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Abstract Inhibitive and adsorption properties of Penicillin
G, Amoxicillin and Penicillin V potassium were studied
using gravimetric, gasometric and quantum chemical
methods. The results obtained indicate that these com-
pounds are good adsorption inhibitors for the corrosion of
mild steel in HCl solution. The adsorption of the inhibitors
on mild steel surface is spontaneous, exothermic and
supports the mechanism of physical adsorption. From DFT
results, the sites for nucleophilic attacks in the inhibitors are
the carboxylic acid functional group while the sites for
electrophilic attacks are in the phenyl ring. There was a
strong correlation between theoretical and experimental
inhibition efficiencies.
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Abbreviations
� Chemical potential
ρ Density of electron
χ Electronegativity
η Global hardness
ΔE Energy gap
Δ G0

ads
Free energy of adsorption

µ Dipole moment

C Concentration of the inhibitor
C-C Core core repulsion energy
CosAr Cosmo area
CosVol Cosmo volume
CR Corrosion rate of mild steel
DFT Density functional theory
Ea Activation energy
EA Electron affinity
EE Electronic energy of a molecule
Eexp Experimental inhibition efficiency
EHOMO Energy of the highest occupied molecular orbital
ELUMO Energy of the lowest unoccupied molecular

orbital
ETheor Theoretical or calculated inhibition efficiency
E(N – 1) Ground state energy of the system with N-1

electron
E(N) Ground state energy of the system with N electron
E(N+1) Ground state energies of the system with N+1

electrons
f + Fukui function for the nucleophile
f - Fukui function for the electrophile
S+ Global softness for the nucleophile
S- Global softness for the electrophile
IP Ionization potential
q Mulliken or Lowdin charge
Qads Heat of adsorption
QSAR Quantitative structure activity relation
R Gas constant
S Global softness
TE Total energy of the molecule
AM1 Austin model 1
PM3 Parametric method number 3
PM6 Parametric method number 6
RM1 Recife model
MNDO Modified neglect of diatomic overlap

N. O. Eddy (*)
Department of Chemistry, Ahmadu Bello University,
Zaria, Nigeria
e-mail: nabukeddy@yahoo.com

E. E. Ebenso
Department of Chemistry,
North West University (Mafikeng Campus),
Private Bag X2046,
Mmabatho 2735, South Africa

J Mol Model (2010) 16:1291–1306
DOI 10.1007/s00894-009-0635-6



Introduction

Most organic compounds use as inhibitors for the corrosion
of mild steel have functional groups (such as carboxyl,
amino and carbonyl functional groups) that facilitate their
adsorption on the metal surface [1–3]. For this group of
inhibitors, the presence of hetero atoms such as N, O, S
and P often enhance the adsorption characteristics of the
inhibitors [4].

It has been established that the initial mechanism involved
in any corrosion inhibition process is the adsorption of the
inhibitor on the metal surface. This adsorption may be
through charge transfer (physical adsorption) or donation
and acceptance of electron (chemical adsorption) [5]. This
implies that the corrosion inhibition process involves an
electrophile (usually the metal) and nucleophile (usually the
inhibitor) [5].

Some research groups have successfully investigated the
effectiveness of some drugs toward the inhibition of the
corrosion of metals (including mild steel, aluminum, etc.) in
acidic medium [6–13]. In their respective studies, the drugs
are found to be good corrosion inhibitors for the corrosion
of metals. Also, several attempts have been made to predict
corrosion inhibition efficiency using a number of individual
parameters obtained through quantum chemical calculation
methods [14]. These trials are often aimed at correlating
corrosion inhibition efficiency and some quantum molecu-
lar properties such as Frontier molecular energies (energy
of the HOMO, EHOMO, and the energy of the LUMO,
ELUMO), dipole moment (μ), Mulliken/Lowdin/Heirsfield
charges (q) as well as some structural parameters. However,
to the knowledge of the authors, this study has not been
extended to the inhibition properties of Penicillin G (Pen
G), Amoxicillin (Amox) and Penicillin V Potassium (Pen
VK) for the corrosion of mild steel in HCl. Therefore, the
present study is aimed at investigating inhibitive and
adsorption properties of Pen G, Amox and Pen VK. Some
quantum chemical calculations shall be carried out to
predict the direction of the inhibition process. Density
functional theory (DFT) shall be used to predict the
possible sites for electrophilic and nucleophilic attacks.
The DFT study shall be supported by calculation of
potential surface using extended Huckel theory and the
identification of HOMO and LUMO diagrams of the
inhibitors. Finally, quantitative structure activity relation
(QSAR) shall be used to calculate theoretical values for the
inhibition efficiency of the inhibitors. The QSAR shall be
supported by response surface analysis.

Pen G, Amox and Pen VK are Penicillin compounds
whose molecular mass are 372.48, 365.40 and 388.47 gmol-1,
respectively. The chemical and optimized structures of Pen
G, Amox and Pen VK are presented in Fig. 1. From their
structure, it is evident that these compounds have some

functional groups as well as some hetero atoms. Conse-
quently, they are expected to be good corrosion inhibitors.

Experimental techniques

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 mechanically pressed
cut into different coupons, each of dimension, 5×4×
0.11 cm. Each coupon was degreased by washing with
ethanol, dipped in acetone and allowed to dry in air before
they were preserved in a desicator. All reagents used for the
study were Analar grade and double distilled water was
used for their preparation.

The inhibitors were supplied by LIVEMOORE Pharma-
ceutical Company, Ikot Ekpene, Akwa Ibom State, Nigeria
and were used without further purification. The concentra-
tions range for the used inhibitors was 2×10-4 to 13×10-4M.
Each of these concentrations was dissolved in 0.1 M and
2.5 M HCl and preserved in a plastic container for use in
gravimetric and gasometric experiments respectively.

