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ABSTRACT

The inhibition of the corrosion of steel in 1 M H@J pyrazole compounds 5-bromo-N-((3,5-dimethylplfrhzol-1-
yl)pyridine-2-amine (AB8) and 3,5-dibromo-N-((3,Bréthyl-1H-pyrazol-1-yl)pyridine-2-amine (AB9) hhesen
studied by weight loss, electrochemical polarisatand electrochemical impedance spectroscopy meamnts.
The results obtained reveal that these compounelgfiicient inhibitors. The inhibition efficienaycreases with the
increase of inhibitor concentration and reached @5for AB9 at 13 M. Potentiodynamic polarisation studies
clearly reveal that the presence of all inhibit@imes not change the mechanism of hydrogen evolatidrthat they
act mixed inhibitors. The temperature effect ondbgosion behaviour of steel in 1 M HCI withoutdawith the
inhibitors at 10°M was studied in the temperature range from 308K338 allows to determine the several
thermodynamic parameters. The inhibitors were aoksdron the steel surface according to the Langmuir
adsorption isotherm model. From the adsorptiontisoin some thermodynamic data for the adsorptiocgss are
calculated and discussed. Geometries optimizatfaallanolecules considered in this study were foliyimized by
using gradient corrected DFT with Becke’s threegraeter hybrid exchange functional and the Lee-YRag-
correlation functional (B3LYP) and with the 6-31@sks . The theoretical studies are to reduce thet obresearch
and the results obtained for corrosion inhibitorfsnaild-steel by this inhibitors demonstrated thatrelation exists
between inhibition efficiency and all parametersagium chemicals. The directly calculated ionizatpotential
(IP), electron affinity (A), dipole moment (u), @l®negativity f), electron affinity (A), global hardnesg)(
softnessd), the global electrophilicity «), the fraction of electrons transferredN), are all in good agreement
with the available experimental data.

Keywords: pyrazolic; corrosion; inhibition; steel; hydroohi acid solution, Density functional theory (DFET)

INTRODUCTION

Mild steel is employed widely in most industriesdae of low cost and its availability in ease foe fabrication of
various reaction vessels such as cooling towerstaplpelines, etc. Acid solutions are generallyduger the
removal of undesirable scale and rust in sevethaldtrial processes. Inhibitors are generally usatiése processes
to control metal dissolution. An important practicgpplication of such phenomena is corrosion irtfohi
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Numerous investigations have been performed orinthibition of iron and iron-based alloy by using @fganic
compounds [1-4]. Of practical interest in the gahéeld of organic inhibitors are the nature oé tthemical bond
at the metal surface and an explanation of whyettmsgistances often provide such excellent proteatiben
adsorbed. Therefore, they minimise the direct adton between the metal and corrosive agentonresases, the
coordination of the inhibitor molecules to the swd is weak, and their presence in the corrosikgisos required
maintaining the desired concentration of these gerthe metal surface. As some inhibitor molesaliso serve as
reducing agents for the copper oxidation produtiiey must be continuously added to avoid other ipless
corrosion shape [5-9] .

To this subject, in the past few decades numerawestigations were performed using the traditional
electrochemical methods. The effect of organic commals containing heteroatom on the corrosion bebawf
iron and steel in acidic solutions has been wealsd to be quite efficient to prevent corrosion andddition to
heterocyclic compounds containing polar groups msedectrons. The inhibiting action of those orgacmenpounds

is usually attributed to interactions with metaligrfaces by adsorption. The polar function isdiergly regarded as
the reaction centre for the adsorption procesdbksianent, being the adsorption bond strength detexd by the
electron density and polarizability of the funcdgroup [10-15].

During the past decade, the inhibition of corrosioacid solutions can be effectuated by the aoiditif a variety of
organic compounds and has been investigated byateverkers. The aim of this paper is to study tloerosion
behaviour of mild steel in 1M HCI in the presencel aabsence of the 5-bromo-N-((3,5-dimethyl-1H-pytelz
yl)pyridine-2-amine (AB8) and 3,5-dibromo-N-((3,tatethyl-1H-pyrazol-1-yl)pyridine-2-amine (AB9) compnds
at 308K. Weight-loss measurements combined witbalinpotential scan voltammetrifK) and electrochemical
impedance spectroscopigl§) were performed in order to complete and to compiag results obtained.

The quantum chemical calculations have been widebd to study the reaction mechanisms and to netetpe
experimental results as well as to solve chemicabiguities. This is a useful approach to investgéte
mechanisms of reaction in the molecule and itstedaiz structure level and electronic parameters lwa obtained
by means of theoretical calculations using the astatpnal methodologies of quantum chemistry [QheT
advancement in methodology and implementationsréashed a point where predicted properties of redse
accuracy can be obtained from density functionebti (DFT) calculations [16]. The geometry of thdibitor in
its ground state, as well as the nature of theilemdar orbitals, highest occupied molecular ofhit#OMO) and
lowest unoccupied molecular orbital (LUMO) are itwedl in the properties of activity of inhibitorsh& inhibition
property of a compound has been often correlatéd gnergy of HOMO, LUMO and HOMO-LUMO gap. The
inhibition efficiency of the two inhibitors was stied previously [10; 17].

The objective of this paper is to investigate trepehdence of inhibition efficiency of these commsiron
theoretical chemical parameters such as the eseofibighest occupied molecular orbit&h6uo) and the lowest
unoccupied molecular orbitaE(ymo), the energy differencedE) betweenEomo and E ymo, dipole moment),
electronegativity X), electron affinity A), global hardnessy), softness ), ionization potential Ij, the global
electrophilicity @), the fraction of electrons transferred\) and the total energyfE). The chemical structures of
the compounds studied are given in Fig 1 [18-20].

