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Abstract

The inhibition of menthone (MAN) on the corrosiof mild steel in 1 M HCI was studied by gravimetas well as
potentiodynamic polarization and electrochemicgléaiance spectroscopy (EIS) techniques at 298—-3B8&&ults obtained
show that MAN act as inhibitor for mild steel in H&blution. The inhibition efficiency was found tacrease with increase
in MAN concentration but decreased with temperatielarization measurements showed that the studiaditor is
mixed type. EIS measurements revealed that thegehaansfer resistance increases with increaskeirconcentration of
inhibitor. The adsorption of the inhibitor on theldnsteel in the acid solution was found to accaith Langmuir's
adsorption isotherm at all the concentrations anagperatures studied. Phenomenon of physical adoigtproposed from
the activation parameter obtained. Thermodynamiarpaters reveal that the adsorption process istapeous. Quantum
chemical calculations using DFT were used to cateusome electronic properties of the moleculeréeoto ascertain any
correlation between the inhibitive effect and malac structure of menthone.

Keywords:Menthone Mild steel; Corrosion inhibitor; Density functiolnheory (DFT); HCI

Introduction

The corrosion of steel is the most common formafasion, especially in acid solution. Hydrochloacid is
also an important mineral acid with many uses esame systems and leads the researchers to dyeoftine
effect of the corrosion inhibitors [1-3]. Most cosion inhibitors are synthetic organic compoundartahetero
atoms in their aromatic or long carbon chain [4je3e organic compounds can adsorb on the metalcsurf
block the active sites on the surface and theredyae the corrosion rate. However, the toxic effeftmost
synthetic corrosion inhibitors, the obligations hafalth and human security have led to the reseafrgiieen
alternatives that are environmentally friendly dradmless [4-6]. Thus, the researches have beesddan the
use of eco-friendly compounds and ecologically ptadde such as extract of common plants becauséoto
degrability, eco-friendliness, low cost and easgilability and renewable sources of materials [[7,R&cently,
several our studies have been carried out on thibiiion of corrosion of steel by natural produstsch as
essential oils and its major components [9-12]cdntinuation of our work on development of greerrasion
inhibitors, the present study investigates thehbiting effect of menthone against corrosion of nstdel in HCI
media. Menthone (Figure 1), a cyclic monterpenisdiaturally occurring component of some volatiésential
oils, most notably those from varioldentha species, especially pennyroyal and peppermints Tdripenoid
substance is a colorless or pale yellow liquidhveitmint-like odor similar to that of menthol asduised in food
industry as a flavoring ingredient, in perfumes positions and other fragrance products [13]. Theailve of
the present work is to study the inhibitive actiohmenthone (MAN) as a green and naturally occgrrin
substance on corrosion behavior of mild steel in H@l solution using weight loss, potentiodynamic
polarization curves and electrochemical impedapeetsoscopy (EIS) methods. The thermodynamic paese
describing the kinetic of corrosion as well as dldsorption process when varying temperature andecwration
of menthone are evaluated and discussed.
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Figure. 1. Molecular structure of menthone (MAN).
Materials and methods
1. Preparation of materials
Mild steel coupons containing 0.09 wt.% (P), 0.38%v(Si), 0.01 wt.% (Al), 0.05 wt.% (Mn), 0.21 wt.¢),
0.05 wt.% (S) and the remainder iron (Fe) usedvieight loss measurements. The surface prepardatitre onild
steel coupons (2 cm x 2 cm x 0.05 cm) was carrigdagth emery papers by increasing grades (400, 6QD
1200 grit size), then degreased with AR grade ethand dried at room temperature before use. Theeagive
solutions of 1 M HCI was prepared by dilution ofafical grade 37% HCI with double distilled water.
Menthone was isolated by fractionation of essemtibbf Mentha rotundifilia(69.1 % pulegone and 18.5 %
menthone) and its concentration range was 0.81#6M8(0.125-1 g/L). All reagents used for the stwdgre of
analytical grade.

2. Electrochemical studies

Electrochemical measurements were carried outdoraentional three-electrode electrolysis cylinariByrex
glass cell. The working electrode (WE) in the fopfndisc cut from steel has a geometric area of 1 amad is
embedded in polytetrafluoroethylene (PTFE). A sattd calomel electrode (SCE) and a disc platingatelde
were used respectively as reference and auxili@ctredes, respectively. The temperature was thatiatioally
controlled at 303 K. The WE was abraded with siliaarbide paper (grade P1200), degreased with ARegr
ethanol and acetone, and rinsed with double-didtivater before use.

