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a b s t r a c t

Chemical and electrochemical measurements incorporated with quantum chemical calculations and
molecular dynamics simulations were used to study the corrosion inhibition characteristics of some thi-
osemicarbazone derivatives on the inhibition of aluminum corrosion in 1.0 M HNO3. Polarization curves
demonstrated that the thiosemicarbazone derivatives were of mixed-type inhibitors. EIS plots indicated
that the addition of thiosemicarbazone derivatives increases the charge-transfer resistance of the corro-
sion process, and hence the inhibition performance. The molecular dynamics simulation results show
that the three thiosemicarbazone derivatives can adsorb on the A2O3 (1 1 1) surface through the sulphur
and nitrogen atoms as well as p-electrons in the pyridyl structure.

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

Aluminum is a metal with a high electronegative potential
(�1.67 VSHE); in spite of this, it is highly resistant to most acidic
and neutral solutions due to the formation of a protective oxide
film on its surface. In oxidizing environments the film formation
is very rapid and attack on the metal is negligible. This is the rea-
son why very little attention has been paid to the corrosion of alu-
minum in nitric acid. In a number of industrial processes, such as
manufacturing of nitric acid-based explosive, catalytic decomposi-
tion of ammonia, and processing of ammonium nitrate, aluminum
frequently comes into the contact with nitric acid. Nitric acid of
very low and very high concentrations has very little effect on
the corrosion of aluminum, but in a concentration range 20–40%,
the rate of corrosion is of the order of 4.0 mm y�1 even at room
temperature, and an increase in the temperature causes severe cor-
rosion of the metal [1]. Therefore, it was considered necessary to
seek inhibitors for corrosion of aluminum in nitric acid. Mears
and Eldredge [2] have proposed that organic substances could
not be used as corrosion inhibitors in nitric acid because the com-
pounds might be decomposed if added to this acid, due to its
strong oxidizing nature. Inorganic inhibitors as chromates are
effective corrosion inhibitors for aluminum in nitric acid, but they
are effective only at very high concentrations and may cause local-
ll rights reserved.
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ized attack if used in insufficient amount. Besides these chromates
are toxic and also cause pollution. Singh et al. [3–6], investigated
some organic compounds as corrosion inhibitors for aluminum in
nitric acid and they found that sulphur-containing compounds like
thiourea are more effective corrosion inhibitors than nitrogen-con-
taining compounds.

Although, in recent years, some new techniques have been ap-
plied to the experimental studies of corrosion inhibitors [7,8], the
theoretical approach to this problem is still mostly traditional
and confined to quantum chemical calculations involving isolated
inhibitor molecules [9–11] and to some extent to the interaction
of inhibitor molecules with surface atoms through semi-empirical
and ab initio methods [12–15]. Thus in the field of theoretical
investigation of corrosion inhibitors, development of more realistic
models based on inhibitor located in electrical double layer at me-
tal/solution interface, seems to be in demand. The models applied
here take into account substrate, solvent and electric field, are trea-
ted quantum chemically by suitable ab initio method at density
functional theory (DFT) level.

The aim of this study is to investigate the inhibitive properties
of three selected thiosemicarbazone derivatives, namely 3-pyri-
dinecarboxaldehyde thiosemicarbazone (META), isonicotinalde-
hyde thiosemicarbazone (PARA) and 2-pyridine carboxaldehyde
thiosemicarbazone (ORTHO) on the inhibition of aluminum corro-
sion in 1.0 M HNO3 solutions using chemical (weight loss) and
electrochemical (polarization and impedance) techniques. Also,
this study aims to use Metropolis Monte Carlo simulation method
to search for adsorption configurations of the studied compounds
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on Al2O3 (1 1 1) surface to find the low energy adsorption sites on
the aluminum surface and to investigate the preferential adsorp-
tion of the studied thiosemicarbazone derivatives.
2. Experimental

The thiosemicarbazone derivatives used in this study are as
follow:
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N
N
N
H

S

NH2

2-Pyridinecarboxaldehyde thiosemicarbazone (ORTHO)

N
N
N
H

S

NH2

3-Pyridinecarboxaldehyde thiosemicarbazone (META)

NN
N
H

S

H2N

3
8

9

11

12

9

2
3
5

6

3
8

9
11

12

All of these compounds were obtained from Aldrich chemical co.
They were added to the 1.0 M HNO3 (Fisher Scientific) without
pre-treatment at concentrations of 10�4, 10�3, 5 � 10�3 and 10�2 M.

Cylindrical rods of aluminum specimens obtained from Johnson
Mattey (Puratronic, 99.999%) were mounted in Teflon. An epoxy
resin was used to fill the space between Teflon and aluminum elec-
trode. The circular cross sectional area of the aluminum rod ex-
posed to the corrosive medium, used in electrochemical
measurements, was (0.28 cm2). Weight loss measurements were
carried out using the same aluminum rods, each of 2.50 cm length
and 0.5 cm diameter (surface area = 3.925 cm2). The weight loss
experiments were carried out in 500 ml Corning glass beakers
(without lid) containing 250 ml of the electrolyte (1.0 M HNO3).
The inhibitor efficiencies were evaluated after a period of 48 h
using 10�4, 10�3, 5 � 10�3 and 10�2 M of thiosemicarbazone deriv-
atives. After removing the specimens from the electrolyte, they
were kept for 3–4 min. in 70% nitric acid, washed thoroughly with
distilled water and then dried and weighed. The electrochemical
measurements were performed in a typical three-compartment
glass cell consisted of the aluminum specimen as working elec-
trode (WE), platinum counter electrode (CE) and a saturated calo-
mel electrode (SCE) as the reference electrode. The counter
electrode was separated from the working electrode compartment
by fritted glass. The reference electrode was connected to a Luggin
capillary to minimize IR drop. Solutions were prepared from bidis-
tilled water of resistivity 13 M X cm. The exposed area of the alu-
minum electrode was mechanically abraded with 800, 1200, 1500
and 2000 grades of emery papers, degreased with acetone and
rinsed by distilled water and finally dried before each experiment.

