M) (Q cm?) (sn Q'em?) (uF/cm?) (%)

Blank — 32.8 1.7618 0.87 97 —
1x107 869.7 0.17797 0.80 6.28 96.2
1x.10* 463.4 0.26300 0.80 7.23 92.9

(PT) 1x107° 306.2 0.27589 0.87 13.52 89.3
1x 107 174.1 0.64821 0.81 22.64 81.2

The diameter of Nyquist plots increases on increasing the (PT) concentration. This suggested that the formed inhibitive
film was strengthened by addition of (PT). The high frequency (HF) loops have depressed semicircular appearance, 0.5
<n < 1, which is often referred to as frequency dispersion as a result of the inhomogeneity [44-46] or the roughness
[47] of the solid surface. It should be noted that a CPE (Fig. 4) could be treated as a parallel combination of a pure
capacitor and a resistor being inversely proportional to the angular frequency. The CPE, which is considered a surface
irregularity of the electrode, causes a greater depression in Nyquist semicircle diagram, where the metal-solution
interface acts as a capacitor with irregular surface [48]. The impedance of the CPE is expressed as:
1
AV )
Where Y, is the magnitude of the CPE, j is the imaginary unit, ® 1is the angular frequency
(o = 2xf, where f is the AC frequency) and n is the CPE exponent (phase shift). The general unit for CPE is in F cm”
(Farad cm™).
The inhibition efficiency of the inhibitor was calculated from the charge transfer resistance values using the following
equation:
n.% = B =B 1100
R (3)
Where, R', and R’ are the charge transfer resistance in absence and in presence of inhibitor, respectively. The EIS
measurement reveals that at the concentration of 10° M, the percentage of inhibition efficiency is highest
(96.2% n_,). The result strongly supports the observation that 10 M of this compound could work best as an inhibitor.
The results also show that R, values increased with increase in additive concentration except few cases. The
percentage inhibition efficiencies calculated from the R values indicate that (PT) acts as a good corrosion inhibitor of
carbon steel in HCI medium. The CPE values found to decrease with increase in concentration of inhibitor solutions.
This behaviour is generally seen for system where inhibition occurred due to the formation of a surface film by the
adsorption of inhibitor on the metal surface [49-50]. Decrease in CPE, which can result from a decrease in local
dielectric constant and/or an increase in the thickness of the electrical double layer, suggest that the inhibitor molecules
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act by adsorption at the metal/solution interface [51]. The values of n obtained for this inhibitor system were close to
unity which shows that the interface behaves nearly capacitive [52].

3.3. Weight loss, corrosion rates and inhibition efficiency

The corrosion rate (A) of carbon steel specimens after 4 h exposure to 1.0 M HCI solution with and without the
addition of various concentrations of the investigated inhibitor was calculated and the obtained data are listed in Table
3. The variation of A with inhibitor concentrations is shown in Fig. 5. The corrosion rate, A (mg cm™ h'l), surface
coverage (0) and inhibition efficiency 1 of each concentration were calculated using the following equations [53]:

0= Avins = A (5)
uninh
77W = ( Auninh - Ainh )X 100 (6)
uninh

Where AW is the average weight loss (mg), S is the surface area of specimens (cmz), and t is the immersion time (h),
Auninh and Ainh are corrosion rates in the absence and presence of inhibitor, respectively.

Table 3: Effect of (PT) concentration on corrosion data of carbon steel in 1.0M HCI

Inhibitor Conc. (M) A (mg cm > h'l) Nw (%) (C))
Blank 1.0 1.125 - -
1x107 0.0412 96.34 0.9634
1x10* 0.0931 91.73 0.9173
(PT) 5
1x10 0.1324 88.23 0.8823
1x10°¢ 0.2029 81.96 0.8196
0.22
0.20 A @
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Figure 5. Relationship between the corrosion rate and inhibitor concentration for carbon steel after 4h immersion in 1.0 M
HCl at 303K.

It is clear that 1, increased with increasing inhibitor concentration, while corrosion rate decreased. This could be due to
the fact that the inhibitor molecules act by adsorption on the metal surface[54].The variation of my and inhibitor
concentrations in 1.0 M HCI solution at 303 K is shown in Fig 6. The maximum n,, value of (10'3 M) of this inhibitor
was found.

3257



J. Mater. Environ. Sci. 6 (11) (2015) 3251-3267 Larouj et al.
ISSN : 2028-2508
CODEN: JMESCN

98
96 ]
94 4
92 ]

L]
90 /
)

88

Ny (Y0)

86 -|
84 -

82

©

80 T T T T T T
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010

C (mol L)

Figure.6. Relationship between the inhibition efficiency and inhibitor concentration for carbon steel after 4 h immersion in
1.0 M HCl at 303K.