EXPERIMENTAL SECTION

1.1. Inhibitors

A bidentate pyrazolic compoundsB8 and AB9 were synthesized by condensation of the (3,5-diphdtH-
pyrazol-1-yl) methanol with appropriate primary aes in reflux acetonitrile for 4 hours and chardzeal .for5-
bromo-N-((3,5-dimethyl-1H-pyrazol-1-yl)methyl)pyridin-2-amine (AB8) : Solid; Yield: 20.29%; mp: 148-152
°C. IR (KBr, v (cm?): 3425(NH); 3263-2926(CH); 1577(C=N); 1500(C=Q)359(C-N aromatic); 1294(C-N
aliphatic); 613(C-Br)*H NMR (300 MHz, CDC}) 5 ppm : 8.11 (dd, 1H, CH of pyridine, J.,=6 Hz) ; 7.73 (dd,
1H, CH® of pyridine, J.,=3.3 Hz) ; 5.82 (s, 1H, CH of pyrazole); 5.65 (d, 2H, N-CHN, J,.,=6.6 Hz) ; 4.48 (s,
1H, NH) ; 2.43 (s , 3H, CHP of p}/razole); 2.22 (s, 3H, G of pyrazole).®C NMR (75 MHz, CDC}) &
ppm:152.94 (&-NH); 151.81( CHP of pyridine); 146.76 (CH of pyridine?;lll.ll (CH of pyridine); 105.45
(CH® of pyrazole); 53.76 (N-CHN); 13.19 (CH® of pyrazole); 10.68 (C¥P of pyrazole). For 3,5-dibromo-N-
((3,5-dimethyl-1H-pyrazol-1-yl)methyl)pyridin-2-amine (AB9): Solid; Yield: 63.67%; mp: 156-160 °GR
(KBr, v (cm?)): 3431(NH); 3263-2916(CH); 1581(C=N); 1504(C=@B59(C-N aromatic); 1294(C-N aliphatic);
617(C-Br)."H NMR (300 MHz, CDC}) & ppm : 8.11 (dd, 1H, C& of pyridine, J..,=5.7 Hz) ; 7.73 (dd, 1H, CH
@ of pyridine, J.,=3.6 Hz); 5.76 (s, 1H, CH of pyrazole); 5.64 (d, 2H, N-GHN, J,..,=6.6 Hz) ; 4.88 (s, 1H,
NH) ; 2.43 (s , 3H, CE® of pyrazole) ; 2.22 (s , 3H, CE of pyrazole).*C NMR (75 MHz, CDC}) & ppm:
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151.81 (CH® of pyridine); 141.92 (CH" of pyridine); 105.44 (CH® of pyrazole); 53.78 (N-CHN); 13.23
(CH3® of pyrazole); 11.15 (C§P of pyrazole) M S[M*] (m/z): calculated 360.05, found 360.73

ey
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5-bromo-N-((3,5-dimethyl-1H-pyrazol-1-yl)pyridine-2-amine (AB8)
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Fig 1:3,5-dibromo-N-((3,5-dimethyl-1H-pyrazol-1- yI)pyrldlneZ amine (AB9)

2.2. Methods and materials

Prior each gravimetric or electrochemical experimére surface of the specimens was abraded sivelyswith
emery paper. The specimens are then rinsed witer@eand bid stilled water. Weight loss was meakoresheets
of steel of 2crhapparent surface area. The samples were polisliegssively with different emery paper up 1000
grade, washed with distilled water, degreased aret chefore being weighed and immersed in 100 mthef
corrosive medium.

The aggressive solution (1M HCI) was prepared bytidn of analytical-grade 37% HCI with doubly dilstd
water. All tests were obtained in magneticallyretirand de-aerated solutions. The immersion timéhi® weight
loss measurements was 6 hours at 308K. The cheadiogdosition of mild steel is given in Table 1:

Table 1. Thechemical composition of mild steel

%C | %S | %Mn | %S | %P | %AL | %Fe
0.21| 0.38] 0.05 0.0 0.0p 0.04 99.21

Electrochemical impedance spectroscoBis| and is carried out with a Voltalab PGZ 100 electremical system
at E,, after immersion in solution. After determinatiohtbe steady-state current at a given potentiak siave
voltage (10mV) peak to peak, at frequencies betwid¥hkHz and 10 mHz is superimposed on the resnpial.
Computer programs automatically controls the mesamants performed at rest potentials after 30 miexpbsure.
ElSdiagrams are given in the Nyquist representation.

The potentiodynamic current-voltage characterisdiesrecorded also with a Voltalab PGZ 100, pildigdrdinate,
at a scan rate of 1 mV/s. The potential startechfoathodic to anodic potential. Before recordingheeurve, the
working electrode is maintained with its free pdi@nof corrosion for 30 min. We used for all electhemical tests
a cell with three electrodes thermostats with dewtsll (Tacussel Standard CEC/TH). Saturated cdleteetrode
(SCE) and platinum electrode are used as refermmdeduxiliary electrodes, respectively. The workilgctrode is
in form of disc from steel of the surface 1Tm

2.3. Computational Chemistry

DFT (density functional theory) methods were usedhis study. These methods have become very popula
recent years because they can reach exactitudsimiother methods in less time and less expensiom the
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computational point of view. In agreement with tBET results, energy of the funAB8 and AB9ntal stafea
polyelectronic system can be expressed througtothéelectronic density, and in fact, the uselet&onic density
instead of wave function for calculating the enempnstitutes the funAB8 and AB9ntal base of DFTI Al
calculations were done by GAUSSIAN 03 W softwarging the B3LYP functional and a 6-31G* basis sdte T
B3LYP, a version of DFT method, uses Becke'’s tlpammeter functional (B3) and includes a mixturélbfwith
DFT exchange terms associated with the gradieméctad correlation functional of Lee, Yang, andrRaYP) [18;
21]. The geometry of all species under investigatias determined by optimizing all geometrical abkés without
any symmetry constraints. Frontier molecular otisittHOMO and LUMO) may be used to predict the adsorption
centres of the inhibitor molecule. For the simpkeahsfer of electrons, adsorption should occuhatpart of the
molecule where the softness, which is a local property, has the highest valdecording to Koopman's theorem
[25], the energies of thelOMO and theLUMO orbitals of the inhibitor molecule are relatedthe ionization
potential, I, and the electron affinity,A, respectively, by the following relations; = -, ,, and

A= - E ,uo- Absolute electronegativity; , and absolute hardness, of the inhibitor molecule are given by

[26]. X = I+ A and n = I - A . The softness is the inverse of the hardngss: l The obtained

2 h 2 n
values ofy andy are used to calculate the fraction of electrongfarred AN, from the inhibitor to metallic surface
XFe _Xinh

as follow: AN = ———""— Wherexr. andx,., denote the absolute electronegativityrefand the inhibitor
2(’7Fe +,7inh)

molecule, respectivelyg- and g, denote the absolute hardness of Fe and the iohitmidlecule, respectively. A

theoretical value for the electronegativity of bulén was usedy. = 7 €V and a global hardness @f. = 0, by

assuming that for a metallic bulR = EA because they are softer than the neutral metatims.

RESULTSAND DISCUSSION

3.1. Weight losstests

The effect of addition of 5-bromo-N-((3,5-dimethiyH-pyrazol-1-yl)pyridine-2-amine (AB8) and 3,5-diltno-N-
((3,5-dimethyl-1H-pyrazol-1-yl)pyridine-2-amine (AB compounds tested at different concentrations on the
corrosion of steel in de-aerated 1M HCI solutiorsvgéudied by weight-loss at 298 °k after 6 hourgnuhersion
period. Inhibition efficiency (E%) were calculatasd follows:

W

E% = (l— %j 100 (1)
cor

We and w are the corrosion rates of steel sampleshé absence and presence of the organic compound,

respectively.

The results of weight loss of steel in 1M HCI wiind without the addition of various concentratiaristhe
compound pyrazolic —type compounds are given itetéd).

The results given in table (2) show that it cldaattfor each compounds tested, the steel corrasitenvalues
decrease when the concentration of pyrazolic camg® increases.

