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Inhibition and adsorption potentials of cysteine, glycine, leucine and alanine for the corrosion of mild
steel in hydrochloric acid (HCI) solution were investigated using experimental and quantum chemical
approaches. The experimental study was carried out using gravimetric, gasometric, thermometric anc
Fourier transformed infra red (FTIR) methods while the guarchemical study was carried out using
semiempirical, abinitio and quantitative structure activity relation (QSAR) methods. The results
obtained indicated that various concentrations of the studied amino acids inhibited the corrosion of
mild steel inHCI solution through physiosorption. The inhibition potentials of the inhibitors decreased

in the order,cysteine > leucine > alanine > glycine. Ta@sorption of the inhibitors on mild steel
surface was found to be exothermic, spontaneous and suppcetddarigmuir adsorption model.
Results obtained from quantum chemical studies showed excellent correlations between quantum
chemical parameters and experimental inhibition efficiencies (for gas and aqueous phases using
density functional theory (DFT) and Mei-Plesset (MP2) perturbations). Correlations between the
experimental inhibition efficiencies and theoretical inhibition efficiencies (obtained from QSAR) were
also excellent.
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1. INTRODUCTION

Corrosion inhibitors are needed in the oll, fertilizer, metallurgical and other industries [1]. This
is because during some industrial processes, valuable metals (such as aluminium, mild steel and zinc


http://www.electrochemsci.org/
mailto:nabukeddy@yahoo.com
mailto:Eno.Ebenso@nwu.ac.za

Int. J. Electrochem. SciMol. 6, 2011 932

are made to come in contacttiviaggressive media (such as acids, bases or salts), and are therefore
prone to corrosion attack [3,4].

In order to prevent the environmental damages caused by corrosion, several steps have beel
adopted. However, the use of inhibitors has been found mneeof the best options of protecting
metals against corrosion [5]. Most corrosion inhibitors are organic compounds which slow down the
rate of corrosion of a metal through the mechanism of adsorption [6]. Also, they have hetero atoms
(such as N, O, S arf@) in their aromatic or long carbon chain systems. The presence of hetero atoms
and suitable functional groups can facilitate the adsorption of the inhibitor on the metal surface [7].

Over the years, numerous classes of inhibitors have been investigateever, the trend in
green chemistry is concentrated towards the replacement of most of these inhibitors with the non toxic,
cheap and ecfriendly inhibitors. In the light of this, some plant extract have been found to meet
these requirements [8, 9]eBent studies have also given hopes on the use of amino acids as inhibitors
for the corrosion of metals [1D8]. However, in spite of the huge success that has been attributed to
the use of computational chemistry in corrosion studies, most of the ongesegrches on the
inhibitory potentials of amino acids are restricted to laboratory work. Theréf@reresent study is
aimed at investigating the inhibitory and adsorption propertiésleficine (LEU), glycine (GLY), L
cysteine (CYS) and4alanine (ALA) for the corrosion of mild steel using experimental and quantum
chemical principles. Gravimetric method shall be used to ascertain the average inhibition potentials of
the amino acids while gasometric and thermometric methods shall be used to studiatitaniaous
inhibition potentials of the amino acids. Studies on the adsorption behaviour of the inhibitors were
carried out using FTIR spectroscopy. Theoretical studmeslved the correlation between
experimental resudt and semempirical parameterghe analysis of the sites for electrophilic and
nucleophilic attacks carried out using Fukui function and the derivation of equations for the theoretical
inhibition efficiencies of the inhibitorgsing thequantitative structure activity relation (QSAR).

2. EXPERIMENTAL

2.1.Materials

Materials used for the study were mild steel sheet of composition (wt %); Mn (0.6), P (0.36), C
(0.15) and Si (0.03) and the rest Fe. The sheet was polished and mechanically pressed cut into differer
coupons, each of dimsion, 5% 43 0.11cm. Each coupon was degreased by washing with ethanol,
dipped in acetone and allowed to dry in the air before they were preserved in a desicator. All reagents
used for the study were Analar grades and double distilled water was utiegrfpreparation.