3. Potentiodynamic polarization curves

Polarization curves studies were carried out uiG&G Instruments potentiostat-galvanostat (Mode3 &6at
303 K without and with addition of various concetions of inhibitor in 1 M HCI solution at a scaate of 0.5
mV/sec. Before recording the cathodic polarisatiorves, the mild steel electrode is polarised @0 @V for 10
min. For anodic curves, the potential of the etml#ris swept from its corrosion potential afterr8d at free
corrosion potential, to more positive values. Tést solution is deaerated with pure nitrogen. Gasbling is
maintained through the experiments. In the caspotdrization method the relation determines thabitibn
efficiency (B %):

lcorr — lcorr (inh)

E % = x100 (1)

corr
where Lo and Lo nny @re the corrosion current density values withaud avith the inhibitor, respectively,
obtained by extrapolation of cathodic and anodieMies to the corrosion potential.

4. Electrochemical impedance spectroscopy (EIS)
The electrochemical impedance spectroscopy (ElSsarements were carried out with the electrochdmica
system which included a digital potentiostat modelta lab PGZ 100 computer at.J after immersion in
solution without bubbling, the circular surface mofld steel exposing of 1 cirto the solution were used as
working electrode. After the determination of stgathte current at a given potential, sine wavéaga (10 mV)
peak to peak, at frequencies between 100 kHz anuH® were superimposed on the rest potential. Céanpu
programs automatically controlled the measuremastformed at rest potentials after 30 min of expasu

The impedance diagrams are given in the Nyquisesgmtation. Values of;Rnd G, were obtained from
Nyquist plots. The charge-transfer resistangg (@ues are calculated from the difference in idgee at lower
and higher frequencies, as suggested by Tsuall 4] The inhibition efficiency got from the chargransfer
resistance is calculated by the following relation:

MX]_OO 2) (

t

Ert % =
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where R and R{ are the charge-transfer resistance values withodtwaith inhibitor respectively. Ris the
diameter of the loop.

The double layer capacitanceyjGnd the frequency at which the imaginary compowéthe impedance
is maximal (-Z.,y are found determined by Eq. (3):

1
Cai=
w.Re
Impedance diagrams are obtained for frequency rageKHz —10 mHz at the open circuit potential for
mild steel in 1 M HCI in the presence and abseri@ehibitor.

where w = 27T, fmax 3)

5. Weight loss measurements
Weight loss tests were carried out in a double edatilass cell equipped with a thermostat-coolingdenser.
The solution volume was 100 mL with and without pinesence of different concentrations of MAN ramgdirom
0.81 to 6.48 mM at various temperatures (303-343Afler 6 h of immersion, the specimens of steetenve
carefully washed in double-distilled water, drie@lahen weighed. The rinse removed loose segmétite dilm
of the corroded samples. Triplicate experimentsewmarformed in each case and the mean value ofieight
loss is reported using an analytical balance (pi@ti+ 0.1 mg). Weight loss allowed us to calculiiie mean
corrosion rate as expressed in mg’chi. The corrosion rate (W) and inhibition efficiency E (%) were
calculated according to the Eqgs. (4) and (5) respdyg:
w = Am (@)
St
EW % - Wcorr - Wcorr (inh) %
corr

whereAm (mg) is the specimen weight before and after insioa in the tested solution, M¥ and Wginn are
the values of corrosion weight losses (md/binof mild steel in uninhibited and inhibited stdins, respectively,
S is the area of the mild steel specimen’jaand t is the exposure time (h). The degree dhsarcoverage was
calculated using:

100 (5)

_ Wcorr - Wcorr (inh)

(6)
Wcorr
where@ is surface coverage; MW nnis corrosion rate for steel in presence of inhihiWw,,, is corrosion rate for
steel in the absence of inhibitor.