3.4. Effect of temperature

The effect of temperature on the inhibited acid—metal reaction is very complex, because many changes occur on the
metal surface such as rapid etching, desorption of inhibitor and the inhibitor itself may undergo decomposition [55].
The effect of temperature on the inhibition performance of (PT) for carbon steel in 1.0 M HCI solution in the absence
and presence of 1x10™M concentration at temperature ranging from 303 to 333 K was obtained by potentiodynamic
polarization measurements (Figs 5 and 6). The results are given in Table 3.

The inhibition efficiencies are found to decrease with increasing the solution temperature from 303 K to 333 K. This
behaviour can be interpreted on the basis that the increase in temperature results in desorption of the inhibitor
molecules from the surface of carbon steel. Table 3 shows that the corrosion rate increased with increasing temperature
both in uninhibited and inhibited solutions. The corrosion rate increases more rapidly with temperature in the absence
of the inhibitor. These results confirm that pyrimidothiazine derivative acts as an efficient inhibitor for carbon steel in
1.0 M HCl in the range of temperature studied.
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Figure 7: Potentiodynamic polarisation curves of carbon steel in 1.0 M HCl at different temperatures
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Figure 8: Potentiodynamic polarisation curves of carbon steel in 1.0 M HCI in the presence of the optimum concentration of
1 x10°M (PT) at different temperatures.

Table 4: Electrochemical characteristics of carbon steel in 1.0 M HCI without and with 1x10°M of the studied inhibitor at
different temperatures derived from current-voltage I-E characteristics.

Inhibitor Temperature —Ecorr VS. —Be Leorr M Tafel
K SCE(mV) mV dec™”) (LA cm™) (%)
303 496 163 564 —
313 498 155 773 —
Blank 323 492 176 1244 —
333 497 192 1650 —
303 498 195 35.65 93.7
10°M 313 534 189.5 111.46 85.6
323 500 187 267.62 78.5
(PT) 333 494 193 626.53 62.03

In order to investigate the inhibitive performance of (PT) affected by temperature, potentiodynamic polarization
measurements were performed at various temperatures, ranging from 303 to 333K, with and without 1.0 mM (PT).
Consequently, the activation energy (E,), the enthalpy of activation (AH,) and the entropy of activation (AS,) for the
corrosion of carbon steel in1.0M HCI in the absence and presence of 1.0 mM (PT) are calculated using Arrhenius
equation [56-57] and transition state equation[58-60], respectively:

Ea
1, =kexpl-— (7)
RT

RT AS AH
Icurr = &Xp : exp —= (8)
Nh R RT

Where k is the Arrhenius pre-exponential factor, T the absolute temperature, E, the activation corrosion energy for the

corrosion process, h the Planck’s constant, N the Avogadro’s number, AS, the entropy of activation, AH, the enthalpy
of activation and I is the corrosion rate.
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According to the data in Table 5, the plots of Ln I, versus 1/T (Fig. 9) and Ln (Icon/T) versus 1/T (Fig. 10) show

almost straight lines and all the regression coefficients are close to 1. From the slopes and intercepts of the straight
lines, the values of E,, AH, and AS, were calculated and listed in Table 5.

10

corr
IS
1

Ln( ) (mAcm?)

m  Blank
u PT

0 T T T T T T T
3.00 3.05 3.10 3.15 3.20 3.25 3.30

1000/T (K™)

Figure 9: Arrhenius plots of carbon steel in 1.0 M HCI with and without 10~ M of (PT).
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Figure 10: Relation between Ln (I.o,/ T) and 1000/T at different temperatures.

Inspection of Table 5 shows that the value of E, determined in solutions containing (PT) is higher than that of in the
absence of inhibitor (blank). It revealed an increase of E, values in presence of inhibitor. For inhibitors, E, (inhibited
solution) > E, (uninhibited solution), which further confirm 1 (%) decreases with increase in temperature. 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. A corresponding increase in the corrosion rate
occurs because of the greater area of metal that is consequently exposed to the acid environment [61].

On the other hand, the inspection of the same table 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 lower than that obtained in the
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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 [62]. In the presence of (PT), the increase of AS, reveals that an

increase in disordering takes place on going from reactants to the activated complex [63].

Table 5. The value of activation parameters for carbon steel in 1.0 M HCl in the absence and presence of 10° M of (PT).

