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ABSTRACT

The aim of this study is to investigate the infobitefficiency of {IN' N° N°-tetrakis((3,5-dimethyl-1H-pyrazol-1-
yl)methyl)naphthalene-1,5-diamine (BF5), for mitded corrosion in 1.0 M HCI solution. For this puge, weight
loss, electrochemical impedance spectroscopy atehfiodynamic measurements were realized. Thet effd@F5
on the mild steel corrosion was also studied bynguim chemical calculations. Increasing inhibitomeentration
led to significant reduction in the corrosion raté mild steel, with inhibitor efficiency value algo®7%. The
corrosion behavior of steel in 1.0 M HCI withoutdawith the inhibitor at various concentrations watadied at the
temperature range of 308 - 343 K. Potentiodynanai@iization showed that this inhibitor as mixed-éyphibitor.
The Nyquist plots showed that increasing BF5 coma#an, charge-transfer resistance increased andlae-layer
capacitance decreased, involving increased intohitefficiency. The adsorption of BF5 on the mikkksurface
was well described by the Langmuir adsorption model

Keywords: Mild steel, Acid medium, Corrosion, Weight los$e&rochemical techniques, DFT.

INTRODUCTION

Mild steel finds application in a wide spectrumidustries,owing to its high mechanical strengttyradance and
low cost.Corrosion, like an insidious cancer, detates the surface of themetals and alloys inedkffit
environment. In industries, acid solu-tions are enfoequently used in boilers for descaling, picylietc. Mild steel
suffers from severe corrosive attack in this acidondition. Hence, the study on corrosion of mitde$ in
aggressive acidiccondition assumes significanom fralustrial point of view.

The use of chemical inhibitors is one of the mastciced methods for protecting against corrosespecially in
acid media, to prevent metal dissolution and acidsaomption [1]. Various organic and non-organic poomds
have been studied as inhibitors to protect metais fcorrosion. Usually, organic compounds exertgaificant

influence on metal surface adsorption and theretarebe used as effective corrosion inhibitors. &ffieiency of

these organic corrosion inhibitors is related ® phesence of polar functions containing S, O @td&ms which are
centers for the establishment of the adsorptiongs® [2-26].

Theoretical chemistry, including quantum chemicalcualation has been proved to be a very powerfal for
studying the mechanism of corrosion inhibition [2This theoretical approach has been widely uséaviestigate a
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correlation between molecule structure and intohitefficiency of an organic compound [28,29]. Tliere, it is
worthwhile to compute the structural parametersuiiog the highest occupied molecular orbital enei,omo),
the lowest unoccupied molecular orbital (&), dipole moment (i), atomic charge, etc.

In the present work, the corrosion inhibition efitcy of new N-heterocyclic derivative (BF5) on dndteel in 1.0
M hydrochloric acid solution was studied using weitpss measurement, potentiodynamic polarizationes and
electrochemical impedance spectroscopy (EIS). Effe€ inhibitor concentration and temperature ohikition

action were investigated. The quantum chemical patars from the inhibitor molecule to iron wereccddted
using density functional theory (DFT) at B3LYP/663,p) level. The chemical structure of inhibitoaswgiven in
Fig. 1.
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Figure 1: N*N* N3 N°-tetr akis((3,5-dimethyl-1H-pyr azol-1-yl)methyl)naphthalene-1,5-diamine (BF5)
MATERIALSAND METHODS

Materials

The steel used in this study is a mild steel witthamical composition (in wt%) of 0.09%P, 0.01 % @38 % Si,
0.05 % Mn, 0.21 % C, 0.05 % S and the remaindar {fee). The steel samples were pre-treated poidhée
experiments by grinding with amery paper sic (221, 800, 1000 and 1200); rinsed with distilledavatiegreased
in acetone, washed again with bidistilled water @ech dried at room temperature before use.

Solutions

The aggressive solutions of 1.0 M HCI were prepdmedilution of analytical grade 37% HCI with dikd water.
The concentration range of *NI*,N° N°-tetrakis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)naphlene-1,5-diamine
(BF5) used was 1M to 10°M.