The electrode potential was allowed to stabilize 60 min before
starting the measurements. All experiments were conducted at
25 ± 1 �C. The electrolyte solution was made from HNO3 (Fisher
Scientific) and bidistilled water. The inhibitors (Aldrich chemical
co.) used without any pre-treatments. Measurements were per-
formed using Gamry Instrument Potentiostat/Galvanostat/ZRA.
This includes a Gamry Framework system based on the ESA400,
Gamry applications that include dc105 for dc corrosion measure-
ments, EIS300 for electrochemical impedance spectroscopy mea-
surements along with a computer for collecting data. Echem
Analyst 5.58 software was used for plotting, graphing and fitting
data.

Tafel polarization curves were obtained by changing the elec-
trode potential automatically from (�900 to �400 mVSCE) at open
circuit potential with scan rate of 1.0 mV s�1. Impedance measure-
ments were carried out in frequency range from 10 kHz to 1.0 mHz
with an amplitude of 10 mV peak-to-peak using ac signals at open
circuit potential.
3. Computational details

There is increasing number of publications attempting to corre-
late the structure of corrosion inhibitors. Their state of adsorption
at the metal/solution interfaces and inhibition effectiveness are
appearing in the literature. The semi-empirical computational
methods have been used most successfully in finding correlation
between theoretically calculated properties and experimentally
determined inhibition efficiency for uniform corrosion [16–26].
The electronic properties of inhibitors, effects of the frontier
molecular orbital energies, the differences between lowest unoccu-
pied molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO) energies (EL � EH), electronic charges on the reac-
tive centers, dipole moments and conformation of molecules have
been investigated. No application of semi-empirical methods in
studying of inhibition of pitting corrosion has been reported yet.
In the present study, we are reporting on some attempts to eluci-
date the inhibition mechanism of thiosemicarbazone derivatives
for the corrosion of aluminum in 1.0 M HNO3 by using semi-empir-
ical methods as well as molecular dynamics simulation techniques.
Thiosemicarbazone derivatives have been simulated as adsorbate
on Al2O3 (1 1 1) substrate to find the low energy adsorption sites
on the aluminum surface and to investigate the preferential
adsorption of the studied thiosemicarbazone derivatives. The
geometry optimization process is carried out for the studied thio-
semicarbazone derivatives using an iterative process, in which
the atomic coordinates are adjusted until the total energy of a
structure is minimized, i.e., it corresponds to a local minimum in
the potential energy surface. The forces on the atoms in the thio-
semicarbazone derivatives are calculated from the potential en-
ergy expression and will, therefore, depend on the force field that
is selected.

Interaction between thiosemicarbazone derivatives and Al2O3

(1 1 1) surface was carried out in a simulation box
(14.27 Å � 14.27 Å � 14.27 Å) with periodic boundary conditions
to model a representative part of the interface devoid of any arbi-
trary boundary effects. The Al2O3 (1 1 1) was first built and relaxed
by minimizing its energy using molecular mechanics, then the sur-
face area of Al2O3 (1 1 1) was increased and its periodicity is chan-
ged by constructing a super cell, and then a vacuum slab with 50 Å
thicknesses was built on the Al2O3 (1 1 1) surface. The number of
layers in the structure was chosen so that the depth of the surface
is greater than the non-bond cutoff used in calculation. Using six
layers of Al2O3 atoms gives a sufficient depth that the inhibitor
molecules will only be involved in non-bond interactions with
Al2O3 atoms in the layers of the surface, without increasing the cal-
culation time unreasonably. This structure then converted to have
3D periodicity. As 3D periodic boundary conditions are used, it is
important that the size of the vacuum slab is great enough (50 Å)
that the non-bond calculations for the adsorbate does not interact
with the periodic image of the bottom layer of atoms in the surface.
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After minimizing the Al2O3 (1 1 1) surface and thiosemicarbazone
derivatives molecules, the corrosion system will be built by layer
builder to place the inhibitor molecules on Al2O3 (1 1 1) surface,
and the behaviours of these molecules on the Al2O3 (1 1 1) surface
were simulated using the COMPASS (condensed phase optimized
molecular potentials for atomistic simulation studies) force field.

The Discover molecular dynamics module in Materials Studio
5.0 software from Accelrys Inc. [27] 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, EAl-inhibitor,
of the Al2O3 (1 1 1) surface with thiosemicarbazone and its deriva-
tives was calculated according to the following equation:

EAl-inhibitor ¼ Ecomplex � ðEAl-surface þ EinhibitorÞ ð1Þ

where Ecomplex is the total energy of the Al2O3 (1 1 1) surface to-
gether with the adsorbed inhibitor molecule, EAl-surface and Einhibitor

are the total energy of the Al2O3 (1 1 1) surface and free inhibitor
molecule, respectively. The binding energy between thiosemicarba-
zone derivatives and Al2O3 (1 1 1) surfaces were the negative value
of the interaction energy [29], as follow:

Ebinding ¼ �EAl-inhibitor ð2Þ
Fig. 1. Niquest plots for aluminum in 1.0 M HNO3 solutions in the absence and
presence of various concentrations of thiosemicarbazone derivatives at 25 ± 1 �C.
4. Results and discussion

