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Abstract

The present study aimed to evaluate the inhibigfiect of an organic compound,
namely, (E)-N'-(2-hydroxybenzylidene)isonicotinohgzide (BIH), for carbon steel
corrosion in a 1.0 M HCI solution, by using weiglass (WL), potentiodynamic
polarization (PDP) and electrochemical impedanctspscopy (EIS). Results show
that BIH is a good inhibitor, and the percentagénbfbition efficiency increases on its
higher concentrations. The maximum inhibition efficy of 94% was obtained at
5x10° M. Polarization studies revealed that the BIH comp acts as a mixed type
inhibitor. EIS showed that increasing the conceimmnaof the inhibitor led to an
increase in the charge transfer resistance andraate in the double layer capacitance.
It was found that the adsorption of this compoumheéyed the Langmuir adsorption
isotherm. The associated activation energies ardnihdynamic parameters of the
adsorption process were evaluated and discussediemperature effect was studied in
the range from 303 to 333 K. In addition, quantumenical calculations based on the
density function theory (DFT) and Monte Carlo siatidns were done to support the
experimental results.

Keywords. benzohydrazide derivative; corrosion inhibitiomriwon steel; HCI; DFT;
Monte Carlo simulations.
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Introduction

Nowadays, metals and their alloys are widely usedarious technological and
industrial applications, due to their excellenustural and mechanical strength
[1-14]. Hydrochloric acid and sulfuric acid are moemmonly used at various
industrial processes, such as steel acid picklsogle removal in metallurgy,
boilers acid cleaning and oil-well acidizing [15+T&e metal dissolution in the
corrosive media is not only a source of raw makeneastage and energy, but
also contributes to environmental pollution. Imtsrof corrosion protection, it is
possible to act on the material itself, on its acef and on the environment with
which it is in contact. Therefore, the special impoce of corrosion inhibitors is
more pronounced, and many scientists are conductsgarch on this topic. The
chemical compounds used as corrosion inhibitorscansidered as some of the
most used substances for reducing the dissolutibrvabious metals and,
consequently, to raise their cycle life. The sébecof a good corrosion inhibitor
is controlled by its economical availability, itffieiency to inhibit the substrate
material and its environmental side effects. Magfaaic substances employed
as corrosion inhibitors can adsorb onto the nmidiace through heteroatom’s
such as nitrogen, oxygen, sulfur and phosph@sisyell as multiple bonds or
aromatic rings [19-20].These organic inhibitore asually adsorbed onto the
metal surface via the formation of a coordinaterabent bond (chemical
adsorption) or the electrostatic interaction betwé#®e metal and the inhibitor
(physical adsorption), and sometimes following bothutes, thus preventing
metallic dissolution in acidic media [21]. The congents of the metal and its
alloys, the inhibitor concentration and structuamd the metal environment
temperature, are notable factors that determineetttent of the adsorption
which, in its turn, dictates the inhibition efficiey [22].

The aim of the present work was to study the itiobiefficiencies of (E)-N'-(2
hydroxybenzylidene)isonicotinohydrazide on carbtgelscorrosion in a 1.0 M
HCI solution, using electrochemical techniques sumh potentiodynamic
polarization (PDP), electrochemical impedance pscopy (EIS) and weight
loss (WL) measurements. The temperature effect hen dfficiency of this
inhibitor for carbon steel corrosion in a 1.0 M H&dlution, in the range of 303-
333 K, has been systematically studied.

Besides thatjuantum chemical calculations and Monte Carlo satmhs studies
were also carried out to provide more insights thiotheoretical explanations of
the studied compound’s inhibition activities. Thegn also be utilized to add
theoretical support to the experimental results32B The structural formula of
the examined inhibitor is shown in Fig. 1.

Experimental details

Synthesis

(E)-N'-(2-hydroxybenzylidene)isonicotinohydrazidevds prepared as follows:
isonicotinic acid 1 (1g, 8.1 mmol) in ethanol (3 yr&nd conc. ESOs (1 mL)
were refluxed for 2 hours under stirring. Thiaggon mixture was cooled down
to 15 °C, using an ice-water bath. With stirringdism carbonate (2.15 g) was
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carefully added to get a pH value between 8 andh& temperature during
neutralization was maintained between 5 and 10T?@. solid was filtered, and
the filtrate was extracted with ethyl acetate. $Sbhlvent was removed to get ethyl
isonicotinate. The obtained ethyl isonicotinatesw#ssolved in ethanol (3 mL)
in a round bottomed flask, and hydrazine hydrai®e ¢) was added. The mixture
was refluxed for two hours. The reaction mixturesveaoled, and the product
was isolated by suction filtration, to give hydraziderivative 3. The crude
product was recrystallized using ethanol asleesit. The product yield was
0.8 g, and its melting point was around 172 °C.

o HO
H
N| /

Figure 1. Chemical structure of (E)-N'-(2-hydroxybenzylidesepicotinohydrazide
(BIH).

