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Camphor as an effective corrosion inhibitor for carbon steel in 1M HCI
solution: electrochemical and quantum chemical investigation
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Accepted 23 Jan 2018 The inhibition of corrosion of carbon steel by camphohydrochloric acid (1M HCI)

was tested, using electrochemical techniques (impedance spectroscopy (EI¢
potentiodynamic polarization (PDPand quantum chemical calculations (QCC

- Keywods Impedance measurements showed that the ddaysde capacitance decreasedd
I'1 Corrosion, charge transfer resistance increased with the rise of the inhibitor concentration,

I I Carbon steel, explains the increase in inhibition efficiency. Potentiodynamic polarization techni

I 1 Inhibition, reveal that the presence of the inhibitor does not change the mecharigaraden

I I Camphor, evolution. The effect of temperature on the corrosion behavior of carbon steel ir

I 1 Adsorption, HCI with and without addition of camphor was studied in the temperature r

I I Impedance, between 303 and 333 K. Phenomenon of physical adsorption is proposed fra
I'1 Polarization curves. activation parameter obtained. Thermodynamic parameters show that the adsc
process is spontaneous. Quantum chemical calculations using DFT were u:

M. Tabyaoui calculate some electronic properties of the molecule in order to ascertain the corn
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between thénhibitive effect and the molecular structuretiof camphor molecule.

1. Introduction

The use of inhibitors is one of the most practical methods for protection of corrosion, especially
acidic media [14]. The hydrochloric acid is also an important acid with many uses in isalugtrieg5-7]. The
adsorption of organic inhibitors dependwinly onthe electronic and structural properties of the inhibitor
molecule such as functional groups, aromaticity, electron density on donor atorhsoanithl character of
donating electron§8B14]. The corrosion inhibitors organic, having heteroatomCheir aromatic or long
carbon chain [15], those that are Aoxic or lowtoxic to both human and environment {38].

The strict environmental legislations and increasing ecological awareness among scientists have I
the development of Ogreent@raktives to mitigate corrosion. Recently, natural compounds such as herb pla
were employed as inhibitors in order to develop new cleaning chemicals for green environagdjt Bants
are rich sources of naturally synthesized chemical compoundan{orgcids, glucosinolates, alkaloids,
polyphenols, and tannins) and most are kneavhave inhibitive action [3840]. Most of the natural products
are nontoxic and biodegradable. Various parts of the plants, ledugts, seeds, and flowers [46] were
extracted and used as corrosion inhibitors. Several literature reviews on the suitability of natural products
as essential oils and its major components as corrosion inhibitors of swdbihydric acid were recently
published [4751].

This wok contributes to develop the green corrosion inhibitors and investigates the inhibiting effect
camphor against corrosion of carbon steel in a 1M HCI medium. Camphor (Figure 1) is a major cowfpone
salvia officinalis oil. It is a white or transparesulid with a strong aromatic odor and a naturally occurring
component of some volatile essential oils [52]. It is a terpenoid with the chemical formgdigCL It is found
in the wood of the camphor laurel (Cinnamomum Camphora), a large evergreen metinfésia (particularly
in Sumatra, Indonesia and Borneo) and also of the unrelated Kaptur tree, a tall timber tree from the same r¢
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It is also present in the mint family, which contain up to 20% camphor. Camphor is used for its scent, a
ingrediet in cooking (mainly in India), as an embalming fluid, for medicinal purposes, and in religiot
ceremonies. Theoretical calculations have been used recently to explain the mechanism of corrosion inhib
The geometry of the inhibitor molecule in itognd state, the nature of its molecular orbitals HOMO (Highest
Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) are directly involved in th
corrosion inhibition activity. In continuation of our previous study, the present woidevsted to the
investigation of the corrosion inhibition by adsorption of camphor on carbon steel in chlorhydric acid
potentiodynamic polarization (PDP), electrochemical impedance spectroscopy (EIS) and quantum cher
calculations in detail. The malalar structure of this compound is shown in Figure 1.

H3C_ CHs

H3C O

Figure 1: Molecular structure of camphor

2. Experimental details
2.1.Materials
In this study we have used carbon steel (C35) (Euronorm: C35E carbon steel and US specification: SAE !
with a chemical composition (in wt%) of 0.370 % C, 0.230 % Si, 0.680r260.016 % S, 0.077 % Cr, 0.0%
Ti, 0.059 % Ni, 0.009 % Co, 0.160 % Cu ahd temainder iron (Fe).

2.2.Solutions
The aggressive solutions of 1 M HCI were prepared by dilution of analytical grade 37% HCI with distill
water. The concentration of camphor was inrdrege between 1.31 mM and 7.88 mM.