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 was inserted
into a water bath maintained at 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 gL-1 of zinc dust. The
washed coupon was rinsed in acetone and dried in the air
before re-weighing. The difference in weight for a period of
168 h was taken as the total weight loss. From the weight
loss results, the inhibition efficiency (Eexp) of the inhibitor,
the degree of surface coverage (θ) and the corrosion rate of
mild steel (CR) were calculated using Eqs. 1 to 3
respectively [15–17];

Eexp ¼ 1�W1=W2ð Þ � 100 ð1Þ

q ¼ 1�W1=W2 ð2Þ

CR ¼ ΔW=At ð3Þ
where W1 and W2 are the weight losses (g) for mild steel in
the presence and absence of the inhibitor, θ is the degree of
surface coverage of the inhibitor, ΔW ¼ W2 �W1, A is the
area of the mild steel coupon (in cm2), t is the period of
immersion (in hours) and W is the weight loss of mild steel
after time, t.
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Gasometric method

Gasometric methods were carried out at 303 K as described
in the literature [18, 19]. From the volume of hydrogen gas
evolved per minute, inhibition efficiencies were calculated
using Eq. 4.

Eexp ¼ 1� V 1
Ht

V o
Ht

� �
� 100 ð4Þ

where V 1
Ht and Vo

Ht are the volumes of H2 gas evolved
at time, ‘t’ for inhibited and uninhibited solutions
respectively.

Quantum chemical calculations

Single point energy calculations were carried out using
AM1, PM6, PM3, MNDO and RM1 Hamiltonians in the
MOPAC 2008 software for Windows. Calculations were
performed on an Hp compatible Intel Pentium V (2.8 GHz,
4 GB RAM) computer. The following quantum chemical
indices were calculated: the energy of the highest occupied
molecular orbital (EHOMO), the energy of the lowest
unoccupied molecular orbital (ELUMO), the dipole moment
(µ), the total energy (TE), the electronic energy (EE), the
ionization potential, the cosmo area (cosAr) and the cosmo
volume (CosVol).

Fig. 1 Chemical and optimized
structures of Pen G, Amox and
Pen VK
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The Mulliken and Lowdin charges (q) for nucleophilic
and electrophilic attacks were computed using GAMES
computational softwares. Correlation type and method
used for the calculation was MP2 while the basis set was
MINI.

Statistical analyses were performed using SPSS program
version 15.0 for Windows. Non-linear regression analyses
were performed by unconstrained sum of squared residuals
for loss function and estimation methods of Levenberg-
Marquardt using SPSS program version 15.0 for Windows.
Response surface analysis was carried out using Design
expert (version 7.1.6) software.

Results and discussion

Effect of inhibitors’ concentration

Figure 2 shows the variation of weight loss of mild steel
with concentration for the corrosion of mild steel in 0.1 M
HCl containing various concentration of Pen G at 303 K.
Similar plots were also obtained for Amox and Pen VK
(plots not shown). From Fig. 2, it is evident that weight loss
of mild steel for the blank (0.1 M HCl) is higher than those
obtained for solutions of HCl containing various concen-
trations of the inhibitor(s) indicating that the corrosion rates
of mild steel in HCl solutions is retarded by these
inhibitors. Weight loss of mild steel was also found to
decrease with decreasing temperature but increased with

increase in the concentration of the inhibitors indicating that
the inhibition efficiencies of the inhibitors increase with
increasing concentration but decrease with increase in
temperature. These also suggest that the inhibitors are
adsorption inhibitors and that their adsorption is consistent
with the mechanism of physical adsorption [20]. Literature
reveals that for a physical adsorption mechanism, the
inhibition efficiency of the inhibitor decreases with increas-
ing temperature but for a chemical adsorption mechanism,
the inhibition efficiency increases with increasing temper-
ature [21].

Table 1 presents the inhibition efficiencies of various
concentrations of Pen G, Amox and Pen VK for the
corrosion of mild steel in 0.1 M HCl at 303 and 333 K.
The corrosion rates of mild steel in similar media are also
presented in Table 1. Table 1 confirms that the corrosion
rates of mild steel decrease with decreasing concentration
of the inhibitors but decrease with increase in temperature.
Also, the inhibition efficiencies of the inhibitors increase
with increasing concentration of the inhibitors but decrease
with increase in temperature. It was also observed that
values of inhibition efficiency obtained from gasometric
analysis are comparable to those obtained from gravimetric
method.

Effect of temperature

The activation energies for the corrosion of mild steel in
HCl solutions (containing various concentrations of the
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Fig. 2 Variation of weight loss
with time for the corrosion of
mild steel in 0.1 M HCl con-
taining various concentrations of
(a) Pen G (b) Amox (c) Pen VK
at 303 K respectively. d repre-
sent the plot of weight loss
versus time for the corrosion of
mild steel in 0.1 M HCl (blank)
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inhibitors) were calculated using the logarithm form of the
Arrhenius equation (Eq. 5) [22]

log
CR2

CR1
¼ Ea

2:303R

1

T1
� 1

T2

� �
ð5Þ

where Ea is the activation energy, R is the gas constant, CR1

and CR2 are the corrosion rates of mild steel at the tem-
peratures, T1 (303 K) and T2 (333 K) respectively. Values of
Ea calculated from Eq. 5 are presented in Table 2. From the
results obtained, the activation energies for the corrosion of
mild steel in the presence of the inhibitors are lower than the
value obtained for the blank and are also lower than the
threshold value of 80 kJ mol-1 required for the mechanism of
chemical adsorption. Therefore, the adsorption of Pen G,
Amox and Pen VK on mild steel surface supports the
mechanism of physical adsorption [23].

Thermodynamics/adsorption considerations

In order to calculate the heat of adsorption (Qads) of the
inhibitors on mild steel surface, Eq. 6 was used [24]:

Qads ¼ 2:303R log
q2

1� q2

� �
� log

q1
1� q1

� �� �

� T1X T2
T2 � T1

� �
kJmol�1 ð6Þ

where θ2 and θ1 are the degrees of surface coverage of the
inhibitor at the temperatures, 333 K (T2) and 303 K (T1)
respectively. R is the gas constant. Calculated values of
Qads are also presented in Table 2. From the results
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Table 2 Some thermodynamics parameters for the adsorption of Pen
G, Amox and Pen VK

System Ea (kJmol-1) Qads (kJmol-1)

Blank 50. 23 -

2×10-4M Pen G 13.06 -33.84

5×10-4M Pen G 20.52 -51.75

7×10-4M Pen G 14.92 -38.03

11×10-4M Pen G 18.13 -40.36

13×10-4M Pen G 15.17 -27.91

2×10-4M Amox 34.40 -25.83

5×10-4M Amox 36.05 -25.32

7×10-4M Amox 34.71 -19.44

11×10-4M Amox 33.32 -15.26

13×10-4M Amox 30.86 -14.66

2×10-4M Pen VK 47.19 -16.60

5×10-4M Pen VK 45.75 -14.44

7×10-4M Pen VK 43.56 -16.48

11×10-4M Pen VK 43.97 -14.90

13×10-4M Pen VK 46.58 -20.95
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obtained, it can be seen that the adsorption of the inhibitors
on mild steel surface is exothermic.