The inhibiting action is more pronounced with 5#@N-((3,5-dimethyl-1H-pyrazol-1-yl)pyridine-2-angr(AB8)

and 3,5-dibromo-N-((3,5-dimethyl-1H-pyrazol-1-ylydine-2-amine (AB9), and its inhibition efficien@ttains the
maximum value of 90.6% and 94.6% respectively atif®M. It was shows that the protective propertiesuafhs
compounds depend upon their ability to reductiveragion rate and are enhanced at higher electrositis

around nitrogen atoms. They reported that the grtnoatoms is the adsorption centres for their &atéwn with the
metal surface. The all organic compounds, AB8 aB& Acontaining electron negative function groupetehocyclic
and 1t electrons conjugated are good inhibitors. the mes@ effect or resonance effect in chemistry reperty
of substituents or functional groups in a chemamhpound. The effect is used in a qualitative wag describes
the electron withdrawing or releasing properties sobstituents based on relevant resonance stractiifee
mesomeric effect is negative Bromide atoms (Br) mwiiee substituent is an electron-withdrawing graumg the
effect is positive (pyridine cycle) when based @sanance and the substituent is an electron reteasoup.
Effectively, This order is mainly due to the natarfethe substituent: the bromide atoms in posioand 3,5 for
AB8 and AB9 respectively. It's well known that difent substituent’s on the organic molecule potatize
functional group in a different position and thailition efficiency of organic inhibitor containingeteroatom’s [6].
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Table2: gravimetric results of steel corrosion in 1M HCI without and with addition of different pyrazolic compounds studied at 308k
after 6 hour of immersion period

Inhibitors | Concentrations (M) | W(mg.cm?h™) | Inhibition Efficiency (%)
1M HCI 0 0.962
510° 0.266 72.3
1055 0.252 73.8
510 0.206 78.6
AB8 10° 0.147 84.7
5107 0.126 86.9
10° 0.090 90.6
510° 0.229 76.2
10° 0.200 79.2
510° 0.152 84.2
AB9 10° 0.130 86.4
510° 0.108 88.7
10° 0.052 94.6

We concluded that the inhibition efficiencies ofske compounds is understandable from the electomord
properties of Nitrogen atoms in the structure ofalitone finds a delocalisatiamelectron between nitrogen atoms
who permits therefore reinforced for the interagtio

3.2. Polarization results.

To complete and to compare the results obtainedréethe corrosion behaviour of steel, in acid Sofuwith and
without inhibitors, was investigated by electroclieahmethods. The typical catholic polarization &elbur of steel
1M HCI in absence and presence of AB8 and AB9 &wva in fig 2. As can be seen from figure, catholic
polarization curves rise to parallel Tafel linedigating that the hydrogen evolution reaction ivation controlled
and the presence of pyrazolic compounds does riettathe mechanism of this process. That means thwat
inhibition of the hydrogen evolution reaction byrazolic investigated occurs by simple adsorptiordenand the
mechanism is the same without addition of pyrazelgted [22].
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Fig 2: linear polarisation plots of steel in 1M HCI for various concentrations of AB8 and AB9

Table (3) gives values of corrosion curreni, )l corrosion potential (&), catholic Tafel slope Mbfor different
compounds organic in 1M HCI for the tested compauiha the case of polarization method the relatietermines the
inhibition efficiency (E%), where l5, and L, are the uninhibited and inhibited corrosion curidensities, respectively,
determined by extrapolation of catholic Tafel linesorrosion potential [2; 4].

o
cor

E, % = [1- '—j 100 @)

From results obtained in the Table (3), a decreds®rrosion current densities when the increast®fconcentration
of the inhibitor was noted. The inhibiting actiamore pronounced with AB9 and AB9 and their intidii efficiency
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attains a maximum value of 96% and 94%, respegtiwatl 10° M. From the anodic curves we deduce that Placss as
mixed-type inhibitor; but AB8 and AB9 acts essdhtia cathodic type inhibitor Fig.2.

Table 3: Electrochemical parametersfor steel in 1M HCI at various concentrations of AB8, AB9 at 298 K

Concentration E.. - ba be 0
2 E%
(M) (mV /SCE) wA/cm mV/dec | mV/dec
HCI 1M -521,3 2,1141 173.5 15.8 -
1.10° -462,1 78,4800 169,5 13,8 91
5.10° -493,8 104,6480 167,3 12,9 o9p
ABS 1.10° -418,1 222,3650 164,2 13,7 83
5.10° -500,2 274,6800 163,6 13,4 70
1.10° -485,9 340,088( 163,2 13,9 %
5.10° -469,2 379,3290 162,5 14,2 7
1.10° -470,7 52,3210 169,5 12,6 96
5.10° -476,4 170,0400 167,0 14,7 8J7
AB9 1.10° -480,2 196,2051 166,4 14,2 8b
5.10° -482,6 248,5200 185,4 15,2 8lL
1.10° -501,7 287,7674 172,0 13,2 78
5.10° -488,2 313,928] 187,6 13,4 76

All heterocyclic (pyrazolic and pyridine) of AB8 drAB9 containing nitrogen and electron negativecfional groups
Tt electrons in their structure and the conjugateabtibbands have been proved to perform as very goukitors for
the corrosion of steel in acidic solution.

3.3. Electrochemical impedance spectroscopy (EIS)

Dielectric spectroscopy (sometimes called impedapeetroscopy), and also known as electrochemigaédance
spectroscopy (EIS), measures the dielectric prigsedf a medium as a function of frequency. Ibased on the
interaction of an external field with the electdipole of the sample, often expressed by permitivi

It is also an experimental method of characterizielgctrochemical systems. This technique measures
the impedance of a system over a range of freqgesnend therefore the frequency response of theerays
including the energy storage and dissipation ptigseris revealed. Often, data obtained by EISxisressed
graphically in a Bode plot or a Nyquist plot. Impede is the opposition to the flow of alternatingrent (AC) in a
complex system. A passive complex electrical systemprises both energy dissipater (resistor) amtiggnstorage
(capacitor) elements. If the system is purely tegsthen the opposition to AC or direct currdd)) is simply
resistance. Almost any physic-chemical system, sagklectrochemical cells, mass-beam oscillatand, even
biological tissue possesses energy storage angatiss properties. EIS examines them. This tealmmijas grown
tremendously in stature over the past few yearsismibw being widely employed in a wide varietysaientific
fields such as fuel testing, bimolecular interatticand microstructure characterization. Often, E&veals
information about the reaction mechanism of antedebemical process: different reaction steps ddiminate at
certain frequencies, and the frequency responsershy EIS can help identify the rate limiting st@3; 24; 25;
26].

The corrosion behaviour of steel in 1M hydrochlaidic solution, in the absence and presenceepitazolic
compounds, is also investigated by the EIS at 3G8t& 30min of immersion. The charge-transferstasice (|

values are calculated from the difference in impedaat lower and higher frequencies, as sugge$tesldouble
layer capacitance ( and the frequency at which the imaginary compbpéthe impedance is maximal 4) are
found as represented in equation:

Cy = 1/wR; where w=2Tt. fax 3)
The inhibition efficiency got from the charge-tréarsresistance is calculated by equation (5); Rhend R;are the

charge-transfer resistance values without and intibitor respectively. The impedance parametersvdd from
these investigations are mentioned in Table 4.

