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Abstract

The inhibition performance and mechanism dfNN,N3 N3-tetrakis((3,5-dimethyl-1H-
pyrazol-1-yl)methyl)propane-1,3-diamine (BF2) and,N¥,N? N?-tetrakis((3,5-dime-
thyl-1H-pyrazol-1-yl)methyl) benzene-1,2-diamineHB for the corrosion of mild steel
in 1.0 M HCI were investigated using weight losstime and electrochemical
measurements. The results show that both tetrakiszple derivatives act as good
inhibitors, and inhibition efficiency follows theraer: BF4 > BF2. Two tetrakis
pyrazole derivatives are mixed type inhibitors éximg predominantly cathodic
behavior. The Nyquist plots showed that, after easing inhibitors’ concentrations,
charge-transfer resistance increased and doubde-tapacitance decreased, involving
increased inhibition efficiency. The adsorption lwdth inhibitors on a steel surface
obeyed Langmuir model, thus, the thermodynamic &mtktic parameters were
calculated and discussed. Quantum chemical parsnete calculated using the
Density Functional Theory method (DFT). Correlaticretween theoretical and
experimental results is discussed.

Keywords: Mild steel; corrosion inhibition; weight loss; electreatical techniques;
DFT.

Introduction

Acid solutions are widely used in industry, suchaasl pickling, industrial acid
cleaning, acid descaling and oil-well cleaning [As the most effective and
economic method [2,3], inhibitors are applied iedl processes to control the
metal dissolution. Most of the well known acid ibitors are organic compounds
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containing nitrogen, sulphur and oxygen atoms [}-T0e efficiency of these
compounds mainly depends on their abilities to deoebed on the metal surface
with the polar groups acting as reactive centers.

The corrosion inhibition is a surface process, Whitvolves adsorption of the
organic compounds on a metal surface. The adsarptiainly depends on the
electronic structure of the molecule [11]. The mtion efficiency of organic
compounds depends on the mode of interaction wWith metal surface and
molecular structure.

Among numerous inhibitors, N-heterocyclic compourads considered to be the
most effective corrosion inhibitors [12]. Up to nowarious N-heterocyclic
compounds are reported as good corrosion inhibftmrsteel in acidic media,
such as triazole derivatives [13-15], pyrazole \dsdives [16-19], and bipyrazole
derivatives [20-23].

In continuation of our research for developing@éint corrosion inhibitors, [24-
29] this work represents a systematic study ofdbreosion inhibition effect of
synthesized pyrazole derivatives, namely N1,N1,)83tdtrakis((3,5-dimethyl-
1H-pyrazol-1-yl)methyl)propane-1,3-diamine (BF2)dai1,N1,N2,N2-tetrakis
((3,5-dimethyl-1H-pyrazol-1-yl)methyl)benzene-1,2mine (BF4), on MS in a
1.0 M HCI solution using weight loss measuremengteptiodynamic
polarization, electrochemical impedance, and quantlhemical calculations.
Fig. 1 shows all molecular structures used.
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Figure 1. Chemical molecular structures of tetrakis pyraz:tdavatlves.

Experimental

Materials

The steel used in this study is a mild steel witthemical composition (in wt%)
of 0.09% P, 0.01% Al, 0.38% Si, 0.05% Mn, 0.21% @0)5% S and the
remainder iron (Fe). The steel samples were aead prior to the experiments
by grinding with emery paper (SiC) (220, 400, 80000 and 1200), rinsed with
distilled water, degreased in acetone, washed agdin bidistilled water and
then dried at room temperature before use.

Solutions

The aggressive solutions of 1.0 M HCI were prepdrgediilution of analytical
grade 37% HCI with distilled water. The concentmatrange of N1,N1,N3,N3-
tetrakis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)prape 1,3-diamine (BF2) and
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N1,N1,N2,N2-tetrakis((3,5-dimethyl-1H-pyrazol-14ylethyl) benzene-1,2 dia-
mine (BF4) used was M to 103 M.

