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Inhibition performance of three amino acids, namely L-methionine (MIT), L-methionine sulfoxide (MITO)
and L-methionine sulfone (MITO2), as corrosion-safe inhibitors for copper surface in 1.0 M nitric acid was
investigated by weight loss, dc polarization and ac impedance techniques. A significant decrease in the
corrosion rate of copper was observed in the presence of the investigated compounds. The reactivates
of the compounds under investigation were analyzed through Fukui functions, to explain their inhibition
performance. Simulation techniques incorporating molecular mechanics and molecular dynamics were
used to simulate the adsorption of L-methionine derivatives, on copper (1 1 1) surface in nitric acid.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Copper and its alloys are very widely used materials for their
excellent electrical and thermal conductivities in many applica-
tions such as electronics and in the manufacture of integrated cir-
cuits. Copper is a relatively noble metal, requiring strong oxidants
for its corrosion or dissolution. The chemical dissolution and elec-
trolytic plating are the main processes used in the fabrication of
electronic devices. The most widely used corrosive solution con-
tains nitric acid, so this medium has induced a great deal of re-
search on copper corrosion [1]. One of the most important
methods in the corrosion protection of copper is the use of organic
inhibitors. Nitrogen and sulphur-containing organic heterocyclic
compounds may act as inhibitors for copper dissolution due to
the chelating action of heterocyclic molecules and the formation
of a physical blocking barrier on the copper surface [2]. Among or-
ganic heterocyclic compounds, benzotriazole (BTA) is well known
as an effective inhibitor of copper corrosion in neutral/alkaline
solutions [3,4]. It is generally accepted that its inhibition mecha-
nism in neutral and alkaline solution is the adsorption of a single
BTA molecules on the copper surface and the formation of a poly-
meric film of a (Cu+BTA) complex [5]. However, in an acidic solu-
tion, BTA exists predominantly as a protonated species, BTAH+.
This protonated species is less strongly chemisorbed on the copper
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surface, as the metal is thought to be positively charged in acidic
solution [6]. This is in turn leads to a decrease in the inhibition effi-
ciency of BTA in acidic solution. Some other heterocyclic com-
pounds have also been shown to be effective inhibitors for the
corrosion of copper and its alloys. However, a very important dis-
advantage of these heterocyclic compounds is their toxicity and
most of them cannot be biodegraded [7]. This lack of biodegrad-
ability leads to the emission of industrial waste water carrying a
large amount of toxic material to public water ways.

There is a need for new inhibitors for copper corrosion in acidic
media. A possible solution to this problem is to find new ecologi-
cally, friendly green corrosion inhibitors. Natural products ex-
tracted from plant sources [8–12], as well as some non toxic
organic compounds, which contain polar functions with nitrogen,
oxygen and/or sulphur in conjugated systems in their molecules
[8–20], have been effectively used as inhibitors in many corrosion
systems. Amino acids are attractive as corrosion inhibitors because
they are relatively easy to produce with high purity at low cost and
are soluble in aqueous media. Methionine derivatives are sulphur-
containing amino acids. Methionine itself is investigated as possi-
ble corrosion inhibitor for mild steel [21–25] and for low carbon
steel [26]. Ashassi-Sorkhabi et al. [27] reported the successful
application of methionine as a corrosion inhibitor for aluminium
in mixed acid solution and pointed out the role of S atom in
increasing the interaction of the molecule with the metal surface.

On continuation of our work on using L-methionine derivatives as
possible green corrosion inhibitors for various metals in acid media
[28], the aim of the present work is to study the influence of some se-
lected sulphur-containing amino acids, namely L-methionine (MIT),
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L-methionine sulphoxide (MITO) and L-methionine sulfone (MITO2),
on the inhibition of copper corrosion in 1.0 M HNO3 solutions using
chemical (weight loss), electrochemical techniques (potentiody-
namic polarization and electrochemical impedance spectroscopy)
as well as explicit solvent simulations using molecular dynamics
and quantum chemical calculation to explore the adsorption mech-
anism of these amino acids on copper surface (1 1 1). In addition, as
the electronic structure of these amino acids and their correlation
with inhibitor efficiencies will be sought.

2. Experimental

The weight loss measurements were carried out in a 250 ml
capacity glass beaker placed in a thermostat water bath. The solu-
tion volume was 100 ml. The used copper coupons (Puratronic,
99.999%, Johnson Matthey Chemicals) had a rectangular form
(length = 2.5 cm, width = 2 cm, thickness = 0.05 cm). The coupons
were weighed and suspended in 100 ml of an aerated 1.0 M
HNO3 solution containing L-methionine derivatives at the desired
concentrations for 36 h exposure period of time at 25 ± 1 �C.

At the end of the tests, the coupons were taken out, washed
with bi-distilled water, degreased with acetone, washed again with
bi-distilled water, dried, and then weighed using an analytical bal-
ance (precision: ±0.1 mg). Three measurements were performed in
each case and the mean value of the weight loss has been reported.
The standard deviation of the observed weight loss was ±1%. The
corrosion rate, w (expressed in mg cm�2 h�1) as well as the inhibi-
tion efficiency (tw%) over the exposure time period were calculated
according to the following equation:

tw% ¼ 1� w
wo

� �
� 100 ð1Þ

where wo and w are the weight loss without and with L-methionine
derivatives, respectively.