0

6. Computational details

In the last few decades, theoretical investigatimesed on quantum chemical calculations have bexoged as

a powerful tool for predicting a number of molecufmrameters directly related to the corrosion bitimig
property of any chemical compound [15]. Among saléneoretical methods available, the density fiomet
theory (DFT) is one of the most important theomdtimodels used to analyze the characteristics ef th
inhibitor/surface mechanism and to describe thecsiral nature of the inhibitor on the corrosiolgess [16].
B3LYP, a version of the DFT method that uses Bexka'ee parameter functional (B3) and includesyduré of
HF with DFT exchange terms associated with theigraigtorrected correlation functional of Lee, Yaaryl Parr
(LYP) was used in this paper to carry out quantaheidations. Then, full geometry optimization tdgat with
the vibrational analysis of the optimized structuoé the inhibitor was carried out at the (B3LYR/BS (d) level

of theory. The following theoretical parameters /AN molecule in neutral form by means of standard
Gaussian 03 software package such as the enetg bighest occupied molecular orbitali§ko), the energy of
the lowest unoccupied molecular orbital (%), AEgap = Evomo - ELumo, the dipole moment () and total energy
(TE) were calculated.

Results and discussion

1. Potentiodynamic polarization curves

Potentiodynamic anodic and cathodic polarizatiostspfor mild steel specimens in 1 M HCI solutiontire
absence and presence of different concentratioMAM at 308 K are shown in Figure 2. The respeckiveetic
parameters including corrosion current densify,X| corrosion potential (&), cathodic slopeg3{) and inhibition
efficiency (IE%) are given in Table 1.
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Figure 2. Anodic and cathodic polarization curves of mildette solutions of 1 M HCI in the presence and abseof
different concentrations of MANSCE
Inspection of Fig. 2 shows that the addition of MABE an inhibitive effect in the both anodic anthoédic

parts of the polarization curves. This indicatesaglification of the mechanism of cathodic hydrogeuiion as
well as anodic dissolution of steel, which suggdkat inhibitor powerfully inhibits the corrosionqaress of mild
steel, and its ability as corrosion inhibitor ishanced as its concentration is increased. Furthervalues of the
cathodic Tafel slopeB,, in the presence of the inhibitor, significantlyange with the inhibitor concentration,
which indicates the influence on the cathodic reastiand modifies the mechanism of hydrogen evolution

reaction.

Table 1: Electrochemical parameters of steel at differemcentrations of MAN studied in 1 M HCI at 308 K figfencies
corresponding corrosion inhibition.

concentration (mM) EBr (MV) leorr (WAJCNT) B (MV/dec) IE %

HCI1 M -450 420 -105.2
0.81 -464 281.1 -152.3 33
1.62 -467 167.8 -152.5 60
3.24 -432 70.7 -142.1 83
6.48 -449 42.3 -97.2 89

The analysis of the data in Table 1 revealed that ¢orrosion current densities.) decreases
considerably with increasing the inhibitor concation. Correspondingly, the inhibition efficiencyE(19%),
increases with the inhibitor concentration to regshmaximum value, 89 %, at 6.48 mM. This behawiou
suggests that the MAN adsorption protective filnmfed on the carbon steel surface tends to be marenane
complete and stable. The presence of inhibitorezhasslight shift of corrosion potential comparedhat in the
absence of inhibitor. In literature, it has beesoakported that if the displacement ig.Hs >85 mV the inhibitor
can be seen as a cathodic or anodic type inhiéitdrif the displacement of Ecorr is <85 mV, theitbr can be
seen as mixed type [17]. In our study, the maxindigplacement in &, value was 17 mV for MAN which
indicates that the inhibitors acts as mixed tygpehitor.

2. Electrochemical impedance spectroscopy
The corrosion of mild steel in 1 M HCI solutiontime presence of MAN was investigated by EIS at RG8ter

an exposure period of 30 min. Nyquist plots forchsteel obtained at the interface in the absendgessence of
MAN at different concentrations is given in Figie
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Figure 3. Nyquist plots for mild steel in 1 M HCI in the peexe and absence of different concentrations of MAN

As shown in Fig. 3, in uninhibited and inhibitedVL HCI solutions, the impedance spectra exhibit one
single capacitive loop, which indicates that therasion of steel is mainly controlled by the chatgansfer
process [18]. It is noted that these capacitivgpsoio 1 M HCI solutions are not perfect semicircdsch can be
attributed to the frequency dispersion effect assalt of the roughness and inhomogeneous of eitsurface
[19]. Furthermore, the diameter of the capacitiwepl in the presence of inhibitor is larger thart tihhablank
solution, and enlarges with the inhibitor concetidra This indicates that the impedance of inhibiteibstrate
increases with the inhibitor concentration, andd¢éedo good inhibitive performance. The electroclosni
parameters of RCy and f,.x derived from Nyquist plots and inhibition efficen Er; (%) are calculated and
listed in Table 2.