Gravimetric study

Gravimetric experiments were performed accordingthi® standard methods
[30]; the mild steel sheets of 1 x 1 x 0.1 cm wadveaded with a series of emery
papers, (SiC) (120, 600 and 1200), and then washtd distilled water and
acetone. After accurate weighing, the specimens wamersed in a 100 mL
beaker containing 250 mL of a 1.0 M HCI solutiorthwand without addition of
different concentrations of inhibitor. All the aggsive acid solutions were open
to air. After 6 h of acid immersion, the specimarese taken out, washed, dried,
and accurately weighed. In order to get good reywitlity, all measurements
were performed a few times, and average values vegrerted to obtain good
reproducibility. The inhibition efficiencyn(v.%) and surface coverage) (were
calculated as follows:

e 1)
Mo, (%) = (1—%] x100 2)
E 1—% 3)

where W, and W, are the specimen weight before and after immersiothe
tested solutionywo andw; are the values of corrosion weight losses of rsiiel
in uninhibited and inhibited solutions, respectywd is the total area of the mild
steel specimen (cf)) andt is the exposure time (h).

Electrochemical measurements

The electrochemical measurements were carriedsingja Volta lab (Tacussel-
Radiometer PGZ 100) potentiostat, and controlled &gussel corrosion analysis
software model (Voltamaster 4) under static conditiThe corrosion cell used
had three electrodes. The reference electrode veatusated calomel electrode
(SCE). A platinum electrode was used as auxilidegteode with a surface area
of 1 cnf. The working electrode was mild steel with a scefaf 1.0 cm All
potentials given in this study were referred tostlelectrode. The working
electrode was immersed in a test solution for 30 toiestablish a steady state
open circuit potential Hocp). After measuring theEocp, the electrochemical
measurements were performed. All electrochemicsistevere performed in
aerated solutions at 308 K. The EIS experimentewenducted in the frequency
range with a high limit of 100 kHz and a differdatv limit of 0.1 Hz at open
circuit potential, with 10 points per decade, & thst potential, after 30 min of
acid immersion, by applying 10 mV ac at voltage kpapeak. Nyquist plots
were made from these experiments. The best seteiden be fit through the
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data points in the Nyquist plot using a non-linkeaist square fit, so as to give the
intersections with thg-axis.

The inhibition efficiency of the inhibitor was calated from the charge transfer
resistance values using the following equation:

| .

l720/0 = &—lat x100 (4)

t

where, Rt and R are the charge transfer resistance in absencingnésence
of the inhibitor, respectively.
After ac impedance test, the potentiodynamic poddion measurements of mild
steel substrate in inhibited and uninhibited solutivere scanned from cathodic
to anodic direction, with a scan rate of 0.5 mV. §he potentiodynamic data
were analysed using the polarization VoltaMastesoftware. The linear Tafel
segments of anodic and cathodic curves were exaftgabto corrosion potential,
to obtain corrosion current densitiés). From the obtained polarization curves,
the corrosion currentdr) was calculated by curve fitting using the equatio

=1, [exp(z'zEj - exr{ Z'Z?EH (5)

The inhibition efficiency was evaluated from theaseredl o values using the
following relationship:

Icorr =1

frae(%) = =20« 100 (6)
corr
wherelcorr andlcorry are the corrosion current densities for steeltedde in the

uninhibited and inhibited solutions, respectively.

Quantum chemical calculations
Complete geometry optimization of the inhibitor e@lles was performed using
density functional theory (DFT) with Beck's threarpmeter exchange functional
along with LeeeYangeParr non-local correlation fiomal (B3LYP) with 6-1G*
basis set using the Gaussian 03 programme pack&ge Hrontier molecular
orbitals (HOMO and LUMO) were used to interpret #asorption of inhibitor
molecules on the metal surface. According to DFBman’s theorem [32,33],
the ionization potential (I) is approximated as thegative of the highest
occupied molecular orbital energy Hdmo) and the negative of the lowest
unoccupied molecular orbital energy.(ko) are related to the electron affinity
(A).

| = -Eromo (7)

A =-ELumo (8)

Natural bond orbital (NBO) analysis [34] was penfied to evaluate the electron
density distributions. The electron density plagsirmportant role in calculating
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the chemical reactivity parameters. The global treidies include
electronegativity i), global hardnessn] and global softnesss), They can be
calculated from the following equations:

1 +A
) 9)
1 -A
’7—7 (10)
0':1:——2 (11)

,7 EHOMO - ELUMO
The local reactivity has been analyzed by mean$ukui indices [35], an
indication of the reactive centers within the males. These are measurements
of the chemical reactivity, as well as an indicatief the reactive regions,
nucleophilic and electrophilic behavior of the nmilke [36]. The condensed
Fukui functions were found by taking the finitefdifence approximations from
Mulliken population analysis of atoms in inhibitorolecules, depending on the
direction of the electron transfer.

f,’ :qk(N+1)_qk(N) (12)

f, =g, (N)- g (N-1) (13)
where g (N), g (N + 1), and q (N - 1) are the elmut population of the atom k
in neutral, cationic and anionic systems, respebti{37].