The concentrations of the inhibitors were within the range, 1 to 5 g/l. Each of these
concentrations were used to prepare different test solutions by dissolving them in 0.1 M HCI (for use
in gravimetric analysis) and in 2.5 M HCI (for eusn gasometric and thermometric analyses)
respectively.
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2.2.Gravimetric method

In the gravimetric experiment, a previously weighed metal (mild steel) coupon was completely
immersed in 250 ml of the test solution in an open beaker. The beaker wasdcaitbr aluminium
foil and was insertednio a water bath maintained 303 K. After every 24 hours, the corrosion
product was removed by washing each coupon (withdrawn from the test solution) in a solution
containing 50 % NaOH and 100 § of zinc dust 19]. The washed coupon was rinsed in acetone and
dried in the air before reveighing. The experiment was also repeated at 333 K. In each case, the
difference in weight for a period of 168 h was taken as the total weight loss. From the average weight
lossresults (average of three replicate analysis), the inhibition efficiengy,)(i& the inhibitor, the
corrosion rate of mild steel and the degree of surface coverage were calculated using equations 1, .
and 3 respectively [20] ;

IEep = (17 W1/W5) X 100 1
CR = (Wi Wy)/At 2
d B WJIW, 3

where W and W, are the weight losses (g) for mild steel in the presence and absence of the
inhibitor respectively, CR is the corrosion rate of mild steel in"gehA is the area of the mild steel
in cn?, t is the total period of immersion (in hours) ands the degree of surface coverage of the
inhibitor.

2.3.Gasometric method

Gasometric methods were carried out at 303 K using a gasometer. In each case, the meta
coupm was inserted into the round bottom flask (containing the test solution) of the gasometer. The
volumes of hydrogen gas evolved were measured after every minute until a steady value was obtained
From the volume of hydrogen gas evolved per minute, inbibigfficiencies were caltated using
equation 4 [21];
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whereV;;, andV,, are the volumesofHyas e v ol v e dinhbited and nueinhibited 6 f

solutions respectively.

2.4. Thermometric method

This was carried out using a thermometric flask. From the rise in temperature of the system per
minute, the reaction number (RN) was calculated using equation 5 [22]:
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RN (°C min‘l) = T’“; i c

whereTpandTiar e t he maxi mum and initial temperat
taken to reach the maximum temperature. The inhibition efficiency (%l) of the inhibitor was evaluated
from percerdige reduction in the reaction number as follows.

RN, - RN,
%I::?—Na 3 100 6
q

whereRN,qis the reaction number in the absence of inhibitors (blank solutionRBids the
reactionnumber of 2.5 M HCI containing the studied inhibitors.

2.5.Computational techniques

Single point energy calculations were carried out using Austin model 1(AM1), parametric
method 6 (PM6), parametric method 3 (PM3), modified neglect of diatomi¢capvévINDO) and
recief model 1 (RM1) Hamiltonians in the MOPAC 2008 software for Windows [23]. Calculations
were performed on an HP Pentium V (2.0 GHz, 4 GB RAM and 250 GB hard disc) computer. Semi
empirical parameters calculated (for gas and agueousg)hvasee, the energy of the highest occupied
molecular orbital Eromo), the energy of the lowest unoccupied molecular orbalo), the dipole
moment (1), the total energyTE), the electronic energy (EE), the core core repulsion energy (CCR),
the ioniation potential (IP), the cosmo area (cosAr) and the cosmo volume (CosVol). ThieeMu
and Lowdin charges (q) for nucleophillic and electrophillic attacks were computed using GAMESS
computational software using COSMO solvation model [24]. Correlatiandpd method used for the
calculation were MP2 and DFT while the basis sets were fixedaGtand STEG respectively.

Statistical analyses were performed using SPSS program version 15.0 for Windoviselon
regression analyses were performed by onsttained sum of squared residuals for loss function and
estimation methods of Levenbekarquardt using SPSS program version 15.0 for Windows.

