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Abstract

The corrosion inhibition of carbon steel in a 1.0HMI solution, using 4-amino-2-(4
chlorophenyl)-8-(2,3-dimethoxyphenyl)-6-oxo-2,6-gilnopyrimido[2,1b][1,3]thiazine-
3,7-dicarbonitrile  (ACMPT) was investigated by waigloss, potentiodynamic
polarization, electrochemical impedance spectrogc@lS) and quantum chemical
calculations. Polarization curves indicate that shedied compound was acting as a
mixed inhibitor with predominant cathodic effectimss. The inhibition efficiency
decreased with an increased temperature, and tenadynamic and activation
parameters obtained from this study were discusBsel adsorption behavior of ACMT
follows Langmuir’s isotherm. In addition, Densiturction Theory (DFT) calculations
were performed on the studied molecule. The thealgbarameters obtained from this
method are in good agreement with the experimeesailts.

Keywords: pyrimidothiazine, carbon steel, corrosion inhinitj theoretical studies,
DFT.

Introduction

Mild steel is widely used in different areas, suah in chemical processing,
marine application, petroleum production and refjiand construction [1-4].
Furthermore, hydrochloric acid solutions are widelged for the pickling,
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cleaning, desaling and etching of mild steel [SHi]the other hand, hydrochloric
acid is the most difficult to handle of the commewids, from the standpoint of
corrosion and construction materials. It is reqlia® extreme care to choose the
right material to handle this acid by itself, even relatively dilute
concentrations, or in process solutions contaiiting appreciable amounts. This
acid is well-known for its corrosive capacity towarthe most common metals
and alloys [8]. One of the most used methods ferptfotection against corrosion,
especially in acidic solutions, is the use of intois [9]. The development of
organic inhibitors containing nitrogen, sulphur amd/gen atoms is of growing
interest in the field of corrosion and industriilemistries, as corrosion poses a
serious problem to the iron industry [10, 11]. kmetother hand, quantum
chemical calculations became widely reputed andd use study reaction
mechanisms, and to interpret the experimental t€sak well as to resolve
chemical ambiguities [12]. The choice of pyrimidaiine as an inhibitor is
based on the good results obtained with this tyfpleeterocyclic compounds in
different media [13-16]. In the present work, 4-amR-(4-chlorophenyl)-8-(2,3-
dimethoxyphenyl)-6-oxo-2,6-dihydropyrimido[2,1-b]  1,B] thiazine-3,7-
dicarbonitrile (ACMPT) was investigated as a coiwonsnhibitor for carbon steel
in 1.0 M HCI, using detailed gravimetric measuretagnelectrochemical
impedance spectroscopy and quantum chemical cttmda The molecular
structure of this pyrimidothiazine derivative i®gm in Fig 1.
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Figure 1. Molecular structure of 4-amino-2-(4-chloropher§d}2, 3-dimethoxyphenyl)-
6-0x0-2, 6-dihydropyrimido[2,1-b][1, 3]thiazine-3dicarbonitrile.

Experimental methods

Materials and methods

Materials

The metal used in this study is carbon steel (Eaygnorm: C35E carbon steel
and US specification: SAE 1035); Table 1 showsligsmical composition:

Table 1L Chemical composition of carbon steel.

C Si Mn S Cr Ti Ni Co Cu Fe
|wt% 0.370| 0.230 0.68(0 0.016 0.077 0.011 0.059 0/009600.Iremainder iron

Synthesis
Pyrimidin-4-one (1 mmol) was added to a solutior2gR, 3-dimethoxybenzy-
lidene) malononitrile (1 mmol) in acetonitrile (20L). The mixture was then
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refluxed for 30 h. The solvent was removed undeluced pressure, and the
crude product was treated with a mixture of ether@geum ether and the 4-
amino-2-(4-chlorophenyl)-8-(2,3-dimethoxyphenylpge-2,6-
dihydropyrimido[2,1-b][1,3]thiazine-3,7-dicarbonie (ACMPT) precipitate, and
it was recrystallized from EtOH. The synthetic ajgmhes adopted to obtain the
target compounds (ACMOPT) are shown in Scheme 1

cl 0 O NH,
Q_<CN ) - | i" cen NC | ,i%
H CN N” "SH Reflux, 30h N~ S
OMe OMe Cl
OMe OMe

Scheme 1 Synthesis of 4-amino-2-(4-chlorophenyl)-8-(2,8dthoxyphenyl)-6-oxo-2,6-
dihydropyrimido[2,1-b] [1,3]thiazine-3,7-dicarboriie (ACMPT).