Results and discussion

Potentiodynamic polarization curves

The potentiodynamic measurement results of mildistea 1.0 M HCI solution,
without and with different range of inhibitors c@mtrations, were shown in Fig.
2a and b. The polarization parameters, namely smmocurrent density {dn),
corrosion potential (&), anodic Tafel slopefg), cathodic Tafel slopeB¢) and
percentage inhibition efficiency|faret %) were calculated from the Tafel curves
and are given in Table 1. From Fig. 2 it can beeolrd that both the cathodic
and anodic reactions were suppressed with the iadddf inhibitor, which
suggested that the tetrakis pyrazole derivativesiaed anodic dissolution and
also retarded the hydrogen evolution reaction [38].

It is observed that the corrosion potentialss{Efor mild steel in the presence of
BF2 (Fig. 2a) and BF4 (Fig. 2b) are slightly shiftéowards the positive
potentials compared with the mild steel in 1.0 MIHBbth anodic and cathodic
current densities were reduced in the presencd-@fd®d BF4, which suggests a
mixed-type inhibitor behavior [39].

It is clear from Table 1 that, after increasing twncentration of inhibitor, the
inhibition efficiency increased, while the corrasiourrent density decreased due
to adsorption of BF2 and BF4 on the mild steel atgf The minor shift in &
value (10 mV) towards positive direction in the g@ece of inhibitors, as
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compared to the d&r value in the absence of inhibitor, indicates tB&2 and
BF4 act as a mixed type inhibitor with predominemitrol of the anodic reaction
[40]. From Table 1, it is observed that inhibitiefficiency increased with an
increased concentration of the two tetrakis pymazdrivatives. Also, the order
of corrosion inhibition efficiency for the highesbncentration (1® M) of the
two studied inhibitors is BF4 (94.2%) > BF2 (87.0%)
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Figure 2. Polarization curves for mild steel in 1.0 M HClthre presence and absence of
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concentration of (a) NI1,N1,N3,N3-tetrdkds5-dimethyl-1H-pyrazol-1-

yl)methyl)propane-1,3-diamine (BF2), and (b) N1,N2,N2-tetrakis((3,5-dimethyl-

1H-pyrazol-1-yl)methyl)benzene-1,2-diamine (BF4).

Table 1 Electrochemical parameters for mild steel in@N.HCI solution without and
with different concentrations of tetrakis pyrazdkrivatives at 308 K.

Inhibitor Conc -Ecorr -Ba -Be I corr NTafel 0
(M) (mVsce) (mVdecl) (mVdec!) (pAcm?) (%)

HCI 1.0 450 67.1 144.2 361.8 — e
1x10°5 440 78.7 113.4 133.7 66.8 0.668

BF2 5x10° 444 77.8 124.2 118.1 73.7 0.737
1x104 444 73.0 124.3 102.5 74.8 0.748
5x10* 442 70.5 105.2 79.4 79.3 0.793
1x10° 440 66.2 100.3 59.2 87.0 0.870
1x10° 444 73.7 155.8 109.3 69.8 0.698

BF4 5x10° 446 72.8 90.8 96.7 73.3 0.733
1x10° 446 51.1 143.7 46.8 87.1 0.871
5x104 444 58.7 151.8 37.1 89.7 0.897
1x10°3 446 64.6 155.2 21.1 94.2 0.942