An equimolar mixture of hydrazine derivative 3 (Odl. 7.3 mmol) and
salicylaldehyde (0.1 g, 7.3 mmol) was dissolvedRA/AcOH (0.5 mL), in a
conical flask. The mixture was stirred at 70 °Q,Zdours. The reaction mixture
mass was cooled, then, the formed solid was fidteard recrystallized using
methanol as a solvent, to get 0.14 g of isonicbiydoazide derivative 4, with a
yield of around 80 % (Scheme 1).
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Scheme 1Synthesis of (E)-N'-(2-hydroxybenzylidene) isoninohydrazide.

White crystals yield 0.14 g, mp 262-2®% IR (Vmax cn1t, KBr): 3344 (-OH),
3178 (NH), 3004 (-CH), 1685 (amide C=0), 1566 (=N ).*H NMR (400
MHz, DMSO-d6): 6 ppm 11 (s, OH), 8.8-8.9 (d, pyridine 2H), 8.6—8®B
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pyridine 2H), 8.7 (s, CH), 7.5-7.6 (d, aromatic18)6 (s, NH), 6.8-7.0 (d,
aromatic 2H), 7.3-7.4 (m, aromatic1H).

Materials

The steel used in this study was carbon steel (Eun: C35E carbon steel and
US specification: SAE 1035) with a chemical composi (in wt%) of 0.370 %
C, 0.230 % Si, 0.680 % Mn, 0.016 % S, 0.077 % Q1D % Ti, 0.059 % Ni,
0.009 % Co, 0.160 % Cu, and the remainder iron. (He¢ carbon steel samples
were pretreated prior to the experiments: they vggneded with emery paper
SiC (320, 800 and 1200), rinsed with distilled watdegreased in acetone,
washed again with bidistilled water, and then dié¢doom temperature before
use.

Solutions

The aggressive solutions of 1.0 M HCI were prepdrediilution of analytical
grade 37% HCI with distilled water. The used corniion range of (E)-N'-(2-
hydroxybenzylidene) isonicotinohydrazide was from B33 to 1 x 16* M.

Weight loss measurements

The gravimetric measurements were performed by irsimg the carbon steel
samples in a 1.0 M HC1 solution, without and wiiffedlent concentrations of
the studied inhibitor, for 6.0 hours, at 303 K. Tdegbon steel specimens had a
rectangular form [2 x 2 x 0.08 (Sjh Gravimetric experiments were carried out
in a double walled glass cell equipped with a thestated cooling condenser
containing 80 mL of the non-de-aerated test satutidfter completion of the
immersion time, the specimens were taken out, whshiéh double distilled
water, degreased with acetone, dried and, finaltgurately weighed using an
analytical balance (precision + 0.1 mg). All weidgbs$s experiments were triply
performed, and the mean value was reported, toartbe results reproducibility.

Electrochemical measurements

All the electrochemical studies were carried inoarasion cell kit with a three

electrode configuration. The reference electrodes vea saturated calomel
electrode (SCE). A platinum electrode was used wgliary electrode. The

working electrode was carbon steel. All potentigigen in this study were

referred to this reference electrode (SCE). Thekingrelectrode was immersed
in the test solution for 30 min, to establish steathte open circuit potential
(Eocp). After obtaining OCP, the electrochemical measumets were performed.
All electrochemical tests have been performed matad solutions at 303 K. The
system impedance was measured as a functiorthe frequency of the
applied signal, and its value is given ihe tcomplex plane for each
frequency. The electrochemical impedance spectpys(6lS) tests were carried
out at open circuit potential (OCP), in the freqeeemange from 10 kHz to 100
mHz, with a signal amplitude of 10 mV, using a Vatdb (PGZ 100)

Potentiostat/Galvanostat coupled to a computerpggui with Voltamaster 4
software.
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The current-potential curves were obtained by gaidgnamic mode in the 1.0
M HCI solution, with different concentrations of ethtested inhibitor, by
automatically changing the electrode potential fr&M0 mV to -200 mV vs. the
saturated calomel electrode, with a potential seé®m of 1 mV/s, and the Tafel
method allowed us to determine the corrosion currealue and other
electrochemical parameters.