R —
ERt%:‘TRme @

t
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Fig. 3: Nyquist plotsof steel in 1M HCI containing various concentration of inhibitor AB8 and AB9 .

From the impedance data (Table 4), we concludethigavalue of Rincreases with increase in concentration of the
inhibitors and this indicates an increase in theragion inhibition efficiency, what is in concorditiv the
gravimetric and electrochemical results obtainedadidic solution, the impedance diagrams showepergemi-
circles (Fig. 3) whose size increases with the concentratibthe inhibitor indicating a charge-transfer s
mainly controlling the corrosion of ste@imilar diagrams were described in the literafiarethe electrode of iron
and steel with and without inhibitor 1M HCI [1; 278].

Table 4: Impedance parameter s of steel in 1M HCI in the absence and presence of different concentrations of AB8 and AB9 at 308 K

Inhibitor | Concentration (M) R (Q.cn?) | fmax(Hz) | Cu (UF/cnf) Er(%)
1M HCI 0 22.63 55.372 12770 |
1.10° 480,67 7,5123 9,71 0 96
5.10° 360,50 7,5123 2,41 10 94
ABS 1.10° 144,20 7,5123 5,21 0 85
5.10° 108,15 8,307 3,51 10 80
1.10° 80,11 8,307 551 10 73
5.10° 77,25 8,307 5,72 10 72
1.10° 432,60 7,724 2,40 10 95
5.10° 180,25 7,724 9,29 10 88
AB9 1.10° 166,38 7,724 2,31 10 87
5.10° 127,23 11,457 6,85 0 83
1.10° 108,15 11,457 6,72 T0 80
5.10° 90,12 7,724 4,70 10 76

In fact, the presence of both inhibitors enhandes vtalue of Rin acidic solution. Values of double layer
capacitance are also brought down to the maximuemein the presence of inhibitor and the decréaske values
of Cy follows the order similar to that obtained fgg,lin this study. The decrease ig & due to the adsorption of
this compound on the metal surface leading todhedtion of film from acidic solution [34].

3.4. Effect of temperature:

In general, corrosion rates increase with increpsgmperature. In seawater, this increase is mesé than the
doubling of reaction rates with each 18°F riseemperature that would be expected if the reactio@e under
diffusion control as are many other chemical r@esti For many materials, such as steels, wherextygen content
of the water directly affects the corrosion ratee effect of temperature is minimal as in situatiavhere the
corrosion rate would be increased by increased eemtyre, the solubility of oxygen is decreased witireasing
temperatures and the two effects counteract eabr.oBteels and iron alloys are particularly ingess to
temperature effects in normal marine immersion. ¢tber alloys that depend on a passive film foirtberrosion
resistance, the effects of temperature can be mpoyeounced. At elevated temperatures the solubditygen
required for repairing protective oxide films fouad many passive materials is reduced and theioeadhat cause
the films to break down are enhanced by the inetésmperatures. Many stainless steels have weatentially a
“critical pitting temperature” in seawater thainsthe range of temperatures experienced in nasa@lvater. In cold
waters they do not pit but in warmer waters theysarsceptible.

For most chemical reactions, the reaction rateesmes with increasing temperature. Temperaturetaffihe
corrosion rate of metals in electrolytes primaryotigh its effect on factors which control the défifon rate of
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oxygen. The corrosion of iron and steel is an exarmpthis because temperature affects the comasite by virtue
of its effect on the oxygen solubility and oxygeiffusion coefficient. As temperature increases tiusion
coefficient of oxygen also increases which tendsi¢oease the corrosion rate. However as temperaduncreased
oxygen solubility in aqueous solutions decreaséit amnthe boiling point all oxygen is removed;gHactor tends to
decrease the corrosion rate. The net affect fod miiéel, is that the corrosion rate approximatelybdes for a
temperature rise of 313K up to a maximum tempeeatirabout 343, the rate then falls off in an opgstem
because the decrial in oxygen solubility becomes rttost important factor. In a closed system, wieetggen
cannot escape the corrosion rate continues todsermdefinitely with temperature until all the gey is consumed
(Source: "Corrosion Control" NAVFAC MO-307 Septemhi&92.)

We have studied the temperature influence on thieieefcy of AB8 and AB9. For this purpose, we madeight-
loss measurements in the range of temperature 333<3 in the absence and presence of inhibitord (&M

concentration during 1h of immersion of AB8 and AB®e corresponding data are shown in Table 5. &dgark
that the rise in temperature leads to an increaseofrosive rate with and without inhibitor. We @leaote the
increase in the inhibition efficiency of AB8 and 8Bvith temperature.

The activation energy can be determined from Aridemlots for steel corrosion rate presented in &igrhe
relation can determine the apparent activationgiesr.

_ E'
W'=Kex &
RT -
5
—_ Ea
W =Kex
RT
E, and E' are the apparent activation energies in the alssand presence of inhibitors, respectively. Tres@nce
of inhibitor causes a change in the values of apygaactivation energy. We remark the slight inceeafsactivation

energy in presence of inhibitors as compared tbdhtined in the blank. It is obvious that the\atton energy of
the inhibited solution in this study is increasedticreasing the concentration of all inhibitors.

Table5: Influence of temperature on the corrosion rate of steel immersed in 1M HCI at different concentrations of AB8 and AB9 and the
corresponding corrosion inhibition efficiency

Compounds | Concentration (M) | Temperature (K) | Wear (mgecm?h™) | Ew (%)
308 0.962 --
313 1,420 _
HCI 1 323 2,640 _
333 5,1400 _
308 0.090 90.6
3 313 0,1620 88,5
AB8 10 323 0,5810 77,9
333 1,3100 74,5
308 0.0520 94.6
3 313 0,2430 82,2
AB9 10 323 0,6120 76,8
333 1,2680 75,3

Arrhenius plots for the corrosion rate of mild $taee given in Fig. 4. Values of apparent activateEnergy of
corrosion E;) for mild steel in 1 M HCI with the absence anég@nce of various concentrations of AB8 and AB9
were determined from the slope of@aj vs. 1T plots and shown in Table 6.