Table 2: Characteristic parameters evaluated from the impeldiagram for steel in 1 M H@t various concentrations of
MAN.

concentration (mM) RQ.cnt) R(Q.cnf)  frax(Hz) Gy (UF cm?) B (%)
HClI1 M 2.15 16.96 111.61 84.12

0.81 2.37 32.42 50 98.23 47

1.62 1.85 53.24 40 74.77 68

3.24 2.13 137.3 25 46.39 87

6.48 1.31 158.8 20 50.13 89

From the impedance data in Table 2, we concludethigaR values increase with inhibitor concentration
and consequently the inhibition efficiencyg{Eincreases to 89 % at 6.48 mM. In fact, the presef MAN is
accompanied by the increase of the value ©oihRacidic solution confirming a charge transfeogess mainly
controlling the corrosion of mild steel. Valuesdwiuble layer capacitance are also brought dowheartaximum
extent in the presence of inhibitor and the deeéaghe values of &follows the order similar to that obtained
for I.or in this study. The decrease i & due to the adsorption of the MAN on the metaface leading to the
formation of film or complex from acidic solutiod/e also note the increase of the value oivigh the inhibitor
concentration leading to an increase in the casrosihibition efficiency.

Moreover, the EIS results of these capacitive lamgssimulated by the equivalent circuit shown iguFe
4 to pure electric models that could verify or rale mechanistic models and enable the calculatiorumerical
values corresponding to the physical and/or chdrpraperties of the electrochemical system undeestigation
[20]. In the electrical equivalent circuits B the electrolyte resistance,tRe charge transfer resistance agd<C
the double layer capacitance.
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Figure 4. Equivalent circuit used to fit the EIS data of nskeel in 1 M HCI at different concentrations of NA

3. Weight loss measurement
The effect of addition of different concentratiooSMAN tested at different temperatures on the asion of

mild steel in 1 M HCI solution was studied by weidbss measurements after 6 h of immersion peflde:
values of percentage inhibition efficiency Ew (%aplaorrosion rate (W) obtained are summarized iniér'a.

Table 3. Corrosion Parameters for mild Steel in 1 M HCI msance and presence of different concentrationg Al
obtained from Weight Loss Measurements at diffetemiperatures.

C (mM) 208 308 318 328
W (mg/cnt.h) (E/Z,“) (mgX:Vn%.h) (I;g) (mgX:Vn%.h) (E/g) (mgX:Vn%.h) (E/:,V)
0 1.032 1.803 3.483 5.883
0.81 0.362 64.92 0.744  58.75 1.556 55.32 3.229  45.12
1.62 0.276 73.25 0.553 69.34 1.329 61.85 2861  751.3
3.24 0.143 86.13 0.462 74.35 1.063 69.47 2416  458.9
6.48 0.102 90.12 0.264 85.34 0.727 79.14 1.986  466.2

3.1. Effect of MAN on corrosion rate (W)

The corrosion rate (W) obtained of mild steel ie tibsence and in the presence of various condensatf
MAN at different temperatures in 1 M HCI solutiosif$er 6 h of immersion are shown in Figure 5.

W (mg/cm?h)

328
318
303 X
N

1,62 298 —

C (ImM)

Figure5. variation of corrosion rate (W) as a function afigerature and concentration of MAN.

The results indicated that the corrosion rate (Winidd steel decreased continuously with increaghng
inhibitor concentration, ie, the corrosion of stiseletarded by MAN, or the inhibition enhanceshitie inhibitor
concentration. This behavior is due to the fact tha adsorption coverage of inhibitor on steefae increases
with the inhibitor concentration. Also, the cormsirate (W) increases with temperature both in hibited and
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inhibited solutions, especially goes up more rapidithe absence of inhibitor. These results contmat MAN
acts as an effective inhibitor in the range of terapure studied.