Quantum chemical study

The geometric optimization and quantum chemical maations of the
investigated molecule were performed using DFT gdgnfunctional theory),
with the help of the Becke three-parameter hybuidctional, together with the
Lee-Yang-Paar correlation functional (B3LYP) [29he 6-31G(d, p) basis set
that was chosen for all the calculations was imgleted in Gaussian 09
software for Windows [26]. This basis set gives @y@geometry optimizations.
Theoretical chemical parameters, such as the esenji the highest occupied
(EHomo) and the lowest unoccupied molecular orbitalsigg), energy gapAE)
between LUMO and HOMO, and the fraction of elecsraoransferredAN) for
the BIH inhibitor were calculated from the obtalreptimized structure.

The ionization potential (IP) and electron affiniigA) of the inhibitors were
calculated using the following equations:

IP=-E, o0 (1)

EA=-E im0 (2)

Mulliken electronegativity ) and absolute hardnesg)(can be approximated
using the following equations [27-28]:

_IP+EA
2

3)
IP-EA
5 (4)

The number of transferred electronsN) was calculated by application of the
Pearson method, using the following equation [29]:

N - w_Xinh (5)
2(’7Fe+,7inh)

whereg andyinn denote the work function and absolute electroneigatdf iron
and the inhibitor molecule, respectivelye andninn denote the absolute hardness
of iron and of the inhibitor molecule, respectivelytheoretical valuenge= 0) is
frequently used (since, for bulk metallic atomsz=1A). The obtained DFT
derived¢ values for Fe (1 0 0), Fe (1 1 0) and Fe (1 lutfeses are 3.91, 4.82
and 3.88 eV, respectively [30-31]. Fe ( 1 1 0) wees only surface used in this
study, due to its higher stabilization energy, emthe packed surface [32].
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Monte Carlo simulations

The Monte Carlo (MC) search was adopted to compugelow configuration
adsorption energy of BIH interactions on a cleam isurface. The Monte Carlo
simulation was carried out using Materials Studid goftware (Accelrys, Inc.)
[26]. The Fe crystal was cleaved along the (1 pl@he, being the most stable
surface, as reported in the literature. Then, #n¢1F1 0) plane was enlarged to a
(12x12) supercell, to provide a large surface f@ inhibitor interaction. The
simulation of the interaction between BIH and tlee(E 1 0) surface was carried
out in a simulation box (19.85 x 19.85 x 38.11 MAjth periodic boundary
conditions, which modeled a representative parthefinterface devoid of any
arbitrary boundary effects. After that, a vacuumbswith 50 A thickness was
built above the Fe (1 1 0) plane. All simulationsres implemented with the
COMPASS force field, to optimize the structureabbicomponents of the system
of interest. More simulation details on the metHodg of Monte Carlo
simulations can be found in previous publicatia2&-{31].

Results and discussion

Concentration effect

Weight |oss measurements

The effect of the BIH inhibitor concentration orrlean steel samples corrosion
in a 1.0 M HCI solution was studied using weighgadoneasurements at 303 K,
for 6 hours immersion time. The obtained data aseed in Table 1.The
inhibition efficiency @w.(%)) and the surface coverag®) (values were
determined from the corrosion rate, using the filhy equations:

W -w y
lw-w

whereW and W are carbon steel corrosion rate in 1.0 M HC1, exitrand with
different inhibitor concentrationgespectively.

Table 1. Effect of BIH concentrations on the corrosidata of carbon steel, in a
1.0 M HCI solution.

Inhibitor ~ Concentration w Mo (%0) o
(M) (mg/cn?xh)
Blank 1.0 1.135 - -
5x103 0.079 93 0.93
BIH 1x10° 0.113 90 0.90
5x10% 0.185 86 0.86

1x10* 0.227 80 0.80
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From the results depicted in Table 1, it is cleanbticed that the inhibition
efficiency fiw.(%)) increased with an increasing inhibitor concatdn and, at
5x10° M concentration, BIH exhibited a maximum inhibitiefficiency (93%),
which represents an excellent corrosion inhibitiGm. the other hand, it is also
clearly noticed from Fig. 2 that carbon steel csioa rate (W) decreased with an
increasing inhibitor concentration. This behavian e attributed to the increase
in BIH adsorption at the metal/solution interfaces its concentration
increased [37]. In the inhibitor absence, thmrasion rate was as high as
1.135 mg cr? h™! and, in presence of 5xFM of the inhibitor, this value was
reduced to 0.079 mg cAh™L. This phenomenon may be due to the adsorption of
the tested compound onto the metal surface, thrauglectrons of the aromatic
ring and a lone pair of electrons of N and O at{3g3.
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Figure 2. Relationship between the inhibition efficiency, rm®ion rate and inhibitor

concentration for carbon steel, after 6 hours agharsion time in a 1.0 M HC1 solution,
at 303 K.