Solution
The aggressive solution of 1.0 M HCI was prepangdhle dilution of analytical

grade 37% HCI with distilled water. The concentiatrange of used 4-amino-2-
(4-chlorophenyl)-8-(2,  3-dimethoxyphenyl)-6-oxo0-2, 6-dihydropyrimido[2,
1b][1, 3] thiazine-3,7-dicarbonitrile (ACMPT) wa§4to 103 M.

Weight loss measurements

Gravimetric measurements were carried out at adefiime interval of 4 h, at

room temperature, using an analytical balance (@mt+ 0.1 mg). The used
carbon steel specimens had a rectangular formtflend.6 cm, width = 1.6 cm,

thickness = 0.07 cm). Gravimetric experiments wamgied out in a double glass
cell equipped with a thermostated cooling condemsataining 80 mL of the

non-de-aerated test solution. After the immersieniqa, the steel specimens
were withdrawn, carefully rinsed with bidistilledaver, ultrasonic cleaned in
acetone, dried at room temperature and then weigheglicate experiments

were performed in each case, and the mean valutheofweight loss was

calculated.

Electrochemical measurements

Electrochemical impedance spectroscopy

The electrochemical measurements were carried dahtavVoltalab (Tacussel-

Radiometer PGZ 100) potentiostat, and controlled &#gussel corrosion analysis
software model (Voltamaster 4) under static condgi The used corrosion cell
had three electrodes. The reference electrode veasusated calomel electrode
(SCE). A platinum electrode was used as auxilidegteode, with a surface area
of 1 cnt. The working electrode was carbon steel.

All potentials given in this study were referredtlhos reference electrode. The
working electrode was immersed in a test solution30 min, to establish a
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steady state open circuit potential (Eocp). Afteeasuring the Eocp, the
electrochemical measurements were performed. Alttedchemical tests have
been performed in aerated solutions at 303 K. Tl &xperiments were
conducted in the frequency range with a high liafitt00 KHz, and a different
low limit of 0.1 Hz at open circuit potential, wittD points per decade, at the rest
potential after 30 min of immersion in the acid, dgplying 10 mV ac voltage
peak-to-peak. Nyquist plots were made from thespemments. The best
semicircle could be fit through the data pointgha Nyquist plot, using a non-
linear least square fit, so as to give the intdises with the X-axis.

The inhibition efficiency was calculated from théacge transfer resistance
values using the following equation [17]:

n,% =LiF§x100 (1)

t

where R and Ry are the charge transfer resistance, respectivelyeirabsence
and presence of inhibitor.

Potentiodynamic polarization

The electrochemical behavior of a carbon steel samp inhibited and
uninhibited solutions was studied by recording amodnd cathodic
potentiodynamic curves. Measurements were perforinedhe 1.0 M HCI
solution containing different concentrations of thested inhibitor, by
automatically changing the electrode potential fl®@® to -100 mV versus the
corrosion potential at a scan rate of 2 mV.sThe linear Tafel segments of
anodic and cathodic curves were extrapolated t@dnesion potential to obtain
corrosion current densitiesc{t). From the obtained polarization curves, the
corrosion current {br) was calculated by the curve fitting using thedaing
equation:

P [exp (2.355) = exp (2.3&5)]

Fa Bc (2)

The inhibition efficiency was evaluated from theasered Jorr Vaiues using the
following relationship [18]:

o _Ii

[
Mot Y0 = M x100 (3)

corr

where Icorand Icor are the corrosion current density, respectivelthaabsence
and presence of the inhibitor.
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Computational details

Density Functional Theory (DFT) has been recensigdi[18-22] to describe the
interaction between the inhibitor molecule and theface, as well as the
properties of these inhibitors concerning theicteéy. The molecular hand gap
was computed as the first vertical electronic etmtn energy from the ground
state using the time dependent density functidmedry (TD-DFT) approach, as
implemented in Gaussian (&3]. For this purpose, some molecular descriptors,
such as HOMO and LUMO energy values, frontier af@nergy gap, molecular
dipole moment electronegativity)( global hardnessnj, softness (S) and the
fraction of transferred electronaN) were calculated using DFT method, and
have been used to understand the inhibitors’ ptigserto help in the explanation
of the experimental data obtained for the corrogi@mtess.