Electrochemical impedance spectroscopy studies

The Nyquist plots obtained from the EIS measuremémt mild steel in 1.0 M
HCI solutions at 308 K are shown in Fig. 3. Thetplare characterized by a
semicircle, which means the process was mainlyrotbetl by capacitance and
depressed semicircle, reflecting the surface indgeneity of structural or
interfacial origin, such as that found in adsonptpyocesses [41]. The capacitive
semicircle refers to the double layer capacitanue taansfer resistance (R
Different size semicircles are shown in Fig. 3. Thameter of the semicircle
represents the value of transfer resistancg®), (Rhich indicates a decreasing
trend in corrosion rate. The charge transfer rasc values (& were calculated
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from the difference between impedance values aedamd higher frequencies,
as suggested by Haruyama et al. [42]. The doulyler laapacitance @ was
obtained from the following equation [43]:

L .

where Zmg is the frequency of maximum imaginary components tlee
impedance anddris the charge transfer resistances.
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Figure 3. Nyquist plots recorded for mild steel in 1.0 M H&llutions without and with
different concentrations of (a) BF2 and (b) BF4.

The calculated electrochemical parameters of El@somements are listed in
Table 2. From the electrochemical impedance paemeind the inhibition
efficiency ¢:%), which are listed in Table 2, it is clear thiheé impedance
spectra exhibit one single capacitive loop, indigathat: (i) the charge transfer
takes place at the electrode/solution interfadg tife transfer process controls
corrosion reaction, and (iii) the presence of thieibitor does not change the
mechanism of steel dissolution [44].

As the inhibitor concentration increased, the Wlues increased and the C
values tended to decrease due to a decrease Indletsctric constant and/or an
increase in the thickness of the electrical doubler, suggesting that the
inhibitor molecules acted by adsorption at the ihehution interface. Addition
of synthesized inhibitors provided lowerqCvalues, probably due to the
replacement of water molecules by the inhibitor enale at the electrode
surface. In addition, the inhibitor molecules maduce the capacitance by
increasing the double layer thickness, accordingedHelmholtz model [45]:

£,EA
O =5
dl

where ¢ is the dielectric constant of the mediugy,is the vacuum permittivity,
A is the electrode surface area af)d is the thickness of the protective layer.

The order of tetrakis pyrazole derivatives remainshanged; it is as follows:
BF4 > BF2. This is also in agreement with the obserorder of corrosion
inhibition obtained from potentiodynamic measuretsen

(15)
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Table 2 EIS parameters for the corrosion of mild steelid@ M HCI containing BF2
and BF4 at 308 K.

Inhibitor Conc Ret fmax Cai Nz 0
(M) (Q cnv) (Hz) (nF cm?) (%)
HCI 1.0 27.4 100 58.0 — —
1x105 102.8 31.6 48.9 73.3 0.733
5x105 125.9 31.6 39.9 78.2 0.782
BF2 1x104 148.4 31.6 33.9 81.5 0.815
5x104 170.5 31.6 29.5 83.9 0.839
1x103 226.7 25.0 28.1 87.9 0.879
1x10° 110.8 40.0 35.9 75.2 0.752
5x105 145.5 31.6 34.6 81.1 0.811
BF4 1x10° 194.5 25.0 32.7 85.9 0.859
5x10* 215.1 25.0 29.6 87.2 0.872
1x103 473.8 12.5 26.9 94.2 0.942
o] g =
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Figure 4. Relationship between corrosion rate@nd concentration of inhibitor (C) in
1.0 M HCl at 308 K (weight loss method, immersiond is 6 h).

Weight loss measurements

Effect of tetrakis pyrazole compounds on corrosaia

Fig. 4 illustrates the corrosion rategjf mild steel in 1.0 M HCI at 308 K in
the presence of different concentrations (C) ofates pyrazole compounds
(immersion time is 6 h). The corrosion rate redusiésr addition of the selected
two tetrakis pyrazole compounds, and decreasesthatimhibitor concentration.
This behaviour is due to the fact that the adsonptioverage increases with the
increase of inhibitor's concentration, which shglthe mild steel surface
efficiently from the medium. In the absence of mtar, the corrosion rate is as
high as 0.32 mg crhhl, while in the presence of 2M inhibitor, the corrosion
rate values are reduced to 0.042 and 0.013 mg bmfor BF2 and BF4,
respectively. At any given inhibitor concentratidhe corrosion rate follows the
order: G (BF4) < G (BF2), which indicates that BF4 exhibits the bakibitive
performance among two tetrakis pyrazole compounds.