2.3.Electrochemical impedance spectroscopy
The electrochemical measurements were carried out using a Volta lab (Ta®asdiEimeter PGZ 100)
potentiostate and controlled by a Tacussefrosion analysis software model (Voltamaster 4) under static
conditions. The corrosion cell used had three electrodes. The reference electrode was a saturated c:
electrode (SCE). A platinum electrode was used as auxiliary electrode with surfaoé la@a2. The working
electrode was made of carbon steel. All potentials given in this study were referred to this reference elect
The working electrode was immersed in a test solution for 30 minutes to a establish the steady state open i
potertial (Eocp). After measuring the Eocp, the electrochemical measurements were performed.
electrochemical tests have been performed in aerated solutions at 303 K. The EIS experiments were conc
in the frequency range of 100 kHz to 10 mHz at operuitimotential, with 10 points per decade, at the rest
potential, after 30 min of acid immersion, by applying 10 mV peakeak ac voltage. Nyquist plots veemade
from these experimentdhe inhibition efficiency of the inhibitor was calculated from tHerge transfer
resistance values using the following equation:

s wtn S,

I"# &!(

Where, & .and&f( are the charge transfer resistance in absence and in presence of the inhibitor, respectivel

2.4.Potentiodynamic polarization

The electrochemical behavior of carbon steel in inhibited and uninhibited solution was studied by recort
anodic and cathodic potentiodynamic polarization curves. Measurements were performed in the 1.0 M
solution containing different concentrations tife tested inhibitor by changing the electrode potential
automatically from-800 to-300 mV versus corrosiopotential at a scan rate of 1nsV. The linear Tafel
segments of the anodic and cathodic curves were extrapolated to corrosion potestitairtdhe corrosion
current densities {.). From the polarization curves obtained, the corrosion currgpt {as calculated using

the equation:

®.: ; 8. ;
1% ]'.233 [456(<—) > 456(<—)] ......... /70
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The inhibiton efficiency was evaluated from the measured Icorr values using the following relationsh

Bz > L,
2 @=nde %%+ R /90

233
Where Fsunand Bguuare the corrosion current density in absence and presence of the inhibitor, respectiv

2.5. Quantum chemical calculations

Complete geometrical optimizations of the investigated molecule are performed using density functional th

(DFT) with the BeckeOs three parameter exchange functional along with tH2YdrepParr nonlocal

correlation functional (B3LYP) with-81G* basis set as implemented in the Gaussian 09 program pf3age

Theoretical paranters such as the energies of the highest occupied and lowest unoccupied molecular or

(EHOMO and ELUMO), energy gagtE) and dipole moment (u) absolute electronegatillydlobal hardness
(% and softness®)), and fraction of electrons transferréd\) were calculated.

2.6.Moleaular Dynamics Simulations details

MD simulations were carried out using Materials Studio 8.0 (from Bifx¢ieelrys Inc.). The box consisted of a

6 layers of iron atoms cleaved along the (110) plane. A supercell 6f 10D simulation box was created, and a

liquid phase (500 water molecsleand vacuum layer of 20 nm height was fabricated. During the simulation, &

6 layers of iron atoms were fixed. One camphor molecule was optimized and included in the simulation

using the amorphous cell module. The simulation was carried out usirgté&anodule with a time step of 1 fs
and simulation time of 500 ps performed at 298 K, NVT ensemble, using COMPASS force fielgl][54

3. Results and discussion

3.1.Electrochemical experiments

3.1.1.0CP vs. time measurements

The potentiowtic curves E=f(t) are illustrated in Figure 2 without and with various concentrations of campt

ranging between 1.38 and 7.88 mitcording to this Figure, the initial value ofsgwas-0.456 (mV/SCE) in

blank the solution, and it becomes almost constant areQrEB4(mV/SCE) after 600s. The addition of

inhibitors in aggressive solution, cause a slight displacementqefdHring the immersionThe variation of

corrosion potentiabalues in the presence of the inhibitor compared with the blank solution can be explained

the adsorption of the inhibitor compounds on the metal surface. The potentiodynamic polarization
impedance values have been measured after 30 minute of irmmersi
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Figure 2: Variation of the open circuit potential verdirae of the carbon steel inM HCI solutions and containing
different concentrations of camphor at 303K