According to Koopman'’s theorem [24], the ionizatjpotential (IE) and electron
affinity (EA) of the inhibitors are calculated ugithe following equations:

IE= -Eromo (4)

EA=-EL.umo (5)
Thus, the values of electronegativity) (and chemical hardness))( that,
according to Pearson, are operational and apprégindafinitions, can be
evaluated using the following relation [25]:

v = (IE + EA) /2 (6)

n=(E-EA)/2 (7
The number of transferred electromg\) was also calculated depending on the
quantum chemical method [26, 27].

Xee ™ Xin_ 8
2(’7Fe+,7inh) ( )

whereyre andyinh donate the absolute electronegativity of iron ahthe inhibitor
molecule, andnre and ninni donate the absolute hardness of iron and of the
inhibitor molecule. In this study, we use the tletimal values ofyre for the
absolute hardness of iron and of the inhibitor mole, and we use the
theoretical value gjre = 7.0 eV andjre= 0 to calculate the number of transferred
electrons.

,7:

Results and discussion

Polarization curves

In the present paper, a potentiodynamic polarinastudy has been made in
order to understand the role of the inhibitor imding anodic and cathodic
reactions. Fig. 2 shows the anodic and cathodiarfaition plots of carbon steel
in a 1.0 M HCI solution, in the absence and presadifferent concentrations
of the ACMPT inhibitor at 298 K, while Table 2 shewelectrochemical
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corrosion parameters, such as corrosion potetdiat)( corrosion current density
(Icorr) @and inhibition efficiency{IE%).
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Figure 2. Potentiodynamic polarization curves of carborelste 1.0 M HCI, in the
presence of different concentrations of ACMPT.

It is noted from Fig. 2 that the polarization cwsvie the 1.0 M HCI solution,
containing different concentrations of the studmaimidothiazine, are nearly
the same. In addition, cathodic and anodic curdemsities of the polarization
curves are both reduced [28, 29].

The above results indicate that retardation ofsgu@ples corrosion processes at
cathodic and anodic reaction sites occurred, aisdihs due to the adsorption of
these sites by the inhibitor molecules [30-33].

Table 2. Electrochemical parameters of carbon steel atouariconcentrations of
ACMPT in 1.0 M HCI, and corresponding inhibitiorfiefency.

Inhibitor Conc -Ecorr | corr 'ﬂc TMTafel
(M) (mV/SCE) (mAcm? (mV dec?) (%)
Blank 1.0 469 588 168 -
1x10°3 499 44.98 140 92.35
1x10% 481 50.03 156 91.49
1x10° 470 61.03 173 89.62
ACMPT 1x10° 474 89.26 157 84.82

On the other hand, cathodic Tafel curves gave tisgarallel Tafel lines,
indicating that hydrogen evolution reaction is \a&fion-controlled, that a
stronger inhibition effect of the inhibitors doeotnaffect the reduction
mechanism, and that their inhibition action is Biag the metal surface [34].
Based on Fig. 2 and Table 2, it is obvious thatvhilee ofp. changed with the
increase in the inhibitor's concentration, indingtithe influence of the inhibitor
on the kinetics of the hydrogen evolution [35].

In addition to what was previously described, ahibitor can generally be
classified as from the cathodic or anodic typéhdf shift of corrosion potential in
the presence of the inhibitor is more than 85 mith wespect to the corrosion
potential of the blank solution.
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In the present study, the maximum displacement 3¢asnV, suggesting that
ACMPT can be arranged as a mixed type inhibitothwaredominant cathodic
effectiveness [36, 37].

Also, the examination of Table 2 concludes that ¢berosion current density
(Icor) Values of carbon steel, in the presence of th#MRT inhibitor, are lower
than those found without inhibitor.

It is noted that the inhibitory efficiency (IE%)dreased with the increase in the
inhibitor’'s concentration, and reached a maximuniuevaof 92.35% for a
concentration of 1®M of the studied inhibitor.

Electrochemical impedance spectroscopy measurements

The corrosion behavior of carbon steel in 1.0 M H&the absence and presence
of various concentrations of ACMPT, was also inigeded by EIS technique.
The resultant Nyquist plots are shown in Fig. 3.

The values of inhibition efficiency£%) were calculated by the equation (1).
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Figure 3. Nyquist diagrams for a carbon steel electrode aitd without ACMPT at
298 K, after 30 min of immersion.