3.RESULTS AND DISCUSSIONS

3.1 Effectof concentration of amino acids

Fig. 1 shows the variation of weigluss of mild steel with time for the corrosion of mild steel
in 0.1 M HCI containing various concentrations of the studied amino acids. From the plots, it is evident
that weight loss of mild steel decreases with increase in the concentration of theaamdirmt
increases with increasing period of contact. These indicate that the rate of corrosion of mild steel in 0.1
M HCI increases with increase in the period of contact but decreases with increase in the concentratior
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of the studied amino acids. Therefdhe studied amino acids inhibited the corrosion of mild steel in
HCI solutions. Table 1 presents values of the inhibition efficiencies of the studied amino acids.

Table 1. Corrosion ratesinhibition efficiencies and some thermodynamic parameterbeoktudied
amino acids

Inhibition efficiency (%)

Corrosion rate (gh'cm?) x 10*

E. (kJ/mol)

CYS | GLY | LEU | ALA | CYS | GLY | LEU | ALA CYS GLY LEU ALA

Blank at 303 K - - - - 448 | 448 | 4.48 | 4.48 49.66

0.1gl at 303K | 78.42 | 50.06 | 54.22| 52.30| 1.17 | 2.24 | 2.19 | 2.14 53.94| 55.85 55.10 54.72
0.2dlat303K | 73.93| 50.56 | 55.83| 53.58| 0.97 | 2.20 | 1.74 | 2.08 53.54| 57.64 57.29 55.85
0.3dlat303K | 79.00| 54.75| 59.50| 53.75| 0.94 | 2.21 | 1.72 | 2.07 55.85| 58.66 57.64 57.29
0.4 glat303K | 82.09| 55.91| 60.59| 54.02| 0.802| 1.97 | 1.63 | 2.06 57.64| 59.64 | 60.90 58.32
0.5glat303K | 82.21| 56.50 | 64.42| 56.56| 0.79 | 1.95 | 1.61 | 194 58.99| 60.90 | 61.51 60.59
Blank at 333 K - - - - 26.86 | 26.86 | 26.86 | 26.86

0.1gl at 333K | 69.59 | 41.75| 43.05| 44.36| 8.17 | 15.65| 15.30| 14.95

0.2dlat38B3K | 74.82 | 42.33| 57.47| 45.85| 6.76 | 15.49 | 12.19| 14.54

0.3glat333K | 75.51 | 42.56 | 54.55| 46.06| 6.58 | 15.43 | 12.21| 14.49

0.4dlat333K | 79.10| 48.57 | 54.62| 46.37| 5.61 | 13.81 | 11.42| 14.41

0.5dlat333K | 79.25| 49.26 | 57.95| 49.33| 5.57 | 13.63 | 11.30| 13.61

System Gasometric (1&g Thermometric (1B Qags(kJ/mol)
CYS | GLY | LEU | ALA | CYS | GLY LEU | ALA CYS GLY LEU ALA

0.1g/l at 303K | 82.34 | 60.23 | 60.02| 61.23| 80.21| 59.34| 61.02 | 59.08 | -4.50| -23.84 | -26.44 -19.40
0.29g/lat303K| 84.44 | 63.21 | 63.45| 64.22| 83.45| 62.34 | 63.24 | 63.43 | -5.38| -17.33 | -11.21 -14.37
0.39g/lat303K| 87.03| 64.34| 63.55| 66.90| 86.32| 64.33 | 66.22 | 66.39 -4.64 | -14.09 -8.77 -0.88
0.4 g/lat 303 K| 90.00 | 64.44 | 64.43| 67.00| 88.94| 68.39 | 69.01 | 69.87 -8.69 | -14.47 -5.61 -11.85
0.59/lat303 K| 93.42| 6622 | 70.21| 69.21| 92.01| 72.98 | 70.54 | 73.21 -7.80| -8.66 -16.14 -7.96

From Table 1, it can be seen that inhibition efficiencies of the studied amino acids increase
with concentration but decrease with increasing temperature. These indicate that the stuthed ami
acidsare adsorption inhibitors and that their adsorption on mild steel surface supports the mechanism
of physical adsorption [25]. Table 1 also reveals that the order for the increase in inhibition efficiency
of the studied amino acids is CYS >LEU >Al> GLY.