3.1.2.Polarizationmeasurements
The electrochemical measurements were carried out to understand the kinetic process of the anodic and ce
reactions.The work electrode was maintained at its free potential during 30 min. After a period of immersit
the polarization curves have been also illustratedl®bmin. Figure 3 shows that the corrosion potential is
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varied betweenr800 mV and-300 mV with a san rate of 1 mV/sThe polarization curves of carbon steel in
chlorhydric acid solution (1M HCI) containing different concentration of camphor at 303K are presented
Figure 3. Table 1 shows the electrochemical corropemameters such as corrosion ptisnE..), cathodic
and anodic Tafel slop€ (,(.), corrosion current densitfeGHy, inhibition efficiency"@:AB/C‘]S Oand degree of
surface coveragg Y were derived from the potentiodynamic polarization curves. It can be seen from Figure
thatthe existence of inhibitor molecule in the corrosive medium increases anodic and cathodic over poten
and decreases corrosion currentfl These changes increase with increasing inhibitor concentration. Th
behavior supports the adsorption dfiilnitor onto metal surface and causes a barrier effect for mass and chat
transfer for anodic and cathodic reactiormwever Tablel shows markedly that the addition of camphor
decreases the corrosion current density and hence the inhibition efficienqy/$ Oincreases withthe
inhibitor concentration to reach its maximum value, 72.10 %, at 7.88 mM. This behavior explains its ability
inhibit the corrosion of carbon steel (C35) in chlorhydrique acid solution .The slight variation of the catho
Tafel slope((.) upon addition of camphor indicates that the cathodic corrosion mechanism of carbon steel ¢
not change, but the small changes in the anodic Tafel s{operdlues are probably due to the adsorption of
chloride ions or inhibitor on the rmadtsurface (C35). According to literature if the displacement.ipi& more
than £85mV relative to the corrosion potential of the blank solution, the inhibitor can be considered &
cathodic oranodic type, if the change indgis less than £85 mVhe corrosion inhibitor may be regarded as a
mixed type[57,58]. In our study, the presence of this compound in acidic media causes a slight displacemer
corrosion potential compared the blank solutionshift in E.r values is in the range of 237 mV, which
indicates that the inhibitor tested act as mikgzk inhibitor [32-59].
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Figure 3: Anodic and cathodic polarization curves fhe corrosion of carbon stéall M HCI in the absence and presence
of different concentrations of camphor at 303K

Tablel: Electrochemical parameters calculated by using the potentiodynamic polarization technique for the corrosion
carbon steel in 1 M HCI in the absence and prasei different concentrations of camphor at 303K

Medium Conc -Ecorr Leorr , _/a - _/C Juivnd m
|
mM (mV/SCE) (! Alcm?) (mv) (mv)
1M HCI - -452 507 100 122 - -
Camphor 1.31 437 281.0 42.3 67.8 44,58 0.4458
1.97 438 213.1 42.9 59 57.97 0.5797
3.28 453 166.6 42.6 61 67.14 0.6714
7.88 450 128.8 55 60 74.60 0.7460
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3.1.3.Electrochemical impedance spectroscopy (EIS)

Measurement®f the corrosion inhibition of carbon steel in the 1M HCI medium in absence and presence
various concentrations in Camphor were studied with the EIS method at 303 K, after an immersion time c
minutes. The results obtained are presented as Nyqlatt (see Figure 4). The impedanspectra are
represented as one single capacitive loop, which is attributed to the charge transfer at the carbon steel /sc
interfaces. However, the shape of the capacitive loops suggests that the charge traredercoitcols the
corrosionof carbon steel [63,§40n the other hand, the diameter of the capacitive inogases with the rise

of the inhibitor concentration compared to the bebav observed in the absence tbe inhibitor. We have
noted that, the gwessed sentircle in Nyquig diagram is not perfect. Thimas been attributed to the frequgnc
dispersion as well as to thHeeterogeneity due to surface roughndsspurities or dislocations [65], fractal
structures [6BThe inhibitor is adsorbed on adgty centers which lead tdé formation of porous laye[g7].
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Figure 4: Nyquist plots for carbon steel in 1M HCI solution without and with different concentration of camphor at 303}
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Figure 5: Equivalent circuit used to fit the EIS data

The electrochemical parameters, comprise the solution resistagcthe charge transfer resistanRg, the

constant phase element (Q), empirical exponent (n)famtime constant!(), obtainedfrom fitting the recorded

EIS data are listed in Table 2. The capacitance is replaced with a constant phase elemenTHEPE

electrochemical equivalent circuit used to model the metal/acidic solution interface is shown inSFighee
impedance (Z) bCPE is given by the expression [68

Port %S /80 V....../VO

WhereQ is proportionality coefficient (in ** " cm™), * is the angular frequency, j is the imaginary number
and n is the CPE exponent which gives details about the degree ofitfecesnhomogeneity resulting he
double layer capacitance valuegj@re @lculatedusing the following equation [680]:

z
Xyc%/S&P Va
] % Xy
It is very clear after the in Table 2 that the camphor inhibits the corrosion of carbon steelHClLddlution, at
all concentrations used in this studyhich confirms the increase in the charge transfer resistangeagRthe
concentration rises and consequently the protection efficiency increases. Also, the value of the propo
factor Q of CIE decreases with increasing of the inhibitor concentration. The changeanidRhe Q values can
be related to the gradual replacement of the water molecules and the other ions originally adsorbed on the
by the camphor molecule and consequentla tlecrease in the number of active sites negefsathe corrosion
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reaction [7]. The factor values (n) increases with increasing of the camphor concentration (see Table 2)
data can be explained by the reduction of the surface inhomogeneity theeadsorption of the inkitbr on the
most active sites [12