3.2. Effect of MAN on inhibition efficiency,JE
The values of Efor different MAN concentrations at 298-328 K iltMLHCI solution are presented in Figure 6.
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Figure 6. Relationship between inhibition efficiency,Eand temperature and concentration of MAN in 1 IH

The results reveal that inhibition efficiency, Excreases sharply with increase in concentratiollAN,
indicating that the extent of inhibition is dependen the amount of MAN (concentration-dependehigo, we
note that the efficiency (§ depends on the temperature and increases withstn@f temperature from 298 to
343 K, and when the concentration reached to 6.M8 &), of MAN reached a high values of 90.12 % in 1 M
HCI solution at 298 K, which represents excellahibitive ability of MAN. The decrease in inhibiticefficiency
with increase in temperature may be attributedht ihcreased desorption of inhibitor molecules frmetal
surface and the increase in the solubility of tragrtive film or the reaction products precipithtan the surface
of the metal that might otherwise inhibit the réact

The variation of inhibition efficiency (E %), deteined by the three methods (weight loss, polaozati

curves and EIS methods), as a function of concemtraf MAN in 1 M HCI show a good agreement witret
three methods used in this investigation.

4. Kinetic and Activation parameters.

In order to calculate activation parameters of ¢berosion reaction such as activation energy Eé#yated
entropy AS°a and activation enthalp¥H°a for the corrosion of mild steel in acid soluticn absence and

presence of different concentrations of MAN, theh&nius equation (7) and its alternative formulatcalled
transition state equation (8) were employed [21].

W = Aexp(- ER‘I‘:JI ) (7)
_RT_ ASa._  AHa 8
W = Wexp( = Jexp(- R ) (8)

where E°a is the apparent activation corrosion @ner is the absolute temperature, R is the unalegas
constant, A is the Arrhenius pre-exponential fadiois he Plank’s constant, N is the Avogrado’s hamAS°a is
the entropy of activation amtH®a is the enthalpy of activation.

Plotting the logarithm of the corrosion rate (W)ystes reciprocal of absolute temperature, the aativa

energy can be calculated from the slope (-E°a/RurE 7 shows the variations of Ln (W) with thegeece and
absence of inhibitor with the (1/T).
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Figure 7. Arrhenius plots for mild steel corrosion rates (W)L M HClat different concentrations of MAN.

The logarithm of the corrosion rate of steel Ln (¥ be represented as straight-lines functiod @fT)
with the linear regression coefficientjRvas close to 1, indicating that the corrosiostegl in hydrochloric acid
without and with inhibitor follows the Arrhenius eafion. The activation energy (E°a) values wereuwated
from the Arrhenius plots (Figure 7) and the resatesshown in Table 4.

Further, using Eq. (8), plots of Ln (W/T) versus/IOgave straight lines (Figure 8) with a slope of (
AH°a/R) and an intercept of (Ln(R/Nh) A%°a/R)) from which the values aH°a andAS°a were calculated and
are listed in Table 4.

o1 M HCI

+0.81 MM (MAN)
*+1.24 mM (MAN)
* + 3.24 mM (MAN)
A+ 6.48 mM (MAN)

Ln (W/T) (mg/cmzh K)

3,00 3,05 3,10 3,15 3,20 3,25 3,30 3,35 3,40

10%/T (K-
Figure 8. Transition-state plot for mild steel corrosion sa@/) in 1 M HCI in absence and presence of differe
concentrations of MAN.

The activation energies in the presence of MAN wabserved higher than those in uninhibited acid
solution (Table 4). This explains that the energyrier of corrosion reaction increases with thecemtration of
MAN. It is clear from equation (7) that corrosicate is influenced by E°Generally, higher E°a value leads to
the lower corrosion rate. In addition, the valueastivation energy that is around 40-80 KJ.Mmokn be
suggested to obey the physical adsorption (phygitisa) mechanism [22]. Physiosorption is ofteratetl with
this phenomenon, where an adsorptive film of elstat@ character is formed on the mild steel serfac
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Table 4. Activation parameters E°aS°a,AH°a of the dissolution of steel in 1 M HCI at difé@t concentrations of MAN.