4.1. Experimental measurements

4.1.1. Impedance measurements
Impedance spectra for aluminum in 1.0 M HNO3 solutions,

without and in the presence of different concentrations of thiosem-
icarbazone derivatives, were similar in shape. The shape of the
impedance diagrams of aluminum in acidic solution is similar to
those found in the literature [30,31]. The presence of thiosemicar-
bazone derivatives increases the impedance but does not change
the other aspects of corrosion mechanism occurred due to their
addition. The Nyquist plots presented in Fig. 1 are characterized
by three time constants, namely: (1) a capacitive time constant
at high frequency values, (2) an inductive time constant at medium
frequencies and (3) a second capacitive time constant at low fre-
quencies. In the literature there is no consensus about the origin
of the time constants of the impedance diagram. The time constant
at high frequencies is attributed to the formation of the oxide layer
or to the oxide layer itself. Brett [30] attributed the first capaci-
tance time constant to the interfacial reactions, in particular to
the reaction of aluminum oxidation at the metal/oxide/electrolyte
interface. The process includes the formation of Alþ ions at the me-
tal/oxide interface, and their migration through the oxide layer due
to high electric field strength, to the oxide/solution interface where
they become oxidized to Al3þ. The fact that all these processes are
represented by only one time constant could be understood either
by overlapping of the time constants of separate processes, or by
the assumption that one process dominates and, therefore, ex-
cludes the other processes [31]. The other possible explanation
for the high frequency capacitive constant is the oxide film itself.
This assumption was supported by a linear relationship between
the inverse of the capacitance and the potential found by Bessone
et al. [32]. At the oxide/solution interface where also O2� or OH� is
formed. Simultaneously with the formation of O2� ions, Hþ ions are
formed. This results in a local acidification at the oxide–electrolyte
interface. The inductive time constant at medium frequencies often
attributed to surface or bulk relaxation of species in the oxide film
[33].
The origin of the inductive loop on aluminum is also not clear. It
is often attributed to surface or bulk relaxation of species in the
oxide layer [33]. Burstein’s measurements [34,35] confirmed that
the inductive loop is closely related to the existence of a passive
film on aluminum. Bessone et al. [32] suggested that the inductive
time constant is the result of a rearrangement of surface charge at
the metal/oxide interface. It was also proposed that adsorbed inter-
mediates in reduction of hydrogen ions could cause an inductive
loop [31,36]. Bessone et al. [37] have observed an inductive loop
for the pitted active state on aluminum and attributed it to surface
area modulation or salt film property modulation. Adsorption of



Fig. 2. Equivalent circuit used to model impedance data for aluminum in 1.0 M HNO3 solutions in the absence and presence of various concentrations of thiosemicarbazone
derivatives.
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intermediates which in our case are OH� and NO�2 ions also causes
an inductive loop.

The equivalent circuit used to fit the experimental data of alu-
minum in 1.0 M HNO3 solutions without and with different con-
centrations of thiosemicarbazone derivatives is shown in Fig. 2.
The model includes the solution resistance, Rs, a series combina-
tion of resistance, R and inductance, L, in parallel with charge-
transfer resistance ðRctÞ1, and the constant phase element (CPE1).
In the high frequency limit, the inductive contribution to the over-
all impedance is insignificant. Therefore, Nyquist plot of the
impedance is a semicircle characteristic of the parallel arrange-
ment of the double layer capacitance and charge-transfer resis-
tance corresponding to the aluminum dissolution reaction.
Contribution to the total impedance at intermediate frequencies
comes mainly from the charge-transfer resistance and inductive
component in parallel. The inductor arises from adsorption effects
of the oxide film and/or thiosemicarbazone derivatives and could
be define as (L = Rs) where s is the relaxation time for adsorption
on aluminum surface. The low frequency locus displays the charac-
teristics of parallel RC circuit. This circuit includes another con-
stant phase element (CPE2) which is placed in parallel to charge-
transfer resistance element ðRctÞ2. The ðRctÞ2 value is a measure of
charge-transfer resistance corresponds to the Alþ ! Al3þ reaction.

The CPE is used in this model to compensate for non-homoge-
neity in the system and is defined by two values, Q and n. The
impedance of CPE is represent by

ZCPE ¼ Q�1ðjxÞ�n ð3Þ
Table 1
Electrochemical parameters calculated from EIS measurements on aluminum electrode in
derivatives at 25 ± 1 �C using equivalent circuit presented in Fig. 2.

Conc. (M) Rs (X cm2) Q1 (X�1 cm�2 Sn) n1 (Rct)1 (X cm2
) L (H c

Blank 1.1 30 � 10�6 0.95 47 3
ORTHO 10�4 1.3 27 � 10�6 0.89 50 7

10�3 1.5 25 � 10�6 0.85 75 10
5 � 10�3 1.8 21 � 10�6 0.56 105 15
10�2 1.6 17 � 10�6 0.8 195 17

PARA 10�4 1.3 29 � 10�6 0.85 76 6
10�3 1.9 26 � 10�6 0.83 95 8
5 � 10�3 1.7 21 � 10�6 0.79 142 15
10�2 1.3 18 � 10�6 0.78 165 16

META 10�4 1.2 23 � 10�6 0.799 96 9
10�3 1.3 17 � 10�6 0.76 131 12
5 � 10�3 1.5 15 � 10�6 0.77 189 17
10�2 1.9 10 � 10�6 0.79 245 20
where j = (�1)1/2, x is frequency in rad s�1, x = 2pf and f is the fre-
quency in Hz. If n equals one, the impedance of CPE is identical to
that of a capacitor, ZC ¼ ðixCÞ�n, and in this case Q gives a pure
capacitance (C). For non-homogeneous system, n values range from
0.9–1.

Computer fitting of the spectrum allows evolution of the ele-
ments of the circuit analogue. The aim of the fitting procedure is
to find those values of the parameters which best describe the data,
i.e., the fitting model must be consistent with the experimental
data. The numerical values of the fitting parameters including
polarization resistance Rp ¼ ðRctÞ1 þ ðRctÞ2 are presented in Table 1
and were determined by analysis of the complex plane impedance
plots and the equivalent circuit model by means of a computer
program (Echem Analyst 5.58 from Gamry).