To obtain the values of double layer capacitancg),(tbe values of frequency at
which the imaginary component of the impedance a&imum —Zmnmax) Were
found and used in the following equation with cepending R values:
1

Cae R (9)
Nyquist plots contain a semicircle with the centeder real axis. The size of the
semicircle increases with the inhibitor's concetitrd indicating the charge
transfer process as the main controlling factor thex corrosion inhibition of
carbon steel. As we could see from the plots, thpedance of the inhibited
solution has increased with the increase in thiditdr's concentration.
The experimental results of EIS measurements #®rctrrosion of carbon steel
in 1.0 M HCI, in the absence and presence of itdvipare given in Table 3.
As it can be observed from Table 3, the chargestearresistance @@ value
increased with the increase in the inhibitor’'s aartcation. Inversely, values of
the interface’s capacitance (Cstarted decreasing, with the increase in the
inhibitor’'s concentration, which is most probablyedto the decrease in local
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dielectric constant and/or to the increase in théds of the electrical double
layer. This suggests that the inhibitor acts viaoaption at the metal/solution
interface [38], and that the decrease in thev@lues is caused by the gradual
replacement of water molecules by the adsorptiah@inhibitor molecules onto
the electrode surface, which decreases the extemtetal dissolution [39]. A
keen observation of these plots has revealed #paitive loops are not perfect
semicircles, which is possibly due to the frequedispersion, roughness, and
inhomogeneity of the metal surface, and to impesitigrain boundaries, and
distribution of the surface’s active sites. Thestamce of a single semicircle can
be attributed to the single charge transfer reaatioring the metal dissolution
process [40].

Table 3. Electrochemical impedance parameters for carbesl sorrosion in an acid
medium, at various contents of ACMPT.

Inhibitor C (mol/L) R« (Q.cn?)  f(max) Ca (uFlcm?)  ERt (%) 0

Blank 1.0 21 34.31064 221
1x103 250 15.83253 40.23 91.6 0.92
1x10% 225 16.67564 42.44 90.7 0.91
ACMPT
1x10° 200 17.8116 447 89.5 0.89
1x10°8 150 21.10899 50.29 86.0 0.86

The equivalent circuit that describes the presestalfelectrolyte corroding
system is the simple Randles model shown in Figvhkre R, Rt and G are,
respectively, the resistance in solution, the chargnsfer resistor and the double
layer capacitance of the interface.

Ca1

| |
I

— PP -

PPN

Ry
Figure 4. The electrochemical equivalent circuit used tohé impedance spectra.

Weight loss, corrosion rates and inhibition efficiency

Fig. 5 indicates the variation of ACMPT’s corrosicate as a function of its
concentration in 1.0 M HCI at 298 K, from weightssgo measurements. This
figure reveals that the rate of mild steel corrosio1.0 M HCI decreases with an
increase in the inhibitor's concentration at 298 K.

The increase in inhibition efficiency with an inase in the concentration of the
studied compound can be explained by the increadsdrption of ACMPT on
the metal surface (Table 4).

In the inhibition process, the first step in théhibmtion mechanism is the
adsorption at the metal/aggressive solution interfg1]. Given the dependence
of inhibition efficiency on the concentration, aspresented in Fig. 6, the
inhibitor decreases the active center for steedadiigion. The adsorption process
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is made possible by the presence of heteroatontsau®N, S and O, which are
regarded as active adsorption centers.
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Figure 5. Relationship between the corrosion rate and thiioin's concentration for
carbon steel, after 4 h immersion in 1.0 M HCI @8 K.

Table 4. Effect of ACMPT s concentration on the corrosi@tadof carbon steel in 1.0 M
HCI.

