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Abstract

The influence of some pyridoprymidine derivatives on the corrosion of carbon steel in 0.5 M
HCI was investigated using weight loss, potentiodynamic polarization, electrochemical
impedance spectroscopy (EIS) and electrochemical frequency modulation (EFM) techniques.
The inhibition efficiency increases with increasing the inhibitor concentration, but decreases
with raising the temperature. The inhibitors were adsorbed on the carbon steel surface
following Temkin’s adsorption isotherm. The electrochemical results indicated that all the
investigated compounds act as mixed-type inhibitors. Some thermodynamic parameters for
activation and adsorption processes were determined and discussed. The mechanism of
inhibition process was discussed in the light of the chemical structure and quantum-chemical
calculations of the investigated compounds.

Keywords: Corrosion inhibition; Carbon steel; EIS; EFM; HCI; Pyridoprymidine
derivative.

1. Introduction

Corrosion is a fundamental process playing an important role in economics and safety,
particularly for metals. The use of inhibitors is one of the most practical methods for
protection against corrosion, especially in acidic media [1]. Most well-known acid inhibitor is
organic compounds containing nitrogen, sulfur, and oxygen atoms. Among them, organic
inhibitors have many advantages such as high inhibition efficiency, low price, low toxicity,
and easy production [2-5]. Organic heterocyclic compounds have been used for the corrosion
inhibition of iron [6-11], copper [12], aluminum [13-15], and other metals [16-17] in different
corroding media. The adsorption of the surfactant heterocyclic compounds on the metal
surface can markedly change the corrosion- resisting property of the metal [18-19] and so the
study of the relations between the adsorption and corrosion inhibition is of great important.
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Heterocyclic compounds have shown a high inhibition efficiency for iron in both HCI [20]
and H,SO, [21] solutions. As pyridoprimidine derivatives have rarely been studied as
inhibitors for C-steel in HCIL. For this reason, the objective of the present work is to
investigate the inhibiting action of pyridoprimidine derivatives in 0.5 M HCI at different
temperatures using chemical and electrochemical methods.

2. Experimental methods

2.1. Materials

Tests were performed on C-steel specimens of the following composition (weight %):0.20 %
C, 0.350 % Mn, 0.024 % P, 0.003 % S, and the remainder Fe.

2.2. Solutions
The aggressive solution, 0.5 M HCI was prepared by dilution of analytical grade (37 %) HCI
with bi-distilled water. The concentration range of the inhibitors used was 1x10°-21x10° M

2.3. Inhibitors

The investigated compounds were selected from pyridoprimidine derivatives and are shown in
Table (1).

Table (1): The molecular structures, names, molecular formulas, and molecular weights of
investigated inhibitors.

Active Chem.
Inh. Structure IUPAC Name Mol.Wt
center formula
(A) 7-amino-6- 43351 | 20 | CxH1sNsO,S,
(benzo[d]thiazol-2-yl)- 5N
: 7@ 2,3-dihydro[2,3- 25
iy ‘\ s d]pyrimidin-4(1H)-one
>

Ethyl?-amino-l,2,3,4- 372.4 40 C17H16N4O4S

tetrahydro-5-(4-methoxy 4N

it phenyl)-4-0xo0-2- 1S
B) | | N thioxopyrido[2,3-
)\ " N, d]pyrimidine-6-

carboxylate
(C) . 7-amino-1,2,3,4- 32535 | 20 | CisH1uNsO,S

tetrahydro-5-(4-methoxy 5N

o phenyl)-4-0xo0-2- 1S
o " thioxopyrido[2,3-
Py d]pyrimidine-6-

carbonitrile
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2.4. Weight loss measurements

Seven parallel carbon steel sheets of 25 x 20 x 0.2 mm were abraded with emery paper (grade
320-500-800) and then washed with bi-distilled water and acetone. After accurate weighing,
the specimens were immersed in a 250 ml beaker, which contained 250 ml of HCI with and
without addition of different concentrations of investigated inhibitors. All the aggressive acid
solutions were open to air. After 3 h, the specimens were taken out, washed, dried, and
weighed accurately. The average weight loss of seven parallel C-steel sheets could be
obtained. The inhibition efficiency (%IE) and the degree of surface coverage, 0, of
pyridoprymidine derivatives for the corrosion of C-steel were calculated as follows [22]:

%IE = §x100 = [1— (W / W°)] X 100 (1)
Where W° and W are the average weight losses without and with addition of the inhibitor,
respectively.