The experimental data were found to be sufficiently well fitted
by the transfer function of the equivalent circuit presented in Fig. 2
within the limits of experimental error and reproducibility of the
data. Table 1 shows the impedance parameters recorded for alumi-
num in 1.0 M HNO3 solution in absence and presence of various
concentrations of the three thiosemicarbazone derivatives at
25 ± 1 �C. The values of the polarization resistance, Rp, increase
with increase in concentrations of thiosemicarbazone derivatives
showing that the inhibition efficiency of these molecules increases
as their concentration increases. Since Rp is inversely proportional
to the corrosion rate, it can be used to calculate the inhibition effi-
ciency. The inhibition efficiency obtained from impedance mea-
surements are calculated using Eq. (4).
1.0 M HNO3 solutions without and with various concentrations of thiosemicarbazone

m2) R (X cm2) Q2 (X�1 cm�2 Sn) n2 (Rct)2 (X cm2) Rp (X cm2) kz%

100 25 � 10�3 0.55 100 147.0
200 35 � 10�3 0.6 135 185.0 20.5
250 36 � 10�3 0.4 195 270.0 45.5
290 41 � 10�3 0.42 297 402.0 63.4
350 45 � 10�3 0.5 305 500.0 70.6
130 30 � 10�3 0.45 152 228.0 35.5
169 34 � 10�3 0.54 208 303.1 51.5
215 39 � 10�3 0.45 304 446.1 67.1
290 42 � 10�3 0.42 710 875.1 83.2
250 46 � 10�3 0.55 168 264.0 44.3
320 50 � 10�3 0.6 241 372.0 60.5
400 53 � 10�3 0.58 338 526.8 72.1
463 35 � 10�3 0.45 1022 1267.0 88.4



Fig. 3. Anodic and cathodic polarization curves for aluminum in 1.0 M HNO3

solutions in the absence and presence of various concentrations of thiosemicarba-
zone derivatives at 25 ± 1 �C.
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kz% ¼ 1�
Ro

p

Rp

 !
� 100 ð4Þ

where Ro
p and Rp are the polarization resistances for uninhibited and

inhibited solutions, respectively. The highest inhibition efficiency
was always observed in the presence of META derivatives, some-
what lower in the presence of PARA and ORTHO derivatives. Inspec-
tion of Table 1 shows that Rp and double layer capacitance Cdl

modeled as Q1, have opposite trend at the whole concentration
range. It can be supposed that a protective layer covers the surface
of the electrode. Its nature can be some solid film, inhibiting species
or both. The decrease in this capacitance Q1 with increase in thio-
semicarbazone derivatives concentrations may be attributed to
the formation of a protective layer on the electrode surface [38].
The thickness of this protective layer increases with increase in
inhibitor concentration, since more inhibitor molecules electrostat-
ically adsorb on the electrode surface, resulting in a noticeable de-
crease in Q1. This trend is in accordance with Helmholtz model,
given by Eq. (5) [39]:

Cdl ¼
eeoA

d
ð5Þ

where d is the thickness of the protective layer, e is the dielectric
constant of the medium, eo is the vacuum permittivity and A is
the effective surface area of the electrode.

This behaviour confirms the adsorption action of thiosemicar-
bazone derivatives against aluminum corrosion [40].

4.1.2. Tafel polarization measurements
The polarization behaviour of aluminum electrode in 1.0 M

HNO3 solutions in the absence and presence of different concentra-
tions of thiosemicarbazone derivatives at a scan rate of 1.0 mV s�1

and at 25 ± 1 �C is shown in Fig. 3.
These polarization curves demonstrate, as a first sight, that in

presence of thiosemicarbazone derivatives the cathodic and anodic
branches of the polarization curves are shifted towards lower cur-
rents to similar extent, probably as a consequence of the blocking
effect of the adsorbed inhibitor molecules. The observed decrease
in cathodic and anodic currents was the greatest for META deriva-
tive. As it can be seen from Fig. 3, the anodic and cathodic reactions
are affected by the thiosemicarbazone derivatives. Based on this
result, thiosemicarbazone derivatives inhibit corrosion by control-
ling both anodic and cathodic reactions (mixed-type inhibitors).
Meaning that the addition of thiosemicarbazone derivatives re-
duces the anodic dissolution of aluminum and also retards the
cathodic reactions.

In presence of nitric acid solutions, the reduction reactions in-
volved in the cathodic process is as follow [12]:

NO�3 þ 3Hþ þ 2e� ! HNO2 þH2O ð6Þ

NO�3 þ 4Hþ þ 3e� ! NOþ 2H2O ð7Þ

2Hþ þ 2e� ! H2 ð8Þ

It is clear from Fig. 3 that the cathodic current density is not
dominated by oxygen reduction. This is for two reasons; first, they
are too high for oxygen reduction. Secondly, they are potential
dependent. It would expect reduction of oxygen at these potentials
to be diffusion controlled, and therefore independent of potential.
Thus, the cathodic reactions are hydrogen evolution and nitrate
reduction, Eqs. (6)–(8). Thus the reduction of oxygen can be ne-
glected [41,42].

The generation of polarization curves continues to be important
in aqueous corrosion research. Extrapolation of Tafel lines is one of
the most popular dc techniques for estimation of corrosion rate.
The extrapolation of anodic and/or cathodic Tafel lines for charge
transfer controlled reactions gives the corrosion current density,
icorr, at the corrosion potential, Ecorr. Two rules of thumb should
be applied when using Tafel extrapolation. For an accurate extrap-
olation, at least one of the branches of the polarization curve
should exhibit Tafel (i.e., linear on semilogarithmic scale) over at
least one decade of current density. In addition, the extrapolation
should start at least 50–100 mV away from Ecorr. These two rules
improve the accuracy of manual extrapolations [43].
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Inspection of polarization curves in Fig. 3 shows that, it was not
possible to evaluate the cathodic or anodic Tafel slopes as there is
no visible linear region that prevents linear extrapolation to Ecorr of
the cathodic or anodic polarization curves. The curvature of the
anodic polarization curves may be attributed to passivation and
pitting [44]. With respect to the cathodic branch, it displays a lim-
iting diffusion current due to the reduction reactions. Thus, the
cathodic process is controlled, by concentration polarization rather
than activation polarization, which prevented linear extrapolation
of the cathodic curves.