A cylindrical copper rod was welded with iron-wire for electri-
cal connection and mounted in Teflon with an active flat disc
shaped surface of (0.28 cm2) geometric area, to contact the test
solution. Prior to each experiment, the copper electrode was
abraded using different grit sizes emery papers up to 4/0 grit size
to remove the corrosion products if any, formed on the surface.
The copper electrode was etched in 7 M HNO3 solution for 15 s,
cleaned in 18 MX water in an ultrasonic bath for 5 min., and sub-
sequently rinsed in acetone and bi-distilled water, and immedi-
ately immersed in the test solution.

The L-methionine derivatives are presented in Fig. 1. All of these
compounds were obtained from Aldrich chemical co. They were
put in the 1.0 M HNO3 (Fisher Scientific) without pre-treatment
at concentrations of 0.1, 0.5, 1.0 and 5.0 mM. The electrode was im-
mersed in these solutions for 1 h before starting measurements,
the time necessary to reach a quasi-stationary value for the open
circuit potential.

A conventional electrochemical cell of capacity 250 ml was used
containing three compartments for working, platinum mesh coun-
ter and reference electrodes. A Luggin-capillary was also included
Fig. 1. Molecular structures of th
in the design, the tip of which was made very close to the surface
of the copper electrode to minimize IR drop. The reference elec-
trode was a saturated calomel (SCE) used directly in contact with
the test solution. The measurements were carried out in aerated
stagnant 1.0 M HNO3 solutions at 25 �C (using water thermostat
±1 �C) without and with various concentrations (0.1–5 mM) of L-
methionine derivatives, as possible corrosion inhibitors. All solu-
tions were freshly prepared from analytical grade chemical re-
agents using doubly distilled water and were used without
further purification. For each run, freshly prepared solutions as
well as a cleaned set of electrodes were used.

Tafel polarization curves were obtained by changing the elec-
trode potential automatically from �280 to +200 m VSCE with a
scan rate of 1 mV s�1. Impedance measurements were carried out
in a frequency range of 10 kHz to 20 mHz and with amplitude of
5 mV peak-to-peak using ac signals at open circuit potential. Mea-
surements were performed with a Gamry Instrument Potentiostat/
Galvanostat/ZRA. This includes a Gamry framework system based
on the ESA400, Gamry applications that include DC105 for dc cor-
rosion measurements, EIS300 for impedance measurements to cal-
culate the corrosion current and the Tafel constants along with a
computer for collecting the data. Echem Analyst 5.58 software
was used for plotting, graphing and fitting data.
3. Theory and computational details

In order to support experimental data, theoretical calculations
were conducted in order to provide molecular-level understanding
of the observed experimental behavior. The major driving force of
quantum chemical research is to understand and explain the func-
tions of these L-methionine derivatives in molecular terms. Among
quantum chemical methods for evaluation of corrosion inhibitors,
density function theory, DFT has shown significant promise [29]
and appears to be adequate for pointing out the changes in elec-
tronic structure responsible for inhibitory action. It is expected that
the L-methionine derivatives molecules in solution behave differ-
ently from that in vacuum. The solvent effect on molecular struc-
ture of solute can be studied by a model which is known as
polarized continuum model (PCM) [30]. In this model, solvent is
treated as an expanse of dielectric media and the solute as a
trapped molecule in a cavity surrounded by solvent. All calcula-
tions related to the inhibitor/Cu surface obtained by DFT study
are done in water solvent molecules.

There is no doubt that the recent progress in DFT has provided a
very useful tool for understanding molecular properties and for
describing the behavior of atoms in molecules. DFT methods have
become very popular in the last decade due to their accuracy that
similar to other methods in less time and with a smaller invest-
ment from the computational point of view. In agreement with
the DFT, the energy of the fundamental state of polyelectronic sys-
tems can be expressed through the total electronic density, and in
fact the use of the electronic density instead of the wave function
e L-methionine derivatives.



Table 1
Corrosion rate in (mg cm�2 h�1) and inhibition efficiency data obtained from weight
loss measurements for copper in 1.0 M HNO3 solutions without and with various
concentrations of L-methionine derivatives at 25 ± 1 �C.

Inhibitor Concentration (M) Corrosion rate (mg cm�2 h�1) tw (%)

Blank 0.34 –
MIT 0.1 mM 0.13 61.8

0.5 mM 0.10 70.6
1.0 mM 0.07 79.4
5.0 mM 0.04 87.6

MITO 0.1 mM 0.12 64.8
0.5 mM 0.09 73.6
1.0 mM 0.05 85.3
5.0 mM 0.03 91.2

MITO2 0.1 mM 0.11 67.7
0.5 mM 0.06 82.4
1.0 mM 0.04 88.3
5.0 mM 0.02 94.1
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for the calculation of the energy constitutes the fundamental base
of DFT [31].

The local reactivity of the molecules was analyzed through an
evaluation of the Fukui indices [32]. These are a measurement of
the chemical reactivity, as well as an indicative of the reactive re-
gions and the nucleophilic and electrophilic behavior of the mole-
cule. The regions of a molecule where the Fukui function is large
are chemically softer than the regions where the Fukui function
is small, and by invoking the HSAB principle in a local sense, one
may establish the behavior of the different sites with respect to
hard or soft reagents. The Fukui function f ð~rÞ is defined as the
derivative of the electronic density qð~rÞwith respect to the number
of electrons N at a constant external potential rð~rÞ

f ð~rÞ ¼ @qð~rÞ
@N

� �
rð~rÞ

ð2Þ

If the effects of relaxation associated with the addition or re-
moval of electronic charges are not considered, then

qþð~rÞ � qLUMOð~rÞ ð3Þ

q�ð~rÞ � qHOMOð~rÞ ð4Þ

where qLUMOð~rÞ is the density of the lowest unoccupied molecular
orbital and qHOMOð~rÞ is density of the highest occupied molecular
orbital [27].