Effect of tetrakis pyrazole compounds on inhibitdiciency

Fig. 5 represents inhibition efficiencyw.) values obtained from the weight loss
in 1.0 M HCI solutions in the presence of varionaeentrations of BF2 and BF4

at 308 K (immersion time is 6 h). ClearlyyL increases with an increase in the
inhibitor's concentration. At 1® M, the maximumnw. is 86.7% for BF2, and
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95.8% for BF4, which indicates that two tetrakisgmple compounds act as
good corrosion inhibitors for mild steel in 1.0 MCH Inhibition efficiency of the
examined tetrakis pyrazole compounds follows tlteorBF4 > BF2.
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Figure 5. Relationship between inhibition efficiencyyw.) and concentration of
inhibitor (C) in 1.0 M HCI at 308 K (weight loss thed, immersion time is 6 h).

Effect of temperature and thermodynamic activaparameters

Being given that the temperature is one of theofacthat may affect the
behavior of a material in a corrosive environmant can also modify the metal-
inhibitor interaction, it is essential to study tledéfect of this factor on the
protection rates, as well as to determine the nmashmaof inhibition, to calculate
the activation energies of the corrosion process.

The study of the influence of temperature on ttie od corrosion inhibition of
mild steel by our inhibitors was performed at tenapgres 313, 323, 333 and 343
K, in the absence and in the presence of inhibitbrl0® M. This study
determines the activation energies, enthalpieseatibpies of activation of the
corrosion process, and thus provides informatiothenrmechanism of inhibition.
The corresponding data are shown in Table 3.

Table 3.Various corrosion parameters for steel in 1.0 M HChbsence and presence
of optimum concentration of BF2 and BF4 at différesmperatures.

Medium Temp Cr 0 nwL
(K) (mg/cn? h) (%)
313 1.300 — —
Blank 323 1.828 — —
333 3.635 — —
343 6.336 — —
313 0.275 0.788 78.8
BF2 323 0.476 0.740 74.0
333 1.247 0.657 65.7
343 2.508 0.604 60.4
313 0.116 0.911 91.1
BF4 323 0.237 0.870 87.0
333 0.638 0.824 82.4
343 1.696 0.732 73.2

The comparative study of Table 3 showed that threosmn rate increases with
an increase in temperature in both the stabilizebiahibited solutions, while the
inhibition efficiency of BF2 and BF4 products demses. A decrease in the
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efficiency of inhibition with increasing temperatuin the presence of our
compounds may be due to the weakening of physttsaration.

To determine the activation energy, we have useditinhenius equation (16) to
account for the effect of temperature (T) on therasion rate (g). The change
in the log corrosion rate, as a function of theipmcal of the absolute
temperature, is a linear function of',Tand the corresponding relation (17)
provides access to the activation energies:

— Ea
Ce = AeXp(_ RT) (16)

LnCRZ-REfI_ + LnA (17)

To access the activation thermodynamic charaatsjsenthalpy 4Hs) and
entropy of activationASs), we have used the Arrhenius equation transi#é@y:

RT AS, AH,
C.= ex exp - (18)
Nh p( Rj { RT]

where G is the corrosion rate, R the gas constant, T biselate temperature, A
the pre-exponential factor, h the Plank's constdns, Avogrado's number sEhe

activation energy for corrosion procegs{. the enthalpy of activation aniiS

the entropy of activation.

The curves of variation of the logarithm of therosion rate as a function of the
reciprocal of the absolute temperature’&re recorded in Fig. 6. The curves
obtained in the form of lines obey the Arrhenius,lavhich satisfies the relation

7).

= Blank
e BF2

~— BF4
\

LnC, {mg_»"cm2 h)

1000/T (K1)
Figure 6. Arrhenius plots of Ln € vs. 1/T for steel in 1.0 M HCI in the absence and
the presence of BF2 and BF4 at optimum concentratio

Fig. 7 shows the variation of Ln &) vs. (1/T) as a straight line with a slope of
(-AH4 R), and the intersection with the y-axis is [LAR) + (AS./ R)]. From
these relationships, values afss and AHa can be calculated. The activation
parameters (£AHaandAS,) calculated from the slopes of Arrhenius lineshie
absence and presence of our inhibitors (Fig.6 agd)Fare summarized in Table
4.
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LnC /T (mg/em’” h K)
N ‘

1000/T (K'Y

Figure 7. Arrhenius plots of Ln (&T) vs. 1/T for steel in 1.0 M HCl in the absencel a
the presence of BF2 and BF4 at optimum concentratio

Table 4. Activation parameters for the steel dissolutiod i@ M HCI in the absence and
the presence of BF2 and BF4 at>10.