C (mM) E°a (KJ. mof) AH°a (KJ.mot) AS°a (J. mol-1.K)
0 47.78 45.19 -93.35
0.81 59.33 56.74 - 63.40
1.62 64.11 61.50 -44.92
3.24 75.87 73.28 -14.81
6.48 80.59 77.80 -0.25

The positive value of enthalpy of activatiokH°a) in the absence and presence of various caatiemt of
inhibitor reflects the endothermic nature of mikged dissolution process meaning that dissolutibsteel is
difficult [23]. It is evident from the table thahd value ofAH°a increased in the presence of MAN than the
uninhibited solution indicating higher protectioffi@ency. This may be attributed to the presentesmergy
barrier for the reaction; hence the process of ripdism of inhibitor leads to rise in enthalpy ofetlcorrosion
process. The negative values of entropies of dativaAS°a) imply that the activated complex in the rate
determining step represents an association rathaerd dissociation step, meaning that a decreadisondering
takes place on going from reactants to the activetenplex [24].

5. Adsorption considerations

Two main types of interaction can describe the gudiem of organic compounds namely: physical adsonpand
chemical adsorption. These are dependent on theaé structure of the metal, the nature of teeteolyte and
the chemical structure of the inhibitor.

The character of adsorption of inhibitor in combiioa with halides was elucidated from the degree of
surface coveraged) values calculated from the weight loss ddta=(E,/100) at different temperatures. The
values of surface coverage,for the inhibitor have been used to explain thetbsotherm to determine the
adsorption process. Attempts were made té ¥lues to various adsorption isotherms namely KmnTemkin.
Langmuir and Freundlich.

It was assumed that the adsorption of MAN wouldofelthe Langmuir adsorption isotherm. The plot of
C/o versus C (Fig. 9) yields a straight line with lalear correlation coefficients Rare almost equal to 1, and
the slope values are also close to 1, support@egssumption that the adsorption of MAN from hytitodc acid
solution on the mild steel surface obeys a Langadsorption isotherm, which is represented by 1. (

g = i +C (9)
0 K
As shown in Table 5, the adsorptive equilibriumstant (K) decreases with the temperature in 1 M HCI
solution, which could be ascribed to that it isyefts inhibitor to adsorb on the steel surfaceedatively lower
temperature. But when the temperature is gonehepadisorbed inhibitor tends to desorb from thel stegace.
Generally, large value of K is bound up with beftgnibition efficiency of a given inhibitor. This is good
agreement with the values of, Bbtained from Fig. 6.
Thermodynamic parameters are important to furthedetstand the adsorption process of inhibitor on
steel/solution interface. The equilibrium adsonptemnstant, K is related to the standard Gibb’s #aergy of
adsorption AG°,49 With the following equation:

K = 1 .exp (— AGO&US] (10)
55.5 RT
The standard adsorption enthalpyH(.q9 could be calculated on the basis of Van't Hoftiaiipn [25]:
o
LnK = —M +D (_’]__’]_)
RT

where R is the universal gas constant, T is thentbdynamic temperature, D is integration constant] the
value of 55.5 is the concentration of water ingbkition in M (mol/L).
The standard adsorption enthalpyC.q9 can also be calculated from the Gibbs-Helmhadization:
AG oads - AH c>ads + k (12)
T T
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y =1,039x + 0,44 + 298 K
R2=0,999
y=1,094x + 0,593 g 308 K
R2 = 0,997
y =1,174x + 0,664 318 K
R2=0,997
y =1,395x + 0,81
R2=0,998 °328K
(0] 0,81 1,62 2,43 3,24 4,05 4,86 5,67 6,48
C (mM)

Figure 9. Langmuir adsorption isotherm of MAN on the mildedtsurface in 1 M HCI at different temperatures.

To calculate the enthalpy of adsorptiagfH(,q), LnK was plotted against 1/T (Figure 10) andigtraline
was obtained with slope equal tal°,4dR). Also, the variation oAG°,dT vs 1/T gives straight line with slope
equal toAH®4s (Figure 11). With the obtained both parametera\Gf,ys and AH,4, the standard adsorption
entropy AS%g9) can be calculated using the following thermodyitafmasic Equ. (13). All the standard
thermodynamic parameters are listed in Table 5.

AS ° ads

_ AH °ads~AG ° ads

T

(13)

7,8

7,7

7,6

7,5

7,4

LnK (M)

7,3

7,2

7,1

y

=1,902x + 1,307
R2=0,980

3,05

3,1

3,15

3,2

10%/T (K1)

3,25 3,3 3,35 3.4

Figure 10. Van't Hoff's plot of Ln K against 1/T for the adsiiion of MAN onto mild steel.