Inhibitor concentrations M Wecorr (Mg cni? h'Y) Ew (%) (¢)
Blank 1.0 1208 0 ==
1x108 0.0772 91.59 0.9359
ACMPT 1x10* 0.1171 90.28 0.9028
1x10° 0.1445 87.00 0.8800
1x10° 0.1595 85.76 0.8676
0.94 4
093- B -
0624 //,,////
_ 091—-
= . ‘;,“f
[]88- g":‘
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Figure 6. Corrosion inhibition efficiency of ACMPT for carhcsteel in 1.0 M HCI, as a

function of the concentration at 298 K.
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The adsorption of ACMPT on the surface of mild ktsn be achieved by the
interaction between the pair of single electronghefheteroatoms or between the
electron-richr electron systems and the metal surface. Thisaidigrereported by
Umoren and Ebenso [42], may be facilitated by thesgnce of the vacant d-
orbital of iron that constitutes steel, as obserredl group metals or in the
transition element. In addition to the moleculamip ACMPT can be present in
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protonated species in an acidic solution. This qurated form facilitates the
adsorption of the compound onto the metal surfaceslbctrostatic interaction
between the organic molecules and the metal sud&gte
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Figure 7. Potentiodynamic polarization curves of carbon steél0 M HCI at different
temperatures.

Effect of temperature

The influence of temperature is also studied bgmiddynamic polarization. We
have carried out a study in the range of 298-328 using stationary
electrochemical measurements in potentiostatic mode

Figs. 7 and 8 show the polarization curves of sieeh 1.0 M HCI medium,
respectively in the absence and presence dfMOof ACMPT, in the studied
temperature range.

The results deduced from the polarization curvesgaren in Table 5. As it can
be seen, raising the temperature increases botticaand cathodic reactions of
the carbon steel electrode, both in the absencepaeskence of the organic
compound.
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Figure 8. Potentiodynamic polarization curves of carbon sieel.0 M HCI, in the
presence of I®M of the inhibitor at different temperatures.
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Table 5 also shows that the corrosion current terfkion) increased with an
increasing temperature, while the investigated mpigothiazine derivative kept
his inhibiting properties at all studied temperatur

Table 5. Effect of temperature on carbon steel in fred acid at 16 M of ACMPT.

ICO"
A conc. -Ecorr o -Pc Tafel
5T ™ | mwvisce) | ®AC™) |y lziecl) %)
208 469 588 168
Blank 308 467 896 165
318 270 3428 137
328 477 6720 125 g
2908 299 45 159 92.35
ACMPT 308 2492 96 151 89.2¢
318 290 435 177 87.31
328 283 875 167 86.94

The inhibition efficiency of ACMPT reaches the nmaxim values (92.35%) at

298 K, upon an increased temperatuieE% is slightly decreased, and the
pyrimidothiazine derivative becomes less effecav@28 K. This behavior again
shows the physical nature of ACMPT’s adsorptioa IHCI solution.

The activation energy, Ea, was calculated from arménius-type plot (Eqg. 10)

[44, 45].

leors = kexp () (10)
where E is the apparent activation corrosion energyis the absolute
temperature, k is the Arrhenius pre-exponentialstamt and R is the universal
gas constant.

The enthalpy of activationAHs, and the entropy of activatiomSa, were
calculated from equation 11.

Ieorr = %E?Xp (%) exp (%) (11)

where h, N,AS: and AH, are, respectively, the Planck constant, the Avogad
number, the activation entropy and the activationapy.

Plots of In (ko) vs. 1000/T and In {/T) vs. 1000/T gave straight lines,
respectively with slopes of #fR and -AHJR. The intercepts were A and [In
(R/Nh)+ (AS/R)], respectively for the Arrhenius and transitgiate equations.
Figs. 9 and 10 represent the data plots of kga)(Vs. 1000/T and Ln §/T) vs.
1000/T, in the absence and presence of WD ACMPT, as a representative
example.

The calculated values from both methods of thevatitin energy, E the
enthalpy of activationAHs, and the entropy of activatiom\S,, are shown in
Table 6. From this table, it could be clearly stdet the values of Fand ofAH,,
obtained in the presence of ACMPT, are higher thasse obtained in the
solution without inhibitor. The positive sign @Ha reflects the endothermic
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nature of carbon steel dissolution process, sumgeshat the dissolution of
carbon steel is slower in the inhibitor's preseft@. It is also clear that4in
the presence of M of ACMPT, is higher than that obtained in thert{aThis
observation has been reported to be indicativéhgsipal adsorption mechanism,
while lower values of Esuggest a chemisorption mechanism [47, 48].
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Figure 9. Arrhenius plots of steel in 1.0 M HCI, with andgtlhout inhibitor.
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Figure 10. Relation between Ingd/T) and 1000/T at different temperatures.

Table 6. Values of activation parametersis, ASs and &, for mild steel in 1.0 M HCI,
in the absence and presence of WDof ACMPT.