2.5. Electrochemical measurements

Polarization experiments were carried out in a conventional three-electrode cell with a
platinum counter electrode and a saturated calomel electrode (SCE) coupled to a fine Luggin
capillary as reference electrode. The working electrode was in the form of a square cut from
C-steel sheet embedded in epoxy resin of polytetrafluoroethylene (PTFE) so that the flat
surface was the only surface of the electrode. The working surface area was 1 cm?. Tafel
polarization curves were obtained by changing the electrode potential automatically from -500
to +500 mV at open circuit potential with a scan rate of 1 mV/s™. Stern-Geary method[23]used
for the determination of corrosion current is performed by extrapolation of anodic and
cathodic Tafel lines to a point which gives log ic,r and the corresponding corrosion potential
(Ecorr) for inhibitor free acid and for each concentration of inhibitor. Then icor Was used for
calculation of inhibition efficiency and surface coverage (0) as below:

%IE = 6x100 = [1 - (icorr(inh)/icorr(free)] X 100 (2)

Where iconriresy @Nd icorrinhy are the corrosion current densities in the absence and presence of
inhibitor, respectively. Impedance measurements were carried out in frequency range from
100 kHz to 10 mHz with amplitude of 5 mV peak-to-peak using ac signals at open circuit
potential. The experimental impedance were analyzed and interpreted on the basis of the
equivalent circuit. The main parameters deduced from the analysis of Nyquist diagram are the
resistance of charge transfer R (diameter of high frequency loop) and the capacity of double
layer Cg which is defined as:

Ca =1/ 27 fnaxRet 3)

Where frnax IS the maximum frequency. The inhibition efficiencies and the surface coverage
(0) obtained from the impedance measurements were defined by the following relation:

RO
%15=9x100=[1—(R“)]x100 4)
ct

Where R and R are the charge transfer resistance in the absence and presence of inhibitor,
respectively. The electrode potential was allowed to stabilize 30 min before starting the
measurements. All the experiments were conducted at 25 + 1°C. Measurements were
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performed using Gamry (PCI 300/4) Instrument Potentiostat/Galvanostat/ZRA. This software
includes a Gamry framework system based on the ESA 400. Gamry applications include
DC105 for corrosion measurements, EIS300 software for electrochemical impedance
spectroscopy and EFM140 software for electrochemical frequency modulation along with a
computer for collecting data. Echem Analyst 5.58 software was used for plotting, graphing,
and fitting data.

3. Results and Discussion

3.1. Weight loss measurements

The weight loss-time curves of C-steel with the addition of inhibitor (A) in 0.5 M HCI at
various concentrations is shown in Figure 1. Similar curves were obtained in presence of the
other inhibitors, but not shown.

Table 1.Variation of %IE of different compounds with their molar concentrations at 25°C
from weight loss measurements at 120 min immersion in 0.5 M HCI

ST Concl.\,/lx 10° Wrei]igrgnll(_)zss, Corrrr(])gic?rrr]] Bfnt?ngER) %IE
Blank 0.0 2.80 0.023 -—--
1 2.10 0.018 25.0