Gravimetric study

Gravimetric experiments were performed accordintpéostandard methods [30], the mild steel shdetsxol x 0.1
cmwere abraded with a series of emery papers SiC, @20 and 1200) and then washed with distilled watel

acetone. After weighing accurately, the specimeeevimmersed in a 100 mL beaker containing 250 L@ M

HCI solution with and without addition of differenbncentrations inhibitor. All the aggressive asadutions were
open to air. After 6 h of acid immersion, the speams were taken out, washed, dried, and weighadratety. In
order to get good reproducibility, all measurememtse performed few times and average values vegrerted to
obtain good reproducibility. The inhibition efficiey lw. %) and surface coverag®) fvere calculated as follows:

W, -W.
Cp=—"2—2 1
R At (1)
M (%)z(l—ﬂ]xloo @
WO

whereW, andW, are the specimen weight before and after immeisidhe tested solutiomy, andw; are the values
of corrosion weight losses of mild steel in unintdd and inhibited solutions, respectivefythe total area of the
mild steel specimen (cinandt is the exposure time (h).

266
www.scholarsresearchlibrary.com



Y. ELouadi et al Der Pharma Chemica, 2015, 7 (8):265-275

Electrochemical measurements

The electrochemical measurements were carried $iag \/olta lab (Tacussel- Radiometer PGZ 100) paistate
and controlled by Tacussel corrosion analysis sofwmodel (Voltamaster 4) at under static conditibhe
corrosion cell used had three electrodes. The erfer electrode was a saturated calomel electro@G&)(SA
platinum electrode was used as auxiliary electafdeirface area of 1 émiThe working electrode was mild steel of
the surface 0.32 cmAll potentials given in this study were referram this reference electrode. The working
electrode was immersed in test solution for 30 toira establish steady state open circuit pote(igl). After
measuring theE., the electrochemical measurements were performdidelectrochemical tests have been
performed in aerated solutions at 308 K. The ElSerments were conducted in the frequency range gh limit

of 100 kHz and different low limit 0.1 Hz at opeinctit potential, with 10 points per decade, at tbst potential,
after 30 min of acid immersion, by applying 10 m¥/ltage peak-to-peak. Nyquist plots were madenftbese
experiments. The best semicircle can be fit thraghdata points in the Nyquist plot using a nowdir least square
fit so as to give the intersections with thaxis.

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

HZ%:LiRtxlOO
R

t

®3)

Where, Ry and R, are the charge transfer resistance in absence amdsence of inhibitor, respectively.

After ac impedance test, the potentiodynamic ppédidn measurements of mild steel substrate irbitdd and
uninhibited solution were scanned from cathodicttie anodic direction, with a scan rate of 1 mV. §he
potentiodynamic data were analysed using the @alawin VoltaMaster 4 software. The linear Tafelmegts of
anodic and cathodic curves were extrapolated tmsimm potential to obtain corrosion current deesif.o,). From
the polarization curves obtained, the corrosiomenir(.,.) was calculated by curve fitting using the equatio

| =1 {exp( Z'PAEJ - exp{ﬁﬂ (4)
B, B,

The inhibition efficiency was evaluated from theamared ., values using the following relationship:

leorr = eorri
corr corr(l
W

Irare(%0) = 100 ®)

corr

wherelq,r andl o) are the corrosion current densities for steeltedée in the uninhibited and inhibited solutions,
respectively.

Quantum chemical calculations

Complete geometry optimization of the inhibitor emlles were performed using density functional th¢DFT)
with Beck's three-parameter exchange functionaha@levith LeeeYangeParr non-local correlation funwaio
(B3LYP) with 6-1G* basis set using the Gaussiam@3yramme package [31]. Frontier molecular orbi(el©®MO
and LUMO) were used to interpret the adsorptiomnbfbitor molecules on the metal surface. AccordiodFT-
Koopman's theorem [32,33], the ionization potentialis approximated as the negative of the higlumestupied
molecular orbital energy (Buwo) and the negative of the lowest unoccupied mobecatbital energy (Emo) is
related to the electron affinity (A).