Inhibitors A R? Ea AHa AS: Ea-AHa
(mg/cn? h) (KJ/mol) (KJ/mol)  (I/mol K)  (KJ/mol)
Blank 1.4185x18  0.96872 48.40 45.68 -97.95 2.72
BF2 4.9161x16°  0.98041 67.66 64.94 -49.33 2.72
BF4 2.8188x1% 0.98570 80.48 77.76 -15.67 2.72

It is evident from Table 4 that the values of tpparent activation energy for the
inhibited solutions were higher than those for dhehibited solution, indicating
that the dissolution of mild steel was decreasesltduhe formation of a barrier
by the adsorption of the inhibitors on the metafae [47].

The values of EandAHa were increased in the presence of inhibitors, ssitog
that the energy barrier of the corrosion reactimraases, which means that the
steel dissolution is difficult [48]. According todghma et al. [49], the activation
energy is much higher when the inhibitor is moréeaifve. However, the
positive sign of the endothermic enthalpy refldbis nature of steel dissolution.
We note that the variation of the activation enegyand the enthalpy oiHa
vary in the same way with the inhibitor's concetitna, which satisfies the
relationship betweenzsand thermodynamics a$Ha[50]: Ea—AHa = RT.

The values oAS: were lower for the solution without inhibitor thémose for the
solution with inhibitor. This may be because th&e+@etermining step for the
activated complex was the association rather thardissociation step [51]. As
seen from Table 4, there is a shiftAf. to more positive values in the presence
of the inhibitor, thus the increase in disordea idriving force that can overcome
the barriers for the inhibitor’'s adsorption onte thetal surface.

Adsorption isotherm and thermodynamic parameters

The adsorption isotherms are vital in elucidatirfge tcorrosion inhibition
mechanism, since they express the interactionefrthibitor molecule with the
active sites on the mild steel surface. Therefioréhis study, several adsorption
isotherms were evaluated, namely, Langmuir, Frunakid Temkin. As can be
seen from Fig. 8, straight lines were obtained i€Ralmost equal to unity) by
plotting Cb vs. C at all concentrations studied. This indisdt®t the inhibitor is
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adsorbed on the mild steel surface, according ® lthngmuir adsorption
isotherm. From the intercepts of the straight lioesthe C8 axis, Kags values
were calculated for the adsorption process (Tapl&he slope values are mostly
equal to unity, indicating the physicochemical agdon of inhibitor molecules

on an active site on the mild steel surface. Fresgy of adsorptionAG;, ) was
calculated by using the following equation Eq. (19)

AG., =-RTL55.5K,) (19)

where R is the gas constant, T is the absolutedeatyre of the experiment and
the constant value of 55.5 is the concentratiowatfr in a solution in molL

00012
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Figure 8. Langmuir adsorption isotherm for mild steel imnegtsin a 1.0 M HCI
solution in presence of various concentrationsfé2 Bnd BF4.

Table 5 Thermodynamic parameters for the adsorption bibitors in 1.0 M HCI on
the mild steel at different concentrations.

Inhibitor Method R? Slopes Kads AG’

(L/mol) ads

KJ/mol)
Tafel 0.99893 1.15 58066.61 -38.37
BF2 EIS 0.99975 1.14 108872.1 -39.98
Weight loss 0.99965 1.15 84232.51 -39.33
Tafel 0.99973 1.06 81807.62 -39.25
BF4 EIS 0.99927 1.06 82468.78 -39.27
Weight loss 0.99987 1.05 114795.8 -40.12

Table 5 shows the negative values &&;_, indicating the spontaneity of

adsorption of the inhibitor molecules on the mitde$ surface [52]. In general,
AG, values below -20 kJ mélare due to the physisorption of the inhibitor,

ads
values above -40 kJ mbhre attributed to the chemisorption of the

whereasAG;
inhibitor molecules on metal surface. In the préssmdy, AG,, values are

ads
between -38.27 and -40.12 kJ molwhich provides evidence for both
electrostatic interactions (physisorption) and gkasharing or transferring from
the inhibitor to the charged mild steel surfaceefaisorption) [53]. Moreover,
higher values for the equilibrium constanta¢) and standard free energy of
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adsorption AG., ) support a better inhibitive activity of the sudorste [54]. Fig. 8

shows a skeletal representation of adsorption erchiarged mild steel surface.