W eorr (Mg cm

Tafel polarization study

Fig. 3 shows the potentiodynamic polarization carf@ carbon steel corrosion
in a 1.0 M HCI solution, without and with differeBiH concentrations, at 303
K. Electrochemical parameters such as corrosiorenped (Eor), corrosion
current density {br), anodic Tafel slopepg), cathodic Tafel slopep¢ and
percentage inhibition efficiency were determined anmmarized in Table 2.The
lcor Values were used to calculate the inhibigdficiencyneor (%), using
equation 8:

Noon(%6) = {1—'—} x 100 8)

corr

wherei_ andi_  are the corrosion current densities in inhibited aninhibited

media, respectively.

It is clearly noticed from Fig. 3 that the anodiedacathodic current densities
effectively decreased as the BIH concentrationhim @cidic solution increased
and, generally, with a slight shift in the.values, suggesting that the inhibitor
molecules retarded the corrosion process. In thdicacnedia, carbon steel
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oxidative dissolution in the anodic region, and toggn reduction in the
cathodic region are observed in the Tafel plotsaddition, the parallel cathodic
Tafel curves in Fig. 3 show that the hydrogen etioiu was activation-
controlled, and that the reduction mechanism wdsaffected by the inhibitor

presence [39

1000
1004,
104

11 2o,

0.1

i (mA/em?)

0.01 1

0.001

—o— a0 M

-800 ) -T'l)(l ) -6'00 ' -:'-'U(J ) --l'lJ() ) -3:)0 ) =200
E( mV/SCE)

Figure 3. Potentiodynamic polarization curves of carbon siieel 1.0 M HCI solution,

in the presence and absence of different BIH camnagons, at 303 K.

Table 2. Carbon steePDP parameters at various BIH concentrations inDaVilL
HCI solution, and the corresponding inhibition @éincy, at 303 K.

Inhibitor  Concentration -Ecorr -fc fa Icorr Nepp
(M) (mV/SCE) (mV/dec) (mV/dec) (uA/cm?) (%)
Blank 1.0 496 162 132.2 564 -
5x10° 493 164 89 49 91
1x103 487 166 88 61 89
BIH 5x104 477 161 73 81 85
1x104 476 163 72 99 82

By inspecting the results in Table 2, we note thatonsiderably decreased with
an increasing BIH concentration. It is reported literature that, if the
displacement in &, in the inhibitor presence, as compared to blatlt®n, is
greater than = 85 mV, the inhibitor is classifieda the cathodic or anodic type
[40]. In the presence of this compound, carbonlsteeosion potential only
shifted 20 mV to the negative side. Therefore,oilld be concluded that this
compound (BIH) is of the mixed-type inhibitor foarbon steel in a 1.0 M HCI
solution; icor reached a value of 4@A/cm?, at an inhibitor concentration of
5x10 3M. Thisicor valueled to a maximuny% value of about 91%.

Further, it can be observed from the results shmwhable 2 that the values of
the cathodic c) and anodic fa) Tafel lines show slight changes with BIH
presence. These results suggest that the surfackir effect of the adsorbed
BIH diminished the anodic and cathodic reactiorid.[4
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Electrochemical impedance spectroscopy (EIS) study

In order to have more information on the phenomewiocarbon steel corrosion
inhibition in a 1.0 M solution, impedance measurseteevere performed in the
Nyquist plan, in the absence and presence of diftanhibitor concentrations, at
303 K, for an exposure time of 30 min. The Nyqgpists are shown in Fig. 4.
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Figure 4. Nyquist diagrams for the carbo"n steel electroda in0 M HCI solution with
different BIH inhibitor concentrations.

It is clear from this figure that the impedance pmasse of carbon steel
significantly changed after BIH addition, and thall impedance spectra
exhibited one single depressed capacitive loophathigher frequency range.
This depression is often associated to the non-gemaity and roughness of the
carbon steel surface [42]. Further, it was alsoepled that the impedance
modulus gradually increased with increasing inbibittoncentrations; this

suggests that the formed inhibitive film was sttbeged by BIH addition.