I = -Eromo (6)
A =-Eumo (7)
Natural bond orbital (NBO) analysis [34] was pernfi@d to evaluate the electron density distributidre electron
density plays an important role in calculating theemical reactivity parameters. The global reatitigiinclude

electronegativity ), global hardnessn] and the global softness)( They can be calculated from the following
equations:
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y= | +A @©
2
f= | -A 9)
2
g=l-___ 2 (10)
n EHOMO - ELUMO

RESULTSAND DISCUSSION

Potentiodynamic polarization study

Polarization measurements were undertaken to iigatstthe behavior of mild steel electrode in 1.(HKI in the
absence and presence of inhibitor. The currentapiaterelationship for the mild steel electrodeviarious test
solutions is shown in Fig. 2 while the electrocheathidata obtained from the polarization curvesmesented in
Table 1.
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Figure2: Polarization curves of mild steel in 1.0 M HCI containing different concentrations of BF5

Table 1: The electrochemical parametersfor mild steel in 1.0 M HCI solution without and with different concentration of BF5 at 308 K

Inhibitor | Conc | -Ecor Ba -Be lcorr Nrafel
(M) (MVISCE) | (mV dec?) | (mV dec’) | (uAcm?) | (%)

HCI 1.0 450 67.1 144.2 361.8 —
1x10° | 440 65.0 138.9 44.2 87.8

T1 5x10° | 440 72.1 137.8 42.4 88.8
1x107 | 430 63.6 154.7 39.9 89.
5x10° | 410 56.2 112.8 30.5 91.6
1x10° | 440 56.0 119.5 22.4 93.8

Fig. 2 represents that both anodic and cathodicentirdensities decreased in the presence of thestigated
compound. This decrease is more pronounced withgtimevth in inhibitor concentration. This observatio
demonstrates that the inhibitor is adsorbed onntild steel surface. Consequently, this adsorpteduces both
anodic dissolution of iron at anodic sites and edit evolution of hydrogen at cathodic sites. Ae thhibitor
concentration rises, the extent of adsorption ees, leading to increased inhibition efficiency.

Comparing the samples without and with inhibitors iobviously that when BF5 is used as inhibitbe E,,, values
for mild steel in 1.0 M HCI shift slightly towardane positive direction from that for the uninhiliteample (Figure
2, Table 1). If the change in.z value was more than 85 mV, a chemical compounddcbe recognized as an
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anodic or a cathodic type inhibitor [35]. The maxim shift in K., was 40 mV towards anodic direction indicating
mixed mode of corrosion with predominately anodfed.

Compared with the blank experiment, both the cdthadd anodic Tafel slope changed slightly whiclplied that
the cathodic hydrogen evolution and anodic metdalized reaction had been compressed.

Electrochemical impedance spectroscopic study

Nyquist plots of mild steel in 1.0 M HCI solutiorithout and with different concentrations of BF5 ah@wn in Fig.
3, respectively. It is seen that the Nyquist diagshows a capacitive loop,which suggest that theosion of mild
steel in test solution is mainly controlled by dmtransfer process [36,37]. The diameter of thpaciéive loop in
the presence of inhibitor is bigger than that ire tbhninhibited solution and increases with the iibib
concentrations. The impedance parameter such agectransfer resistance {R double layer capacitance {the
frequency (f.) and inhibition efficiencyare listed in Tables 2 for BF5.
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Figure 3: Nyquist plot for steel in IMHCI solution containing different concentrations of BF5

Table 2. EIS parametersfor the corrosion of mild steel in 1.0 M HCI containing BF5 at 308 K

Inhibitor | Conc | Ry fmax | Cal n.
M) | (@cnf) | (Hz) | (uFcn) | (%)

HCI 1.0 27.4 100| 58.0 —
1x10° | 2424 12.5| 52.5 88.7
5x10° | 291.3 12.5| 437 90.6

BF5 1x10* | 314.0 12.5| 40.5 91.3
5x10" | 334.5 12.5| 38.1 91.8
1x10° | 472.3 10 33.7 94.9

It is seen that the Rvalue increases and thg, €alue decreases by the addition of inhibitor. Ayéacharge transfer
resistance (R is associated with a slower corroding system.imemease in charge transfer resistance values could
be ascribed to the adsorption of inhibitor at stemdl interface, which effectively blocked the =etisites on mild
steel surface and hence enhances the corrosictamst of mild steel in acidic medium. The decreas®;, values
with an increase in the inhibitor concentratiorggesting that either thickness of protective lagereased, or local
dielectric constant of film decreased, or both eced simultaneously [38]. The inhibition efficienaycreases with
increasing inhibitor concentration due to more andre coverage of mild steel surface with the irtbibi
concentrations. The inhibition efficiencies cal¢ath from EIS showed the same trend as those obtdhoen
potentiodynamic polarization (Tables 1 and 2).