The value of 55.24 kJ miblobtained for the activation ener@y of the corrosion process in 1 M HCI lies in the
range of the most frequently cited values, the nitgjof which are grouped around 40 kJ t¢27]. Also, Its can
be seen from the Table 6 that thedecreased with increasing concentration of AB8 AB8), but all values oE, in
the range of the studied concentration were highan those in the absence of AB8 and AB9. The tecy®f
variation in pre-exponential factof)is similar to that in apparent activation energlge experimental fact that the
activation energy is higher in the presence ofhitbr is explained in different ways in literatur&ccording to
Riggs and Hurd [27], the decrease in apparent&aiv energy at higher levels of inhibition ari§esm a shift of
the net corrosion reaction, from one on the uncaeurface to one directly involving the adsorbigessThis also
reveals that the entire process is surface-reactiotrolled, since the energy of activation for tleerosion process,
both in the absence and presence of inhibitor, gvaater than 20 kJ/mol [28]. Szauer et al. exptiitiat the
increase in activation energy can be attributedrt@appreciable decrease in the adsorption of thibifar on the
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mild steel surface with increase in temperaturd.[89 adsorption decreases more desorption of itdimolecules
occurs because these two opposite processes auiiiibrium. Due to more desorption of inhibitor imcules at
higher temperatures the greater surface area dfstgel comes in contact with aggressive environpnesulting in
an increase of corrosion rates with temperaturendJsigh inhibitor concentrations this problem iwmled, because
the coverage degrees are close to saturation.ritheaise in activation energy after the additiothefinhibitor to
the 1 M HCI solution can indicate that physical@gsion (electrostatic) occurs in the first stagé][ Indeed, AB8
and AB9 molecules are organic bases which areyepsitonated to form cationic forms in acid mediunis
logical to assume that in this case the electiiostation adsorption is responsible for the goantqutive properties
of this compound. However, the adsorption phenomeri@n organic molecule is not considered onlg atysical
or as chemical adsorption phenomenon. A wide spectof conditions, ranging from the dominance of
chemisorptions or electrostatic effects arises fodher adsorption experimental data [31].

It is clear that the inhibitive efficiency of thested AB8 and AB9 decreases with the rise of teatper. This
indicates that the compounds are physically adsbrbtetals and alloys react with hydrochloric acig diving
hydrogen and the metal. The evolved hydrogen id urseeducing hydrochloric acid to various produ@s; 30].
Inhibitors protect the metal by adsorbing on to sheface. Hoar showed that inhibitor moleculesaatsorbed to a
different extent at different types of surface siéed influence the anodic and cathodic reactioesjually [31; 32;
33]. Hoar has further concluded that the adsorptibimhibitor molecules reduces the number of etz reaction
sites and thus inhibition becomes more predomimdren the surface is covered with nearly a monolafethe
inhibitor. In AB8 and AB9 molecules, N atom actsraaction centre leading to the formation of thmplex film
on the surface of the alloy. The AB8 is an exceli@hibitor it has a polar atoms N and the bromigleup in
position 3 is a donor group by mesomeric effectictvhiieinforce the adsorption in the metallic Suefathe cyclic
provides a high electron density and it has founad inhibitor efficiency increases with the eleatdensity.

An alternative formulation of the Arrhenius equatis the transition state equation:
RT AS" .
W =—ex i exp - AH
Nh R RT
(6)

where E, is the apparent activation corrosion enerByis the universal gas constawt,is the Arrhenius pre-
exponential factorh is plank’s constanf\ is Avogrado’s number\S,, is the entropy of activation ariH ', is the
enthalpy of activation

A plot of Ln(W/T) vs 1/T should give a straight line with a slopieAH /R and an intercept of (Log (R/Nh) +
AS'/R) as shown in Fig 4. From this relation the valo€AH andAS can be calculated (Table 6). The data show
that the thermodynamic parametes$i{ andAS') of the dissolution reaction of steel in 1M H@lthe presence of
the AB8 and AB9 are higher than those of the ndribited solution. The positive values AH™ mean that the
dissolution process is an exothermic phenomenorttatdhe dissolution of steel is difficult. Alsthe entropyAS'
increases negatively with the presence of the itdrilthan the non-inhibited one. This reflects themation of an
ordered stable layer of inhibitor on the steel atef From the previous data, we can say that Astaroan be used
as an effective inhibitor.
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Fig 4.3: Variation E(%) and W asafunction of T in 1M HCI with and without 10° M of AB8 and AB9
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Fig. 4.1 :Variation LnW/T asafunction of 1000/T in HCI with Fig.4.2: Arrhenius plotsfor the dissolution of steel in 1M HCl in the
and without 10° M of AB8 and AB9 absence and presence of 10°M of AB8 and AB9

The positive signs oAH’, reflect the endothermic nature of the mild stéssalution process suggesting that the
dissolution of mild steel is slow [32] in the prase of inhibitor. One can notice tHat andAH’, values vary in the
same way. This result permits to verify the knolarmodynamic reaction between tBgandAH , as shown in
Table 6 [34; 35; 36]:

AH,=E,—RT 7)

On the other hand\S’, decreases with increasing AB8 and AB9 concenmati@Table 6) and their values were
negative both in the uninhibited and inhibited eyst. The negative values of entropies imply thatabtivated
complex in the rate determining step representassociation rather than a dissociation step, mgatiiat a
decrease in disordering takes place on going femantants to the activated complex [37; 38]. MoreoA® , values
are more positive in 1 M HCI solutions containinB&®AND AB9 than that obtained in the uninhibitedusimn.
This behaviour can be explained as a result ofgphcement process of water molecules during ptisarof AB8
AND ABS9 on the steel surface [35]. This observati®im agreement with the findings of other workd@; 39].

Table 6: Thermodynamic parametersfor steel in different additives of AB8 and AB9

Thermodynamic parametefs Blank AB8 AB9
E. (kJ mol) 46.6 | 91.02] 87.2
AH, (kJ mol) 44.9 | 88.07| 84.8
AS; (J mol* K -243 | -364| -352

3.5. Adsor ption isotherm behaviour

Adhesion of atoms, ions, bimolecular or moleculegas, liquid or dissolved solids to a surfacealezl adsorption.
In this process creates a film of the adsorbate #tlolecules or atoms being accumulated, on thasrbf the
adsorbent In absorption, the molecules of a substare uniformly distributed in the bulk of the ethwhereas in
adsorption molecules of one substance are presenigher concentration at the surface of the othdrstance.
Depending upon the nature of forces existing betwagsorbate molecules and adsorbent, the adsorgdiorbe
classified into two types:

v Physical adsorption (physisorption): If the forck adtraction existing between adsorbate and adsorhee
Vander Waal's forces, the adsorption is called asdsorption. It is also known as Vander Waatlsorption. In
physical adsorption the force of attraction betweenadsorbate and adsorbent are very weak, thergfis type of
adsorption can be easily reversed by heating aleloyeasing the pressure.

v' 2. Chemical adsorption (chemisorptions): If thecéoof attraction existing between adsorbate astrbeént are
almost same strength as chemical bonds, the adsoiptcalled chemical adsorption. It is also knaagnLangmuir
adsorption. In chemisorptions the force of attatis very strong, therefore adsorption cannotdsiiyereversed.