The condensed Fukui functions [32] are found by taking the fi-
nite difference approximations from Mulliken population analysis
of atoms in L-methionine derivatives, depending on the direction
of the electron transfer

fþk ¼ qkðN þ 1Þ � qkðNÞ ðfor nucleophilic attackÞ ð5Þ

f�k ¼ qkðNÞ � qkðN � 1Þ ðfor electrophilic attackÞ ð6Þ

f o
k ¼

qkðN þ 1Þ � qkðN � 1Þ
2

ðfor radial attackÞ ð7Þ

where qk is the gross charge of atom k in the molecule i.e. the elec-
tron density at a point r in space around the molecule. The N corre-
sponds to the number of electrons in the molecule. N + 1
corresponds to an anion, with an electron added to the LUMO of
the neutral molecule. N � 1 correspondingly is the cation with an
electron removed from the HOMO of the neutral molecule. All cal-
culations are done at the ground-state geometry. These functions
can be condensed to the nuclei by using an atomic charge partition-
ing scheme, such as Mulliken population analysis in Eqs. (5)–(7).

An easy graphical display technique can also be used based on
the Fukui functions. Instead of calculating the molecular orbitals
for the neutral, cation, and anion, we can just add or subtract elec-
trons from the molecular orbitals of the neutral molecule. This pro-
cedure is not as good as described above, but it does give a quick
graphical display of the susceptibility of different kinds of attack.
So rather than being a definitive calculation of a molecular prop-
erty, freezing the molecular orbitals to those for the neutral mole-
cule gives a useful graphical technique that can be rapidly applied.

The Fukui indices calculations were performed using Materials
Studio DMol3 version 5 [33,34], a high quality quantum mechanics
computer program (available from Accelrys, San Diego, CA). These
calculations employed an ab initio, local density functional (LDF)
method with a double numeric polarization (DNP) basis set and a
Becke–Perdew (BP) functional. Dmol3 use a Mulliken population
analysis [35].

The Discover molecular dynamics module in Materials Studio
5.0 software from Accelrys Inc. [36] allows selecting a thermody-
namic ensemble and the associated parameters, defining simula-
tion time, temperature and pressuring and initiating a dynamics
calculation. The molecular dynamics simulations procedures have
been described elsewhere [28].

The interaction energy ECu–inhibitor of the Cu surface with the L-
methionine derivatives was calculated according to the following
equation:

ECu�inhibitor ¼ Ecomplex � ðECu þ EinhibitorÞ ð8Þ

where Ecomplex is the total energy of the Cu crystal together with the
adsorbed inhibitor molecule, ECu and Einhibitor are the total energy of
the copper crystal and free inhibitor molecule, respectively. The
binding energy of the inhibitor molecule is the negative value of
the interaction energy [37],

Ebiniding ¼ �ECu�inhibition ½37�: ð9Þ
4. Results and discussions

4.1. Chemical measurements

4.1.1. Weight loss measurements
Weight loss measurements were carried out in a 1.0 M HNO3 in

the absence and presence of different concentrations of L-methio-
nine derivatives. Corrosion rates of copper coupons w in
(mg cm�2 h�1) and the inhibition efficiency (tw) were calculated
using equation 1. The average corrosion rates, expressed in
(mg cm�2 h�1), are shown in Table 1. The results show that all L-
methionine derivatives used inhibit the corrosion of copper in
1.0 M HNO3 solutions. The corrosion rate was found to depend
on the concentration of the methionine derivatives. Increasing
the concentration of each L-methionine derivatives increases the
inhibition efficiency tw% which reached its maximum value at con-
centration of 5 mM. This indicates that the protective effect of L-
methionine derivatives is not solely due to their reactivity with
the nitric acid. The inhibitory behavior of these compounds against
copper corrosion can be attributed to the adsorption of L-methio-
nine derivatives on the copper surface, which limits the dissolution
of the latter by blocking of its corrosion sites and hence decreasing
the corrosion rate, with increasing efficiency as their concentra-
tions increase. These compounds can be adsorbed by the interac-
tion between the lone pairs of electrons of the nitrogen, sulphur
and oxygen atoms with the copper surface. This processes facili-
tated by the presence of d vacant orbitals of low energy in the cop-
per ions, as observed in transition group metals. Recently it was
found that the formation of donor–acceptor surface complexes
between free electrons of an inhibitor and a vacant d orbital of a
metal is responsible for the inhibition of the corrosion process [38].
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4.2. Electrochemical measurements

4.2.1. Potentiodynamic polarization measurements
Fig. 2 shows the anodic and cathodic polarization curves of cop-

per in 1.0 M HNO3 solution, without and with L-methionine deriv-
atives at 25 ± 1 �C after immersion for 1 h. It is observed that both
the cathodic curves and anodic curves show lower current density
in the presence of the L-methionine derivatives than those re-
Fig. 2. Anodic and cathodic Tafel polarization curves for copper in 1.0 M HNO3 in
the absence and presence of various concentrations of L-methionine derivatives at
25 ± 1 �C.
corded in the solution without L-methionine derivatives. This indi-
cates that L-methionine inhibit the corrosion process. The results of
Fig. 2 also clearly illustrate the fact that L-methionine, under the
studied conditions, brings down the corrosion current without
causing any considerable change in the corrosion mechanism, sug-
gesting that the studied L-methionine derivatives are of mixed-
type inhibitors.