Weight loss study

Effect of inhibitor concentration

Table 1 shows the results obtained from weight losseasurements for mild steel in
1.0 M HCI solutions in the absence and presendadiffefrent concentrations of BF5. It has been obsgérfirom the
results that thew, % of BF5 increases from 88.6% to 97.4% with theéase in inhibitor concentration from 1
102 M. Indeed, corrosion rate values of mild steelrdases from 0.036 to 0.008 mgfcimon the addition of 10to
10° M of BF5. The increase in efficiency from 88.6%%0.4% may be due to the blocking effect of thdame by
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both adsorption and film formation mechanisms, Wwhidecreases the effective area of corrosion attack
[39].Theresults confirm that BF5 is an efficientmsion inhibitor, which gives efficiency values kigh as 97.4%

in room temperature. The inhibiting performance ieitéd by the compound may be due to the preseiice o
protonated form of nitrogen atoms of the compouthictv makes it adsorb quickly on the mild steel acef thus
forming an insoluble stable film on the surfaceh# mild steel. It is clear that BF5 showed goddbition for mild
steel corrosion in 1.0 M HCI solutions becauseitibitor molecule is made of planar aromatic rirdgpyrazole
and a benzene ring and also contains N atomsalelctrons [40].

Table 3. Weight loss values of various concentrationsof BF5in 1.0 M HCI solution

Medium | Conc | Cgr 0 nwi
(K) (mg/cnt h) (%)

Blank 1.0 0.320 — —
1x10° | 0.036 0.886| 88.4
5x10° [ 0.029 0.909] 90.9

BF5 1x10' | 0.025 0.922| 92.7
5x10* [ 0.015 0.954| 95.4
1x10° | 0.008 0.974] 974

Adsor ption isotherm

The extent of adsorption of an inhibitor on the aheturface is usually influenced by the parameseich as the
nature, chemical structure, distribution of chamage the molecule and charge on the metal. Basicrrimdtion
regarding the nature of interaction of the adsorinéébitor molecule and the mild steel surface banelucidated
using adsorption isotherm. The surface covefagen be obtained by using the well-known formyla%/100.The
value of 6 increased with increase in inhibitor concentratidemonstrating the more pronounced adsorption of
inhibitor on the metal surface. Tlievalue was fitted to various isotherms like Langmé&reundlich, Temkin and
Frumkin. Langmuir was found to give the best dedimn on the adsorption of inhibitor. The equation
corresponding to Langmuir adsorption isotherm is

C 1

o K G an

where G, represents the concentration of the inhibitor iol/m and K denotes the adsorption-desorption
equilibrium constant. A plot of G, vs G/0 gave a straight line with a slope around unityg(F). This suggests
monolayer adsorption of inhibitor on the surfacerold steel. The values of thermochemical paramedech as K,

AG;dS and the correlation coefficienfRvere enumerated in Table 4.
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Figure 4: Thelangmuir adsor ption isotherm plotsfor the adsor ption of BF5in 1.0 M HCI on the surface of mild steel
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Table 4. Thermodynamic parametersfor mild steel in 1.0 M HCI in the presence of inhibitor at 308 K

Slope| R Kads o
(L mol®) AG,,,
(KJ/mol)
PHQ | 1.05 0.99933 95503.67 -39.65

AG;, calculated from the slope of Langmuir adsorptiaihierm using the following equation:
AG;dS =-RTLA55.5K ) (12)

where R is gas constant and T is absolute temperaifi experiment and the constant value of 55.5hés
concentration of water in solution in mof-Lin Fig. 4, the intercept on the vertical axishs value of 1/ Ky which

is 1.04708x10 M. Generally, values ofAG;dS up to -20 kJ/mol, the types of adsorption wereardgd as

physisorption, the inhibition acts due to the elestatic interactions between the charged moleanésthe charged
metal, while values around -40 kJ/mol or smaller @ssociated with chemisorption as a result ofistpar transfer
of electrons from organic molecules to the metafage to form a coordinate type of bond (chemisorpt[41].