Table 2: Electrochemical parameters for carlsteel electrode corresponding to the EIS data in 1.0 M HCI solution in the
absence and the presence of various concentrations of camphor

Medium Conc. Rs Ret 10°A n Cal ! #,
(mM) ((cn) (o) (PdemP (uF cnf?) (s) (%)

1M HCI - 0.5558 20 4.715 0.8619 223.33 0,0044 -
1.31 0.9669 35.46 3.973 0.8796 221.68 0,0078 43.59

camphor 1.97 0.6882 42.27 3.295 0.8927 197.13 0,0083 52.68
3.28 1.019 53.91 2.698 0.8929 162.43 0,0087 62.90
7.88 2.288 99.00 1.550 0.8949 94.90 0,0093 79.79

However, theaddition of the inhibitor in free solution decreases merely the double layer capacitafpce ((
(Table 2), while the time constani (value increases from 0.0044 s in the blank solution to 0.0093 s in 7.88 m|
camphor. Thiglecreasén Cy with an increas@ inhibitor concentrations may be attributed to the formation of a
protective lger on the electrode surface [73his trend is in accordance with the Helmholtz modelegity

the following equation [T}

Where d is thehickness of the protective layerjs the dielectric constant of the protective layer anid the

permittivity of free space(8.854 10"** F cni’).This data signify that the presence of the inhibitor in the

chlorhydric acidic solution decrease chaagel discharge rates to the metalution interface. The double layer

formed between the corrosion solution and the charged metal surface is considered as an electrical cap

These results show that the inhibitor tested has a protective effect irc@aodntratio and the protection

efficiency #2(%) increases with increasing of the concentration; theimmam inhibition efficiencywas
achievedat 7.88 mM

3.1.4.Effectof temperature

The temperature has an effect on the corrosion inhibition. This problem is very complex, because many ch:
exist occur on the surface of the metal such as desorption of inhibher.effect of temperature on the
inhibition performance of camphor for carbon steelM HCI solution in the absence andegence of 7.88mM
the inhibitor at temperature ranging from 303 to 333 K was ioleth by potentidynamic polarization
measurements {fures6; (a) and (b). The results are given in Tal8e
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Figure 6: Potentiodynamic polarization curves of carbon steel in 1 M HCI imaltsencend presence of the optimum
concentration of camphor at different temperatures
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Table 3: Electrochemical parameters and the corresponding inhibition efficiencies at various temperature studied of ca
steel in 1M HCI in absence and presence 7.88 mbaofphor

Inhibitor Temperature Ecor i corr 0(%)
(K) (mV/SCE) (/ Acm?
303 -452 507 -
Blank 313 -454 860 -
323 -443 1840 -
333 -450 2800 -
303 -450 129 74.60
Camphor 313 -455 291 66.16
323 -461 639 65.27
333 -455 1138 59.35

The dependence of the corrosion rate on the temperature can be exgrgshe Arrhenius equation [[75
The rise of the temperature, leads to a decrease of inhibition efficiency. This behavieritmdreted that the
inhibition efficiency depends of the temperature, confirming that camphor aats ef§icient inhibitor for the
carbon steel in 1M HCI in the studiéemperature range. The results can be explained by the decrease of
adsorption process at the highest temperature, and one can suggest a physical adsorption mode. Table 3

that he corrosion current density () increases more rapidly with the increasing temperature both it
uninhibited and inhibited solutions.

>:b.
1 % a456./—O0.....cceovvueurnee do
233 70a / &c /

Where Eis the apparent activation corrosion energy, R is the universal gas constant and k is the Arrhenius
exponential constant Arrhenius plots for the corrosion density of carbon steel in the case of camphor are |
in Figure 7. Thevalues of corrosion pparent activation energy {Efor carbon steel in 1 M HCI with the
absence and presence of camphor were determined from the slope gf)Lueflsus 1/T plotand shownn
table 4.