According to corrosion theory [39], the rightward shift of the
cathodic curves reveal that corrosion is mainly accelerated by cath-
ode reactions. HNO3 is a strong copper oxidizer capable of rapidly
attacking copper. Additionally, the potentiodynamic polarization
curves in Fig. 2 exhibit no steep slope in the anodic range, meaning
that no passive films are formed on the copper surface. Conse-
quently, copper may directly dissolve in 1.0 M HNO3 solutions.
The Pourbaix diagram for copper–water system is drawn on
Fig. 3 [40,41]. It indicates that copper is corroded to Cu2+ in
HNO3 solutions, and no oxide film is formed to protect the surface
from corrosion. Copper dissolution is thus expected to be the dom-
inant reaction in HNO3 solutions. The electrochemical reactions for
copper in HNO3 solution can be described as follow:

Anodic reaction:

Cu! Cu2þ þ 2e� ð10Þ

Cathodic reactions [42]:

NO�3 þ 3Hþ þ 2e� ! HNO2 þH2O ð11Þ

NO�3 þ 4Hþ þ 3e� ! NOþ 2H2O ð12Þ

O2 þ 4Hþ þ 4e� ! 2H2O ð13Þ

Fig. 2 shows that with increasing concentrations of L-methio-
nine derivatives the corrosion current density icorr, decreased con-
siderably. The maximum decrease in the corrosion current density
was observed for MITO2 derivative.

Inspection of polarization curves in Fig. 2 shows that, it was not
possible to evaluate the cathodic Tafel slope as there is no visible
linear region that prevents linear extrapolation to Ecorr of the
cathodic polarization curves.

It has been shown that in the Tafel extrapolation method, use of
both the anodic and cathodic Tafel regions is undoubtedly pre-
Fig. 3. Potential–pH equilibrium diagram for the system, copper–water, at 25 ± 1 �C
[40,41]. The dashed regions and the equilibrium components corresponding to the
Pourbaix diagram in HNO3.
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ferred over the use of only one Tafel region [43]. However, the cor-
rosion rate can also be determined by Tafel extrapolation of either
the cathodic or anodic polarization curve alone. If only one polari-
zation curve alone is used, it is generally the cathodic curve which
usually produces a longer and better defined Tafel region. Anodic
polarization may sometimes produce concentration effects, due
to passivation and dissolution, as noted above, as well as roughen-
ing of the surface which can lead to deviations from Tafel behavior.

The situation is quite different here; the anodic dissolution of
copper in aerated 1.0 M HNO3 solutions obeys Tafel’s law. The ano-
dic curve is, therefore preferred over the cathodic one for the Tafel
extrapolation method. However, the cathodic polarization curve
displays a limiting diffusion current due to the reduction of dis-
solved oxygen. Thus, the cathodic process is controlled, as will be
seen latter, by concentration polarization rather than activation
polarization, which prevented linear extrapolation of the cathodic
curves. The reason why the corrosion current densities were ob-
tained here by extrapolation of the anodic polarization curves to
Ecorr. Similar results were reported previously in our studies
[42,44,45].

This irregularity was confirmed by other researchers and can be
explained as the superposition of at least two cathodic current con-
tributions: one arises from oxygen reduction and the second one
consequential of copper ion re-deposition [46–48]. It is common
practice and it was possible in this case to evaluate icorr by extrap-
olation of the anodic polarization curves only to Ecorr. At more
cathodic potential with respect to Ecorr the characteristic horizontal
line resulting from limiting current density for oxygen reduction
can be observed. There is, therefore an uncertainty and source of
error in the numerical values of the cathodic Tafel slope (bc) calcu-
lated by the software; the reason why we did not introduce here bc

values recorded by the software.
The electrochemical parameters of corrosion such as corrosion

current density icorr which calculated with the extrapolation of
the linear parts of Tafel lines to Ecorr, corrosion potential Ecorr, ano-
dic Tafel constants ba and inhibition efficiency pP% were calculated
from the polarization curves and presented in Table 2.

Inhibition efficiency pP% was calculated from the following
equation:

pP% ¼ 1� icorr

io
corr

� �
� 100 ð14Þ

where io
corr and icorr are corrosion current densities in the absence

and presence of L-methionine derivatives, respectively.
Table 2 shows that the addition of any of the studied L-methio-

nine derivatives in the concentration range 0.1–5 mM reduces sig-
nificantly the dissolution rate of copper. The efficiency is increased
Table 2
Electrochemical kinetic parameters, inhibition efficiencies (pP%) for copper in 1.0 M
HNO3 solutions without and with various concentrations of L-methionine derivatives
at 25 ± 1 �C.