Generally, loop-like capacitive EIS plots are muimittributed to the charge
transfer process, while the increase in the sechécttiameter with a rise in BIH

concentration is the result of the inhibitor adsiomp onto the carbon steel
surface [43]. The experimental data were fittedabyview software, and an
electrical equivalent-circuit diagram correspondioghe metal/solution interface
was proposed (Fig. 5). Impedance parameters suckheascharge transfer
resistance (R — whose value is a measure of electron transi@sa the surface

—, Ga values, and the compound’s efficiency values spweding to various

concentrations, are presented in Table 3. Doulyler laapacitance values were
obtained using the following equation:

Cu = QX Ritn 9)
where Q is the CPE constant and n is a coeffitlgattcan be used as a measure

of surface inhomogenei{y4].
The inhibition efficiency was calculated using tlgarge transfer resistance as
follows:

R:t(inh) - Rct

t(inh)

Meas(%0) = { } *x100 (10)
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where Ryinn) and R¢ are the charge transfer resistance values, widhwatinout
BIH, respectively.

CPE
i
R 5
_/WL_
I W M
R

cf

Figure 5. Equivalent circuit applied for fitting of the impadce spectra.

Table 3. EIS parameters for carbon steel corrosion in avMLHEICI solution with various
BIH concentrations, at 303 K.

Inhibitor ~ Concentration Rt n Qx10* Cu MRet
(M) (Qxcm?) (8" /Qxcm?)  (uFlcm?) (%)
Blank 1.0 2935  0.89 1.7610 91
5x10° 511.7 0.79 0.3236 11 94
BIH 1x10° 389 0.80 0.3641 13 92
5x10° 250.5 0.81 0.4538 16 88
1x10* 206.2 0.81 0.6558 24 85

By inspection of the results shown in Table 3,ahde noticed that Rvalues
increased, while & values decreased with higher inhibitor concerdres)
suggesting, in the present study, that BIH adsodred the carbon steel surface,
and formed an insulating protective film [45]. addition, the decrease in CPE
can result from a decrease in the local dielectniestant, and from an increase
in the thickness of the electrical double layere da the inhibitor molecules
adsorption at the metal/solution interface [46].Thsults also show that at the
concentration of 5x1® M, the percentage of inhibition efficiency reachhs
highest value (94%). The% values obtained in the EIS study were in good
correlation with those obtained from the weighslasd PDP studies.

Effect of solution temperature

It is essential to study the temperature effectanbvon steel corrosionina 1.0 M
HCI solution, in the absence and presence of 5xND concentration, at

temperatures ranging from 303 to 333 K, becauseynshanges occur on the
metal surface, such as rapid etching, desorpticsoofe inhibitor molecules and
of the inhibitor itself [47]. For the studied inliidr, potentiodynamic polarization

measurements (Figs. 6 and 7) were performed, testigate the temperature
effect on the inhibition efficiency, and to cald@aactivation parameters. The
results are given in Table 4. It can be seen froenresults thatj% decreased

with increased solution temperatures, from 303 3@ &. This is due to an

appreciable decrease in the inhibitor adsorptioteocutes onto the metal surface,
with a rise in temperature, which further causdshitor molecules desorption
from carbon steel surface. It is also clear fronbl&a4 that the corrosion rate
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increased with increased temperatures, both in hilmbed and inhibited

solutions. From this table, it is also obvious tleatbon steel corrosion rate
slowly increased in the inhibitor presence, as caneg to without inhibitor.

These results confirm that BIH acts as an efficiehtbitor for carbon steel in a
1.0 M HCI solution, in the studied temperature &ng

10001
100] .
E 104
=
e I
0.]1 ‘.' @=1.0 M HC1 303 K
& l=@= 1.0 M HCI 313 K
LOMHCI323 K
0.01 1 3 b3 1.0 M HC1 333 K

800 -700 -600 -500 -400 -300 -200
E (mV/SCE)
Figure 6. Potentiodynamic polarization curves of carbon siieel 1.0 M HCI solution,
at different temperatures.
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0.014

\ [ 303 K

33K
=323 K

=333 K

0.001 — 7T
-800  -700 -600 -500 -400 -300 -200

E(mV/SEC)
Figure 7. Potentiodynamic polarization curves of carbon siieel 1.0 M HCI solution,
in the presence of 5xfM of BIH, at different temperatures.

In addition, the temperature effect on the natdreasbon steel dissolution in a

1.0 M HCI solution can be best explained in terhémwhenius equation, where

the natural logarithm ofcdrr is a linear function of 1/T. The corresponding
relation (11) provides access to the activationgies [48-49].