The adsorption characteristics of the inhibitors was
verified by fitting data obtained for the degree of surface
coverage (θ) into different adsorption isotherms including
Langmuir, Freundlich, Temkin, Flory Huggins, Bockris-
Swinkle, Frumkin and El Awardy et al. adsorption
isotherms. The tests reveal that the adsorption of Pen G,
Amox and Pen VK is consistent with Langmuir adsorption
model. The Langmuir adsorption model relates the degree
of surface coverage of the inhibitor (θ) to the its
concentration as follows [25],

q ¼ KC� 1= 1þ KCð Þ ð7Þ
where K designates the adsorption equilibrium constant and
C is the concentration of the inhibitor in the bulk solution.
From the rearrangement of Eqs. 6, 8 and 9 are obtained,

1=K þ C ¼ C= q ð8Þ

log C=qð Þ ¼ logC � logK: ð9Þ
Using Eq. 9, plots of log(C/θ) versus logC are expected

to be linear provided the assumptions establishing the
Langmuir adsorption isotherm are valid. Figure 3 shows
Langmuir isotherms for the adsorption of Pen G, Amox and
Pen VK on mild steel surface. Values of Langmuir
adsorption parameters deduced from the plots are recorded
in Table 3. Table 3 reveals that the slopes and the R2 values
are very close to unity indicating strong adherence of the
adsorbed inhibitors to the assumptions of Langmuir [26].

The equilibrium constant of adsorption obtained from
the slopes of the Langmuir isotherms were used to calculate
the free energies for the adsorption of Pen G, Amox and
Pen VK on the surface of mild steel. The free energy of
adsorption of an inhibitor is related to the equilibrium
constant of adsorption according to Eq. 10 [27],

ΔG0
ads ¼ �2:303RTlog 55:5Kð Þ ð10Þ

where K is the equilibrium constant of adsorption, 55.5 is
the molar concentration of water, ΔGads is the free energy
of adsorption of the inhibitor, R is the gas constant and T is
the temperature. The free energies calculated from Eq. 9 are
also presented in Table 3. From the results, it is significant
to note that the free energies of adsorption are less than the
threshold value of -40 kJ mol-1 required for chemical
adsorption. This result is consistent with electrostatic
transfer of charge from the inhibitor to the metal surface
and supports the mechanism of physical adsorption [28]

Quantum chemical study

From the experimental study, it is found that Pen G, Amox
and Pen VK are good adsorption inhibitors for the corrosion
of mild steel in HCl solutions. However, an insight into the
correlation between the molecular properties of these
compounds and their inhibition potential were not provided
in the experimental approach. In this section, a theoretical
study of the inhibitors is presented. The inhibition poten-
tials of the compounds are correlated with molecular
properties including the Frontier molecular energies, the
Mulliken and Lowdin charges, the dipole moment, the cosmo
area, cosmo volume, ionization potential, electron affinity,
global hardness, global softness and electronegativity.

Table 4 presents values of quantum chemical parameters
calculated through semi-empirical approach. The energy of
the Frontier molecular orbital is often associated with the
reactivity of a molecule. The energy of the highest occupied
molecular orbital (EHOMO) is an index for predicting the
ease of electron donation while the energy of the lowest
occupied molecular orbital (ELUMO) represents the tendency
toward the acceptance of electron [29]. Therefore increas-
ing value of EHOMO indicates the disposition of the
inhibitor to donate an electron to the vacant d-orbital of
the metal. This may lead to enhancement of the inhibition
efficiency through better adsorption. From the results of the
study, it is evident that the order for the decrease in the
EHOMO of the inhibitors (i.e., Pen G > Amox > Pen VK) is
consistent with the order obtained for the decrease in the
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Fig. 3 Langmuir isotherm for the adsorption of Pen G, Amox and Pen
VK at 303 and 333 K

Table 3 Langmuir parameters for the adsorption for Pen G, Amox and
Pen VK on mild steel surface

Temperature
(K)

Slope log K ΔG0

(kJmol-1)
R2

Pen G 303 0.980 0.015 -0.51 1.000

333 0.873 0.078 -4.05 0.948

Amox 303 0.986 0.026 -0.88 0.999

333 0.900 0.028 -1.26 0.998

Pen VK 303 0.684 0.051 -2.62 0.990

333 0.553 0.121 -5.28 0.968
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average inhibition efficiencies of the inhibitors. It is also
significant to point out that EHOMO is related to the
ionization potential (IP) of a molecule. This explains why
the value of correlation coefficient (r) between EHOMO
and IP was -1.00.

It has also been found that an inhibitor does not only
donate an electron to the unoccupied d orbital of the metal
ion but can also accept electrons from the d orbital of the
metal leading to the formation of a feedback bond.
Therefore, the tendency for the formation of a feedback
bond would depend on the value of ELUMO. The lower the
ELUMO, the easier is the acceptance of electrons from the d-
orbital of the metal [30]. Based on the values of ELUMO, the
order obtained for the decrease in inhibition efficiency (Pen
G > Amox > Pen VK) was also similar to the one obtained
from experimental results.