Inhibitor Ea (kJ/mole) AHa (kJ/mole) ASa (J/mole)
1.0 M HCI 70.75 68.16 33.29
ACMPT 82.56 79.97 34.24

The presence of the test compound results in aease in the\S; values. This
result indicates that corrosion changes from a nunaered system into a
disordered system, with the increase in the inbtiitnature of the studied
compounds [49]. In the presence of the inhibitbe talue ofAS; increases,
which is generally interpreted as an increase sordier, as the reactants are
converted to the activated complexes [50].

46



H. Serrar et al. / Port. Electrochim. Acta 36 (20B5-52

Adsorption isotherm and standard adsorption of ®eergy

The adsorption isotherm that describes the adserpbiehavior of organic
inhibitors is important, in order to know the megisan of corrosion inhibition.
Basic information on the interaction between thkeibitor molecules and the
metal surface can be provided by adsorption isotkerSeveral adsorption
isotherms were attempted to fit the degree of serfaoverage valued)(
including Frumkin, Temkin, Freundlich and Langmisotherms. The values
for various concentrations of inhibitors in acidiedia have been evaluated from
the polarization measurements. The best fit wagiodd in the case of Langmuir
isotherm, which assumes that the solid surfaceaomhta fixed number of
adsorption sites, and that each site holds onerlaeidspecies [51]. The plot of
Cin/0 vs. Gan (Fig. 11) yields a straight line with a correlatiopnefficient of
0.99998, providing that the adsorption of ACMPTnfréhe 1.0 M HCI solution
on the carbon steel surface obeys Langmuir adsorpgiotherm. This isotherm
can be represented as:

= + Clnh (12)

where G is the molar concentration of the inhibitor anghidis the equilibrium
constant or the adsorption-desorption process.
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Figure 11. Langmuir adsorption of ACMPT on the carbon steefaxe in a 1.0 M HCI
solution.

The value of Kg4swas found to be 654900.3 MTable 7). The relatively high
value of the adsorption equilibrium constant ra8ethe high adsorption ability
of ACMPT on the carbon steel surface [52].

Table 7. Thermodynamic parameters for the adsorption of ACM#® 1.0 M HCI on
carbon steel at 298 K.

Inhibitor ~ Slope Kads(M2) R Corr. Coeff. AG%gs (kJ/mol)
ACMPT  1.06 654900.3 0.99998 -43.13
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Kads is related to the standard free energy of adsm@¥S.,, by the following
equation:

( 1 F_AdGoads
K —) , ) (13)
s (g5 5) “P gy

where R is the gas constant, T is the absolutedestyre of the experiment, and
the constant value of 55.5 is the concentratiowat€r in the solution in mol 'L
The AG%gs was calculated as -43.13 KJ molThe negative value oAG%gs
indicates the spontaneity of the adsorption procasd the stability of the
adsorbed layer on the carbon steel surface.

It is well known that the values @fG%qs of the order of -20 KJ mdlor lower
indicate a physisorption; those of the order of kd0moi* or higher involve a
charge sharing or transfer from the inhibitor males to the metal surface, to
form a coordinate type of bond (chemisorption) 8- On the other hand, the
adsorption phenomenon of an organic molecule igusbtconsidered as a purely
physical or chemical adsorption phenomenon [55, B6]wide spectrum of
conditions, from the dominance of chemisorptiorelectrostatic effects, arises
from other adsorptions experimental data [57]. Vhkie of -43.13 kJ mdimay
suggest chemisorption mode.

Computational studies

Computational methods have a strong impact towatls design and
development of organic corrosion inhibitors.

Nowadays, density function theory (DFT) has beemduso analyze the
characteristics of the inhibitor/surface mechaniang to describe the structural
nature of the inhibitor on the corrosion processittermore, DFT is considered
to be a very useful technique to probe the inhitstoface interaction, as well as
to analyze the experimental data [58]. Thus, in p@sent investigation, DFT
method was employed to give some insight into tigbition action of ACMPT
molecule on the carbon steel surface. Quantum datrparameters, such as
Enomo, ELumo, energy gapAE (BE.umo - Exomo) and dipole momentuj, were
obtained, for the neutral molecule to predict thagtivity towards the metal
surface. These quantum chemical parameters wererajed after geometric
optimization with respect to all nuclear coordirsate