—Ea

icorr: kex ﬁ) (11)

To access the thermodynamic characteristics — kytlod activation AH:") and
entropy of activationAS:") — we used the Arrhenius transition equation [50],

ASa®

icor= (%)exp( — )exp(_?;ao) (12)

where k is the Arrhenius pre-exponential factor §wk?), T is the absolute
temperature, £is the activation corrosion energy for the comasprocess, h is
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the Planck’'s constant, N is the Avogadro’'s numheg? is the entropy of
activation, and\HZ is the enthalpy of activation.

Table 4. The influence of temperature on the electrochelhpasameters for a carbon
steel electrode immersed in a 1.0 M HCI solutiorg 4.0 M HCI + 5x1G M of BIH.

Inhibitor Temperature -Ecorr -fic icorr H
(K) (mV/SCE) (mV des!) (UA cm?) (%)
303 496 162.5 564 -
Blank 313 498 154.5 773 -
323 492 176.0 1244 -
333 497 192.0 1650 -
303 493.1 184.2 49 91
5x10°M 313 498.6 130.9 87 88
BIH 323 504.9 139.6 165 86
333 522.8 132.9 297 81

The curves of variation of Lk versus 1/T and Ln {/T) versus 1/T are
recorded in Fig. 8 and Fig. 9, respectively.

8

7- .\-\.\‘
L 6o
]
2
£ 54
47
= 34 ®  Blank

o = BIH

24

3.00 305 310 315 320 325 3.30

1000/T (K1)

Figure 8. Plots for carbon steel in a 1.0 M HCI solution, @@ M HCI + 5x1¢ M of
BIH.
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\
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= BIH

-2 -
L (e /1) (RAem K l)
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T T T T T T 7T
300 305 310 315 320 325 330
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Figure 9. Transition state plots for carbon steel in a 1.81{ solution, and 1.0 M HCI
+ 5x10°M of BIH.
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The curves obtained in the form of lines obey theh@nius law, thus satisfying
the relations 11 and 12, and all the regressiofffic@nts are close to 1. The
activation parameters in BIH absence and presereceuanmarized in Table 5.
According to the data in Table 5; #alues determined in solutions with BIH are
higher than those in the inhibitor absence, sugggshat the energy barrier of
the corrosion reaction increased, which means ¢hdbon steel dissolution is
difficult [51]. High Ex values are generally associated with low corrosaias,
while low E: values are associated with high corrosion rateswvever, AHa
positive sign reflects the endothermic nature o ttarbon steel dissolution
process, suggesting that this is slow [52] in titehitor presence.

On the other hand, Table 5 shows th&a values increased in the inhibitor
presence, compared to the blank solution, whichnsi@ghat an increase in
disorder took place during the course of the ttamwsifrom the reactant to the
activated complex, during the corrosion processg%J3

Table 5. Corrosion kinetic parameters for carbon steel lhGM HCI solution, in the
presence and absence of 5%\ of BIH.

- Ea AHa ASa Ea
Inhibitor (kJ/mol)  (kJ/mol) (I mo*K?) - AHa
Blank 31.00  28.36 -98.8 2.64
5x103M BIH 5025  47.61 -55.56 2.64

Adsor ption isotherm

Adsorption isotherm is one of the most importamids in the field of corrosion,
because the organic molecules reduce metallic siomoby adsorption at the
metal/solution interface, and the adsorption isothecan give important
information about the interface mechanism betwéenithibitor and the metal
surface. As it is known, the adsorption procesthefinhibitor is a displacement
reaction, where the adsorbed water molecule isgbemoved from the metal
surface, according to the following process:

Orgop * XH O gy @ Org gt XH © (o (13)

where Orgsol and Orgugs) are the organic molecules in the aqueous soluéind,
the ones adsorbed onto the metallic surface, résphtc H>Owds) is the water
molecules on the metallic surface, and x the nurob&rater molecules replaced
by the organic molecules [55].When the equilibriahithe process described in
this equation is reached, it is possible to obdilerent expressions of the
adsorption isotherm plots, and thus, the surfaceerage degreef)] can be
plotted as a function of the inhibitor concentratinder testing [56].