5 1.70 0.014 39.3

A 9 0.90 0.008 67.9
17 0.50 0.004 82.1

21 0.20 0.001 92.9

1 4.80 0.040 20.8

5 3.80 0.032 35.4

B 9 2.40 0.030 20.0
17 1.80 0.015 62.5

21 0.07 0.001 85.4

1 4.40 0.037 15.9

5 3.70 0.031 25.0

C 9 3.30 0.028 38.6
17 2.70 0.230 59.1

21 1.10 0.009 75.0
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The curves of Figure 1 show that the weight loss values of C-steel in 0.5 M HCI solution
containing investigated inhibitors decrease as the concentration of the inhibitors increases;
i.e., the corrosion inhibition strengthens with the inhibitor concentration, this is appear in the
Table 1.This trend may result from the fact that the adsorption of inhibitor on the C-steel
increases with the inhibitor concentration thus the C-steel surface is efficiently separated from
the medium by the formation of a film on its surface[24-25].The inhibition efficiency of
investigated compounds in the order: A>B > C.

2

Weight loss , mg cm

184 —=—Blank (0.5 M HCI)
—o—1x10°M
1.6+ 5x10° M
—v—9x10°M
17x10° M
12 [=21x10'm
08 p

T T
100 120

Time , min

T
140

Figure 1.Weight loss-time curves for the corrosion of carbon steel in 0.5 M HCI in the

absence and presence of different concentrations of inhibitor (A) at 25 °C

3.2. Potentiodynamic polarization measurements
Figure 2 shows the anodic and cathodic Tafel polarization curves for C-steel in 0.5 M HCI in
the absence and presence of varying concentrations of inhibitor A at 25°C. Similar curves

were obtained in presence of the other inhibitors, but not shown.
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Figure 2. Potentiodynamic polarization curves for corrosion of C-steel in 0.5 M HCI in the

absence and presence of different concentrations of inhibitor (A) at 25 °C
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From Figure 2, it is clear that both anodic metal dissolution and cathodic H, reduction
reactions were inhibited when investigated inhibitors were added to 0.5 M HCI and this
inhibition was more pronounced with increasing inhibitor concentration. Tafel lines are
shifted to more negative and more positive potentials with respect to the blank curve by
increasing the concentration of the investigated inhibitors. This behavior indicates that the
undertaken additives act as mixed-type inhibitors [25-26]. The results show that the increase
in inhibitor concentration leads to decrease the corrosion current density (icorr), but the Tafel
slopes (Ba, Pc),are approximately constant indicating that the retardation of the two reactions
(cathodic hydrogen reduction and anodic metal dissolution) were affected without changing
the dissolution mechanism[27-29]. The order of inhibition efficiency of investigated
compounds in the order: A>B > C.

3.3. Electrochemical impedance spectroscopy (EIS) measurements

The effect of inhibitor concentration on the impedance behavior of carbon steel in 0.5 M HCI
solution at 25°C is presented in Figure 3 (a, b). The curves show a similar type of Nyquist
plots for C-steel in the presence of various concentrations of inhibitor (A), similar curves were
obtained for other inhibitors but not shown. The existence of single semi-circle showed the
single charge transfer process during dissolution which is unaffected by the presence of
inhibitor molecules. Deviations from perfect circular shape are often referred to the frequency
dispersion of interfacial impedance which arises due to surface roughness, impurities,
dislocations, grain boundaries, adsorption of inhibitors, and formation of porous layers and in
homogenates of the electrode surface [30-31]. Inspections of the data reveal that each
impedance diagram consists of a large capacitive loop with one capacitive time constant in the
Bode—phase plots (Figure 3b).
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Figure 3. The Nyquist (a) and Bode (b) plots for corrosion of C-steel in 0.5 M HCI in the
absence and presence of different concentrations of compound (A) at 25°C

The electrical equivalent circuit model is shown in Figure 4. It used to analyze the obtained
impedance data. The model consists of the solution resistance (Rs), the charge-transfer
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resistance of the interfacial corrosion reaction (Rc) and the double layer capacitance (Cq).
Excellent fit with this model was obtained with our experimental data. EIS data (Table 2)
show that the R values increases and the Cgy values decreases with increasing the inhibitor
concentration. This is due to the gradual replacement of water molecules by the adsorption of
the inhibitor molecules on the metal surface, decreasing the extent of dissolution reaction. The

higher (R.;) values, are generally associated with slower corroding system [32-33]

W.E.