Then according to Eq. (12), we calculated tAS;dS = -39.65 kJ/mol. Therefore it can be concluded tha

adsorption of the BF5 on the mild steel surfesenainly the chemical adsorption inevitably accamipd by the
physical adsorption.

Influence of Temperature

The loss in the weight of the steel samples inM.BICI in the absence and presence of various cdrat@mns of

BF5 at different temperatures was determined. Tfeeteof temperature on the inhibition efficiencf/tbe BF5 is

shown in Table 5. In all cases, an increase in 8fttcentration leads to a decrease in the corraaienof samples
indicating that the presence of BF5 retards theegdrcorrosion of samples in 1.0 M HCI. On the othand, an
increase in temperature from 313-343 K resulteghiincrease in the corrosion rate for all the catregion of BF5,

probably as a result of desorption of inhibitor emlles from the metal surface.

Table5. Weight loss values of BF5 at various temperaturesin 1.0 M HCI solution

Medium | Temp| Cr 0 nwL
(K) (mg/cnt h) (%)
313 1.300 — —

Blank 323 1.828 — —
333 3.635 — —
343 6.336 — —
313 0.075 0.942 942

TEA 323 0.173 0.90§ 90.6
333 0.408 0.889 88.8
343 1.265 0.800 80.

Thermodynamic parameters are important to undetstia® inhibition mechanism. The thermodynamic fiomng
for dissolution of mild steel without and with thddition of optimum concentration of BF5 at varidgesperatures
were calculated from the logarithm of corrosioreréfy) of metal in acidic HCI solution by using the Aerius
equation:

E
LnC,=—2+ A 13
T RT (13)

where G is the corrosion rate, s the apparent activation energy, ani Ahe preexponential factor. The arrhenius
plots of Ln G versus 1/T for the blank and optimum concentratibBF4 give a straight line and a slope equal to —
EJ/R shown in Figure 5, from which the values qff&r the inhibited corrosion reaction of mild stéelve been
calculated and recorded in Table 6.

In 1.0 M HCI solution, the addition of BF5 leadsan increase in the apparent activation energyatoevgreater
than that of the uninhibited solution. The resshsw that the addition of BF5 decreases metal Wiso in 1.0 M
HCI medium. On the other hand, the increase inaggarent activation energy may be interpreted asipd
adsorption that occurs in the first stage [42].ugzaand Brand explained that the increase in adivanergy can
be attributed to an appreciable decrease in therptisn of the inhibitor on the mild steel surfagéh increase in
temperature.
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Figure5: Arrhenius plotsfor mild steel corrosion ratesLn (Cg) versus /T in 1.0 M HCI in absence and in presence of optimum
concentration of BF5

In order to calculate activation parameters for ¢herosion process, an alternative formulation ofh&nius (14)
wasused:

RT AS AH
C, =——exp 2 | ex 2 (14)
Nh R RT
where G is the corrosion rate, h is the Plank’s constainis the Avogadro’s number, the enthalpy of activatio

(AH,), and the entropy of activationn$.). Fig. 6 shows a representative plot for the fitamrs state in 1.0 M HCI
solutions without and with of 70M of BF5. Activation parameters obtained from #hgsaphs are given in Table 6.
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Figure 6: Transition-state plotsfor mild steel corrosion ratesLn (Cg/T) versus /T in 1.0 M HCI in absence and in presence of optimum
concentrations of BF5
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Table 6. The values of activation parametersfor mild sted in 1.0 M HCI in the absence and presence of 10°M of BF5

Conc | Es AH, AS,

(M) (kI mol) | (kI molY) | (I mol* KY
Blank | 48.40 45.68 -97.95
BF5 | 83.11 80.38 -10.75

The thermodynamic parametersH, andAS,) of the dissolution reaction of steel in 1.0 M HElthe presence of
BF5 is higher than that of in the absence of inhib{blank). The positive signs of the enthalpids, reflect the
endothermic nature of the steel dissolution proeass mean that the dissolution of steel is diffiddB]. In the
presence of BF5, the increaseAS, reveals that an increase in disordering takeseptecgoing from reactants to
the activated complex [44].