Inhibitor
type

Concentration
(M)

ba

(mV dec�1)
�Ecorr

(mV(SCE))
icorr

(lA cm�2)
pP

(%)

Blank 106 88.1 12
MIT 0.1 mM 71.3 64.4 5.2 56.6

0.5 mM 66.7 54.0 4.2 65.0
1.0 mM 74.1 64.1 3.6 70.0
5.0 mM 70.2 50.6 2.2 81.6

MITO 0.1 mM 72.2 55.1 4.6 61.6
0.5 mM 66.7 56.0 3.6 70.0
1.0 mM 68.8 51.3 2.7 77.5
5.0 mM 72.1 57.2 1.5 87.5

MITO2 0.1 mM 64.4 74.3 4.4 63.3
0.5 mM 68.8 71.3 2.9 75.8
1.0 mM 75.8 71.7 2.1 82.5
5.0 mM 69.5 70.1 1.11 90.7
as the L-methionine concentration is increased. Anodic Tafel con-
stants change with inhibitor concentration, which is an indication
of its effect on the copper dissolution reaction. No definite trend
was observed in the shift of Ecorr values, in the presence of various
concentrations of L-methionine derivatives in 1.0 M HNO3 solu-
tions. L-methionine derivatives may be classified as mixed-type
inhibitors.
4.2.2. Electrochemical impedance spectroscopy measurements
Fig. 4 shows impedance diagrams for copper in a 1.0 M HNO3

solution, with and without various concentrations of L-methionine
derivatives, with an immersion time of 1 h. The experimental data
are represented by the symbols while fitted curves (solid lines) are
plotted in terms of the equivalent circuit shown in Fig. 5, with the
elements of the equivalent circuit as listed in Table 3. The experi-
mental data are in acceptable match with the fitted ones. Obvi-
ously, the corrosion behavior of Cu in 1.0 M HNO3 solution is
induced to some extent by mass transport since the Warburg
impedance is observed in all cases.

Measurements were conducted at the respective corrosion
potentials at 25 ± 1 �C. At high-frequency values, the Nyquist plots
present a depressed semicircle, whose diameter is a function of the
concentration and the type of the introduced inhibitor. This high-
frequency semicircle is attributed to the single time constant of
charge-transfer resistance (Rct) and the double-layer capacitance
(Cdl) [49,50]. In the high-frequency region, the electrode reaction
is controlled by a charge-transfer process and the diameter of the
semicircle represents the charge-transfer resistance (Rct).

In general the impedance loops measured are often depressed
semicircles with their center below the real-axis. This kind of phe-
nomenon is known as the dispersing effect [43,51]. Considering
that the impedance of a double-layer does not behave as an ideal
capacitor in the presence of the dispersing effect. A CPE which is
used as a substitute for capacitor in Fig. 5 (equivalent circuit) to
fit more accurately the impedance behavior of the electric dou-
ble-layer. Constant phase elements, CPEs have been widely used
to account for deviations brought about by surface roughness.
Rough electrodes in blocking conditions do not have a perfect
capacitive response.

The increase of capacitive loop size with the addition of L-
methionine derivatives show that a barrier gradually forms on
the copper surface. The barrier is probably related to formation
of the Cu(II) salt film. The equivalent circuit model employed for
this system is presented in Fig. 5. In Fig. 5, W stands for the War-
burg impedance, R is a resistor (Rs = solution resistance, and
Rct = charge-transfer resistance), and CPE represents the constant
phase element. Here, CPE is substituted for double-layer capaci-
tance, Cdl to give a more accurate fit [52]. In most cases, the capac-
itive loops are depressed semicircles rather than regular
semicircles, which are related to a phenomenon called the ‘‘disper-
sion effect”. The admittance of CPE is described as:

YCPE ¼ YoðjxÞn ð15Þ

where j is the imaginary root, x the angular frequency, Yo the mag-
nitude and n the exponential term [53]

A long Warburg diffusion tail was observed at low frequency
values. The tails are inclined at an angle of 45� to the real-axis at
the very low frequencies; A diffusion controlled process is there-
fore exists. Studies reported in the literature [54] showed that
the diffusion process is controlled by diffusion of dissolved oxygen
from the bulk solution to the electrode surface and the Warburg
impedance, which is observed in the low frequency regions, is as-
cribed to diffusion of oxygen to the copper surface. This diffusion
tail still appears, even in presence of high concentrations of the
tested inhibitors. This means that the corrosion behavior of copper



Fig. 4. Nyquist plots of a copper electrode in 1.0 M HNO3 in the absence and
presence of various concentrations of L-methionine derivatives at 25 ± 1 �C.

Fig. 5. Equivalent circuit model for the corrosion of copper displaying a Warburg
impedance.
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in the absence as well as in the presence of L-methionine deriva-
tives is influenced by mass transport.

Values of elements fitted with equivalent circuit in Fig. 5 are
listed in Table 3.The percent inhibition efficiency ni%, is calculated
from the charge-transfer resistance values using Eq. (16):

ni% ¼ 1� Ro
ct

Rct

� �
� 100 ð16Þ

where Ro
ct and Rct are the charge-transfer resistances in absence and

in presence of L-methionine derivatives, respectively. We remark
that the value of inhibition efficiency increases with increase in L-
methionine derivatives concentrations up to 5.0 mM reaching a
maximum value of 93.5% in case of MITO2. These results suggest
that MITO2 is the best inhibitor among the tested inhibitors.
4.3. Theoretical study

4.3.1. Quantum chemical calculations
Highest occupied molecular orbital energy level (HOMO), as a

measure of electron donating ability of a molecule explains the
adsorption on metallic surfaces by way of delocalized pair of p
electrons. A high EH value expresses intrinsic electron donating
tendency to an appropriate acceptor, i.e. any molecule with lower
HOMO energy and empty molecular orbital while, EL, the energy of
the lowest unoccupied molecular orbital signifies the electron
receiving tendency of a molecule. Accordingly, the difference be-
tween LUMO and HOMO energy levels, the dipole moment (l),
the electron charge on hetero-atoms (N, S and O) and the total en-
ergy of inhibitor molecule were determined. Based on these, the
calculated difference (EL � EH) demonstrates inherent electron
donating ability and measures the interaction of the inhibitor mol-
ecule with the copper surface.