As the situation here is more confused and complicated, it is
inaccurate to calculate the electrochemical kinetic parameters
from Fig. 3 using commercial softwares.

It follows from Fig. 3 that the shapes of the polarization plots for
inhibited electrodes are not substantially different from those of
uninhibited electrodes. The presence of each inhibitor decreases
the corrosion rate but does not change other aspects of the behav-
iour. This means that the inhibitor does not alter the electrochem-
ical reactions responsible for corrosion. The inhibitive action of
these three thiosemicarbazone derivatives therefore may be re-
lated to their adsorption and formation of a barrier film on the
electrode surface, protecting it from corrosion.

For these reasons we used, as will be seen in the next section,
the most accurate and precise method which is weight loss (i.e.,
non-electrochemical). This is because the experimentation is easy
to replicate and, although long exposure times may be involved,
the relatively simple procedure reduces the propensity to intro-
duce systematic errors [45].

4.1.3. Weight loss measurements
The percentage inhibition efficiency of the thiosemicarbazone

derivatives at a concentration range (10�4–10�2 M) and after an
immersion period of 48 h are summarized in Table 2. It is seen
from Table 3 that the presence of pyridyl ring in meta position
has appreciably improved the inhibition characteristics of the
META compound. META is the most effective inhibitor of all thio-
semicarbazone derivatives. Corrosion of aluminum in aqueous
Table 2
Corrosion rate and inhibition efficiency data obtained from weight loss measure-
ments for Al in 1.0 M HNO3 solutions in absence and presence of various concen-
trations of thiosemicarbazone derivatives 3 at 25±1 �C.

Inhibitor Conc.
(M)

Corrosion rate/
mg cm�2 h�1, @

Corrosion rate/
mm y�1

rw%

Blank 0.451 5.01 –
ORTHO 10�4 0.35 3.8 22.4

10�3 0.25 2.7 44.5
5 � 10�3 0.18 2.0 60.1
10�2 0.13 1.4 71.2

PARA 10�4 0.31 3.4 31.3
10�3 0.23 2.5 49.0
5 � 10�3 0.16 1.7 64.5
10�2 0.09 1.0 80.1

META 10�4 0.26 2.8 42.4
10�3 0.17 1.8 62.3
5 � 10�3 0.11 1.2 75.6
10�2 0.04 0.44 91.2

Table 3
Some parameters from Langmuir isotherm model for aluminum in 1.0 M HNO3.

Inhibitor Langmuir

DGo
ads (kJ/mol) Slope Kads (dm3 mol�1) R2

ORTHO �27.7 1.36 1290.6 0.99
PARA �27.8 1.22 1360.1 0.98
META �28.7 1.08 1989.0 0.99
solution has been reported [46,47] to depend on the concentration
of anions in solution. A general mechanism for the dissolution of
aluminum would be similar to that reported by Ford et al. [48]
as well as Nguyen and Foley [46,49].

AlðsÞ þH2O ¢
k1

k2

AlOHads þHþ þ e ð9Þ

AlOHðadsÞ þ 5H2OþHþ ¢
k2

k�2

Al3þ � 6H2Oþ 2e ð10Þ

Al3þ þH2O ¢
k3

k�3

½AlOH�2þ þHþ ð11Þ

½AlOH�2þ þ X�1 þ ¢
k4

k�4

½AlOHX�þ ð12Þ

The controlling step in the metal dissolution is the complexa-
tion reaction between the hydrated cation and the anion, see Eq.
(12). In the presence of nitrate ions the reaction corresponds to

½AlOH�2þ þ NO�3 þ ¢
k4

k�4

½AlOHNO3�þ ð13Þ

The soluble complex ion formed increases the metal dissolution
rate which depends on the nitric acid concentration [38].

Fig. 4 shows plots of corrosion rate (expressed in mm y�1) ver-
sus thiosemicarbazone derivatives concentration at 25 ± 1 �C. Cor-
rosion rate of aluminum electrode decreases as the concentration
of thiosemicarbazone derivatives increases. The various parame-
ters derived from weight loss measurements, regarding the corro-
sion of aluminum in 1.0 M HNO3 solutions without and with
various concentrations of the three inhibitors are summarized in
Table 2. The inhibition efficiencies, rw% of the three tested thio-
semicarbazone were calculated by using Eq. (14)

rw% ¼ 1� @corr

@o
corr

� �
� 100 ð14Þ

where @o
corr and @corr are corrosion rates without and with different

concentrations of thiosemicarbazone derivatives, respectively. It is
obvious from Fig. 4 and the data presented in Table 2, that the cor-
rosion rate decreases, and the corresponding inhibition efficiency
increases as the concentrations of the thiosemicarbazone deriva-
tives increase. This decrease in corrosion rate, and the correspond-
ing increase in efficiency, enhances in the order:
ORTH < PARA < META. These findings reflect, as will be seen and
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Fig. 4. Dependence of corrosion rates of the three thiosemicarbazone derivatives on
their concentrations at 25 ± 1 �C.
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fully discussed, the highest inhibition performance of META as com-
pared with ORTH and PARA. These selected thiosemicarbazones,
therefore inhibit aluminum corrosion in 1.0 M HNO3 to an extent
depending on inhibitor concentration and its type.