Table 5.Thermodynamic parameters for adsorption of MAN didrateel in 1 M HCI solution at different temparets

from Langmuir adsorption isotherm.

Temperature . AG® AH° AS°
(?<) R K(Lmol™) 5 oM KJ.mol)  (.mol K
208 0999  224xf0  -29.08 44.50
308 0997  169xf0  -29.33 _15.82Eq(11)  43.86
318 0997  150xf0  -29.97 1581 Eq(12) 4450
328 0998  1.22xf0  -30.35 44.30
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Figure 11. The relationship betweenG°dT) and 1/T.

The negative values aiG°,4ssuggest (Table 5) that the adsorption of inhibialecules onto steel surface
is a spontaneous phenomenon. It is well knownuhlates ofAG°,4saround —20 KJ.mot or lower are associated
with the physiosorption phenomenon where the eletdtic interaction assemble between the chargédecuoie
and the charged metal, while those around —-40 KJ‘nuw higher are associated with the chemiosorption
phenomenon where the sharing or transfer of orgaoiecules charge with the metal surface occurg [2ére,
the calculatedAG’,qs values are ranging between -29.09 and -30.35 KJ' niadicating that the adsorption
mechanism of MANon mild steel in 1 M HCI solution at the studiedhfeeratures may be a combination of both
electrostatic-adsorption and chemisorptions (cotmgmsive adsorption). However, physisorption wasntagor
contributor, while chemisorption only slightly coibuted to the adsorption mechanism judging frommdbcrease
of IE% with increase in temperature [27].

In the present study, the value &6°,4s computed and shown in Table 5 supports the phygtisa of
MAN on mild steel.

Also, the negative values ofH°,4s mean that the dissolution process is an exothepmémomenon. The
exothermic process is attributed to either physicalhemical adsorption or mixture of both whereadothermic
process corresponds to chemisorptions [28]. In xsthermic process, physisorption is distinguisheamf
chemisorption by considering the absolute valuaHf,ys For physisorption process, the valueAbf°4sis lower
than 40 Kj.mof while the heat of adsorption for chemisorptiongess is approaches to 100 KJ.m@7]. In our
study, the heat of adsorption is -15.82 KJ:hmbstulates that a physisorption is more favoufée value of the
enthalpy of adsorption found by the two method$isagVan't Hoff and Gibbs—Helmholtz relations (E4 )X and
Eq (12), respectively) are in good agreement.

Moreover, the positive value &S°%qs in the presence of MAN is an indication of inceas solvent
entropy. It also interpreted with increase of digws due to more water molecules which can be deddrom
the metal surface by one inhibitor molecule. Thenefit is revealed that decrease in the enthapfe driving
force for the adsorption of the inhibitor on thefage of the metal [29].

6. Quantum chemical studies

DFT is considered as a very useful technique tbethe inhibitor/surface interaction as well asatalyze the
experimental data. Figs. 12—-15 show the optimizmmhetry, the HOMO density distribution, the LUMOndity
distribution and the Mulliken charge population lses plots for MAN molecule obtained with DFT at
B3LYP/6-31G (d) level of theory.
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Figure 12. Optimized structure of menthone (MAN).

From Figs. 13 and 14, it could be seen that MAN hhigave can have different HOMO and LUMO
distributions. The HOMO densities were mainly l@chon the entire menthone moiety and stronglyidigtd in
the carbonyl group region, while the LUMO densitwesre concentrated on in the carbonyl group regidnis
kind of structure is difficult to form chemical borattive centers, which proved the probability ofysibal
adsorption between the interaction sites [30]. Mweg, unoccupied d orbitals of Fe atom can acclutrens
from the inhibitor molecule to form a coordinatendowhile the inhibitor molecule can accept electrénom Fe
atom with its anti-bonding orbitals to form backaating bond.

Figure 13. The highest occupied molecular orbital Figure 14. The highest occupied molecular orbital (HOMO)

(HOMO) density (left) and the lowest unoccupied density (left) and the lowest unoccupied molecaldital
molecular orbital (LUMO) density (right) of MAN (LUMO) density (right) of MAN using DFT at the B3LFY6-
using DFT at the B3LYP/6-31G (d) basis set level. 31G (d) basis set level.