According to the literature [{6the higher value of Bvas considered as physisorption that occurred in the first
stage. There are two possibilities for these active centers with diffegeah Ehe metal surface: (1) the
activatian energy in the presence of timhibitors is lower than that of pure acidic diem, namely Einh) <
EL(HCI), which suggests a smaller number of more active sites remain uncovered in the corrosion proces:
the activation energy in the presence of inhibitor is higher than that of the pure acidic megdioh, £
EL(HCI), which epresents the inhibitor adsorbed on the most active adsorption sites (having the lowest ene
and the corrosion takes place chiefly on the active sites (having higher energy).
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Figure 7: Arrhenius plotof the carbon steel ihM HCI with and without8.33mMof Camphor

Author et al., J. Mater. Environ. Sci., 2018, 9 (3), pp. 1058-1074 1064



&'s

] = (-
'—r-,,'xl
&"#-] ® (.+/0123
~ %" = T
\'o T =
2 #s —
—+ ~
=
#'$
e
%"t
T T T T T T T T T T T T T
[ I"#$ 1"0o# 1"%$ "8t 1"&$ 1"I#

1222()+#3"*

Figure 8: Transition Arrhenius plots of the carbon steelit HCI with and without7.88 mM ofcamphor

Table 4: Thevalues of activation parameterg lEH and$S for carbon steel M HCI in the absence and presence of mM

of camphor
Inhibitor Ea #H #S Es #H
(KJ.mol%) (KJ.mol%) (J.molt.K™)
Blank 41.72 39.12 -62.896 2.6
Camphor 61.478 58.838 -10.475 2.6

The data inTable 4specifically indicate that the value of i the presence of camphor is larger than that in the
absence of camphor. Thus, it is clear that the adsorption of camphor on the carbon steel surface blocks the
sites from acidsolution and consequently increases the apparent activation engngn, it can be suggested
that thecamphoradsorb by physisorption on the metallic surfaketivation parameters like enthalp#H) and
entropy ¢S) for the dissolution of carbon steel InM HCI in the absence and presencecafmphorwere
calculated fronthe transition state equation (EQ))(Pr7]:

ef (ﬁ“@) %2 456(> %“) 456(?) .............. /0
Where | is the corrosion rate, A is the pexponential factor, h is PlanckOs constant, N is the Avogadr
number, R is the universal gas constéiit, is the enthalpy of activation a5, is the entropy of activation.

Figure 8 bowing the Arrhenius plots of Lfl./T) versus 1/T give straight lines with slopetli/R) and

intercept (Ln R/Nh #S/R) from which#H and#S values were calculated. The activation parameters are give

in Table 5The positive sign of the enthalpiéeH, rel3ects the endothermic nature the steel dissolution
process#S (HCI) <#S (inh), suggests an increaisedisorder.

3.2. Adsorption isotherm

The mechanism of the interaction between inhibitor and the electrode surface can be explained using adso

isotherms. The fractional surface coverdgir different concentrations of camphor in 1 M HCI solut@an
easily bedetermined using the flowg formula:

1 > 1
%233—233/*0+,-- .................. /,-0
1y33

As it is known that the adsorption of an organic molecule onto raetation interface can bgresented as a
substitution adsorption process between the organic molecules in the aqueous solyfigrar@@rghe water
molecules on the metallic surface®qs;

Orgeoy + NHO @)y & Org@essy + N HO s
Orgsony and Orgygs) are the organic molecules in the aqueous solution and adsorbed on the metallic surf.
respectively, HOwgs)iS the water molecules on the metallic surface, n is the size ratio representing the nurmr
of water molecules replaced by one molecule of organic adsorbate.
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Several models of the adsorption isothenpnocess of camphor in the carbon steel surface such as: Langmt
Temkin and Frumkin, were obtained according to the following equations:

Langmuir. 9‘;—C"—%t T x AT R r— /,, 0
Frumkin: 1;—5456'> 71} 0%~y corvrrerrnnn /,70
Temkin: A5E> 7|} 090 ~Yiz{ cormreernmrrssensisisane. /90

Freundlich: «€¢ (} ) %€ (, )X f*€* (V). /WO

Where) is the surface coverage of the metal surfacgstie adsorptiofdesorption equilibrium constant;,C

the inhibitor concentration and a is the lateral interaction term describing the molecular interactions in

adsorption layer and the heterogeneity of the surface, n is generally positive constantt amd integer

constant. The fractional coverage valjess a functiorof theinhibitor concentration can be obtained from the
potentiodynamic polarization.

To determine which adsorption is the best fitting isotherm the surface coverage; the respective plots '

obtainedin Figures(9 B12). These curves represent the adsorption isotherms that are characterized by, in a

part a sharp rising, followed by another part, a gradual rising (less significant than in the first part), indica

formation of an adsorbed molecular layer on the steel surface. By far, the best fit was obtained with

Langmuir isotherm (strong correlati R =0.99745.). The plots ofiG/) vs. Gy yield a straight line (Figure 9)
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Figure 9: Langmuir adsorption plots obtained for carbon steel in 1 M HCI containing different concentratiamspdfor
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Figure 10: Temkin adsorption plots obtained for carbon steel in 1 M HCI containing different concentratéamspifor