All these computational calculations have been performed in
the aqueous phase. The optimized geometries of the L-methionine
derivatives as well as HOMO and LUMO molecular orbitals are
shown in Fig. 6.

According to the frontier molecular orbital theory of chemical
reactivity, transition of electron is due to an interaction between
the frontier orbitals, highest occupied molecular orbital and lowest
unoccupied molecular orbital (LUMO) of reacting species. The en-
ergy of HOMO is directly related to the ionization potential and
characterizes the susceptibility of the molecule toward attack by
electrophiles. The energy of LUMO is directly related to the elec-
tron affinity and characterizes the susceptibility of the molecule
toward attack by nucleophiles. The lower the values of ELUMO are,
the stronger the electron accepting abilities of the molecules.

In Table 4, certain quantum chemical parameters related to the
molecular electronic structure are presented, such as: EH, EL, DE
and l. The values of EH show the relation MITO2 > MITO > MIT
for this property. In addition, the values of the gap energy DE show
the opposite trend. The results for the calculations of the ionization
potential (I) and the electron affinity (A) by application of the
Koopmans’ theorem [55] are shown in Table 4. According to the
Hartree–Fock theorem, the frontier orbital energies are given by:
�EH = I, �EL = A.

This theorem establishes a relation between the energies of the
HOMO and the LUMO and the ionization potential and the electron
affinity, respectively. Although no formal proof of this theorem ex-
ists within DFT, its validity is generally accepted. For absolute elec-
tronegativity, v and global hardness, g, their operational and
approximate definitions are �l = (I + A)/2 = v, g = (I � A)/2. Two
systems, copper and inhibitor, are brought together, electrons will
flow from lower v (inhibitor) to higher v (Cu), until the chemical
potentials become equal. As a first approximation, the fraction of
electrons transferred [56], DN, will be given by:



Table 3
Impedance parameters for copper in 1.0 M HNO3 in the absence and presence of various concentrations of L-methionine derivatives at 25 ± 1 �C derived using the equivalent
circuit in Fig. 5.

Concentration (M) Rs (X cm2) CPE (lX�1 cm�2 sn) n Wd (lX�1 cm�2 s1/2) Rct (X cm2) ni (%)

Blank 5 30.3 0.79 900 675 –
MIT 0.1 mM 2.3 40 0.89 850 1824 63.0

0.5 mM 3.1 34 0.76 790 2410 72.00
1.0 mM 2.9 28 0.77 730 3970 82.9
5.0 mM 1.9 25 0.77 650 5625 88.0

MITO 0.1 mM 2.1 36 0.78 750 1850 63.5
0.5 mM 2.3 32 0.77 650 2766 75.6
1.0 mM 2.2 29 0.78 580 4821 86.0
5.0 mM 3.2 26 0.77 420 6887 90.2

MITO2 0.1 mM 1.6 25 0.78 600 2250 70.0
0.5 mM 2.4 19 0.80 520 3214 79.0
1.0 mM 2.5 16 0.76 430 6750 90.0
5.0 mM 2.7 10 0.78 290 10,384 93.5

Fig. 6. Optimized structures and molecular orbital plots for L-methionine derivatives.

Table 4
Quantum chemical and molecular dynamics parameters derived for L-methionine derivatives calculated with DFT method.

Total energy (kJ mol�1) HOMO (kJ mol�1) LUMO (kJ mol�1) DE (kJ mol�1) l (debye) I = �EH A = �EL v = (I + A)/2 g = (I � A)/2 DN ¼ vCu�vinh
2ðgCuþginhÞ

MITO2 �2090.1 �511.3 �147.1 364.3 5.2 511.3 147.1 329.2 182.2 0.455
MITO �2130.2 �558.2 �150.6 407.5 7.7 558.2 150.6 354.4 203.7 0.360
MIT �2211.3 �585.1 �159.2 425.8 8.1 585.1 159.2 372.1 212.9 0.285
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DN ¼ vCu � vinh

2ðgCu þ ginhÞ
ð17Þ
where copper surface is the Lewis acid according to HSAB theory
[57].

The difference in electronegativity drives the electron transfer,
and the sum of the hardness parameters acts as a resistance [58].
In order to calculate the fraction of electrons transferred, a theoret-
ical value for the absolute electronegativity of copper according to
Pearson was used vCu = 463.1 kJ mol�1 [55], and a global hardness
of gCu = 0, by assuming that for a metallic bulk I = A [58] because
they are softer than the neutral metallic atoms.

From Table 4, it is possible to observe that molecule MITO2 has
a lower value of global hardness. The fraction of transferred elec-
trons is also the largest for molecule MITO2 and, in turn, is MITO
then MIT.
The values of the interaction energy and the binding energy of
the three L-methionine derivatives on copper (1 1 1) surface are
listed in Table 4. It is clear from Table 4 that the binding energy
has a positive value. As the value of the binding energy increases,
the more easily the inhibitor adsorbs on the metal surface, the
higher the inhibition efficiency [28].

MITO2 has the highest binding energy comparing to MITO and
MIT to the copper surface that found during the molecular dynam-
ics simulation process described elsewhere [28]. High values of
binding energy obtained with MITO2 molecules explain its highest
inhibition efficiency from the theoretical point of view. Therefore,
according to a series of properties calculated for each molecule
shown in Table 4 the reactivity order, that is, the inhibitive effec-
tiveness order for the molecules are: MITO2 > MITO > MIT. The cal-
culated results are in agreement with experimental results.