The Mulliken charge of MAN is shown in Fig. 15.dtclear that the oxygen atom as well as some oarbo
atoms carries negative charge centers which cdigd electrons to the mild steel surface to forrooardinate
bond. Among them, the highest negative chargensiad®d in oxygen atom. This suggests that thigvaatenter
with excess charges could act as a nucleophiliger#ta There is a general consensus by severalrauitiet the
more negatively charged heteroatom is, the moits iability to adsorb on the metal surface throagtionor—
acceptor type reaction [31,32].

All other important quantum chemical parametersessary for a meaningful discussion on the reagtivit
of MAN are reported in Table 6 namely the energyhef HOMO (Eomo), the energy of the LUMO (Bwo), the
HOMO-LUMO energy differenceAE) and dipole moment (u).
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Figure 15. Mulliken charges population analysis of menthonéWi using DFT at the B3LYP/6-31G (d) basis set leve

Table 6. Some molecular properties of MAN calculated usirigitat the B3LYP/6-31G (d) basis set in agueousghas

Molecular parameters Calculated values
Heat of formation (au) -467.138
Dipole moment (D) 2.90

Eromo (eV) -6.25eV

ELumo (eV) -0.32 eV

AE (eV) 5.93 eV

It is well established in the literature that thgher the HOMO energy of the inhibitor, the gredter trend
of offering electrons to unoccupied d orbital oé tmetal, and the higher the corrosion inhibitioficefncy. In
addition, the lower the LUMO energy, as the LUMO-#O energy gap decreased and the efficiency of itdribi
improved. Quantum chemical parameters listed inlel &breveal that MAN has high HOMO and low LUMO
with high energy gap making it to exhibit a higl@hnibitive effect obtained experimentally. Simil@ports have
been documented with comparable values obtaindteasne reported in this work [33]. It has alsorbesported
that increasing values of u may facilitate adsorptand therefore inhibition) by influencing thensport process
through the adsorbed layer [34]. The dipole moneéMAN is 2.90 Debye (9.7 x I8 Cm), which is higher than
that of HO (1 = 6.23 x 18° Cm). Accordingly, the adsorption of MAN moleculesn be regarded as a quasi-
substitution process between the MAN compound astgmmolecules at the electrode surface.

7. Explanation for inhibition

The adsorption process is affected by the chensitatture of inhibitor, the nature and charged anefof the
metal and the distribution of charge over the whioltgbitor molecule. In general, owing to the comphature of
adsorption and inhibition of a given inhibitor, i impossible for single adsorption mode betwedribitor
molecules and metal surface. Molecule adsorptidhe@MAN at the metal surface should also be camsitldue
to the interaction between the unshared electros pathe molecule and the metal.

In this study, the adsorption of the menthone enntietal surface is through the already adsorbeatidel
ion. In acidic solutions, the menthone moleculessteas cations and adsorb through electrostatarantions
between the positively charged molecules and th&lnseirface negatively charged, due to adsorptioano
excess of ions Cin the first time. Owing to the acidity of the nioh, the MAN can exist as a neutral species or
in the cationic form. Thus, the adsorption of tleeitnal MAN molecules could occur due to the formatdf links
between the d orbital of iron atoms, involving ttieplacement of water molecules from the metalasef and
the lone spelectron pairs present on the O atom [35].
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Conclusion

Menthone (MAN) showed excellent inhibition performea for mild steel corrosion in 1 M HCI medium. Timhibition
efficiencies, obtained from weight loss measurempalarization and EIS techniques, increased withdoncentration of
MAN. From weight loss measurements, is clear thhtbition efficiency values decreased with incres=mperature. The
results of polarization curves revealed clearlyt #&N showed excellent inhibition performance amixed-type inhibitor
for mild steel corrosion in acidic solution. Thesuéts of EIS measurements indicated that the ciomosf steel is mainly
controlled by the charge transfer process. Enthafgctivation reflects the endothermic naturehef inild steel dissolution
process. The adsorption behavior can be descripabeblLangmuir adsorption isotherm. Gibbs free gnesf adsorption,
enthalpy of adsorption and entropy of adsorptiaticated that the adsorption process is spontareadiexothermic and the
molecules adsorbed on the metal surface by theepsoof physical adsorption. Data obtained from guanchemical
calculations using DFT at the B3LYP/6-31G (d) lesktheory were correlated to the inhibitive effe€tmenthone.
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