Rs Ret

Solution Rosistance Charge Transfer Resistance

21—

CPE

Constant Phase Element

Figure 4. Electrical equivalent circuit model used to fit the results of impedance
Table 2. EIS data of C-steel in 0.5 M HCI and in the absence and presence of different
concentrations of investigated inhibitors at 25°C

-3 -4
Comp. COICIC" idl':’;ioz R;;);tg 0 %IE
Blank Blank 2.87 34.90
1x10°® 2.12 49.86 0.301 30.1
5x10°° 1.83 68.43 0.490 49.0
A 9x10° 1.51 96.94 0.636 63.6
17x10° 1.36 166.19 0.791 79.1
21x10° 1.11 317.27 0.897 89.7
1x10° 2.42 49.15 0.293 29.3
5x10°° 1.91 58.17 0.401 40.1
B 9x10° 1.70 74.26 0.525 52.5
17x10°® 1.33 112.58 0.691 69.1
21x10° 1.21 205.29 0.829 82.9
1x10°° 2.33 39.21 0.112 11.2
5x10° 2.06 46.53 0.249 24.9
C 9x10° 1.31 54.53 0.365 36.5
17x10°® 0.98 81.16 0.571 57.1
21x10°® 0.88 129.26 0.732 73.2
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The decrease in the Cq can result from the decrease of the local dielectric constant and/or
from the increase of thickness of the electrical double layer suggested that the inhibitor
molecules function by adsorption at the metal/solution interface [34].The %IE obtained from
EIS measurements are close to those deduced from polarization measurements. The order of
inhibition efficiency obtained from EIS measurements is as follows: A>B >C

3.4. Electrochemical frequency modulation (EFM) measurements

Electrochemical frequency modulation is a nondestructive corrosion measurement technique
that can directly give values of the corrosion current without prior knowledge of Tafel
constants. Like EIS, it is a small signal AC technique. Unlike EIS, however, two sine waves
(at different frequencies) are applied to the cell simultaneously. The results of EFM
experiments are a spectrum of current response as a function of frequency. The spectrum is
called the intermodulation spectrum. The spectra contain current responses assigned for
harmonical and intermodulation current peaks. The corrosion rate and Tafel parameters can be
obtained with one measurement by analyzing the harmonic frequencies. The larger peaks
were used to calculate the corrosion current density (icorr), the Tafel slopes (Bc and B,) and the
causality factors (CF-2 and CF-3). Intermodulation spectra obtained from EFM measurements
As can be seen from Table (3),Then icor Was subsequently obtained and used for calculation
of inhibition efficiency (%IE) and degree of surface coverage (8) were calculated from the
equation 2

The causality factors in Table (3) are very close to theoretical values according to the EFM
theory [34]. The order of the inhibition efficiency obtained is as follows: A > B > C. Figures
(5-6): EFM spectra for carbon steel in 0.5 M HCI in the absence and presence of 21 x 10°M
from inhibitor (A) as an example. Similar curves were obtained in presence of the other
inhibitors, but not shown.

Table 3. Electrochemical kinetic parameters obtained by EFM technique for C-steel in the
absence and presence of various concentrations of inhibitors in 0.5 M HCI at 25°C

Comp XC:lcE)r;CM uAI\COcr;’n'Z mVL;Cec1 mV[(Bch1 CF2 | CF3 g:y o | IE
Blank 0.0 1952.0 350.6 579.0 1.97 | 2.99 892 - -
5 1061.9 239.2 318.2 2.04 | 6.69 | 485.3 | 0.386 | 38.6