The inhibition process is generally related to apson of inhibitor's species onto the metallic faee. Then, as
illustrated Do, in his reaches, Adsorption equilibm information is the most important piece of imf@tion in

understanding an adsorption process. No matter thawy components are present in the system, thepitiso
equilibrium of pure components are the essentigleidient for the understanding of how much thosapmnents
can be accommodated by a solid adsorbent.
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Various funAB8 and AB9ntal equations are shown, netart with the proceeding we will present thestrbasic
theory in adsorption: the Langmuir theory (1918hisTtheory allows us to understand the monolayefase
adsorption on an ideal surface. By an ideal surfaae, we mean that the energy fluctuation on shiface is
periodic (Fig 5) and the magnitude of this fluctoatis larger than the thermal energy of a mole¢kild, and hence
the troughs of the energy fluctuation are actinghasadsorption sites. If the distance betweenwloeneigh boring
troughs is much larger than the diameter of thewdde molecule, the adsorption process is catledlised and
each adsorbate molecule will occupy one site. Atse depth of all troughs of the ideal surfacetheesame, that is
the adsorption heat released upon adsorption dnstgcis the same no matter what the loadindlB; 40; 41]. The
Langmuir adsorption isotherm may written in thddwling equation (8), wher€ is the concentration of inhibitor,
K is the adsorptive equilibrium constafits the surface coverage and the standard adsorfptierenergyAG.q)

g = i + C
6 K (8)
GO
with K = 1 exp(—A ads) ()]
55.5 RT

Langmuir isotherm can also be derived using stegisinechanics with the following assumptions:

» Suppose there aM active sites to which particles bind.

» An active site can be occupied only by one patrticle

» Active sites are independent. Probability of orte sieing occupied is not dependent on the statudjaicent
sites.

The relationship between €Cand C presents linear behaviour at all temperastretied (Fig. 4 and 5) with slopes
equal to unity.

All the obtained thermodynamic parameters are shiowlrable 6. The negative values&®°,4sfor P1 indicate the
spontaneous of the adsorption of P1 and stabifitthe adsorbed layer on the steel surface. Morathey value
designates that inhibitor is strongly adsorbedhlmndteel surface. The negative valuedldf,4salso show that the
adsorption of inhibitor is an exothermic process214]. It assumed that an exothermic processtighated to
either physical or chemical adsorption but endattierprocess corresponds solely to chemisorptionsan
exothermic process, physisorption is distinguisfredn chemisorptions by considering the absoluteueabf a
physisorpti?n process is lower than 20 kJ Thalhile the adsorption heat of a chemisorptions @sscapproaches
100 kJ mol

The relationship between €Cand C presents linear behaviour at all temperattretied (Fig. 5) with slopes equal
to unity. This suggests that the adsorption of AB®l AB9 on metal surface followed the Langmuir apgon
isotherm (Fig. b From the intercepts of the straight lin€gy/0-axis, the slope is 1.100685 and 1,06407, the
intercept is 5.28644 10and 5,83671 1®and K=189163.2175906 andK= 171329.3961 respectively for AB8 and
AB9. The standard free energy of adsorption valese calculated\G,ys = - 41,4282 Kcal/mol and 57.7143

Kcal/mol respectively for AB8 and AB9. The largegative values ofAG;)ds ensure the spontaneity of the

adsorption process and the stability of the adsbthger on the mild steel surface as well as angtriateraction
between the AB8 and AB9 molecules and the metdhsef42].this value indicates also that inhibitaeracts on

the steel surface by electrostatic effect. Thesmilt® indicate that the presence AB8 and AB9 irggeathe
inhibition efficiency without change in adsorptiomechanismThe results suggest that the experimental data are
well described by Langmuir isotherm.

3.6. Quantum chemical study:

Geometry optimization is a name for the procedhat attempts to find the configuration of minimurmeggy of the
molecule. The procedure calculates the wave funciod the energy at a starting geometry and theoepis to
search a new geometry of a lower energy. Thisgsated until the lowest energy geometry is fourfte procedure
calculates the force on each atom by evaluatingythdient (first derivative) of the energy with pest to atomic
positions. Sophisticated algorithms are then usedamh step to select a new geometry, aiming fgidra
convergence to the geometry of the lowest energthe final, minimum energy geometry the force anheatom is
zero. It is important to recognize that this pragedwill not necessarily find the global minimung.ithe geometry
with the lowest energy. By its nature, a successearch for a minimum finds a local minimum but netessarily
the lowest. In fact, the optimization procedurgpstavhen it finds a stationary point, i.e. a poifitane forces on the
atoms are zero, and this may be also a saddle figinta transition structure). This will occur pewlarly if we
restrict the symmetry of the molecule and do ndovalthe program to search the full space of molecul
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configurationally degrees of freedom. It is alwaygood idea to start a procedure of a geometrymigation
calculation with a small basis set and a relatiyalpr method before we move to the basis set anldatief choice
for a particular problem. You can then start thealfigeometry optimization from the geometry selédbg the
simpler and less accurate approach. We can evethessecond derivatives of the energy with respeetomic
coordinates (obtained during the optimization psscer from a frequency run to further improve tle®metry
optimization [1; 10] .
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Fig.5. Langmuir isotherm adsor ption model of AB 8 and AB9 on the surface of steel in 1M HCI

Complete geometrical optimizations of the invegdgamolecules are performed using DFT (density tionel
theory) with the Beck’s three parameter exchangetfanal along with the Lee—Yang—Parr nonlocal elation
functional (B3LYP) [12-14] with 6- 31G* basis set implemented in Gaussian 03 program package [
approach is shown to yield favourable geometrieafaide variety of systems. This basis set givesdggeometry
optimizations. The geometry structure was optimizedler no constraint. The following quantum chetnica
parameters were calculated from the obtained opéichstructure: several quantum parameters will diertchined
for possible relations with the inhibitor efficidgas of the pyrazolic molecules (Table 7 and 8) A%,

The energy of HOMO is often associated with theted® donating ability of a molecule. The less riegaHOMO
energy and the smaller energy ga&f (= Euvo - Eqomo) are often interpreted by a stronger chemisorgtioond
and perhaps greater inhibitor efficiency. The dalibons were carried out for the pyrazolic deiives. The
geometry of all compounds under investigation weternined by optimizing all geometrical variableishaut any
symmetry constraints. The harmonic frequencies weraputed from analytical derivatives for all sgscin order
to define the minimum-energy structures. Accordm@®FT Method, the ionization potential, | can ppeximated
as the negative of the highest occupied moleculzitad (HOMO) energy [18; 44],

I = —Enowmo (2) 10]
The negative of the lowest unoccupied moleculaitalrlLUMO) energy is similarly related to the efem affinity
A, In modern terms, we relate affinity to the phemmon whereby certain atoms or molecules haveetidency to
aggregate or bond.