Gravimetric results (weight loss) discussed above, are concerned with the average inhibition
efficiency of the amino acids. Gasometric and thermometric methods measure instantaneous inhibition
efficiency (i.e inhibition efficiency over a short iped). In Table 1, values of the instantaneous
inhibition efficiencies (obtained from gasometric and thermometric measurements) of CYS, GLY,
LEU and ALA are presented. The results obtained are comparable to those obtained from gravimetric
measurements. kever, the inhibition efficiencies obtained from the latter are relatively higher than
those obtained from gravimetric measurements indicating that the instantaneous inhibition efficiencies
of the studied amino acids are better than their average inhibificiencies.
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Figure 1. Variation of weight loss of mild steel with time for the corrosion of mild steel in 0.1 M HCI
containing various concentrations of amino acids at 303 K

3.2.Effect of temperature

The effect of temperature on the corrosidnmld steel in 0.1 M HCI was investigated using
the logarithm form of the Arrhenius equation, which can be written as follows [26]
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log(CRJ/CR;) = EJ2.303R (L/T1 1/Ty) 7

where CR and CR are the corrosion rates of mild steel at the temperattifé3)3 K) and &
(333 K), R is thanolargas constant and, s the activation energy. The activation energies calculated
from equation 7 are recorded in Table 1. The activation energies are less than the threshold value (8t
kJmol™) required for the meemism of chemical adsorption. Therefore, the adsorption of the studied
amino acids on mild steel surface is consistent with the mechanism of charge transfer from the chargec
i nhi bitords molecule to the charged metal surf

3.3. Thermodynamics/adsorption study

The heat of adsorption of the inhibitors was calculated using the following equation [27],

é o ~ o ~ o ~
Quus = 2.303Rélog%i§- Iog% U %«]mo[1 8
@ Ccl-Gq, = (;'q1+l](;2'T1+

where R is thenolargas constant]; andq; are the degrees of surface coverage of the inhibito
at the temperatures; T303 K) and F (333 K). Calculated values of,@recorded in Table 1, are
negative indicating that the adsorption of the studied amino acids on mild steel surface is exothermic.
The adsorption characteristics of the studied anaicids were investigated by fitting data
obtained for the degree of surface coverage into different adsorption isotherms. The tests revealed the
the adsorption of the amino acids on mild steel surface is best described by Langmuir adsorption
isotherm. Lagmuir adsorption model cdre represented as follows [28];

log(C/Q) =1ogC - logkags 9

Using equation 9, plots of log(q)/ versus logC were linear (plots not shown). Values of
adsorption parameters deduced from the plots are presented in Tab&r2silts obtained, revealed
that the slopes and®Ralues for the isotherms are very close to unity, confirming the application of the
Langmuir model to the adsorption of the studied amino acids.

The equilibrium constant of adsorption (obtained fromitibercept of the Langmuir adsorption
isotherm) is related to the free energy of adsorption according to the following equation [29],

DG%qs = -2.303RTlog(55.5Kq9 10

Calculated values d)‘)GoadS are also presented in Table 2. From the results adatathe free
energies are negatively less than the threshold valudOokJmof' required for the mechanism of
chemical adsorption. Therefore, the adsorption of the amino acids on mild steel surface is spontaneou
and favours the mechanism of physicalaxgsgon [30].
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Table 2. Langmuir parameters for the adsorption of the studied amino acids on mild steel surface at

303 and 333 K

T
CYS

_ Slope  logkass  R® DG%gs(kmol?)

0.9585 0.0778 0.9968 -1.51

oir{) GLY 0.90707 0.2612 0.9917 -1.75
S LEU 0.8523 0.1389 0.9793 -1.59
ALA 0.9614 0.2448 0.9994 -1.73

CYS 0.9183 0.00739 0.9997 -1.55

oir{) GLY 0.8937 0.2868 0.9938 -1.96
3 LEU 0.8213 0.1695 0.9929 -1.79
ALA 0.9475 0.3031 0.9999 -1.98