Quantum chemical studies

Fig.7 represents the optimized geometry, HOMO, LUM®ital of the inhibitor molecule in the combinéxm.

Quantum chemical parameters are given in Tabla & Wwell known that HOMO is often associated witie
electron donating ability of a molecule, whereasM@ indicates its ability to accept electrons [4Beportedly,
excellent corrosion inhibitors are usually thosgamic compounds which not only offer electrons tmacupied
orbital of the metal, but also accept free eledrfnom the metal [46]. From Fig. 7, it can be sdleat in the
combined form of inhibitor molecules, the HOMO ltioa is mainly distributed on the BF5 molecule didMO

location is distributed on the two rings benzenasTndicates that electrons are transferred frioenarbital of BF5
to the metal. Electrons in the occupied orbitaineftal are transferred to the LUMO of the BF5 molecu

Figure 7: Optimized geometry, HOMO and LUMO of theinhibitor moleculein the combined form

The value of highest occupied molecular orbitglpp indicates the tendency of the molecule to donigetrens to
acceptor molecule with empty and low energy orbitdlerefore, the energy of the lowest unoccupiedeoutar
orbital, B yuo indicates the tendency of the molecule to acckyattrens [47]. The energy gafE is an important
parameter which is related to reactivity of theiliior molecule towards the metal surface. Theradton of
inhibitor molecule to the metal surface is relatedransfer of electrons from inhibitor to metatfage. Polarity of a
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covalent bond (Dipole momen) can be understood by distribution of electrons imolecule and large value of
dipole momenf: favour the adsorption of inhibitor.

Table 7. Quantum chemical parametersfor BF5

Quantum parameters P1
E ovo V) -8.6260
E.uvo @V -5.7144
AE gap (eV) 2.9116

M (debye) 0.2114

| ==E om0 €v) 86260

A= —E o (ev) 57144
I+ A
= (eV) 7.1702
2
n= (eV) 1.4558
2
1
g= — 0.6869
7l
TE (eV) -50201.1386

Absolute hardness and softness are important piepailo measure the molecular stability and redgtivt is
apparent that the chemical hardness fundamentiaihjfies the resistance towards the deformatiopalarization
of the electron cloud of the atoms, ions or molesulnder small perturbation of chemical reactiohafd molecule
has a large energy gap and a soft molecule haskhemergy gap [48]. In our present work the stddi®lecule has
low hardness value 1.4558 (eV) and a highest vafliseftness of 0.6869

The total energy calculated by quantum chemicahou is equal to -50201.1386 eV. Hohenberg and Hé8h
proved that the total energy of a system includingt of the many body effects of electrons (excleangd
correlation) in the presence of static externakptial (for example, the atomic nuclei) is a uniduectional of the
charge density. The minimum value of the total gpdunctional is the ground state energy of thetesys The
electronic charge density which yields this minimignthen the exact single particle ground stategne

CONCLUSION

All the measurements showed that the BF5 has exteihhibition properties against the mild steetrasion in
hydrochloric acid solution. Inhibition efficiencyf this inhibitor decreases with increase in tempaeaand further
it leads to an increase in activation energy. Tdbitor follows the Langmuir adsorption isothenmthe process of
adsorption. EIS measurements also indicates thatirthibitor performance increase due to the adsmrpof
molecule on the metal surface. Potentiodynamicrimaion measurements showed that the inhibitos astmixed
type of inhibitor. The inhibitor showed maximum ibiion efficiency at 1.0 mM concentration of theudied
inhibitor. The inhibition efficiency of BF5 as cosion inhibitor indicates that their inhibition efts are closely
related to Fomo, ELumo, hardness, dipole moment and total energy. Thibition efficiencies determined by EIS,
potentiodynamic polarization and weight loss stediee in good agreement.
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