A 9 589.5 189.8 416.7 197 | 3.29 | 269.4 | 0.579 | 57.9
17 294.8 252.2 329.7 207 | 6.65 | 134.7 | 0.779 | 77.9

21 173.7 191.6 292.9 2.01 | 1.93 79.4 | 0.903 | 90.3

1169.3 243.7 326.6 2.04 | 6.09 | 534.3 | 0.204 | 20.4

B 950.6 225.7 282.8 2.03 | 753 | 434.4 | 0.500 | 50.0
17 694.9 228.0 302.5 2.04 | 10.18 | 3176 | 0.720 | 72.0
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21 271.3 1751 206.8 190 | 422 | 124.0 | 0.896 | 89.6
5 1368.4 291.0 401.7 2.02 | 6.37 | 625.3 | 0.119 | 11.9
9 1180.9 111.2 136.7 153 | 1.05 | 539.7 | 0.361 | 36.1
¢ 17 759.3 52.1 70.07 148 | 1.75 | 346.9 | 0.479 | 47.9
21 443.1 47.2 58.53 112 | 153 | 2025 | 0.715 | 715
- -

Current (A)

Current (A)

1E-4

1E-5

1E-6

1E-7

1E-8

T T
0.2 0.4

T T
0.6 0.8

T T
1.0 1.2
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Figure5. EFM-spectra for carbon steel in 0.5 M HCI (Blank)
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1E-6
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| —=—21x10-6 |

. . —
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T .
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Figure6. EFM spectra for carbon steel in 0.5 M HCI in the presence of 21x10'6M inhibitor

(A)

3.5. Adsorption isotherm
Organic molecules inhibit the corrosion process by the adsorption on metal surface.
Theoretically, the adsorption process can be regarded as a single substitutional process in
which an inhibitor molecule, I, in the agueous phase substitutes an "x" adsorbed on the metal
surface [35-36] vis,
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|(ag) + XHOwn — * lsuy * XH20pq (5)
where X is known as the size ratio and simply equals the number of adsorbed water molecules
replaced by a single inhibitor molecule. The adsorption depends on the structure of the
inhibitor, the type of the metal and the nature of its surface, the nature of the corrosion
medium and its pH value, the temperature and the electrochemical potential of the metal-
solution interface. Also, the adsorption provides information about the interaction among the
adsorbed molecules themselves as well as their interaction with the metal surface. The values
of surface coverage, 0, for different concentration of the studied compound at different
temperatures have been used to explain the best isotherm to determine the adsorption process.
By far the results of investigated inhibitors were best fitted by Temkin adsorption isotherm.
Figure 7 shows the plotting of 6 against log C at 25°C for investigated inhibitors. These plots
gave straight lines indicating that the adsorption of investigated compounds on C-steel surface
follows Temkin adsorption isotherm [35]:

0 = (1/f) In KgasC (6)

where C is the concentration of inhibitor, 0 the fractional surface coverage and Kags iS the
adsorption equilibrium constant related to the free energy of adsorption AG®,qs as [36]:

Kaas = 1/55.5 exp (=AG°qqs/ RT) (7)

where R is the universal gas constant, T is the absolute temperature. The value 55.5 is the
concentration of water on the metal surface in mol/ I.

1.0

E = |nhibitor A
0.9 ®  |nhibitor B
E Inhibitor C

— T T r I T T T T 1T r T T T T
-6.2 -6.0 -5.8 -5.6 5.4 5.2 -5.0 -4.8 -4.6 -4.4

logC,M

Figure 7. Temkin adsorption isotherm for investigated inhibitors for corrosion of C-steel in
0.5 M HCl at 25°C

Table 4. Thermodynamic parameters for the adsorption of inhibitors on C-steel surface
in 0.5 M HCI at different temperatures
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Inh Temp- ) Kads)(]-o-6 ‘AGOads 'AHoads 'Asoads
' C M* kJ mol™ kJ mol™ Jmol*K?