93¢

3.4.FTIR study

FTIR analysis was carried out using the cowngproduct (in the absence and presence of the
inhibitor) and the inhibitor. The FTIR spectrum of the corrosion product of mild steel (Figure not
shown) did not show any adsorption peak indicating that the corrosion product of mild steel is not infra
red ative. However, Fig. 2 (a) shows the IR spectrum of CYS while Fig. 2 (b) shows the IR spectrum
of the corrosion product of mild steel when 0.5 g/l of CYS was used as an inhibitor. From the
frequencies and peaks of IR adsorption deduced from the spédsrayvident that in CYS, the-N
wag at 779.27, 846.78 and 873.78 twere shifted to 868.00 ¢ C-N stretch at 1194.94 chwas
shifted to 2372.52 cth the GOH stretch at 2579.88 and 3136.36 tmere shifted to 2970.48 ¢h
while the OH stretch aB448.84 crit was shifted to 3425.69 chindicating that there is an interaction
between CYS and mild steel surface. On the other hand,-theaiymmetric stretch at 1475.59tm
the GN stretch at 1041.60, 1126.47 and 1194.94 evere missing in the sgtrum of the corrosion
product indicating that these bonds might have been used for adsorption [31].

Figs. 3 (a) and 3 (b) respectively show the FTIR spectra of GLY and that of the corrosion
product of mild steel when GLY was used as an inhibitor. Frieenpeaks and frequencies of IR
adsorption deduced from the spectra, it was found that-{Bes@etch at 1042.56 chwas shifted to
1028.09 crit, thei C=C- stretch at 1674.27  chwas shifted to 1656.91 ¢mthe GH stretch at
2906.82 crit was shiftedo 2924.18 cnif while the OH stretch (Hbonded) was shifted from 3201.94
to 3430.51 cril. These shifts in frequencies also indicate that there is an interaction between GLY and
the metal surface. It was also found that th 6tretch (at 1125.50 and 1289 cm'), the GO stretch
(at 1042.56 and 1730.21 &y the NO symmetric stretch (at 1338.64 ¢mand the NH bend at
1590.36 crit were missing in the spectrum of the corrosion product indicating that these bonds were
used for the adsorption of GLY tnmild steel surface.

Fig. 4 (a) and 4 (b) respectively show the FTIR spectra of LEU and that of the corrosion
product of mild steel when LEU was used as an inhibitor. From the results obtained, it can be seen tha
the NH wag at 669.32 cthwas shiftedo 675.11 crit, C-H bend at 842.92 was shifted to 867.03 cm
! the GN stretches at 1084.03 and 1135.50amere shifted to 1032.92 and 114.89trespectively,
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the OH stretch at 2888.50 chwas shifted to 2927.08 ¢hwhile the NH stretch at 3125.76m* was
shifted to 3437.26 cih
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Figure 2.(a) IR spectrum of CYS (b) IR spectrum of the corrosion product of mild steel when 0.5
g/l of CYS was used as an inhibitor

These shifts in frequencies also indicate that there is an interaction bet&Eeand mild
steel. On the other hand, the absence-df &retch, NO asymmetric and symmetric stretches in the
spectrum of the corrosion product suggest that these bonds were involved in the adsorption of LEU
onto mild steel surface.



Int. J. Electrochem. SciMol. 6, 2011

60
%T |
| |
50— M, ‘
““\H ",‘
i
40 “‘ )
\ | | |
\\\ | “ | | |
{ \ " i
30 | i \
‘ I & \
= \ [l ¢ B !
| | I\ | |/
\ o e
0 R R
WY ' | o %
| b L oe kg 8
| Tg g E s 1
10 w T ‘
T e T TSt T Ty T T i
4000 3500 1750 1500 1250
AWE F.E;GLYCINE(KBr) 7 i = = 1/ecm
()
- SRS T Rt TN A TN Bl S <l
110—’ ‘ a i =
| l
e |
g | ‘
J‘ x Mﬁf, : \
d S A
100 Al l\ i f/ ‘\"‘ ‘\J ‘H""\j\‘ ‘
_|' | \\ N | i |
I i 3 | |
i ey g | |
| / | N 2 |
90— | / © L & [
J \ 3 et = '
/ 8 i L/ I |
\\ ”, ‘ g "L»“ .\ -
A | 8 \ i
= \/ | e 5 \ i
80— 8 S /‘ |
7 E | 5 Ny
3 L
g |
g |
i ; ' Sl
70— |
q | | i
, \ *‘
- | |
| l‘
60— ;5‘:‘00‘77 L U i e A R e T T T e T T Il
4000 3500 3000 2500 2000 1 ‘ B e
SAMPLE;glycine corrosion product (KBr) = 1o 1290 Sy 200