The energy gap ΔE ¼ ELUMO � EHOMOð Þ is an impor-
tant stability index [31]. A large energy gap implies that in
a chemical reaction, the molecule is stable and vice versa. A
hard molecule has a large energy gap while a soft molecule
has a small energy gap. Therefore a soft molecule is more
reactive than a hard molecule because a decrease in ΔE
leads to easier polarization. Consequently, the inhibition
efficiency of the inhibitors is expected to increase with
decreasing value of the energy gap [32]. The results
obtained from quantum chemical calculations show that
for all the Hamiltonians (PM6, PM3, AM1 and MNDO),
the energy gap decreases in the following order, Pen G >
Amox > Pen VK, which agrees with the experimental
results.

The dipole moment (μ) is an index that can also be used
for the prediction of the direction of a corrosion inhibition
process. μ is related to the distribution of electrons in a
molecule. Although literature is inconsistent on the use of μ
as a predictor for the direction of a corrosion inhibition
reaction, it is generally agreed that the adsorption of polar

compounds possessing high dipole moments on the metal
surface should lead to better inhibition efficiency [33].
From the results of experimental and theoretical studies, the
inhibition efficiency of Pen G is the highest while that of
Pen VK is the least. Therefore, these results do not support
the assumption that the inhibitor with the highest value of μ
is the best inhibitor because Pen VK (which has the least
inhibition efficiency) has the highest value of μ. Similar
deviation from this assumptions have been reported by
other researchers [34].

The relationship between the total energy (TE), elec-
tronic energy (EE), core-core repulsion energy (C-C),
cosmo area (CosAr) and cosmo volume (CosVol) of the
inhibitors and their average inhibition efficiencies was also
studied and it was found that these parameters increase with
increasing value of inhibition efficiency and support the
order (Pen G > Amox > Pen VK) obtained from ex-
perimental results and other quantum chemical parameters.

Quantitative structure activity relationship (QSAR)

QSAR can be used to relate the inhibition efficiency of
most inhibitors to structure parameters (quantum and
topological) which can be theoretically calculated with the
ultimate aim of obtaining a molecular design of new
corrosion inhibitors. El Ashry et al. [35], stated that QSAR
is a useful tool for the development of new corrosion
inhibitors. This arises from the fact that the development of
equations for calculating the corrosion inhibition efficiency
may lead to a prediction of the efficiency of new inhibitors
that are structurally related.

Attempts were made to correlate the average inhibition
efficiencies of the inhibitors with some quantum chemical
parameters. Figure 4 shows the plots for the variation of the
experimental inhibition efficiencies of the inhibitors with
some quantum chemical parameters. From the plots it can

Table 4 Calculated quantum chemical parameters of Pen G, Amox and Pen VK

Models EHOMO (eV) ELUMO (eV) ΔE (eV) TE (eV) EE (eV) C-C (eV) CosAr (Å2) CosVol (Å3) IP (eV) μ (Debye)

Pen G PM6 -9.02 -1.35 7.67 -3755.20 -30327.59 26572.40 308.58 374.05 9.03 6.05

PM3 -9.27 -1.63 7.64 -3838.18 -30018.40 26180.22 308.58 374.05 9.27 4.08

AMI -9.06 -1.21 7.85 -4165.38 -30600.00 26434.62 308.58 374.05 9.06 4.44

MNDO -9.20 -1.34 7.85 -4207.70 -30680.66 26472.96 308.58 374.05 9.20 4.17

Amox PM6 -8.86 -1.30 7.56 -4382.22 -34389.12 30006.90 336.69 409.59 8.86 5.72

PM3 -8.56 -1.53 7.03 -4322.60 -34092.25 29769.65 336.69 409.59 8.56 4.31

AMI -8.90 -1.09 7.81 -4719.63 -34764.23 30044.59 336.69 409.59 8.90 4.38

MNDO -9.16 -1.27 7.89 -4765.78 -34849.82 30084.04 336.69 409.59 9.16 4.00

Pen VK PM6 -8.47 -0.62 7.86 -4030.72 -28968.53 24937.81 386.05 485.57 8.47 17.12

PM3 -8.66 -0.96 7.70 -3985.47 -28785.28 24799.81 386.05 485.57 8.66 16.53

AMI -8.49 -1.13 7.36 -4334.07 -29379.43 25045.36 386.05 485.57 8.49 15.66

MNDO -8.59 -0.62 7.97 -4377.00 -29434.99 25057.99 386.05 485.57 8.59 15.27
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be seen that there is a strong linear relationship (R2 ranged
from 0.840 to 0.999) between the inhibition efficiencies of
the inhibitors and the observed quantum chemical param-
eters. The quantum chemical parameters used for the
plotting of Fig. 4 are those obtained from PM6 calculations.
Plots for PM3, AM1 and MNDO Hamiltonians are not
shown but R2 values for these models were found to range
from 0.876 to 0.999 (which still indicated high correla-
tions). The equation representing the respective variation of
inhibition efficiency (y-axis) with the observed quantum
chemical parameters (x-axis) are also indicated in the plots.
Figure 4 further indicates that there is a strong correlation

between the inhibition efficiencies of the inhibitors and the
calculated quantum chemical parameters.

To further establish the formation of a feedback bond,
multiple linear regressions were performed between the exper-
imental inhibition efficiencies and the energy of the HOMO
and the LUMO. The regressions yielded Eqs. 11, 12, 13 and
14 for PM6, PM3, AM1 and MNDO models respectively,

Eexp ¼ 0:4831EHOMO þ 1:131ELUMO þ 106:6481 ð11Þ

Eexp ¼ 0:4634EHOMO þ 1:089ELUMO þ 58:9082 ð12Þ
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showing the variation of exper-
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Eexp ¼ 3:1982EHOMO þ 0:3766ELUMO þ 0:0552 ð13Þ
Eexp ¼ 1:8222EHOMO þ 0:2303ELUMO þ 0:0003: ð14Þ

The positive value obtained for the coefficients of
EHOMO and ELUMO (Eqs. 11 to 14) suggests that the
formation of a feedback bond is dependent on the
synergistic interaction of ELUMO and EHOMO. Figure 5
shows the response surface plot for the effect of EHOMO and
ELUMO (keeping other effects constant) on the inhibition
efficiency of the inhibitors. The information reveals by this
3D plot is consistent with the findings expressed by Eqs. 11

to 14. The response surface plots for other Hamiltonians
(PM3, AM1 and MNDO) are not presented but were found
to reveal information similar to the ones obtained from
PM6 model. On the other hand, when all the quantum
chemical parameters (namely, EHOMO, ELUMO, ELUMO-

HOMO, TE, EE, C-C, CosAr, CosV, IP and μ) were used
for the modeling, it was difficult to establish a simple
relation (such as the ones expressed by Eqs. 11 to 14). This
implies that there exists a complex nature of interactions
(between the various quantum chemical parameters) in the
corrosion inhibition process.