25 2.22 46.2
35 3.33 46.7

(A) 79.0 4748
45 2.29 49.3
55 4.159 52.5
25 2.17 46.1
35 2.33 47.8

(B) 23.8 5.941
45 2.16 49.7
55 2.44 51.1
25 45.3 35.5
35 48.8 33.5

(C) 79.3 4779
45 49.5 334
55 51.5 28.8

The values of Kys and AG®%gs. For pyridoprimidine derivatives were calculated and are
recorded in Table (4).All estimated thermodynamic adsorption parameters for the studied
compounds on carbon steel from 0.5 M HCI solution were listed in Table (4). Inspection of
the obtained data, it was found that:

e The negative values of AG®,qs reflect that the adsorption of studied compounds on C- steel
surface from 0.5 M HCI solution is spontaneous process [37-38].

e AG s values increase (become less negative) with an increase of temperature which
indicates the occurrence of exothermic process at which adsorption was unfavorable with
increasing reaction temperature as the result of the inhibitor desorption from the steel surface
[38].

3.6 Effect of temperature

The effect of temperature on the rate of corrosion of C-steel in 0.5 M HCI containing different
concentrations from investigated inhibitors was tested by weight loss method over a
temperature range from 25 to 55°C.The results revealed that, the rate of corrosion increases as
the temperature increases and decreases as the concentration of these compounds increases for
all compound used. The activation energy (Ea) of the corrosion process was calculated using
Arrhenius equation:

k =Aexp (—E,/ RT) (8)
where K is the rate of corrosion, A is the Arrhenius constant, R is the gas constant and T is the
absolute temperature.

Figure 8 presents the Arrhenius plot in the presence and absence of compound (A). Similar
curves are obtained in presence of the other inhibitors, but not shown. E; values determined
from the slopes of these lines are shown in Table 5. The linear regression (R?) is close to 1
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which indicates that the corrosion of C-steel in 0.5 M HCI solution can be elucidated using the
kinetic model. Table 5 showed that the value of E, for inhibited solution is higher than that for
uninhibited solution, suggesting that dissolution of C-steel is slow in the presence of inhibitor
and can be interpreted as due to physical adsorption [39]. It is known from Eq. 8 that the
higher E, values lead to the lower corrosion rate. This is due to the formation of a film on the
C-steel surface serving as an energy barrier for the C-steel corrosion [40].

0.1
0.2
0.3
0.4
0.5
0.6 4
0.7 4
0.8
0.9 4
1.0 ] RN \4

197 [ = Blank (0.5 M HCI)

-1.1 4 6 «
121 e 1x10°M

-1.2 4 -

13 5x10° M

141 | v 9x10°Mm ~

5] 17x10° M
4164 | < 21x10°M

-1.7 4

Rl

min

2

Log k, mg cm

3.00 3.05 3.10 3.15 3.20 3.25 3.30 3.35 3.40
1/Tx10°, K™

Figure 8. Log k — 1/T curves for C-steel dissolution in 0.5 M HCI in the absence and presence
of compound (A)

Enthalpy and entropy of activation (AH", AS") of the corrosion process were calculated from
the transition state theory (Table 5):

Rate = (RT/ Nh) exp (AS*/R) exp (—AH"/RT) 9)

where h is Planck’s constant and N is Avogadro's number. A plot of log (Rate/ T) vs. 1/ T for
C-steel in 0.5M HCI at different concentrations from investigated compounds, gives straight
lines as shown in Figure 9 for compound (A). Similar curves were obtained in presence of the
other inhibitors, but not shown. The positive signs of AH™ reflect the endothermic nature of
the steel dissolution process. Large and negative values of AS™ imply that the activated
complex in the rate-determining step represents an association rather than dissociation step,
meaning that decrease in disordering takes place on going from reactants to the activated
complex[41-42].
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Figure 9. Log k/T — 1/T curves for C-steel dissolution in 0.5 M HCI in the absence and
presence of different concentrations the investigated compound (A)

Table 5. Activation parameters of the corrosion of C-steel in 0.5 M HCI at 21X10°® M for the
investigated compounds

Inhibitor E:. = 45
kJ mol™ kJ mol™ Jmol*K™?