Fig. 12 shows the optimized geometry of ACMPT: tHOMO optimized
structure and frontier orbital distribution, andethUMO density distribution.
Frontier orbital density distribution is useful pmedicting adsorption centers of
the ACMPT molecule responsible for the interactwaith metal surface atoms.
As it can be seen from this figure, HOMO is diaitdd over the entire molecule,
but the LUMO density is mainly localized on the diitmoxyphenyl group. The
presence of these adsorption centers can causa ariéntation of ACMPT
molecules on the steel surface; thus, a high degfesurface coverage and
inhibition efficiency is expected for ACMPT, frorhé theoretical point of view.
These results suggest that O and S atoms and t@&tori\s are probably the most
favorable reactive sites for the adsorption of ACM#Ato the metal surface.
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Figure 12. Optimized structures and frontier molecular orbif@MO) density
distribution of ACMPT: HOMO (left) and LUMO (right)

The calculated molecular parameters are listedalniel8.
Table 8. Quantum chemical parameters for ACMPT calculate®BT.

Enomo (V)  Eiumo(eV) AEgap(eV) p(Debye) 1(eV) A(eV) AN
-4.9593 -2.8882 2.0711 6.6028 49593 2.8882 1.4853

Enowmo is often associated with the electron-donatingdjtglnf a molecule, and its
high value (-4.9593) is likely to indicate a tendgrnto donate electrons to
appropriate low-energy acceptor states. Increastngvo values facilitates
adsorption (and therefore inhibition), by influemgi the transport process
through the adsorbed layer.dmo indicates the ability of the molecule to accept
electrons; hence, these are the acceptor stateslower the value (-2.8882) of
ELumo, the more probabile it is that the molecule wowddept electrons [59]. As
for the values ofAE (Eumo - Enomo), lower values (2.0711) of the energy
difference,AE, will cause a higher inhibition efficiency, besauthe energy to
release an electron from the last occupied orhiihlbe low [60]. For the dipole
moment (1), a higher value (6.6028) will favor a strong naietion of the
inhibitor molecules with the metal surface.

In addition, the number of transferred electrofll was also calculated based
on the quantum chemical method [61]:

AN —_AXre ™ Ximn (14)
2(’7Fe +’7inh)

whereyre andyinnh denote, respectively, the absolute electroneggtofiiron and
the inhibitor molecule; andire and minn denote, respectively, the absolute
hardness of iron and the inhibitor molecule. Thgsantities are related to the
electron affinity (A) and ionization potential (1).

Absolute electro negativity,x), and absolute hardness),( of the inhibitor
molecules are given by [62]:
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_IE+EA = JEZEA (15)
2 2

IE and EA are related [63] to4Bwo and Eumo, as follows:

IE E+omo (16)

EAE.uvo (17)

For an iron atom, a theoreticgl with the value of 7 eV md| andn, with the
value of 0 eV mol, were used [64] to calculate the number of electrons
transferred AN) from the inhibitor to the iron atom. The numlmdrtransferred
electrons strongly depends on what the actual goardghemical method has
employed for computation. Furthermore, the expogsSnumber of transferred
electrons” is equal to the wording “electron-daing ability”, which does not
imply that the figures oAN actually indicate the number of electrons leavimg
donor and entering the acceptor molecule.

The value of electron-donating abilitphl) was calculated, and it is given in
Table 8. If AN < 3.6 (electron), the inhibition efficiency inases with an
increasing value oAN, while it decreases KN > 3.6 (electron) [65, 66]. Based
on these data, it can be said that ACMPT is thetregle donor, and the surface is
the acceptor. ACMPT was bound to the mild steefaser, thus forming an
inhibition adsorption layer against corrosion, atbon steel/hydrochloric acid
solution interface.

Conclusions

From the results of this paper, several conclustongd be listed:

= ACMPT was found to be a good inhibitor for carboeesin 1.0 M HCI. The
inhibition efficiency increases with the inhibitooncentration.

= ACMPT acts as a mixed type inhibitor, with predoamh cathodic
effectiveness.

» The temperature affects the inhibitory efficientyis is clearly demonstrated
by the decrease in the studied inhibitor effecthwie increase in temperature.

» The adsorption of ACMPT at the carbon steel surfaes obeyed the
Langmuir's adsorption isotherm.

» The inhibition efficiencies obtained from EIS, Thf®larization and weight
loss methods are in reasonable agreement withatheh

» The calculated parameters obtained from the quamifu@mical calculations
were correlated with experimental results.
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