Table 5 shows Mulliken atomic charges calculated for the stud-
ied molecules. It is inferred that the more negative the atomic



3232 K.F. Khaled / Corrosion Science 52 (2010) 3225–3234
charges of the adsorbed center, the more easily the atom donates
its electrons to the unoccupied orbital of the metal/metal oxide.
It is clear from Table 5, that nitrogen and sulphur atoms carrying
negative charges centers which could offer electrons to the copper
surface to form a coordinate-type of bond.

The local reactivity are analyzed by means of the condensed Fu-
kui function, the condensed Fukui functions allow us to distinguish
each part of the molecule on the basis of its distinct chemical
behavior due to the different substituent functional groups. Thus,
the site for nucleophilic attack will be the place where the value
of fþk is a maximum. In turn, the site for electrophilic attack is con-
trolled by the value of f�k . The values of the Fukui functions for a
nucleophilic and electrophilic attack are given for the three inhib-
itors in Tables 5 (only for the nitrogen, sulphur, oxygen and carbon
atoms).

Inspection of the Fukui functions values presented in Table 5
shows that MITO2 has propitious zones for nucleophilic attack lo-
cated on (C1, S6, O8 AND O9) while MITO has only on (C1, N2, C3,
S6 and O8). MIT has only nucleophilic centers on (C1 and S6). Data
in Table 5 shows that MITO2 has more susceptible sites for adsorp-
tion on the copper surface, which again reflects its highest inhibi-
tion performance. The HOMO location on each system agrees with
the atoms that exhibit greatest values of indices of Fukui, both
indicate the zones by which the molecule would be adsorbed on
the copper surface.
4.3.2. Molecular dynamic simulations; adsorption energy calculations
The adsorption structures of L-methionine derivatives on copper

surface were constructed using molecular dynamics simulation in
an attempt for understanding the interactions between L-methio-
nine derivatives and copper surface. Molecular structure of MITO2
shows that it is likely to adsorb on copper surface by sharing the
electrons of nitrogen, sulphur and oxygen atoms with copper sur-
Table 5
Calculated Mulliken atomic charges and Fukui functions for the three L-methionine
derivatives.

Inhibitor Atom qN qN+1 qN�1 fþk f�k f o
k

MITO2 C(1) 0.48 0.88 0.49 0.40 �0.01 0.152
N(2) �0.62 �0.62 �0.62 0.01 0.01 0.004
C(3) �0.13 �0.18 �0.13 �0.05 �0.01 �0.004
C(4) �0.22 �0.25 �0.19 �0.03 �0.02 �0.027
C(5) �0.16 �0.18 �0.21 �0.02 0.04 �0.029
S(6) �0.38 �0.16 �1.01 0.22 0.62 0.32
C(7) �0.26 �0.26 �0.28 0.00 0.02 �0.008
O(8) �0.45 �0.13 �0.45 0.32 0.01 0.12
O(9) �0.42 �0.09 �0.42 0.32 0.01 0.06

MITO C(1) 0.49 0.79 0.48 0.31 0.001 0.15
N(2) �0.52 �0.42 �0.52 0.11 0.002 0.004
C(3) �0.14 0.35 �0.13 0.49 �0.005 �0.03
C(4) �0.22 �0.18 �0.18 0.03 �0.025 �0.03
C(5) �0.21 �0.19 �0.19 0.02 �0.015 �0.02
S(6) 0.13 0.24 �0.14 0.11 0.27 0.14
C(7) �0.29 �0.29 �0.29 0.00 0.002 0.001
O(8) �0.44 �0.22 �0.45 0.23 0.005 0.12
O(9) �0.42 �0.31 �0.42 0.11 0.006 0.06
O(10) �0.52 �0.42 �0.86 0.11 0.338 0.17

MIT C(1) 0.49 0.79 0.46 0.31 0.033 0.17
N(2) �0.48 �0.47 �0.91 0.01 0.423 0.22
C(3) �0.14 �0.09 �0.09 0.05 �0.042 �0.04
C(4) �0.24 �0.21 �0.21 0.03 �0.032 �0.03
C(5) �0.24 �0.22 �0.21 0.02 �0.023 �0.02
S(6) 0.37 0.47 0.37 0.11 �0.001 0.001
C(7) �0.31 �0.31 �0.31 0.003 �0.003 0.00
O(8) �0.44 �0.22 �0.51 0.22 0.066 0.14
O(9) �0.41 �0.30 �0.43 0.12 0.012 0.06
O(10) �0.42 �0.42 �0.43 0.005 0.013 0.01
O(11) �0.43 �0.42 �0.44 0.006 0.016 0.01
face. The adsorption progress of L-methionine derivatives on cop-
per surface is investigated by performing molecular mechanics
(MM) using MS modelling software. The periodic boundary condi-
tions (PBC) were applied to the simulation cell and described else-
where [59]. L-methionine derivatives were energy optimized,
copper surface was constructed using the amorphous cell module,
the whole system was energy optimized and the possibility of their
adsorption on the copper surface were simulated as in Fig. 7. It
could be seen from Fig. 7 that L-methionine derivatives molecules
move near to the copper surface and adsorbed on copper surface.
Fig. 7 shows that the adsorption occurred through the nitrogen,
sulphur and oxygen atoms which are found in L-methionine
derivatives.