0.5 M HCI 22.4 20.5 185.3

A 63.6 59.6 73.9

B 37.5 35.0 149.0

C 32.9 30.8 158.0

The order of the inhibition efficiencies of Pyridoprimidine derivatives as gathered from the
increase in E, and AH values and decrease in AS values is as follows: A >B > C

3.7. Quantum chemical parameters of investigated compounds

The Enomo indicates the ability of the molecule to donate electrons to an appropriated
acceptor with empty molecular orbitals but E_ ymo indicates its ability to accept electrons. The
lower the value of E ymo, the more ability of the molecule is to accept electrons [43].While,
the higher is the value of Exomo Of the inhibitor, the easer is its offering electrons to the
unoccupied d-orbital of metal surface and the greater is its inhibition efficiency. The
calculations listed in Table 6 showed that the highest energy Enomo is assigned for the
compound A, which is expected to have the highest corrosion inhibition among the
investigated compounds. The HOMO-LUMO energy gap, AE approach, which is an
important stability index, is applied to develop theoretical models for explaining the structure
and conformation barriers in many molecular systems. The smaller is the value of AE, the
more is the probable inhibition efficiency that the compound has [44-45].
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The dipole moment p, electric field, was used to discuss and rationalize the structure. It was
shown from (Table6) that compound A molecule has the smallest HOMO-LUMO gap
compared with the other molecules. Accordingly, it could be expected that compound (A)
molecule has more inclination to adsorb on the metal surface than the other molecules. The
higher is the value of p, the more is the probable inhibition efficiency that the compound has.
The calculations showed that the highest value of i is assigned for the compound A which has
the highest inhibition efficiency. Absolute hardness and softness ¢ are important properties to
measure the molecular stability and reactivity. A hard molecule has a large energy gap and a
soft molecule has a small energy gap. Soft molecules are more reactive than hard ones
because they could easily offer electrons to an acceptor. For the simplest transfer of electrons,
adsorption could occur at the part of the molecule where o, which is a local property, has the
highest value .In a corrosion system, the inhibitor acts as a Lewis base while the metal acts as
a Lewis acid. Bulk metals are soft acids and thus soft base inhibitors are most effective for
acidic corrosion of those metals. Accordingly, it is concluded that inhibitor with the highest o
value has the highest inhibition efficiency Table 6 which is in a good agreement with the
experimental data. This is also confirmed from the calculated inhibition efficiencies of
molecules as a function of the inhibitor chemical potential, Pi, and the fraction of charge
transfer, AN to the metal surface.

The relatively good agreement of Pi and AN with the inhibition efficiency could be related to
the fact that any factor causing an increase in chemical potential would enhance the electronic
releasing power of inhibitor molecule Table 6. Analysis to estimate the adsorption centers of
inhibitors has been widely reported and it is mostly used for the calculation of the charge
distribution over the whole skeleton of the molecule.

There is a general consensus by several authors that the more negatively charged heteroatom
is, the more is its ability to adsorb on the metal surface through a donor-acceptor type
reaction .Variation in the inhibition efficiency of the inhibitors depends on the presence of
electro negative O- and N-atoms as substituents in their molecular structure. The calculated
Mulliken charges of selected atoms are presented in Figure (10).