(b)

Figure 3. (a) IR spectrum of GLY, (b) IR spectrum of the corrosion product of mild steel when 0.5
g/l of GLY was used as an inhibitor

The FTIR spectra of ALA and that of the corrosion product of mild steel when ALA was used
as an inhibitor are presented in Figs. 5 (@& & (b). From the results obtained, it can be seen that the
=C-H bend at 649.07 was shifted to 673.18"¢rthe GO stretch at 1017.48 ¢hwas shifted to
1030.02 crit, the NH bend at 1614.47 cirwas shifted to 1652.09 ¢hmthe OH stretch at 2834.49
and 3200.98 cihwere shifted to 2925.15 and 3428.58 traspectively. In addition, new-8 bend at
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1448.59 crit were found in the spectrum of the corrosion product. These shifts in frequencies and the
formation of a new bond may be due to the interadbetween mild steel surface and ALA.
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Figure 4.(a) IR spectrum of LEU, (b) IR spectrum of the corrosion product of mild steel when 0.5

g/l of LEU was used as an inhibitor
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Figure 5. (a) IR spectrum of ALA, (b) IR spectrum of the corrosioadarct of mild steel when 0.5 g/l
of ALA was used as an inhibitor

On the other hand, the disappearance df Gtretches at 1113.93 and 1236.41'ciy-O
symmetric and asymmetric stretches (at 1301.03 and 1515:14espectively), €H rock at 1365.65

cm™* and OH stretch at 2522.98 cisuggest that some of these bonds might have been used for the
adsorption of ALA onto mild steel surface.
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3.5.Quantum chemical study

3.5.1.Semiempirical study

Several quantum chemical parameters such as the electrengy €&E), core core repulsion
energy (CCR), heat of formation flHcosmo area (cosAr) and cosmo volume (cosVol) have been
found to be useful in predicting the direction of corrosion reaction. It has been established that
corrosion inhibition potentialsfostructurally related compounds tend to increase or decrease with
increase in the value of respective quantum chemical paramé&tdle 3 presents values for the
frontier molecular orbital energies (i,eidmo and Euwo), DE (i.e BEumo T Enomo), COSArandn The
values were obtained for both gas and aqueous phases using PM6, PM3, AM1, RM1 and MNDO
Hamiltonians.

Table 3.Quantum chemical parameters for the studied amino in gas and aqueous phases