Concentration E AH, AS, E.-AH,

(M) (kJ mol™) (kJ mol™) (J mol' K™ (kJ mol™)
Blank 31.03 28.51 -99 2.52
1x10°M 76.12 73.59 39.07 2.52

3.5. Adsorption isotherm and thermodynamic parameters

The values of surface coverage 6 corresponding to different concentrations of (PT) in the temperature 298K have been
used to explain the best isotherm to determine the adsorption process. The fractional surface coverage 6 can be easily
determined by the ratio 1 (%) / 100 (Table 5), if one assumes that the values of 1 (%) do no differ substantially from
surface coverage (6). As it is known that the adsorption of an organic adsorbate onto metal-solution interface can be
presented as a substitution adsorption process between the organic molecules in the aqueous solution Orgy and the
water molecules on the metallic surface HyOags):

Orgoy + nHoOq@asy <= Orgaasy + 7 H0 on %)

where Org,l) and Orgags) are the organic molecules in the aqueous solution and adsorbed on the metallic surface,
respectively, HyOqs) is the water molecules on the metallic surface, # is the size ratio representing the number of water
molecules replaced by one molecule of organic adsorbate. When the equilibrium of the process described in this
equation is reached, it is possible to obtain different expressions of the adsorption isotherm plots, and thus the surface
coverage degree (6) can be plotted as a function of the concentration of the inhibitor under test [64].The Langmuir
adsorption isotherm was found to give the best description of the adsorption behaviour of (PT). In This case, the
surface coverage (6) of the inhibitor on the steel surface is related to the concentration of inhibitor in the solution
according to the following equation:

0
m = Kads Cinh (10)
Rearranging this equation gives:
C. 1
%h = K_ +Ciy (i

ads

Where 0 is the surface coverage degree, Cinh is the inhibitor concentration in the electrolyte and Kads is the
equilibrium constant of the adsorption process. The Kads values may be taken as a measure of the strength of the
adsorption forces between the inhibitor molecules and the metal surface [65]. To calculate the adsorption parameters,
the straight lines were drawn using the least squares method. The experimental (points) and calculated isotherms (lines)
are plotted in Fig. 8. The results are presented in Table 5. Adsorption models- Langmuir, Temkin and Frunkin
isotherms were tested graphically for the data and a very good fit is observed with a regression coefficient (R*) up to
0.99995 and the obtained lines have slopes very close to unity, which suggests that the experimental data are well
described by Langmuir isotherm and exhibit single-layer adsorption characteristic [55]. This kind of isotherm involves
the assumption of no interaction between the adsorbed species and the electrode surface. From the intercepts of the
straight lines Cinh/0 — axis, the K,45 values were calculated and given in Table 5. As can be seen from Table 5, the
higher value of K,4 indicates that the inhibitor is easily and strongly adsorbed on the metal surface, leading to a better
inhibition performance. In our case, the strong interaction of inhibitors with mild steel can be attributed to the presence
of heteroatom, such as N and S, and 7 -electrons in the inhibitor molecules [66].

The large value of AG®,4 and its negative sign (in Table 6) is usually characteristic of a strong interaction and a high
efficient adsorption [67].
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Figure 9: Langmuir’s isotherm adsorption model of (PT) on the mild steel surface in 1.0 M HCl at 303K.

Table 6: Thermodynamic parameters for the adsorption of (PT) on the mild steel in 1.0 M HCI at 303K
Inh Slope Kags M) R’ AG',qs (kJ/mol)

(PT) 1.05602 387229.1816 0.99995 -41.85

3.6. Theoretical parameters predicating

Computational methods have a strong impact toward the design and development of organic corrosion inhibitors.
Recently, density function theory (DFT) has been used to analyze the characteristics of the inhibitor/surface

mechanism and to describe the structural nature of the inhibitor on the corrosion process. Furthermore, DFT is
considered to be a very useful technique to probe the inhibitor/surface interaction as well as to analyze the
experimental data [68]. Thus in our present investigation, DFT method was employed to give some insight into the
inhibition action of PT molecule on the carbon steel surface. The quantum chemical parameters such as Egomo, ELumo,
the energy gap AE (ELumo - Enomo), and dipole moment () were obtained for the neutral PT molecule to predict their
activity toward metal surface. These quantum chemical parameters were generated after geometric optimization with
respect to all nuclear coordinates. Figure 5 shows the optimized geometry of PT. Frontier orbital density distribution is
useful in predicting adsorption centers of the PT molecule responsible for the interaction with metal surface atoms.
Figure 10 shows the HOMO and the LUMO density distribution of PT.