Inhibitor C (M) PM6 (%) PM3 (%) AM1 (%) MNDO (%)

Pen G 2×10-4 98.16 98.15 98.16 98.15

5×10-4 99.07 99.07 99.07 99.07

7×10-4 99.38 99.38 99.38 99.37

11×10-4 99.54 99.53 99.53 99.53

13×10-4 99.63 99.63 99.63 99.63

Amox 2×10-4 98.27 98.26 98.27 98.26

5×10-4 99.13 99.13 99.13 99.13

7×10-4 99.42 99.42 99.47 99.42

11×10-4 99.56 99.56 99.56 99.56

13×10-4 99.65 99.65 99.65 99.65

Pen VK 2×10-4 98.50 98.50 98.50 98.50

5×10-4 99.24 99.24 99.24 99.24

7×10-4 99.50 99.49 99.49 99.49

11×10-4 99.62 99.62 99.62 99.62

13×10-4 99.70 99.70 99.70 99.70

Table 5 Theoretical inhibition
efficiencies of Pen G, Amox and
Pen VK obtained from various
models
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Fig. 6 Variation of experimen-
tal inhibition efficiency (Eexp) of
Pen G with the theoretical inhi-
bition efficiencies (ETheor)
obtained from various models
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The linear model approximate inhibition efficiency
(ETheor) as follows [36]

ETheor ¼ AxiCþ B ð15Þ
where A and B are the regression coefficients determined
by regression analysis, xi is a quantum chemical index
characteristic of the molecule i, C is the experimental
concentration of the inhibitor. The above linear approach
did not give a good correlation between the experimental
and theoretical inhibition efficiencies therefore, a non linear
model (Eq. 15) proposed by Lukovitis et al., [37], for the

study of interaction of corrosion inhibitors with metal
surface in acidic solutions has been used. This model is
based on the Langmuir adsorption isotherm which assumes
that the coverage of the metal surface by the inhibitor’s
molecule is the primary cause of corrosion inhibition [38]

ETheor %ð Þ ¼ AxjþB
� �� Ci � 100

1þ Axj þ B
� �

Ci
: ð16Þ

Using the non linear model, multiple regressions were
performed between the inhibition efficiencies of the
inhibitors and some quantum chemical indices. By solving
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Fig. 7 Variation of experimen-
tal inhibition efficiency (Eexp) of
Amox with the theoretical inhi-
bition efficiencies (ETheor)
obtained from various models

MNDO

R2 = 0.9671

PM6

R2 = 0.9671

91.00

92.00

93.00

94.00

95.00

96.00

98.00 98.50 99.00 99.50 100.00

E
ex

p 
(%

)

91.00

92.00

93.00

94.00

95.00

96.00

E
ex

p 
(%

)

91.00

92.00

93.00

94.00

95.00

96.00

E
ex

p 
(%

)

91.00

92.00

93.00

94.00

95.00

96.00

E
ex

p 
(%

)

ETheor (%) 

98.00 98.50 99.00 99.50 100.00

ETheor (%) 

98.00 98.50 99.00 99.50 100.00

ETheor (%) 

98.00 98.50 99.00 99.50 100.00

ETheor (%) 

PM3

R2 = 0.9671

AM1

R2 = 0.9671

Fig. 8 Variation of experimen-
tal inhibition efficiency (Eexp) of
Pen VK with the theoretical
inhibition efficiencies (ETheor)
obtained from various models

1300 J Mol Model (2010) 16:1291–1306



Eq. 16 for the different Hamiltonians Eqs. 17 to 20 were
obtained for PM6, PM3, AM1 and MNDO, respectively.