Gas phase Aqueous phase
Models | Epomo ELumo DE (eV) | CosAr m Eromo | ELumo | DE CosAr m Edielec
(eVv) (eVv) (A% | (Debye) | (€V) | (V) |(eV) | (A) | (Debye)| (eV)
PM6 -9.04 -0.10 8.94 145.39 2.94 -9.30 | -0.20 9.10 | 145.39| 3.82 -0.76
" PM3 -8.98 -0.38 8.60 145.39 3.04 -8.88 | -0.33 8.56 | 145.39| 3.83 -0.52
6 AMI -9.00 -0.02 8.98 145.39 2.92 -9.28 0.05 9.33 | 145.39| 3.72 -0.54
RMI -9.32 0.17 9.50 145.39 2.80 -9.44 0.21 9.65 | 145.39| 3.64 -0.52
MNDO -9.73 0.82 10.56 145.39 2.72 -9.80 0.81 10.61 | 145.39| 3.44 -0.47
PM6 -8.92 0.46 9.38 104.80 1.92 -9.05 0.24 9.29 | 104.50, 2.78 -0.50
PM3 -8.64 1.05 9.69 104.80 1.54 -8.63 0.96 9.59 | 104.50, 2.16 -0.32
g AMI -9.32 1.23 10.55 104.80 1.44 -9.34 1.11 10.45 | 104.50| 1.98 -0.36
RMI -9.23 1.17 10.4 104.80 141 -9.25 1.06 10.31 | 104.50| 1.96 -0.37
MNDO -9.74 1.03 10.77 104.80 1.28 -9.73 0.97 107 | 104.50, 1.80 -0.33
PM6 -8.88 0.53 9.41 131.17 2.23 -9.05 0.22 9.27 | 172.96, 3.00 -0.49
PM3 -8.64 1.09 9.73 131.17 1.69 -8.70 0.94 9.64 | 17296, 2.26 -0.31
a AMI -9.24 1.30 10.54 131.17 1.62 -9.31 1.11 10.42 | 172.96| 2.12 -0.35
- RMI -9.19 1.24 10.43 13117 1.63 -9.28 1.06 10.34 | 172.96| 2.14 -0.35
MNDO -9.65 1.08 10.73 131.17 1.42 -9.71 0.96 10.67 | 172.96| 1.91 -0.32
PM6 -9.97 0.49 10.46 121.96 2.02 -9.10 0.22 9.32 | 121.96, 2.80 -0.47
PM3 -8.68 1.07 9.75 121.96 1.61 -8.71 0.94 9.65 | 121.96( 2.20 -0.31
i AMI -9.31 1.27 10.58 121.96 1.52 -9.34 1.11 10.45 | 121.96| 2.06 -0.35
< RMI -9.27 1.21 10.48 121.96 1.51 -9.32 1.05 10.37 | 121.96| 2.04 -0.35
MNDO -9.67 1.06 10.73 121.96 1.37 -9.70 0.97 | 10.67 | 121.96| 1.89 -0.32
PM6 0.8651 0.9469 0.9651 | 0.2013 | 0.9967 | 0.083 | 0.881 | 0.4507| 0.7796| 0.9977 | 0.928
PM3 0.917 0.9392 0.9201 | 0.2013 | 0.5209 | 0.9029( 0.9238| 0.9251| 0.7796| 0.9683 | 0.9185
Bd AMI 0.9322 0.9347 0.9466 | 0.2013 | 0.9612 | 0.995 | 0.9130| 0.9402| 0.7796| 0.9745 | 0.9165
RMI 0.83819 | 0.9327 0.9242 | 0.2013 | 0.9707 | 0.4448| 0.9073| 0.9291| 0.7796| 0.9827 | 0.8869
MNDO 0.8177 0.9608 0.916 0.2013 | 0.9542 | 0.887 | 0.8345| 0.9601| 0.7796| 0.9645 | 0.9108

**R 2 = degree of linearity between quantum chemical parameters apd IE
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According to therontier molecular orbital theory, the formation ofransition state is due to
an interaction between the frontier orbitals (HOMO and LUMO) of reacting species [32]. Therefore,
the frontier molecular orbitals play significant roles in defining the reactivity of organic compounds.
The BEiomo is related to thelectron donating ability of the compound. Higher value @k indicates
that the molecule has a higher tendency towards the donation of electron to appropriate acceptol
molecules with low energy and empty molecular orbital.
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Figure 6. Variation of experimental inhibition efficiency (I&p) with (a) the HOMO energy, Howmo
(b) the LUMO energy, Ewmo (c) the energy gamE (d) the cosmo area, cosAr and with (e)
thedipole momentu obtained for gas phase calculations using AM1
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Based on increasingalue of Eiomo, the order for the variation of inhibition efficiencies of the
studied inhibitors (for both gas and aqueous phases) is consistent with the order obtained from
experimental data (i€YS > LEU > ALA > GLY). However, results obtained from PMamiltonian
for gas phase calculations, strongly deviate from this trend and can be explained asAlbltber.
semi empirical methods contain some sets of parameters. Atomic and diatomic parameters exist ir
PM6, while MNDO, AM1, PM3, and MND&I use onlysingleatom parameters. Not all parameters
are optimized for all methods; for example, in MNDO and AM1 the two electron one center integrals
are normally taken from atomic spectra. Therefore, atomic and diatomic parameters (which are not
present in PM6 maal) may be significant in predicting the reactivity of the studied amino acids. Also,
the Eumo Measures the tendency of a molecule to accept electron. Therefore, decreasing value of
ELumo suggests better inhibition efficiency [33]. From the resultsiobthfor Eymo in gas and
aqueous phases, the expected trend for the decrease in inhibition potentials of the studied amino acic
iIsCYS > LEU > ALA > GLY. This trend supports experimental results.