In order to assess what adsorption behaviors leeéylto occur onto the carbon
steel surface, the adsorption isotherms were cdkdl In our present study,
several adsorption isotherms, namely, Langmuir, Kierand Frumkin isotherms
were tested to find the best fit. The results shbimat Langmuir isotherm gave
the best fit, with the regression coefficient vatieser to unity (R = 0.9999),
and the slope nearly 1. However, the surface cgeei@® rate for different
concentrations in acidic media was evaluated by fw@entiodynamic
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polarization (n (%)/100) method.According to the Langmuir isotherm, the
degree of surface coverad® (s related to the inhibitor concentration (C),thg
following way [57]:

c. 1
Snh o= = 4G 14
9 K inh ( )

where6 is the surface coverage degrean @ the inhibitor concentration in the
electrolyte and Kkgsis the equilibrium constant of the adsorption pssc Using
KadgsvValues AGagsvalues were evaluated using the following equati@:

ads

AG;dS =-RT In(K ,,x55.5) (15)
where R is the universal gas constant, T is thentbdynamic temperature and
55.5 is the water concentration in the solution.

Plots of G.w/6 as a function of @ yielded a straight line; the experimental
(points) and calculated isotherms (line) are ptbtteFig. 10. From the intercepts
of Fig. 10, Kus values were calculated. Table 6 summarizegs Knd AG’ads

values.
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Figure 10. Plots of BIH Langmuir adsorption isotherm on thebom steel surface, at
303 K.

Table 6. The adsorption parameters for carbon steel comasia 1.0 M HCI solution,
at303 K.

Inhibitor Slope Kads(M 1) R? AG’ags (kJ/mol)
BIH 1.09 37533 0.9999 -36.63

It can be seen from Table 6 thatakvalue is high, indicating that the inhibitor is
easily and strongly adsorbed onto the metal surfatech leads to a better
inhibition performance. In our case, BIH strongenaiction with carbon steel can
be attributed to the presence of heteroatoms, asidth and O, and-electrons in
the inhibitor molecule [59]AG’ags value is -36.63 kJ mdlin our measurements.
Generally, free energy standard values from -20nkJ?, or less negative, are
associated with an electrostatic interaction betwine charged molecules and
the charged metal surface (physical adsorption]; fB@se from -40 kJ mot, or
more negative, involve a load sharing or transfemhbibitor molecules to the
metal surface, forming a coordinate covalent bowtieihisorption) [61].
Likewise, in the present study, the calculatg®fags values are between 20 and
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40 kJ mott. Consequently, BIH adsorption onto the carborelstrface
involves the combination of chemisorption and pégiption [62].

Quantum chemical study

The density function theory (DFT) has been useahtlyze the characteristics of
the inhibitor/surface mechanism, and to describe gtructural nature of the
inhibitor on the corrosion process. Recently, tharmqum chemical study was
performed to establish a correlation between thdeoutar structure of the
inhibitor and inhibition efficiency. In the presemstudy, various quantum
chemical parameters, such asofio, ELuvo and the energy gapE (E.umo -
Enomo), were obtained for the BIH molecule, to predietit activity towards the
metal surface. These quantum chemical parameters getermined from the
geometrically optimized molecule, and are givermable 7. The optimized and
frontier molecular orbital structures of BIH areosm in Fig. 11.

Table 7.Quantum chemical parameters for BIH, calculatedgi&3LYP/ 6-31G (d,p).

Enowmo (eV) ELumo (eV) AEgap (€V) x (eV) n (eV) AN
-5.8937 - 4.1663 3.8105 2.0831 0.4222

Figure 11. (a) Optimized molecular structurg(b) frontiers orbital’s distribution,
HOMO and ¢) LUMO, of the inhibitor.

Based on the frontier molecular orbital theory, tieactants reaction mainly
occurred on the highest occupied molecular orb{tdOMO) and lowest
unoccupied molecular orbital (LUMO). Therefores ithdispensable to analyze
the electron density distribution in the HOMO antUNMO orbitals of the
inhibitor molecule. This HOMO and LUMO orbitals @tibution is a critical tool
to predict the reactivity and, consequently, thiitglof the tested compound to
adsorb onto the carbon steel surface. Higheswk values indicate that the
molecule has a higher tendency to donate electtonappropriate acceptor
molecules with low energy empty molecular orbitahd lower Eumo values,
suggesting that the molecule easily accepts elestimm the donor molecules
[63]. The lowerAE value is another important molecular parametdachvfavors
higher inhibitor performance.
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The BIH molecule adsorption from the aqueous sofuttan be regarded as a
quasi-substitution process between BIH in the agsigzhase [BIH (sol)] and
water molecules at the electrode surfacegdHads)]. In its turn, thAE energy
gap between LUMO (ability to accept) and HOMO (&pito donate) had a
value of 4.1663 eV. It reflects BIH higher inhibiti efficiency, because lower
AE causes the improvement on the molecule reactiwifiich facilitates
adsorption. The fraction of electrons transferratll)( from the inhibitor to the
carbon steel surface was also calculated. It waerted thatAN value measures
the ability of a chemical compound to transferelsctrons to metal, ikN > 0
and, vice versa, iAN < 0 [64-65]. In this study, the positive value AN
(0.4222) presented in Table 7 suggests the higlabii#ty of BIH to donate
electrons to the carbon steel surface.