It is worth noting from Tables 1 and 2 that the inhibition effi-
ciency values obtained from weight loss and electrochemical mea-
surements are comparable and run parallel with each other. The
little difference found in results obtained from both chemical and
electrochemical measurements were also reported previously
[50]. They attributed this difference between electrochemically
and chemically determined corrosion rates to the operation of a
separate potential independent of chemical dissolution process
which co-exists with the electrochemical process.

4.2. Adsorption considerations

A direct relationship between inhibition efficiency (rw%) and
the degree of surface coverage (h) [rw% ¼ 100� h] can be assumed
for the different concentrations of the inhibitor. The degree of sur-
face coverage (h) for the different concentrations of thiosemicarba-
zone derivatives has been evaluated from the weight loss
measurements in 1.0 M HNO3 at 25 ± 1 �C. The data were tested
graphically by fitting to various adsorption isotherms including
Freundlich, Temkin, Flory–Huggins, Bockris–Swinkles, Langmuir
and Frumkin isotherms. The correlation coefficient (R2) was used
to determine the best fit isotherm which was obtained for Lang-
muir. According to this isotherm, h is related to the inhibitor con-
centration by the following Eq. (15) [51].

C
h
¼ 1

Kads
þ C ð15Þ

where h is the surface coverage, C is the concentration, Kads is the
equilibrium constant of adsorption process. Kads is related to the
standard Gibbs free energy of adsorption DGo

ads by the Eq. (16) [52].
The data was obtained from Fig. 5. The intercept of the lines in

Fig. 5 yielded Kads in (dm3 mol�1), and the corresponding standard
Gibbs free energy of adsorption in (kJ mol�1) was then calculated
from Eq. (16) [52]:

Kasd ¼
1

Csolvent
exp

�DGo
ads

RT

� �
ð16Þ
Fig. 5. Langmuir adsorption isotherm model for aluminum in 1.0 M
where R in (J mol�1 K�1) is the gas constant, T (K) is the tempera-
ture, and Csolvent is the molar concentration of the solvent, which
in this case, is water (CH2O ¼ 55:5 mol dm�3). Using this equation,
the various adsorption parameters are obtained from the studied
isotherm including the standard Gibbs free energy of adsorption
of thiosemicarbazone derivatives on the aluminum surface at
295 K was calculated and listed in Table 3.

Fig. 5 shows the plot of C/h versus C and linear plots were ob-
tained for the different thiosemicarbazone derivatives indicating
that the adsorption of these inhibitors followed Langmuir iso-
therm. The various adsorption parameters obtained from this iso-
therm are listed in Table 3. It is seen from Table 3 that the
correlation coefficients are very good and Kads values increases
with increasing inhibitor concentration showing that the mole-
cules of the inhibitors were adsorbed on the aluminum surface.
Although the plots are linear as depicted by R2 values (0.99) how-
ever, the slopes deviates from the value of unity as expected from
the ideal Langmuir adsorption equation. This deviation may be ex-
plained on the basis of the interaction among adsorbed species on
the surface of the metal. It has been postulated in the derivation of
Langmuir isotherm equation that adsorbed molecules do not inter-
act with one another, but this is not true in the case of large organic
molecules having polar atoms or groups which can adsorbed on
the cathodic and anodic sites of the metal surface. Such adsorbed
species interact by mutual repulsion or attraction. It is also possi-
ble that the inhibitors studied can be adsorbed on the anodic and
cathodic sites resulting in deviation from unit gradient. Similar
observation has been reported in the literature [53,54].

Results presented in the Table 3, indicate that the values of
DGo

ads are negative and lies between �27.7 and 28.7 kJ mol�1. The
negative values signify adsorption of the inhibitor molecules via
mixed adsorption mechanism. It is also seen that the values of
DGo

ads increased with an increase in inhibitor concentrations, a phe-
nomenon which indicates that the adsorption of the inhibitor onto
aluminum surface was favorable with increasing thiosemicarba-
zone derivatives concentrations.

Literature demonstrates that the values of standard Gibbs free
energy of adsorption in aqueous solution around �20 kJ mol�1 or
lower (more positive) indicate adsorption with electrostatic inter-
action between the adsorbent and adsorbate (physisorption), while
those around or higher (more negative) than �40 kJ mol�1 involve
HNO3 containing thiosemicarbazone derivatives at 25 ± 1 �C.



Table 4
HOMO and LUMO energies, HOMO–LUMO gap (DE) and dipole moment l for ORTHO,
PARA and META obtained using DFT calculations.

Inhibitor EHOMO

(kJ mol�1)
ELUMO

(kJ mol�1)
DE ¼ ELUMO � EHOMO

(kJ mol�1)
l/
(D)

rw%

ORTHO �867.4 73.3 940.7 6.2 71.2
PARA �792.2 50.3 842.4 5.2 80.1
META �760.3 33.8 794.2 4.52 91.2

2912 K.F. Khaled / Corrosion Science 52 (2010) 2905–2916
charge sharing between the molecules and the metal (chemisorp-
tion) [55]. However, this should be taken with caution since the en-
thalpy of adsorption is the parameter that actually reflects the
adsorption bond strength, rather than the standard Gibbs free en-
ergy of adsorption [52].

Physisorption is consistent with electrostatic interaction be-
tween charged molecules and a charged aluminum surface while
chemisorption is consistent with charge sharing or charge transfer
from the inhibitor components to the metal surface to form a co-
ordinate type of bond.
4.3. Computational study

The researchers are often encouraged to use theoretical data in
their studies not only to support their experimental results but also
to find the efficient way to minimize the chemical expenditures.
Therefore, recently more corrosion publications contain substan-
tial quantum chemical calculations [56].