Another quantum chemical parameter that was found to évesadlent correlation with I, is
the DE (energy gap)defined as the difference betweenw and Eiomo [34]. According to Eddy
[35], theDE is related to the hardness and softness of a molecule because a soft molecule B&s a low
while a hard molecel has a larg®E. Consequently, a soft molecule is expected to be more reactive
than a hard molecule due to the smal&r between the last occupied orbital and the first virtual
orbital. This also implies that for a soft molecule, the ease in which iokecolar electron transfer
can proceed is appreciable. Therefore, inhibition efficiency of the studied amino acids is expected to
increase with decreasing value . This assertion supports the results obtained from experiments.
Fig. 6 shows the variatioof IEc, with some gas phase AM1 quantum chemical parameters. From the
figures, it can be seen that there is a strong correlation betwggan# the frontier molecular orbital
energies (i.e bomo, ELumo andDE). Similar plots developed for aqueous ghaalculations and for
other Hamiltonians also indicated strong correlation. However, the plots are not presented but values
of R? obtained from the plots are recorded in Table 3.

The electronic mergy of the molecule (EE), arcore repulsion energy (&}, heat of
formation (H), cosmo area (cosAr) and cosmo volume (cosVol) were also calculated. These
parameters have been found to be useful in predicting the direction of a corrosion inhibition reaction
for some systems [36]. However, in this study, oty cosAr (obtained for aqueous phase
calculations) correlated strongly with theglE: therefore data for EE, CCR ldnd cosVol are not
presented in Table 3.

The m(dipole moment)s an index suitable for the prediction of the direction of a corrosion
inhibition processmis the measure of polarity in a bond and is related to the distribution of electron in
a molecule [37]. Although Inmtasaadaupeedsciocohns
corrosion inhibition reaction, it is gerally agreed that the adsorption of polar compounds possessing
high mon the metal surface should lead to better inhibition efficiency. Comparison of the results
obtained from quantum chemical calculations (for both gas and aqueous phases)witvegled
that the inhibition efficiencies of the inhibitors increase with increasing valoe of

Aqueous phase calculations also yielded values for the dielectric energy of the molecules
(Ediel).- These values also correlated excellentith 1Eexp.
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3.5.2.DFT study

DFT is one of the most power tools in quantum chemidtig. based on the principle that the
energy of a molecule can be determined from the electron density instead of using the wave function
[38]. The DFT based on the Hohnenb&whn theoremd$as been found to be a significant tool for
the modelling and development of conceptual issues on chemical reactivity [39]. In corrosion study,
DFT has also been used for the prediction of the sites for electrophilic and nucleophilic attacks [40]

According to Stoyanoet al [41], in DFT, the ground state energy of an atom or a molecule is
expressed in terms of its electron densify). Two chemical reactivity indices, namely chemical
potential () and global hardnes$) are defined as the first and sedoderivative of TE() with
respect to the number of electrons, Thus,

=[dTE/dN], 11
h=(cd® TE/ dN®)y() =%4(d /dN)y( 12
where TE is the total energl,is the global hardness and N is the number of electrons in the
molecule. The global softse (S)is the inverse of thén and is defined as S = % From the
application of the finite difference approximation, theand S were evaluated using the following
equations [42]
h=[(Eni 1) - En) T (Eov - Eney)] 13
S=U[(Eni 1) - En) T (Eny - Eney)] 14
where En.1y, Eny and En+1) are the ground state energies of the molecule with N and N+1
electrons respectively. Also, the ionization energy (IE) and the electron affinity (EA) of the molecules
were calculated using theayind state energies of the respective systems as follows [43],
|E:E(N i1) - E(N) 15
EA:E(N) - E(N+!) 16
Comparing equations 13 and 14 with equations 15 and 16 respectively,atié S can be
expressed as follow,
h=IET EA 17

S=1[(IE - EA)] 18

Calculated values of IE, EAh and S for aqueous and gas phases are presented in Table 4.
From the results obtained, it can be seen that the IE and the EA for the inhibitors decrease in the orde