Furthermore, from Fig. 11, it could be seen that Blas similar HOMO and
LUMO distributions, which were all located on thetiee molecular structure.
This is due to oxygen and nitrogen atomss@nce, together with several
n-electrons on the entire molecule. In this stutig, tompound is the electrons
donator, and the iron surface is the acceptor. dieccupied d orbitals of Fe
atoms can accept electrons from the inhibitor mdk&cto form a coordinate
bond. Also, the inhibitor molecule can accept etawt from Fe atom, with its
anti-bonding orbitals, to form a back-donating bond

It is also reported in literature that Mulliken ¢has can be used
for the determination of possible adsorption centef the
inhibitors [66-67]. Mulliken charges, accordingttee numeration

of corresponding atoms, are shown in Fig. 12. kvglent from
this figure that the inhibitor had a considerabteess of negative
charge around nitrogen, oxygen and some carbon satom
indicating that these are the coordinating sitethefinhibitor.

Monte Carlo simulations

Monte Carlo simulations were carried out to betiaderstand the interaction
between BIH and the Fe (1 1 0) surface, becaugeoitides some essential
parameters, such as the adsorption energy. Inregept study, the Monte Carlo
simulation calculation was used to find the lowesergy for the whole system.
Fig. 13 represents the most stable low energy gardiion for BIH adsorption
on the Fe (1 1 0) surface obtained through the B@Qarlo simulations.

@ (,’ -
:/0
@

@
Figure 12.The Mulliken charge distribution of BIH inhibitor.
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LLli i OO
Figure 13. (a)Side andb) top views of the most stable low energy confitjorafor

the inhibitor adsorption onto the Fe (1 1 0) swfaabtained through the Monte Carlo
simulation for BIH.

It is by and large recognized that the essenti@npmenon of carbon steel
corrosion inhibition is adsorption. So, the adsiorpenergy can furnish us with
immediate information about inhibitors efficienckhe results depicted in Table
8 show that the benzohydrazide derivative assatiatgh high negative
adsorption energy values resulted in strong intenas between metal and the
BIH molecule [68].

By inspection of Fig. 13, it could be observed tB#il nearly adsorbed onto the
Fe (1 1 0) surface, where chemical interactions passibly occur through
reactive sites in the molecule, as interpretechendxperimental and theoretical
study. In this case, the BIH molecule protectsdaion steel surface from the
aggressive medium, by adsorbing onto the Fe (1 $u®ace in the possible
nearby planar form, reducing the carbon steel tiiso [69).

Table 8. Outputs and descriptors calculated by the MontdoCsimulation for BIH
lowest adsorption configurations on the Fe (1 &0jace (in kcal/mol).

System Adsorption energy

Fe (11 0)BIH -103.931

Conclusion

In the present investigation, it can be concludet the BIH compound shows
excellent inhibition properties for carbon steeirosion in a 1.0 M HCI solution,
at 303 K, and the inhibition efficiency increaseaghwhigher BIH concentrations,
while it slightly decreases with rises in temperatulhe inhibitor efficiencies
determined by weight loss, Tafel polarization an& Enethods are in good
agreement. Polarization measurements show thatiibits both anodic and
cathodic processes, indicating that this is a mixge corrosion inhibitor. The
EIS measurements showed that charge transferamesest(R;) increased, and
that the double layer capacitanceqQdecreased in the inhibitor presence,
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suggesting the inhibitor molecule adsorption om® ¢arbon steel surface. BIH
adsorption onto the carbon steel surface in a ltydooic acid solution obeyed
the Langmuir adsorption isotherm. The density thations of the frontier

molecular orbitals (HOMO and LUMO) indicate thatettstudied derivative

adsorbed through the active centers of N and O sattandz electrons of the

hydroxybenzylidene and phenyl rings. Monte Carlmudations study showed
that BIH adsorbed onto the Fe (1 1 0) surface imear flat orientation, and the
adsorption energy value of the equilibrium confagion supports the
experimental inhibition efficiency of the compound.
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