This confirms that the inhibitor obeys Langmuir adsorption isotherm at 1M HCI meHu4gis related to the
standard free energy of adsorptiét {, 0, according td78]:
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WhereR is the universal gas constafitthe thermodynamic temperature ang&he concentration of water in
the solution which is 55500 mM
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Figure 11: Frumkin adsorption plots obtained for carbon steel in 1 M HCI containing different concentratiamspifor
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Figure 12: Freundlichadsorption plots obtained for carbon steel in 1 M HCI containing different concentraticensptior

Table 5: Values of parametethe adsorption ofamphoron the mild steel in 1 M HCI

Inhibitor K ags(MM™) #G' 445 (KJ.mol™) R?
Camphor 8.52514919 22.80 0.99754

Generally,energy values ofE«;- around-20 KJ mol* are associated with an electrostatic interaction betweer
charged inhibitor molecules and charged metal surface, called physisorption. Thd€kJbmol* or more
negative involve charge sharing or transfer from the inhibitor molecules to the metal surface to forr
coordinate type bondhis caresponds to chemisorptions [88]. In our studythe physisorption mode is likely

to predominate due to the obted value ofE+};- (-22.80kJ mol?).

3.3. Quantumchemical calculations
3.3.1.Global reactivity descriptors
Quantum chemical calculations have been widely used to studgabivity of organic compounf2,83. The

inhibition potential of camphohas been elucidated using quantum chemical calculations based on dens
functional thery (DFT). Hence, we have investigated the relationship between the molecular structure,
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electronic structure and the inhibition efficiency of the studied moleEulegeometryoptimization (Figure 3)

with no constraints of camphoras performed usg DFT based onhe BeckeOs three parameter exchange
functional and the Ld®&'angbParr nonlocal correlation functional (B3LYP) ,as well as tH&6* orbital
basis set for all atoms as implemented in the Gaussian 09 program [53]. This approach has/bddn pe a
very powerful tool for studying eoosion inhibition mechanism [886] consistent reaction field) was used to
perform the calc@tion in aqueous SCRF method [&dlution.

Figure 13: Optimized structure of camphor as calculated at the B3L-8RG* level

The quantum chemicalarameters of the camphor molecsieh as total energy (TE)uémo (highest occupied

molecular orbital energy), Buo (lowest unoccupied molecular orbital enérgye energy gaplEg), electron

affinity (EA), ionization potential (IP), the absolute electronegativly the hardness'{, the Global chemical

softness §), dipole moment (1) anthe fraction of electrons#{\) in aqueous solution, were calculatetia
gathered in Tablé.

Table 6: Calculatedquantum chemical parameters of camphaqueous solution

Quantum parameters Camphor
TE (a, u) -465.93
Enomo(ev) -6.170
ELumo(ev) -0.190
#Eg (ev) 5.980
I (debye) 2.800

S 0.333
IP (ev) 6.170
Hev) 3.180
EA (ev) 0.190
%(eV) 3.000
&N 0.639

The frontier molecular orbital HOMO and LUMO of a givelmemical compound are very important in defining
its reactivity. Survey of literatuf88E00] shows that the adsorption of the inhibitor on the metal surface ca
occur on the basis of dor@Ercceptor interactions between theelectrons of the heteroatomOf) in a
compound and the vacantodbital of the netal surface atomf01].The Table6 shows the TEEsomo and

EL umo. A high value of Eomo corresponds to a tendency of the molecule to donate electrons to appropri
acceptor molecules of low LUMO enerf82]. The inhibitor does not only date electrons to the unoccupied
d-orbital of the metal ion but can also accept electrons from-tirbithl of the metal leading to the formatioh

a feed-back bond. The values of theoretical parameters such asud&== -0,19eV and Eiomo =-6,17eV
presentd in Table6 are in good correlation with the distribution of HOMO and LUMO orbitals. The highes
value of the Bowmo Of the studied compound indicates the better inhibition efficiency. Therefore, the tender
for the formation of a feetlack bond would desnd on the values of Bo. The lower value of the byo leads

to suggestion that the acceptance of electrons from-trbithl of the metal is easierlt is well known that
larger values of the energy gép+ , will lead to low reactivity with chemical specief®3, 94] Conversely,
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lower values of thd Eg will correspond to good inhibition efficiency, because the energy required to remove
electron from the lowest occupied orbital will be loMrom Table6, the calclation indicates thathe small
value of (E+ /5,98 eV) which means the highest reactivity and accordingly the highest inhibition efficienc
This agrees well with experimental observatiofise inhibition effect of a given compod is usually ascribed
to the adsorption of the molecule on the metal surface. There can be physical adsorption (physisorption
chemical adsorption (chemisorption) depending on the adsorption strength. When chemisorption takes f
one of the reactm species acts as an electrairglonor and the other one as an electron pair acceptor. The
ground state geometry of the inhibitor as well as the nature of its frontier molecular orbitals, namely the HO
and LUMO is involved in the activity propertieof the inhibitor. In this study, the HOMO and LUMO are
delocalised over the entire molecule of camphe have recalculated the proprieties of the molecule in
agueous solution. We found that the shapes of the HOMO and LUMO do not change compared to the gas |
Hence, the shape of the HOMO and LUMO is independent of the environment of the molecular bysten
Figure X4, wepresent the frontier molecule orbital density distributions of the studied compound. It can be s
that the electronic densities of the HOMO and LUMO @eocalized almosbver the entire molecule. These
atoms are the favourite sitbs adsorptior{95,94.