A=-Eumo (3) 1)
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The electron donating power of a donor moleculamisasured by its ionization potential which is theergy
required to remove an electron from the highestipiedd molecular orbital. The overall energy bala(tg), i.e.,
energy gained or lost, in an electron donor-acceptansfer is determined by the difference betwdlea
acceptor's electron affinity (A) and the ionizatjmotential (1):

AE=A-1 (12)

In chemistry, the class of electron donors thatal®mot just one, but a set of two paired electithias form

a covalent bond with an electron acceptor moledal&nown as a Lewis base. This phenomenon gisesta the
wide field of Lewis acid-base chemistry. The dniyiforces for electron donor and acceptor behavimghemistry
are based on the concepts of electro positivity fonors) and electronegativity (for acceptors)abdmic or
molecular entities. Natural bond orbital (NBO) ays8 was performed to evaluate the electron-deuisstyibutions.
The electron density plays an important role ircgkting the chemical reactivity parameters. Thabgl reactivity
includes electronegativity, which is identifiedthre finite difference approximation as the negati¥¢he chemical
potential. The ionization energy is typically sified in electronvolts (eV) and refers to the energy required to
remove a single electron from a single atom or md&

I + A 3j1
2

In 1983 Pearson together with Robert Parr extertdedjualitative HSAB theory with a quantitative idéfon of
thechemical hardness (n) as being proportional to the second derivativéheftotal energy of a chemical system
with respect to changes in the number of electedrasfixed nuclear environment :

n=1/2G9:; (14)

The factor of one-half is arbitrary and often dregpas Pearson has noted. . An operational definfio the
chemical hardness is obtained by applying a thaetfinite difference approximation to the secatadivative :

E(N+ 1) —2E(N) + E(N — 1) _ (E(N-1) —E(N)) — (E(N) —E(N + 1))

n= 2 2
=2(1-A) (15a)
the global hardnesg) defined as

_1-A (15b)
=3

wherel is the ionizatiorpotential andA the electroraffinity. This expression implies that the chemibakdness is
proportional to the banglap of a chemical system, when a gap exists.

The first derivative of the energy with respecttie number of electrons is equal to the chenpoééntial i, of the
system,

=Gz (16)

from which an operational definition for the chealipotential is obtained from a finite differenggaoximation to
the first order derivative as

i~ EN+1)-EWN-1 —(EN-1)-EWN))—(E(N)-ENN +1))
~ 2 a 2 ’
=——(+4) (17)

which is equal to the negative of the electronegst{(y) definition on the Mulliken scalat = —. The hardness and
Mulliken electronegativity are related as:

2=, ~ -, (18)
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and in this sense hardness is a measure for mxsista deformation or change. Likewise a valueerbzdenotes
maximumsoftness, where softness is defined as the reciprocal ofirfess. and the global softnes®) @s its
inverse:

1
g=-

n
19)

During the interaction of the pyrazolic derivativegth the steel surface, electrons flow from thevédo
electronegativity pyrazolic derivative to the highelectronegativity steel surface until the cheripatential
becomes equalized. The fraction of the transfegtectron AN was estimated according to Pearson [18; 45]:

/\/ Fe_ /\/ inh

AN = ——¢——nt
2(,7 Fe_,7 inh)

(20)

Quantum chemical parameters obtained from the kzdlons which are responsible for the inhibitiofi@éncy of
inhibitors, such as the highest occupied molecataital (Eiomo), energy of lowest unoccupied molecular orbital
(ELumo), HOMO-LUMO energy gapAEx. ), dipole moment (i) and total energy (TE), elewtgativity ),
electron affinity f), global hardness;), softnessd), ionization potentiallj, The global electrophilicity«f), the
fraction of electrons transferred from the inhibito steel surfaceA(N) and the total energyE) , are collected in
Table 7 and 8

AB8 AB9

HOMO
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TCD
Fig6: HOMO, LUMO and total charge density (TCD) of AB8 and AB9 respectively
In Fig. 6, we have presentéde frontier molecule orbital density distributiooisthe studied compounds. Analysis
of Fig. 6 shows that the distribution of two eneggHOMO and LUMO, we can see that the electromsitienf the
HOMO location in the pyrazolic molecules is mosdigtributed near the nitrogen (N) atoms and pyediings
indicating that these are the favourite sites figsaaption, while the density LUMO was distributedmost of the
entire molecules.

The Eiomo IS @ quantum chemical parameter which is oftemaated with the electron donating ability of the
molecule. High value of lgyo = -0.21415 eV for AB9 is likely to a tendency beétmolecule to donate electrons to
appropriate acceptor molecule of low empty molecwebital energy and indicates also the better hiitioin
efficiency [16]. It has also been found that aniitbr does not only donate an electron to the aopied d orbital
of the metal ion but can also accept electrons fiteend orbital of the metal leading to the formataf a feedback
bond. Therefore, the tendency for the formatioa édedback bond would depend on the value gfi& The lower
the Eywmo, the easier is the acceptance of electrons frend tbrbital of the metal. Based on the values,gf;E, the
order obtained for the decrease in inhibition éfficy (AB9< AB8) was also similar to the one ob&nfrom
experimental results.

Table7. Partial total atomic charges calculated and quantum par ameters.

Inhibitor N(2) N(3) N(9) N(15) C(5) Emo(eV) | Eiomo(eV) AE (eV)
AB8 -0.51508| -0.2802 -0.65625 -0.45285 -0.25330 .03H04 -0.21777 -0.18273
AB9 -0.57446| -0.28023 -0.73598 -0.45100 -0.24600 .03660 -0.21415 -0.17775
C(6) C(7) C(11) C(12) C(13) p(Debye wra.u) Mol. Volume (bohr*3/mol)
AB8 -0.48115| -0.45853 -0.10925 -0.08584 -0.29905 7483 -3217.38657 1663.937
AB9 -0.47247| -0.45833 -0.30194 -0.06445 -0.29509 4337 -5788.35543 2422.268

A band gap, also called an energy gap or bandigam energy range in a solid where no electraestean exist.
In graphs of the electronic band structure, thedbgap generally refers to the energy differencesl@etron volts)
between the top of the valence band and the baifdtre conduction band in metal. This is equivaterthe energy
required to free an outer shell electron from itBitoabout the nucleus to become a mobile chargeecaable to
move freely within the solid material, so the bayap is a major factor determining the electricaidactivity of a
metal.

We concluded that the large values of the energy(d4&) imply high electronic stability and then low c#aity,
when low values imply that it will be easier to @ an electron from the HOMO orbital to LOMO onkieh can
result in good inhibition efficiency. AAE decreases, the reactivity of the molecule ina@eésading to increase the
inhibition efficiency of the molecule.

The results presented in Table 7 show thi&g., = E uvo - Enomo = 0.17775 eV for AB9 have the lowest energy
gapes. Therefore, their higher reactivity can aldwhem to be easily adsorbed onto the mild ste$hse leading
to increase their inhibitive efficiencies compatedA\B8 AEy,,= 0.18273eV [46].

Dipole moment is the measure of polarity of a p@avalent bond. It is defined as the product ofrgbaon the
atoms and the distance between the two bonded aifdrasdipole moment of the molecule gives informatbn the
polarity of the given system, however, reflectsyahle global polarity of a molecule. For a completelecule the
total molecular dipole moment may be approximatetha vector sum of individual bond dipole moments.

The dipole momenty( in Debye) is another important electronic paramet@t results from non uniform
distribution of charges on the various atoms in th@ecule. Molecules that have high dipole momeateha
tendency to interact with other molecule througtcbstatic interactions (e.g., dipole-dipole iat#ions). The high
value of dipole moment probably increases the gudigor between chemical compound and metal surf48g46].