Table 6. Enomo, ELumo, their energy gap (AEgsp) and dipole moment () for the different
compounds as obtained B3LYP/6-31G (d) method in gas phase

Compound -Ehomo -ELumo AEgap w(Debye) | Area (A?
(A) 8.99 1.5 7.47 8.46 400.29
(B) 9.24 1.62 7.52 4.1 352.09
(©) 9.29 1.72 7.57 3.75 306.19
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HOMO Inhibitor (C) LUMO

Figure 10. Optimized molecular structure of inhibitors, and its frontier molecular orbital
density distribution (HOMO and LUMO)

3.8. Mechanism of inhibition

Corrosion inhibition of carbon steel in HCI solution by the investigated pyridoprymidine
derivatives indicated from weight loss, potentiodynamic polarization, EIS and EFM
techniques was found to depend on the concentration and the nature of the inhibitor. It is
generally, assumed that the adsorption of the inhibitors at the metal / solution interface is the
first step in the action mechanism of the inhibitors in aggressive acid media. Four types of
adsorption may take place during inhibition involving organic molecules at the metal /
solution interface: Electrostatic attraction between charged molecules and charged metal,
Interaction of unshared electrons pairs in the molecule with the metal, Interaction of n
electrons with the metal, A combination of the above [46]. Concerning inhibitors, the
inhibition efficiency depends on several factors; such as number of adsorption sites and their
charge densities, molecular size, heat of hydrogenation, mode of interaction with the metal
surface, and the formation metallic complexes [47]. Most organic inhibitors contain at least
one polar group with an atom of nitrogen, sulfur or oxygen, each of them in principle
representing a chemisorptions center. The inhibitive properties of such compounds depend on
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the electron densities surrounding the active center where the higher the electron density at
the center the more the effective the inhibitor.

In aqueous acidic solutions, the investigated pyridoprymidine derivatives proposed to exist
either as neutral molecules or in the form of cationic (protonated). In general two modes of
adsorption could be considered. The neutral form may adsorb on the metal surface by
chemisorption's mechanism, involving the displacement of water molecules from the metal
surface and the sharing electrons between the N and O atoms and metal surface. On the other
hand, it is well known that carbon steel surface has positive charge [48] in acidic solution;
therefore it is difficult for protonated inhibitors to adsorb on the positively charged carbon
steel surface due to electrostatic repletion. Since chloride ions have a smaller degree of
hydration being specifically adsorbed, they create an excess negative charge toward the
solution and favor more adsorption of the protonated inhibitor. In other words, there may be a
synergism between CI" and the inhibitor, which improves the inhibitive capability of the
inhibitor. When the protonated inhibitor is adsorbed on the metal surface the formation of a
coordinate bond due to the partial transfer of electron from S, N- and/or O-atoms to the metal
surface may be happened and both anodic and cathodic reactive sites on the steel surface may
be blocked and inhibition of both reactions occurred. It is known that compounds differing in
the functional donor atom (other factors being equal), the order of corrosion inhibition is
usually: S > N > O. The order of increased inhibition efficiency for pyridoprymidine
derivatives is: A > B > C. as indicated from the different methods. Compound (A) is the most
efficient inhibitor due to: (i) the presence of two S-atoms, five N-atoms, two O-atoms and 4
benzene rings which contain n-electrons and (ii) it has larger molecular size. Inhibitor (B)
comes after compound (A) in inhibition efficiency this is due to: (i) It has 4-O atoms, 4-N
atoms, one-S atom and three benzene rings and (ii) it has lesser molecular size than compound
(A). Compound (C) is the least effective one due to: (i) It has 2-O atoms, 5-N atoms, one-S
atom and three benzene rings and (ii) it has lesser molecular size than compounds A & B.

Conclusions:

v The tested Pyridoprimidine derivatives establish a very good inhibition for C-steel
corrosion in HCI solution

v Pyridoprimidine derivatives inhibit C-steel corrosion by adsorption on its surface and
act better than the passive oxide film

v The inhibition efficiency is in accordance to the order: A>B>C

v The inhibition efficiencies of the tested compounds increase with increasing of their
concentrations

v Double layer capacitances decrease with respect to blank solution when the inhibitor
added. This fact may explained by adsorption of the inhibitor molecule on the C-steel surface
v The adsorption of these compounds on C-steel surface in HCI solution follows Temkin
adsorption isotherm

v The values of inhibition efficiencies obtained from the different independent
techniques used showed the validity of the obtained results
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