HOMO LUMO

JJ

Jd

Figure 14: Schematic representation of HOMO and LUMO molecular orbital of camphor

Another method to correlate inhibition efficiencies with parameters of molecular structure is to calculate
fraction of electrons transferred from the inhibitothe metal surface. Aording to KoopmanOs theorem][93
Enomo and Eymo of the inhibitor molecule are related to the ionization potential (IP) and the electron affini
(EA), respectively. The ionization potential and the electron affinity are defineld as Enomo and EA =-

E umo, respectively. Then the absolute electronegatiityafid the global hardnesy) (of the inhibitor molecule
are approximated as follows [97]98

Hardness"() and softness (S) are global chemical descriptors measuring the molecular stability and reacti
Thereis related by:

O D e /,d0

The chemical hardness is the resistance against the deformation or polarization of the electron cloud ¢
atoms, ions or molecules under small perturbations in a chemical reaction. A hard molecule has a large e
gap and a soft molecule has a smakrgy gap95]. In our study, the smallest energy gap is encountered fo
camphor in aqueous solution. There, we have found the highlest of softness (S= 0,334eV) and the lowest
value of hardnesg' =3.00 eVj. Normally, the inhibitor with the lowest value of global hardness (respectively
the highest value of global softness) is expected to haveighest inhibition efficiency [9F In fact, soft
molecules are more reactive than hard ones because they could easily offer electrons to an acceptor. Th
the simplest transfer of electron, adsorption could occur at the part of the molecule where softness(S), whic
local property, has a highest value [R7Hence, in the present work, our calculations confirm the highes
inhibition efficiency of the studied compound. Another quantity, called the fraction of electids (
transferred can be evaluated by Pearson electronegativiéy sca
g2
71 ?wpX 2y O

Author et al., J. Mater. Environ. Sci., 2018, 9 (3), pp. 1058-1074 1069



Where " is the work function of the iron surface with the nalof 4.06 eV for Fe (1 1 0) [99,10Gk. is the
absoluteslectronegativity associated to the inhibitor molectfge= 0 and" i, are the absolute hardness of metal
and the inhibitor molecule, respectively. It has also reported thattkhealue measures the ability of a
chemical compound to transfer its elecis to metal if#N = 0 and vice versa #N < 0 [101,102. In this

study, he positive value ofN = 0,639presentedn Table6, suggesthe high capability oEamphor to donates

electrons to the carbon stesirfaceln general, the atomic charges of the inhibitor and the dipole momgimt (

particular are important electronic parameters that increase the adsorption between a chemical compound

metal surfacé88]. In our study, the value of the dipole moment is 2,B@Bye inaqueous solutiormhis meas
abetter inhibition efficiency.

3.3.2.Fukui Functions
Fukui functions argparametershat determine the type of attack (nucleophilic, electrophilic or radithére a
may be a competition between the three types of attack. The fukui functions provide us with a measure c
change in the density with respect to a change in the number of elg&2rdr}2, 103. The Fukui functions are
be defined as follow&04, 104:
§%“, (—x ,)>"“, ((Fornucleophilic attack (20)
¥ %“, (9 >.“, (—> ,)(Forelectrophilic attack) (21)

Where the densities of the catiog(¥+1), the neutral P(N), and the anion &N + 1) are usedl'he molecule of
camphor can donate electrons to the mstaface and also can accept electrons. It is important to look at tr
active sites responsible for giving or accepting electrons tmabealerived by evaluating the Fukui functions.
The calculated Fukui functions chmphorare presented in Table
Table 7: Fukui functions calculated &3L YP/6-31G*

AT “(N) s (N-) - (N+1)

c1 .0.44967|  -0.46397 .0.42388|  +0.0143| +0.02579
c 2 .0.15179|  -0.07059 .0.12851|  -0.0812| +0.02328
c 3 1033525  -0.28112 .0.30389| -0.05413| +0.03136
c 4 .0.45532|  -0.46853 .0.42769|  0.01321| +0.02763
€9 .0.04633|  -0.04229 .0.04674| -0.00404|  -0.00041
¢ 10 .0.45805|  -0.45945 .0.41819|  +0.0014| +0.03986
C 14 0.67674|  -0.6993 .0.63436| +0.02256| +0.04238
c 18 .0.66815  -0.6862 .0.6331| +0.01805| +0.03505
C 2 .0.66997| -0.70536 .0.62148| +0.03539| +0.04849
C 2% +0.59663| +0.65726 +0.26747|  -0.06063| -0.32916
O 27 0.53122| -0.19371 .0.85492| -0.33751|  -0.3237