E ¼ 0:966EHOMO þ LUMOþ 0:9992 cos Volþ IPþ mþ 154:975ð Þ � C� 100

1þ 0:966EHOMO þ LUMO þ 0:9992 cosVolþ IPþ mþ 154:975ð Þð ð17Þ

Table 6 Quantum chemical descriptors of Pen G, Amox and Pen VK

Model EN (eV) EN-1 (eV) EN+1 (eV) IE (eV) EA (eV) χ (eV) S(/eV) η (eV) δ

Pen G PM6 -3755.20 -3747.13 -3757.54 8.072 2.343 5.207 0.165 5.628 0.157

PM3 -3838.18 -3829.76 -3840.53 8.416 2.354 5.385 0.165 6.062 0.133

AM1 -4165.38 -4157.20 -4167.45 8.186 2.073 5.130 0.164 6.113 0.153

MNDO -4207.70 -4198.26 -4209.89 9.438 2.183 5.811 0.138 7.255 0.082

Amox PM6 -4382.22 -4374.32 -4384.47 7.899 2.254 5.076 0.177 5.645 0.170

PM3 -4322.60 -4314.93 -4324.82 7.665 2.225 4.945 0.184 5.441 0.189

AM1 -4719.63 -4721.55 -4721.55 8.176 1.915 5.046 0.160 6.261 0.156

MNDO -4765.78 -4756.88 -4767.86 8.905 2.076 5.490 0.146 6.829 0.111

Pen VK PM6 -4030.72 -4022.87 -4031.25 7.85 0.53 4.190 0.137 7.320 0.192

PM3 -3985.47 -3977.38 -3986.93 8.09 1.46 4.775 0.151 6.630 0.168

AM1 -4334.07 -4325.98 -4334.32 8.09 0.25 4.170 0.128 7.840 0.180

MNDO -4377.00 -4368.90 -4378.11 8.10 1.11 4.605 0.143 6.990 0.171

Atom (No) f xþ ej jð Þ f x� ej jð Þ Sxþ eV ej jð Þ Sx� eV ej jð Þ

1 C 1.843(1.737) -4.371(-3.863) 0.323(0.304) -0.765(-0.676)

2 C 1.155(1.075) 2.761(2.382) 0.202(0.188) 0.483(0.417)

3 C 0.828(0.759) 2.474(2.129) 0.145(0.133) 0.433(0.373)

4 C 0.628(0.577) -4.343(-3.917) 0.110(0.101) -0.760(-0.685)

5 C 1.554(1.406) -4.039(-4.023) 0.272(0.246) -0.707(-0.704)

6 C 2.568(2.485) -4.170(-4.143) 0.449(0.435) -0.730(-0.725)

7 C -0.116(-0.065) -4.253(-4.178) -0.020(-0.011) -0.744(-0.731)

8 C -2.522(-2.356) -3.581(-3.679) -0.441(-0.414) -0.627(-0.644)

9 N -2.591(-2.740) -5.407(-5.233) -0.453(-0.479) -0.946(-0.916)

10 C -4.004(-3.995) -4.080(-3.961) -0.701(-0.699) -0.714(-0.693)

11 C -4.397(-4.268) -1.938(-1.701) -0.769(-0.747) -0.339(-0.298)

12 N -2.625(-2.523) 1.602(1.540) -0.459(-0.441) 0.280(0.270)

13 C -3.893(-3.937) 1.860(1.878) -0.681(-0.689) 0.325(0.329)

14 S -1.910(-1.915) 1.932(1.908) -0.334(-0.335) 0.338(0.334)

15 C -1.655(-1.497) 4.024(4.047) -0.290(-0.262) 0.704(0.708)

16 C 2.408(2.077) 3.945(3.955) 0.421(0.363) 0.690(0.692)

17 C -0.093(-0.064) 3.658(3.778) -0.016(-0.011) 0.640(0.661)

18 C 0.155(0.149) 3.639(3.751) 0.027(0.026) 0.637(0.656)

19 C -1.625(-1.715) 1.173(1.021) -0.284(-0.300) 0.205(0.179)

20 O 1.627(1/477) -6.442(-6.351) 0.285(0.258) -1.127(-1.111)

21 O 3.541(3.614) 4.491(4.365) 0.620(0.632) 0.786(0.764)

22 O 6.498(6.340) 1.500(1.659) 1.137(1.110) 0.262(0.290)

23 O 6.422(6.342) 1.578(1.650) 1.124(1.110) 0.276(0.289)

Table 7 Fukui and global soft-
ness indices for nucleophilic and
electrophilic attacks in Pen G
calculated from Mulliken (Low-
din) charges
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E ¼ 0:965EHOMO þ LUMOþ 0:9998 cos Volþ IPþ mþ 118:87ð Þ � C� 100

1þ 0:966EHOMO þ LUMO þ 0:9992 cosVolþ IPþ mþ 154:975ð Þð ð18Þ

E ¼ 0:964EHOMO þ LUMOþ 0:9995 cos Volþ IPþ mþ 134:64ð Þ � C� 100

1þ 0:964EHOMO þ LUMO þ 0:9995 cosVolþ IPþ mþ 134:64ð Þð ð19Þ

E ¼ 0:965EHOMO þ LUMOþ 0:9994 cos Volþ IPþ mþ 138:44ð Þ � C� 100

1þ 0:965EHOMO þ LUMO þ 0:9994 cosVolþ IPþ mþ 138:44ð Þð ð20Þ

Values of theoretical inhibition efficiencies obtained for
the different models, using Eqs. 17 to 20 are presented in
Table 5 while the variation of the experimental inhibition
efficiencies with the theoretical inhibition efficiencies
(calculated for the various Hamiltonians) are presented in
Figs. 6, 7, and 8. It can be seen from the figures that the
correlations between the experimental inhibition efficien-
cies and the theoretical inhibition efficiencies are high (R2≈
1.0) indicating that QSAR can adequately be used to study
the corrosion inhibition behavior of Penicillin compounds.

DFT study

The premise behind the density functional theory (DFT) is
that the energy of a molecule can be determined from the

electron density instead of a wave function [39]. The
principles of DFT have been adopted for the calculation of
some quantum chemical descriptors.

From the values of the ground state energy of the
systems, the ionization energy (IE) and the electron affinity
(EA) of the inhibitors were calculated using Eqs. 21 and 22
respectively [40],

IE ¼ E N�1ð Þ � E Nð Þ ð21Þ

EA ¼ E Nð Þ � E Nþ!ð Þ ð22Þ
where E(N–1), E(N) and E(N+1) are the ground state energies
of the system with N-1, N and N+1 electrons respectively.
Calculated values of IE and EA are presented in Table 6.