The energy of the deformability increases with itierease inu, making the molecule easier to adsorb at the steel
surface. The volume of the inhibitor molecules afsmeases with the increaseofThis increases the contact area
between the molecule and surface of steel anddsirg the corrosion inhibition ability of inhibitar

The dipole moment of a molecule is strongly deteadiby the shape of the molecule, size of the médeznd type
of atoms constituting the molecule. The relatiopdetween inhibition efficiencies and dipole momehsimilar
molecules have often given results that are notagai, i.e., in some instances the dipole momepears to
increase with increasing inhibition efficiencieshile in other systems the dipole moment appeadetrease with
increase in the inhibition efficiencies of the ibitdrs. In our study, there is direct relationshigtween the [26)
and the dipole moment The results of the dipole enfor the AB8 and AB9 are reported in Table 7e Hipole

77



Chetouani A. et al J. Chem. Pharm. Res., 2014, 6(7):63-81

moment follows the order; u=3.4357 Debye for ABQur= 0.7483 Debye for AB8, which is not in agreemsith
trends in the experimental inhibition efficiencfshe inhibitors earlier reported in literature’[4
Table 8: Quantum Parametersfor AB8 and AB9

Structure Minimization
by MM2 method
Quantum parameters AB8 AB9
Dipole/Dipole 0.2841 0.3610
Stretch 12.6827 12.6918
Bend -0.1418 -0.1139
Stretch-Bend -1.6726 -0.3788
Torsion -2.7424 -3.6641
Non-1,4 VDW 4.8951 5.9160
1,4 VDW -2.6659 -0.3734
Enomwo (V) -0.21777 -0.21415
E.umo €V) -0.03504 -0.03660
AE gap (eV) 0.18273 0.17775
M (Debye) 0.7483 3.4357
| = -E,omo (V) 0.21777 0.21415
A= - E yuo &) 0.03504 0.03660
I+ A
X = (eV) 0.126405 0.125375
2
I —A
n = (eV) 0.091365 0.088775
2
1
g= — 10.9451 11.2644
a):z 3.06437 66.4828
AN =——Fe  mh -37.6161 3.8718
211 -1 )
Fe inh

The total energy presented in the table 7, caledlaty quantum chemical methods is also a beneficieameter.
The total energy of a system is composed of thernial, potential, and kinetic energy. The totalrgpef a system
including that of the many body effects of elecddexchange and correlation) in the presence ¢t staternal
potential (for example, the atomic nuclei) is aqua functional of the charge density. The minimusug of the
total energy functional is the ground state enesfjyhe system. The electronic charge density wlyields this
minimum is then the exact single particle grouradesenergy. In our study the total energy of the benibitor AB9
is equal to -5788.355431 a.u , this value is lothian that of the compound AB8 is equal to 32175386a.u.

Mulliken charges showed in table 7, arise from Nhdliken population analysis and provide a means of
estimating partial atomic charges from calculatiozesried out by the methods of computational chemis
particularly those based on the linear combinatibatomic orbital molecular orbital method. The lkén charges
obtained using DFT/B3LYP/6-31G is significantly fdifent from the results of other methods. This lteisu
consistent with the fact that Mulliken atomic chescare strongly basis-set sensitive and in mosdnoss tend to
become unphysical when large basis sets with diffiumctions are employed . The Mulliken atomic clear
obtained are also not realistic. The partial chawrge the individual atoms in a molecule also indidae reactive
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centres for a particular inhibitor. Atoms with thighest negative charge are considered to havdeatran donor
role when interacting with metal surfaces. The Makh atomic charges for the heteroatom’s of theapglic
derivatives are reported in table 7 and show thatdxns has the highest negative charge. The pahidaes on the
individual atoms in a molecule also indicate thacteve centres for a particular inhibitor. Atomsttwthe highest
negative charge are considered to have an eledtoar role when interacting with metal surfaces.rébwer, the
negative charge on the N atom increases acrosgrietures following the order; AB9>AB8 for examphe N(9)
charge is -0.735938 eV and -0.656250 respectiwelyAB9 and ABS .

This result is consistent with the fact that theceon withdrawing effect of the Bromide in positi8 and 3,5 for
AB8 and AB9 respectively, decreases the negatiaegehon the N atom in the ring while the electronating role.
In view of the above results, AB9 has greater tengdo adsorb on the metal surface because ithHras tighly
negative charged centres while AB8 is preferentigilé molecule with the least negative charge.

Absolute hardness and softness are important giepeto measure the molecular stability and red#gtivt is
apparent that the chemical hardness fundamentaihjfies the resistance towards the deformatiopaarization
of the electron cloud of the atoms, ions or molesulnder small perturbation of chemical reactioafd molecule
has a large energy gap and a soft molecule hasath snergy gap [19; 43]. Soft molecules are me@ctive than
hardness because they can easily offer electromscedy inhibitors with the highest values of globaftness (the
least values of the global hardness) are expeotbd good corrosion inhibitors for bulk metals @idic media. For
the simplest transfer of electron, adsorption caddur at the part of the molecule where softnegswhich is a
local property, has a highest value. In our presamdy AB9 with low softness value= 11.2644 (eV) compared
with other compound have a low energy gap. The madtly used quantity to describe the polaritytie tlipole
moment of the molecule.

The fraction of electrons transferred describedried of electrons donation within a set of intabs. In literature

it has been reported that the valuesAdf show inhibition effect resulted from electrons dtion. According to
study, the inhibition efficiency increased with iieasing electron donating ability of inhibitor Aetmetal surface
and increasing electron-donating ability at the aheturface.. Also it was observed that inhibitiofficeency
increased with increase in the valuesAdf. The obtained values ofN reported in Table 8, the AB9 has higher
values of4N=3.8718 eV than AB8. This result implies good dispms of AB9 molecules to donate their electrons
leading to increase their adsorption on the metdhse and to increase their inhibition efficierscjé3].

It is worth noting that all the computed descript@re in total agreement with the experimental bitioin
efficiencies of the investigated inhibitors, presehin Table 8 which confirm that the presence ofaBms in
position 3,5 and 3 for AB9 and AB8 enhance the dailities of these molecules increasing theiroagison on
the metal surface and thereby leading to higheegxgntal inhibition efficiencies.

CONCLUSION

The principal finding of the present work can benmarised as follows:

» The results obtained showed the effectivenesseirthestigated pyrazolic derivers as a good inbibdf mild
steelin 1 M HCI.

» The pyrazolic inhibitors act a mixed inhibitor watlt modifying the hydrogen reduction mechanism.

» The adsorption of the AB8 and AB9 on the steelaefin 1M HCI obeys to the Langmuir adsorptiontisoin
model.

» The inhibition efficiency of all inhibitors increas with the temperature and the activation corrosnergy
decreases in presence of inhibitor.

» Quantum chemical studies have been performed, tss@3LYP/6-31G method to investigate the properbf
AB8 and AB9 and how their molecular properties teele their ability to inhibit metal corrosion. Thalculated
electronic parameters involved in the activitytwd inhibitors. A comparison of all the moleculaoperties suggests
that AB9 is a better corrosion inhibitor than ABS.
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