According to the frontier molecular orbital theory, the forma-
tion of a transition state is due to an interaction between frontier
orbitals (HOMO and LUMO) of reacting species [57]. Thus, the
treatment of the frontier molecular orbitals separately from the
other orbitals is based on the general principles governing the nat-
ure of chemical reactions. The effectiveness of an inhibitor can be
related with its electronic and spatial molecular structure. Certain
quantum-chemical parameters that can be related to the interac-
tions of metal-inhibitor, these are: the HOMO energy that is often
associated with the capacity of a molecule to donate electrons, the
energy gap DE (the lower values of energy gap, the better corrosion
inhibition), and the dipole moment l, because low values will fa-
vor the accumulation of inhibitor molecules on the metallic sur-
face. A good correlation between the rate of corrosion and EHOMO,
as well as with energy gap (DE = ELUMO � EHOMO) has been found
in previous works [58,59].

Fig. 6 shows the optimization energies of the studied thiosem-
icarbazone derivatives. As can be seen in Fig. 6 the lowest energy
is calculated for the META derivatives, PARA and ORTHO,
respectively.

In Table 4, several quantum-chemical parameters calculated by
using DFT method.
Fig. 6. Optimization energy for thiosemicarbaz
The HOMO energy can indicate the disposition of the molecule
to donate electrons to an appropriated acceptor with empty molec-
ular orbitals (p orbital in aluminum). Also, an increase in the values
of EHOMO can facilitate the adsorption, and therefore improved inhi-
bition efficiency results [60]. The corrosion rate decreases with in-
creases in HOMO energy (less negative) [58], therefore an increase
in the corrosion inhibition is present (see Table 4). Low values of
the energy gap (DE) will provide good inhibition efficiencies, be-
cause the excitation energy to remove an electron from the last
occupied orbital will be low [61]. The results show that the META
derivative has the lowest energy gap; this agrees with the experi-
mental results which indicate that this molecule could have better
performance as a corrosion inhibitor. For the thiosemicarbazone
derivatives the nature of their molecular orbitals, HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied molec-
ular orbital) are presented in Fig. 7.

It is well known in the literature that the sulphur atom of the
thio-compounds is the reaction center for adsorption onto a metal
surface [62]. The HOMO location in the thiosemicarbazone deriva-
tives are mostly distributed in the thio group as well as the amino
group, see Fig. 7, indicating that the preferred sites for the electro-
philic attack through metallic cations are located on the nitrogen
and sulphur atoms. It is probably that the parts of the molecules
with high HOMO density were oriented towards the aluminum
oxide surface and the adsorption of these ones could be sharing
the lone pair of electrons for nitrogen atoms and the p-electrons
of the aromatic ring [63]. Therefore the electron density on this
atom would determine the effectiveness of this type of inhibitors.
In thiosemicarbazone derivatives, the electron density of the nitro-
gen and sulphur atoms is localized around these atoms. Substitu-
tion of pyridyl group for hydrogen leads to the withdrawal of
one derivatives obtained by DFT method.



Fig. 7. Molecular orbital plots for thiosemicarbazone derivatives.
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electrons from these atoms and tends to delocalize the charges
throughout pyridyl ring and lowers the basicity [64].

Furthermore, in order to confirm the adsorption sites of thio-
semicarbazone derivatives molecules when adsorbed on Al2O3 sur-
face via chemical bond, the local reactivity of these molecules were
investigated by analysis of their Fukui indices [65]. Since they indi-
cate the reactive regions, in the form of the nucleophilic and elec-
trophilic behaviour of each atom in the molecule.

The FI calculations were performed with Dmol3 software using
Mulliken population analysis [66] or a numerical integration pro-
cedure such as a Hirshfeld analysis [67]. The fþðrÞ measures the
density of changes when the molecule gains electrons and it corre-
sponds to reactivity with respect to nucleophilic attack. On the
other hand, f�ðrÞ corresponds to reactivity with respect to electro-
philic attack or when the molecule losses electrons.

The Fukui function f(r) is defined as the first derivative of the
electronic density q(r) with respect to the number of electrons N
at a constant external potential m(r). Thus using a scheme of finite
differences, we had [68]:

fþðrÞ ¼ qNþ1ðrÞ � qNðrÞðfor nucleophilic attackÞ ð17Þ

f�ðrÞ ¼ qNðrÞ � qN�1ðrÞðfor electrophilic attackÞ ð18Þ

where qNþ1, qN and qN�1 are the electronic densities of anionic, neu-
tral and cationic species, respectively.

The N corresponds 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
calculations are done at the ground-state geometry. These func-
tions can be condensed to the nuclei by using an atomic charge
partitioning scheme.
Table 5
Calculated Mulliken atomic charges and Fukui functions for the three selected
thiosemicarbazone derivatives.

Atom qN qNþ1 qN�1 fþk f�k

ORTHO N(3) �0.28 �0.24 �0.29 0.04 0.02
N(8) �0.05 �0.02 �0.01 0.07 �0.06
N(9) �0.22 �0.22 �0.21 0.002 �0.01
S(11) �0.49 �0.34 �1.03 0.16 0.53
N(12) �0.43 �0.40 �0.44 0.03 0.02

PARA N(3) �0.56 �0.38 �0.59 0.17 0.04
N(8) �0.14 0.04 �0.02 0.18 �0.12
N(9) �0.38 �0.27 �0.24 0.11 �0.13
S(11) �0.52 �0.22 �1.05 0.29 0.53
N(12) �0.31 �0.19 �0.33 0.12 0.02

META N(2) �0.24 0.04 0.08 0.28 �0.32
N(3) �0.48 �0.2 �0.45 0.28 �0.03
S(5) �0.53 0.07 �1.06 0.59 0.53
N(6) �0.41 �0.18 �0.53 0.22 0.12
N(9) �0.54 �0.31 �0.66 0.23 0.12
Table 5 shows Mulliken atomic charges calculated for the stud-
ied molecules. It is inferred that the more negative the atomic
charges of the adsorbed center, the more easily the atom donates
its electrons to the unoccupied orbital of the metal. It is clear from
Table 5, that nitrogen and sulphur atoms carrying negative charges
centers which could offer electrons to the Al2O3 surface to form a
co-ordinate type of bond.