Atom (No) f xþ ej jð Þ f x� ej jð Þ Sxþ eV ej jð Þ Sx� eV ej jð Þ

1 C -3.849(-3.884) -0.010(-0.010) -0.681(-0.687) -0.002(-0.002)

2 C -4.193(-4.161) -0.019(-0.021) -0.742(-0.737) -0.003(-0.004)

3 C -3.831(-3.863) -0.011(-0.012) -0.678(-0.684) -0.002(-0.002)

4 C -3.874(-3.921) -0.008(-0.009) -0.686(-0.694) -0.001(-0.002)

5 C -3.961(-3.969) 0.012(0.019) -0.701(-0.702) 0.002(0.003)

6 C -3.874(-3.924) 0.000(0.001) -0.686(-0.695) 0.000(0.000)

7 C -3.977(-3.999) -0.017(-0.028) -0.704(-0.708) -0.003(-0.005)

8 C -4.401(-4.292) -0.073(-0.072) -0.779(-0.760) -0.013(-0.013)

9 N -2.586(-2.757) -0.069(-0.095) -0.458(-0.488) -0.012(-0.017)

10 C -4.329(-3.818) 0.013(0.030) -0.766(-0.676) 0.002(0.005)

11 C 3.579(3,517) -0.073(-0.073) 0.633(0.623) -0.013(-0.013)

12 N 5.318(5.181) 0.001(0.000) 0.941(0.917) 0.000(0.000)

13 C 4.520(3.838) 0.004(0.001) 0.800(0.679) 0.001(0.000)

14 S -2.175(-1.819) -0.029(-0.025) -0.385(-0.322) -0.005(-0.004)

15 C 4.047(3.943) -0.003(-0.002) 0.716(0.698) -0.001(0.000)

16 C 4.048(4.034) 0.000(-0.003) 0.716(0.714) 0.000(-0.001)

17 C 4.423(4.132) 0.003(0.001) 0.783(0.731) 0.001(0.000)

18 C 4.352(4.240) 0.003(0.001) 0.770(0.751) 0.000(0.000)

19 O 4.484(4.459) -0.060(-0.059) 0.794(0.789) -0.011(-0.011)

20 O -1.566(-1.640) -0.347(-0.389) -0.277(-0.290) -0.061(-0.069

21 C 3.510(3.641) 0.000(0.002) 0.621(0.645) 0.000(0.000)

22 O 6.502(6.343) -0.006(-0.007) 1.151(1.123) -0.001(-0.001)

23 O 6.424(6.348) -0.006(-0.005) 1.137(1.124) -0.001(-0.001)

24 N -2.487(-2.647) 0.004(0.001) -0.440(-0.468) 0.001(0.000)

25 O -1.501(-1.653) -0.014(-0.015) -0.266(-0.293) -0.002(-0.003)

Table 8 Fukui and global soft-
ness indices for nucleophilic and
electrophilic attacks in Amox
calculated from Mulliken
(Lowdin) charges
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There was no significant difference (P>0.05) between the
values of IE calculated from Eq. 21 and those obtained
through the values of EHOMO (Table 4). The insignificant
different can be attributed to the fact that semi-empirical
calculations estimate ionization energy through the value of
EHOMO while Eq. 21 is based on the finite difference methods.
Ionization energy measures the tendency toward loss of
electron while electron affinity measures the tendency toward
the acceptance of electron indicating that IE is closely related to
EHOMO while EA is related to ELUMO. In this case, two
systems, Fe (in mild steel) and inhibitor are brought together
hence electron will flow from the lower system with lower
electronegativity (inhibitor) to the system with higher electro-
negativity until the chemical potential becomes equal. Based
on the decreasing value of IE and increasing value of EA, the
trends for the decrease in the inhibition efficiency were similar
to those obtained for EHOMO and ELUMO, respectively.

The concept of global hardness is given by the following
equation [41],

h ¼ d2TE= dN2
�
V rð Þ ¼ 1=2 dΥ= dNð ÞV rð Þ ð23Þ

where Υ is the chemical potential of the electrons, TE is the
total energy of the electrons, N is the number of electrons
and V(r) is the external potential of the system. Using the

finite difference approximation, the global harness and
softness S ¼ 1= hð Þ were calculated as follows [42].

h ¼ E N�1ð Þ � E Nð Þ
� �� E Nð Þ � E Nþ!ð Þ

� �� 	 ð24Þ
S ¼ 1= E N�1ð Þ � E Nð Þ

� �� E Nð Þ � E Nþ!ð Þ
� �� 	 ð25Þ

Values of η and S calculated from Eqs. 24 and 25
respectively, are also presented in Table 6. These parame-
ters are related to the energy gap (ΔE) of the inhibitors. A
hard molecule has a large energy gap while a soft molecule
has small energy gap implying that a soft molecule is more
reactive than a hard molecule. From the results obtained, it
can be seen that Pen G has the highest value of S (hence the
least value of η) while Pen VK has the least value of S
(hence highest value of η). Therefore, the expected trend
for the decrease in inhibition efficiencies of the inhibitors is
Pen G > Amox > Pen VK. This trend supports the findings
obtained from experiments.

Assuming that the total number of valence electrons in
an inhibitor is N, then it is significant to state that it is not
possible for the inhibitor to transfer all the N electrons to Fe
(in the mild steel). Therefore the fraction of electron
transferred, δ can be expressed as follows [43],