BF1 BF4
Optmized geometry
gt a
f = P, .
P g8 Y
wd _2a0® 4 R L) dﬁﬁl-“
o2 "‘. » 4"" . =:_- # .ﬂi
"“ o - I
a " @
] lg ".‘

HOMOD orbitals

.
3

4

LUMO orbitals

Figure 9. The optimized geometry, HOMO and LUMO orbitalsneblecules BF2 and
BF4 at the BLYP level.

Quantum chemical calculation

Frontier orbital energies

It is well known that the molecular reactivity isamly analyzed via frontier
orbital theory; therefore, it is necessary to iriggge the highest occupied orbital
(HOMO) and the lowest unoccupied orbital (LUMO) faxploring the
adsorption behavior of corrosion inhibitor on thetat surface. The HOMO and
LUMO of BF2 and BF4 molecules were calculated amdpresented in Fig. 9.
The quantum-chemical parameters related to the &2 BF4 molecules are
listed in Table 6. They include:nubmo, ELumo, the energy gapAE), dipole
moment (), the chemical potential, global hardrfesand global softness (S).

Table 6. Computed molecular parameters for BF2 and BF4poamds.

E E AE v n c
o) (ev) (@) (Debye) (V) (V)

BF2  -8.5988 -3.6735 4.9253 6.4964 2.4626 0.4061
BF4  -8.6532 -4.8708 3.7824 4.4861 1.8912 0.5288
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The highest occupied molecular orbitalnfko) and the lowest unoccupied
molecular orbital (Eumo) are very useful to elucidate the chemical reégtinf a
molecule. According to the frontier molecular oabittheory of chemical
reactivity, the transition of electrons is mainiiated to the highest occupied
molecular orbital (HOMO) and lowest unoccupied noalar orbital (LUMO) of
the reacting species [55]. The HOMO is associatéd the electron donation
capability of the molecule. The higher theoko value, the stronger the electron
donating capability of the inhibitor will be andhetrefore, the better the observed
inhibition efficiency will be [56]. The LUMO implie the capability of the
molecules to accept electrons from the metalli¢asa. The lower the value of
ELumo, the more it will be prone towards accepting etats [57].

From Table 6, it can be concluded that the capgbdf donating electrons
follows the order: BF4 > BF2. (Bvo signifies the propensity of molecules to
accept electrons. The lower value of theno is, the stronger is the ability of
molecules to accept electrons. It can be obsemiadl@ble 6) that the capability
of accepting electrons obeys the order: BF2 > BHals is not in accordance
with the result (inhibition efficiencies) obtainé@m the experiments.

The energy gapAE) is a very important stability parameter of thelecules
related to the reactivity tendency of the molecubegards the metal surface. The
lower AE is, the higher is the reactivity tendency of ncales in adsorption [58].
As for a molecule with lower energy gap, it meanat tthe molecule is more
polarizable and the molecule electrons are tramsganore smoothly. ThuaE
has been used to measure the binding ability oEoubks as an important index.
It can be seen (via Table 6) that the property oliecules obeys the order: BF4 >
BF2. These results are in good agreement with xperements. Global softness
(o) is also a predominant parameter to characteheeatsorption ability of
molecules, and the higher the value is, the high#re possibility of adsorption.
In the research of corrosion inhibition chemisthe inhibitors and the metals are
considered as soft base and soft acid, respectiltebould be concluded (via
Table 6) that the property of molecules obeys thgeio BF4 > BF2. These
results are in accordance to the former ones. Tipeled moment (1) of a
molecule is also an important parameter to elueida® chemical reactivity of a
molecule. A literature survey reveals that the golson process is further
facilitated with increased values of dipole momaatthe latter influences the
transport process through the adsorbed layer [h9]JG0this work it can be
observed from Table 6 that the dipole moment valoesease in the order of
BF4 < BF2, which is not in accordance with the expental results.