Table 7 represents the effective atomic charges from the Mulliken population analysis of camphor, From
Table, the oxygen and C26 atoms in the camphor compound, have high negative charge densities, and
the highest values & and$®, respectively,mplying that the most probable reactive sites for the adsorption o
camphor on a carbon steel surface is located on this atom. For a finite system such as an inhibitor mole
when the molecule is accepting electrons, oneghashe index fomucleophilic attack; when the molecule is

donating electrons, one ha3% the index for electrophilic attack. This observation confirms the high
importance of the heteroatoms in a heterocyclic ring, on the adsorption of the organic compounds bprihe ci

steel surface.

3.3.3 Mulliken charge analysis

The Mulliken population analysis is an important type of calculation. It is used to investigate the electrc
charges on the atoms of the molecule, Tabpresent the Mulliken charges of nbgdrogen atomsTable 8
represents the effective atomic char@r@sn a Mulliken p@ulation analysis of camphor aqueous solution.
From this Table, the most negative charges are located on the oxygenTaksa. finding is due to the
electronegativity of the oxygen atom.
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Table 8: Effectiveatomiccharges from Mulliken populations of camphor

Atomes Mulliken Charges
1C -0.195629
2C -0.007472
3C -0.126703
4 C -0.189639
9 C +0.051432
10 C -0.185062
14 C -0.322118
18 C -0.317680
22 C -0.322818
26 C +0.42073

27 O -0.455626

The atoms carrying negative can offer electrons to thedfasato form coordinate bondshe atoms carrying
positive charges can accept electrons from Fe atomic orbitals to forabdekdoonds.Thus, theptimized
structure is in accordance with the fact that an excellent corrosion inhibitor can not only offer electron:
unoccupied orbital of the metal but also accepts free electrons from the metal. Therefore, it can be inferrec
the oxygen atom ishe possible active adsorption site. These results are in good agreement with the Fu
functions result. Besides, the atoms{C;s, Ci4, Cio, Cs, Cs, C; and G) bear significant negative charges. This
is due to the mesomeric effect between the cyalig and the=C=0 function. This delocalized character of the
electrons leads to a more stable form structure of camphor.

3.4. Mokcular Dynamic (MD) simulation
The interaction energy (f of inhibitor with Fe (110) surface was obtained using the following equation:

Eint =EtotaID(Esurface +so|utioﬂ' Einhibitor+so|utior) + Esolution
Where Eya is thetotal energy of the entire systemg lce+ sowtioniS the total energy of FEL10) surface and

solution without camphor; iisitor + solution IS the total energy of camphor and solution agk, is the total
energy of the water molecules.

The binding energy is the negative of the interaction energy and is giveshag==Ein

Figure 15 shows equilibrium adsorption of camphor on Fe (110) surface in the presence of 500 molecul
water. Also Table 8 presents the interaction energy (& the adsorption of camphor on Fe (110) surface.

! (@) (b)
Figure 15: (a) Initial configuration of camphor molecule on Fe (110) surface in the presence of 500 water molecules
(Camphor was visualized by balls and sticks, and water molecule by lines) and (b) Final equilibrium configuration of t
MD simulation box (adsorption behiav of camphor on the Fe (110) surface
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The interaction energy is regarded as indication of the stability of adsorption system. Large negative vall

interactionenergy guarantees an easier adsorption of inhibitors on the iron surface and by extehsion hi

inhibition efficiency [55]. The calculated value ofls -178.36 kcal/mol for camphor adsorbed on steel surface

(table 9) Therefore, camphor is expected to binds stronger on carbon steel surface in the presencelbisvater
ensuregffective inhbition of corrosion of carbon steel.

Table 9: Interaction energy (&) of camphor adsorption on Fe (110) surface in the presence of 500 molecules of wate

(kcal/mol)
Etotal Esurface +solution Einhibitor + solution Esolution Eint Ebinding
-85601.89 -85556.87 -3597.39 -3611.06 -178.36 178.36

Conclusion

It can be concluded as follows:

1. Camphor acts as good carbon steel corrosion inhibitor in hydrochloric acid.

2. PDP measurements demonstrate that the Camphor act aschtypi@ehibitor.

3. In all tested experimental methods, the IE% increase with the rise in Camphor concentration.

4. The adsorption of the Camphor on the steel surface obeys the Langmuir adsewtitenm. The adsorption
occurs by physical interactions

5. The results obtained from PDP and EIS are in good agreement.

6. The molecular modelling including, Quantamemical calculations method and MD simulations support the
good
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