d ¼ #Fe � #inhð Þ=2 hFe þ hinhð Þ ð26Þ

Atom (No) f xþ ej jð Þ f x� ej jð Þ Sxþ eV ej jð Þ Sx� eV ej jð Þ

1 K 0.009(0.012) 0.000(0.000) 0.002(0.002) 0.000(0.000)

2 N -5.126(-4.484) 8.568(7.807) -0.897(-0.785) 1.499(1.366)

3 C -6.157(-6.029) -0.321(0.054) -1.077(-1.055) -0.056(0.009)

4 C -6.642(-6.649) -0.009(0.013) -1.162(-1.162) -0.002(0.002)

5 S -7.812(-7.538) 1.716(1.785) -1.367(-1.319) 0.300(0.312)

6 C 1.537(1.459) 6.110(5.710) 0.269(0.255) 1.069(0.999)

7 C 7.279(6.779) -0.047(0.012) 1.274(1.186) -0.008(0.002)

8 C 6.379(5.915) 1.427(1.657) 1.116(1.035) 0.250(0.290)

9 C -7.976(-7.962) -0.001(0.001) -1.396(-1.399) 0.000(0.000)

10 O -7.999(-7.997) 0.000(0.000) -1.400(-1.399) 0.000(0.000)

11 O -7.999(-7.997) 0.000(0.000) -1.400(-1.399) 0.000(0.000)

12 N 2.680(2.918) -1.721(-1.973) 0.469(0.511) -0.301(-0.345)

13 C 3.418(3.338) -7.375 (-6.961) 0.598(0.584) -1.291(-1.218)

14 O 3.123(3.112) -7.947(-7.952) 0.547(0.545) -1.391(-1.392)

15 O 0.047(0.177) 0.014(-0.251) 0.008(0.031) 0.002(-0.044)

16 C 2.445(2.606) 0.005(-0.002) 0.428(0.456) 0.001(0.000)

17 C 4.145(4.144) 0.000(0.000) 0.725(0.725) 0.000(0.000)

18 C 4.019(4.028) 0.000(0.000) 0.703(0.705) 0.000(0.000)

19 C 5.038(5.044) 0.000(0.000) 0.882(0.883) 0.000(0.000)

20 C 6.986(6.911) -0.001(0.000) 1.223(1.209) 0.000(0.000)

21 C 6.320(5.912) -0.001(0.000) 1.106(1.035) 0.000(0.000)

22 O 7.551(7.415) 0.332(0.479) 1.321(1.298) 0.058(0.084)

23 C -6.814(-6.744) 0.000(0.000) -1.192(-1.180) 0.000(0.000)

24 C -6.056(-5.939) -0.001(0.000) -1.060(-1.039) 0.000(0.000)

Table 9 Fukui and global soft-
ness indices for nucleophilic
and electrophilic attacks in Pen
VK calculated from Mulliken
(Lowdin) charges
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where χFe and χinh are the electronegativity of the inhibitor
and Fe respectively. χ ¼ IPþ EAð Þ=2. ηFe and ηinh are the
global hardness of Fe and the inhibitor respectively.
Validation of Eq. 26 was achieved by adopting the
theoretical value of χFe=7ev and ηFe=0 for the computa-
tion of δ values. Values of δ obtained from Eq. 26 are also
presented in Table 6. The results indicate that there is no
significant difference (P>0.05) between the fraction of
electrons transferred in each case. Therefore the concept of
using δ values alone may not be significant in predicting
the direction of the corrosion inhibition process.

Local selectivity

The local selectivity of an inhibitor was analyzed using
condense Fukui and condensed softness functions. This
function allows for the distinction of each part of the
inhibitor’s molecule on the basis of its chemical behavior
due to different substituent functional groups. The Fukui
function is stimulated by the fact that if an electron δ is
transferred to an N electron molecule, it will tend to
distribute so as to minimize the energy of the resulting N +
δ electron system. The resulting change in electron density
of the nucleophilic (f+) and the electrophilic (f+) Fukui

functions can be calculated using the finite difference
approximation as follows [44],

fþ ¼ d r rð Þ= dNð Þþ u¼q Nþ1ð Þ � q Nð Þ ð27Þ

f ¼ d r rð Þ= dNð Þ� u¼q Nð Þ � q N�1ð Þ; ð28Þ

where ρ, q(N+1), q(N) and q(N-1) are the density of electron,
the Mulliken (Lowdin) charge of the atom with N+1, N and
N-1 electrons respectively.

The local softness, s for an atom is the product of the
condensed Fukui function (f) and the global softness (S), as
shown in Eqs. 29 and 30 [45]

sþ ¼ fþð ÞS ð29Þ

s� ¼ f�ð ÞS: ð30Þ
The local softness contains the same information as the

condensed Fukui function plus additional information about
the total molecular softness, which is related to the global
reactivity with respect to a reaction partner. From the
calculated values of Fukui and local softness parameters

Fig. 10 Proposed mechanism for the inhibition of the corrosion of
mild steel by Pen G, Amox and Pen VK

Fig. 9 Molecular orbitals of Pen G, Amox and Pen VK showing the
HOMO and LUMO
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which are presented in Tables 7, 8, and 9 respectively, it is
expected that the site for nucleophilic attack is the place
where the value of f+ or S+ is maximum and this corre-
sponds to the carboxylic functional groups in Pen G, Amox
and Pen VK, respectively. This information is clearly
indicated in the HOMO diagrams of the three inhibitors
(Fig. 9) which shows that the carboxylic functional group is
the likely sites for nucleophilic attack. On the other hand,
the expected site for electrophilic attack is controlled by f-

or s-. If the protonated forms of the inhibitors molecules
have a net positive charge, it can be stated that the most
likely sites for nucleophilic attack in Pen G, Amox and Pen
VK is in the phenyl ring. Figure 9 also presents the LUMO
diagram for these compounds. From Fig. 9, it can be seen
that the LUMO resides around the phenyl rings in the
inhibitors confirming that the phenyl rings are prone to
electrophilic attack.

Mechanism of inhibition

The inhibition effect of Pen G, Amox and Pen VK can be
ascribed to the adsorption of the inhibitors on the surface of
mild steel. This adsorption may be physical adsorption or
chemical adsorption, depending on the adsorption strength.
Adsorption cause by van der Waals and Coulombic
interaction are described as physiosorption, whereas chem-
ical adsorption is due to the interaction between the π
electrons of the inhibitor molecules and the d orbital of iron
(in the mild steel). In corrosion inhibition process, physical
adsorption inevitably precedes chemisorption. After phys-
ical adsorption, the inhibitors are chemically adsorbed on
the metal surface. From the values of the Fukui and global
softness functions, it is evident that the mechanisms of
inhibition by the three inhibitors are similar. Therefore, the
scheme shown in Fig. 10 is proposed as the possible
mechanism for the inhibition of the corrosion of mild steel
in HCl solutions by Pen G, Amox and Pen VK. It is also
significant to note that the difference between the inhibition
efficiency of Pen G and Amox is that Amox has hydroxyl
and amino groups. These functional groups are electron
withdrawing groups hence they have the tendency of
drawing electrons away from the reaction center (-I effect).
Consequently, the inhibition efficiency of Amox is expected
to be lower than that of Pen G as seen in this study. It is
also interesting to note that the electron withdrawing effects
of these functional groups in Amox supersedes the
advantages offered by the higher molecular weight of Amox
over Pen G. As a rule, the inhibition efficiency of an
inhibitor should increase with an increase in molecular
weight but it is not applicable to Amox. Similarly, the
presence of potassium ion (which is highly electropositive)
limits the potential of Pen VK as an inhibitor compared to
that of Pen G.

Conclusions

Pen G, Amox and Pen VK are good adsorption inhibitors for
the corrosion of mild steel in HCl solutions. The adsorption of
these inhibitors is exothermic, spontaneous and their adsorp-
tion behaviors can best be described by Langmuir adsorption
isotherm. Although the mechanism of physical adsorption is
proposed, the possibility of chemical adsorption proceeding
physisorption has been highlighted.

Theoretical and experimental approaches have been used
to investigate the direction of inhibition of the corrosion of
mild steel by these inhibitors and the strength of inhibition
decreases in the order, Pen G > Amox > Pen VK.
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