The adsorption density of L-methionine derivatives on the Cu
(1 1 1) substrate has been presented in Fig. 8. The adsorption den-
sity calculated by using Metropolis Monte Carlo method described
elsewhere [28], indicate that the adsorption density of MITO2 are
higher than MITO and MIT, respectively. Therefore, the studied
molecules are likely to adsorb on the copper surface to form stable
ad layers and protect copper from corrosion. The binding energies
as well as the hydrogen bond length between the copper surface
and the inhibitor molecules were calculated and presented in
Table 6.

Also, the parameters presented in Table 6 include total energy,
in kJ mol�1, of the substrate–adsorbate configuration. The total en-
ergy is defined as the sum of the energies of the adsorbate compo-
nents, the rigid adsorption energy and the deformation energy. In
this study, the substrate energy (copper surface) is taken as zero.
In addition, adsorption energy in kJ mol�1, reports energy released
(or required) when the relaxed adsorbate components (L-methio-
nine derivatives) are adsorbed on the substrate. The adsorption en-
ergy is defined as the sum of the rigid adsorption energy and the
deformation energy for the adsorbate components. The rigid
adsorption energy reports the energy, in kJ mol�1, released (or re-
quired) when the unrelaxed adsorbate components (i.e. before the
geometry optimization step) are adsorbed on the substrate. The
deformation energy reports the energy, in kJ mol�1, released when
the adsorbed adsorbate components are relaxed on the substrate
surface. Table 6 shows also (dEads/dNi), which reports the energy,
in kJ mol�1, of substrate–adsorbate configurations where one of
the adsorbate components has been removed. The binding energy
introduced in Table 6 calculated from Eq. (9).
5. Inhibition mechanism

It is generally accepted that the first step in the adsorption of an
organic inhibitor on a metal surface usually involves the replace-
ment of one or more water molecules adsorbed at the metal sur-
face [60]. The mixed-inhibition mechanism suggested by
chemical and electrochemical investigations are consistent with
Oguzie et al., findings [61] and those of El Azhar et al. [62] on
the adsorption behavior of organic molecules containing both N
and S atoms. In acid solutions, organic inhibitors may interact with
the corroding metal and hence affect the corrosion reaction in
more than one way, sometimes simultaneously. It is therefore of-
ten difficult to assign a single general inhibition mechanism, since
the mechanism may change with experimental conditions. The
presence of more than one functional group has been reported to
often lead to changes in the electron density of a molecule, which
could influence its adsorption behavior [63].

In this study, L-methionine derivatives are studied computa-
tionally in its neutral form. L-methionine derivatives can also be
present as protonated species in molar nitric acid solutions. Both
molecular and protonated species can adsorb on the metal surface.
The adsorption of L-methionine derivatives through the lone pairs



Fig. 7. Mode of adsorption of the L-methionine derivatives on copper (1 1 1) surface.

Fig. 8. The adsorption density of the L-methionine derivatives on copper (1 1 1) surface.

Table 6
Outputs and descriptors calculated by the Mont Carlo simulation for adsorption of L-methionine derivatives on Cu (1 1 1).

Inhibitor Total energy
(kJ mol�1)

Adsorption energy
(kJ mol�1)

Rigid adsorption/
energy (kJ mol�1)

Deformation energy
(kJ mol�1)

dEad/dNi

(kJ mol�1)
Calculated binding
energy (kJ mol�1)

Calculated hydrogen
bond (nm)

MITO2 �152.4 �197.9 �208.6 10.7 �197.9 399 0.24
MITO �144.1 �208.2 �209.3 1.1 �208.2 356 0.28
MIT �129.8 �235.9 240.5 4.6 �235.9 311 0.36
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in the groups (–NH2, S–CH3, –S@O, –SO2) can occur on the positive
copper surface. Adsorption of the protonated L-methionine deriva-
tives on the cathodic sites on copper surface will retard the oxygen
evolution reaction. Adsorption on the anodic sites of copper surface
can be occur via S atom in the aliphatic chain in case of MIT, S@O
group in case of MITO or –SO2 group in case of MITO2 to retard
copper dissolution process. Adsorption of L-methionine derivatives
on copper surface are assisted by hydrogen bond formation be-
tween methionine derivatives and the Cu2O and/or CuO formed
on the copper surface. This type of adsorption should be more pre-
valent for protonated inhibitors, because the positive charge on the
N-atom is conductive to the formation of hydrogen bonds. Unprot-
onated N-atoms may adsorb by direct chemisorption or by hydro-
gen bonding [64]. L-methionine derivatives thus have the ability to
influence both the cathodic and anodic partial reactions, giving rise
to the mixed-inhibition mechanism observed.
6. Conclusions

L-methionine (MIT), L-methionine sulfoxide (MITO) and L-
methionine sulfone (MITO2) were found to act as safe corrosion
inhibitors for copper surface in 1.0 M nitric acid. Potentiodynamic
polarization studies have shown that L-mithionine derivatives act
as mixed-type inhibitors and their inhibition mechanism is adsorp-
tion assisted by hydrogen bond formation. Inhibition efficiencies
are related to concentration and chemical structure of the three
tested amino acids. The results of the investigation show that the
inhibiting properties of the three amino acids depend on concen-
tration and molecular structure of inhibitor. The theoretical study
demonstrated that the inhibition efficiency increases with increase
in EHOMO and decrease in ELUMO, dipole moment l and energy gap
DE. The quantum mechanical approach may well be able to foretell
molecule structures that are better for corrosion inhibition.
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