Active sites

Inhibitor molecules are in general adsorbed onntle¢allic surface by the donor
acceptor (D-A) type interaction between the inlobitmolecule and the
concerned metallic surface. Therefore, it is esserib examine which
corresponding active sites are responsible for Generally the more negative is
the charge on the heteroatoms, more it can paateipon the
D-A type interactions [61]. However, it is also iorpant to consider the situation
from where the inhibitor molecules are going toeree certain amount of
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charges at some centres and reverting back fortilgneonsiderable amount of
charges through consecutive centres [62]. This lbaneasily achieved by
evaluating Fukui indices for each individual atorhis shows local reactivity as
well as nucleophilic and electrophilic nature oé timolecule [63]. Nucleophilic

and electrophilic attacks are mainly controlledtiy maximum threshold values

of f,” and f, . f measures changes in electron density when thecoiele
accepts extra electrons, where§s measures electron density changes when

molecule loses electrons.

Table 7. Calculated Fukui functions for BF2 and BF4 molesu

Molecules Atom fr f-
k k
BF2 1C 0.175 0.004
2 C 0.019 0.165
10 N 0.038 0.197
12 C 0.018 0.052
24 N -0.028 0.018
25 C 0.088 0.125
26 C 0.156 0.126
27 C 0.032 0.152
45 N 0.069 0.051
48 C 0.115 0.057
52 C 0.114 0.056
BF4 1C 0.043 0.052
2 C 0.044 0.051
3C 0.019 0.124
4 C 0.171 0.048
5C 0.172 0.047
6 C 0.019 0.124
11 N 0.039 0.207
13 C 0.121 0.064
25 N -0.019 0.027
26 C 0.097 0.134
27 C 0.165 0.135
28 C 0.039 0.159
30 N 0.078 0.063
49 C 0.124 0.066
53 C 0.123 0.065

The calculated values of the Fukui functions foe tion hydrogen atoms are
reported in Table 7. From the results obtainedait be stated that the site for
nucleophilic attack is where the value §ifis maximum. On the other hand, the

site for electrophilic attack is controlled by teue off, .

It can be seen from Table 7 that in the BF2 mokesdiile C(1), C(25), C(48) and
C(53) atoms are the more susceptible sites for ceaphilic attack (electron
acceptance), as those atoms possess higher crenggies. On the other hand,
the C(2), N(10), C(25), C(26) and C(27) atoms muaiphrticipate in the
electrophilic attack (the donation of electronshefiefore, it can be concluded
from these results that all the individual atomd participate in the D-A type
interactions on the iron surface. On the other h&d), C(5), C(13), C(27),
C(49) and C(53) atoms are the favorable sites lBunt®n acceptance, while the
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C(3), C(6), C(26), C(27), C(28) and N(11) atomd Wwé responsible for electron
donation for BF4. Based on the above discussiocaritbe concluded that BF2
and BF4 have many active sites for adsorption enntild steel surface. These
results are also in good accordance with experiatignobtained inhibition
efficiency.

Conclusion

From the overall experimental results and theasétalculations the following
conclusions can be deduced:

- The synthesized tetrakipyrazole derivatives showed good inhibition
efficiencies for the corrosion of mild steel in 1M HCI solution, and the
inhibition efficiency increased on increasing tlencentration of inhibitor. The
inhibiting performance of BF4 is better than thitBF2.

- Inhibition efficiency w.) decreases with the temperature. The value of
apparent activation energydEn the presence of inhibitors is higher than ihat
the absence of inhibitor.

- The adsorption of each tetrakis pyrazole inhibdabeys Langmuir adsorption
isotherm.

- Polarization studies showed that both testeditdms are mixed type in nature.
- Electrochemical impedance spectroscopy (EIS) areasents show that charge
transfer resistance {rincreases and double-layer capacitancg (f&creases in
presence of inhibitors, suggesting the adsorptfaheinhibitor molecules on the
surface of mild steel.

- Quantum chemical calculations reveal that theteda donation and electron
acceptance capabilities of the studied inhibitatoéw the order BF4 > BF2,
which is in good accordance with the results oletifrom previously performed
experiments.

- The active sites of the studied inhibitor molesulare also thoroughly
investigated using Fukui indices. Fukui indicesadibe in detail which particular
atoms mainly participate for the electron donateomd acceptance processes
between the inhibitors and the Fe surface.
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