3
v @y°
‘ff“:
0%

Fig. 10: Optimized structures and Frontier molecular orbital density distributions HOMO (left) and LUMO (right) of PT.
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Table 7. Quantum chemical parameters for PT calculated using B3LYP/ 6-31G (d,p).

p(debye)  TE(eV) Enomo(eV)  Erumo(eV) AEgy(eV)  yx(eV) 7 (eV) AN
5.0273 47233.11  -4.48961 -1.74561  2.744 3.11761  1.37199  1.08625

According to frontier orbital theory, the reaction of reactants mainly occurred on the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO). The energy of HOMO (Enomo) is related to ionization
potential while the energy of LUMO (ELymo) is directly related to electron affinity. Higher values of Epomo indicate a
tendency of the inhibitor molecules to donate electrons to appropriate acceptor molecules with low energy or empty 3d
orbital of Fe to form coordinate bond [69]. The lower values of Erymo, the stronger the electron accepting ability of the
inhibitor molecule, so that back-donating bond can be formed with its anti-bonding orbital.

From Table 7, the high value of dipole moment probably increases the adsorption between chemical compound and
metal surface [70]. The adsorption of PT molecules from the aqueous solution can be regarded as a quasi-substitution
process between the PT in the aqueous phase [PT (sol)] and water molecules at the electrode surface [H,O (ads)].
Enomo 1s often associated with the electron-donating ability of a molecule and its high value (-4.48961eV) is likely to
indicate a tendency to donate electrons to appropriate low-energy acceptor states. Increasing values of the Epomo
facilitate adsorption (and therefore inhibition) by influencing the transport process through the adsorbed layer. Erymo
indicates the ability of the molecule to accept electrons; hence these are the acceptor states. The lower the value (-
1.74561eV) of ELymo, the more probable it is that the molecule would accept electrons [71]. As for the values of AE
(ELumo - Enomo), lower values (2.744) of the energy difference AE will cause higher inhibition efficiency because the
energy to release an electron from the last occupied orbital will be low [72].The total energy of the PT is equal to
47233.11 eV. This result indicated that PT is favorably adsorbed through the active centers of adsorption. The fraction
of electrons transferred AN from inhibitor to mild steel surface is also calculated using a theoretical yg. and ng. values
for iron of 7 eV mol™ and 0 eV mol™, respectively [73]. The AN values are correlated to the inhibition efficiency
resulting from electron donation. According to Lukovits et al. [35], if AN < 3.6, the inhibition efficiency increases with
increasing electron-donating ability at the metal surface. In this study, the compound is the donators of electrons, and
the iron surface is the acceptor. The compound is bound to the metal surface, and thus forms an inhibition adsorption
layer against corrosion. In addition, the electronegativity parameter () is related to the chemical potential, and higher
value of y indicates better.

Conclusion

Ethyl3-hydroxy-8-methyl-4-ox0-6-phenyl-2-(p-toly)-4,6-dihydropyrimido[2,1-b][ 1,3 ]thiazine-7-carboxylate (PT)
shows excellent inhibition properties for the corrosion of C38 steel in 1.0 M HCI at 303 K, and the inhibition efficiency
increases with increasing of the (PT)concentration. The inhibitor efficiencies determined by weight loss, Tafel
polarisation and EIS methods are in reasonable agreement. Based on the polarisation results, the investigated (PT) can
be classified as mixed inhibitor. The EIS spec-tra is described well by a relatively simple structural model having only
one time constant. The calculated structural parameters show increase of the obtained R; values and decrease of the
capacitance, Cgqj, with (PT) concentration increase. It is suggested to attribute this to the increase of the thickness of the
adsorption layer at steel surface.The m (%) of (PT) is found to decrease proportionally with increasing temperature
(303-328 K) and its addition to 1.0M HCI leads to increase of apparent activation energy (E,) of corrosion process. The
corrosion process is inhibited by the adsorption of (PT) on steel surface and the adsorption of the inhibitor fits a
Langmuir isotherm model at 303 K and the negative value of the AG®, indicates that the adsorption of the (PT)
molecules is a spontaneous process. The density distributions of the frontier molecular orbitals (HOMO and LUMO)
indicate that the studied derivatives adsorb through the active centers S and N atoms and m electrons of the
pyrimidothiazine. The better inhibition efficiency of PT can be explained on the basis of the quantum parameters of
Enomo, Enomo, % and AN.
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