The values of FI of thiosemicarbazone were displayed in Table 5.
It could be seen that the Fukui indices of atoms in these molecules
changed when the pyridyl group attached to different positions of
thiosemicarbazone, which indicated that the local reactivity of
these molecules was sensitive to the point of attachment.

The highest FI values are presented in Table 5 for the hetero-
atoms only. META has propitious zones for nucleophilic attack lo-
cated on (N2, N3, S5 and N9) while PARA has only on (N8, S11 and
N12). ORTHO has only nucleophilic centers on (S11). Data in Table 5
shows that META has more susceptible sites for adsorption on the
aluminum surface in nitric acid.

The interaction of thiosemicarbazone derivatives with the Al2O3

(1 1 1) surface was investigated with molecular dynamics (MD)
simulation. An adsorption model containing one inhibitor mole-
cule and metallic surface was built using Discover module in Mate-
rials Studio 5.0 software. During simulations, all the bulk atoms in
the Al2O3 (1 1 1) systems were kept ‘‘frozen”, and the inhibitor
molecules were allowed to interact with the metal oxide surface
freely. The simulation system was optimized with COMPASS force
field [69]. The canonical ensemble MD simulation was performed
with Discover module in Materials Studio 5.0. The simulation tem-
perature was set at 298 K, and the temperature was controlled by
Andersen thermostat [70]. The initial velocity of each molecule ac-
corded with Maxwell–Boltzmann distribution. Based on hypothe-
ses, such as periodic boundary condition and equivalence of
time-average and ensemble-average, Newtonian motion equations
were solved with velocity verlet algorithm [71]. Van der Waals and
coulomb interactions were calculated by group-based method, and
the potential function was given as follows:

U ¼ 1
4pe

w
r
þ lcosa

r2 þHð3 cos 2a� 1Þ
r3

� �
ð19Þ

Herein, w , l, a and H represent total charge, dipole moment,
electric quadrupole moment and orientation angle of the group,
respectively, and r represents the radial distance of the group cen-
ter. The cutoff radius was 1.2 nm, and the intermolecular interac-
tion energy beyond cutoff radius was revised with average
density approximation. The time step was 1 fs, the simulation time
was 1000 ps, and a frame was recorded every 2500 steps during
simulation [72].

The values of the interaction energy and the binding energy of
the studied thiosemicarbazone derivatives on Al2O3 (1 1 1) surface
are listed in Table 6. As can be seen from Table 6, the binding en-
ergy has a positive value. The higher the binding energy, the more



Table 6
Interaction and binding energies for thiosemicarbazone derivatives adsorbed on Al2O3

(1 1 1) calculated using molecular dynamics simulations.

Inhibitor Interaction energy
EAl-inhibitor (kJ mol�1)

Binding energy Ebinding (kJ mol�1)

ORTHO �651.5 651.5
PARA �465.3 465.3
META �326.1 326.1
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easily the inhibitor adsorbs on the metal surface, the higher is the
inhibition efficiency [73]. Compared to PARA and ORTHO deriva-
tives, META has the highest binding energy to the Al2O3 (1 1 1) sur-
face that found during the simulation process. Here again, the high
values of binding energy obtained with META explain, in consis-
tence with the experimental findings, its higher inhibition effi-
ciency from the theoretical point of view.

Based on the equilibrium configuration of thiosemicarbazone
derivatives adsorbed on Al2O3 (1 1 1) surface, Fig. 8, one can draw
a conclusion that thiosemicarbazone derivatives adsorb mainly, as
will be seen and fully discussed in next section, via the N and S-
atoms. In this way, the exposed part of electrode surface can be re-
duced due to its coverage by the inhibitor molecule via S-atoms,
preventing the acid corrosion of aluminum.
4.4. Inhibition mechanism

Adsorption is known to be the key mechanism of inhibition ac-
tion, and it might be suggested that the inhibitor molecules are ad-
hered to the metal surface, which decreases the surface area at
Fig. 8. Modes of adsorption of META, PARA and ORTHO on Al2O3 surface (1 1 1).
which cathodic and anodic reactions take place. It is generally ac-
cepted that organic molecules inhibit corrosion by adsorption at
the metal/solution interface and that the adsorption depends on
the molecule’s chemical composition, the temperature and the
electrochemical potential at the metal/solution interface. In case
of aluminum surface, the solvent H2O molecules could also adsorb
on the aluminum oxide surface forming hydroxylated sites, or
hydroxide layers at the surface (M�OH), that impart a pH-depen-
dent surface charge. The polar hydroxyl ð—OH�Þ groups may cause
the surface to attract and physically adsorb a single or several addi-
tional layers of polar water molecules. An oxide or hydroxide sur-
face (Al-OH) becomes charged by reacting with Hþ or OH� ions due
to surface amphoteric reactions as presented in equations:

Al-OHþHþ¢ Al-OH2þ ð20Þ
Al-OHþ OH�¢ Al-O� þH2O ð21Þ

In 1.0 M HNO3, where pH is low, hydroxide surface adsorbs pro-
tons to produce positively charged surfaces (Al-OHþ2 ).

The number of these sites and the surface charge of the oxide
are determined by the pH of the solution. Surface charge influences
adsorption of ions from solution and other interfacial phenomena
[74]. The pH of the potential of zero charge (PZC) for aluminum
oxides/hydroxides is between 6 and 9, and in acidic solution, the
accumulation of Al-OHþ2 species accounts for the surface charge
[75,76].

In acidic solution, therefore the positively charged surface sites
will electrostatically attract any anions present in solution, and re-
pel cations.

Thiosemicarbazone derivatives may adsorbed on the aluminum
oxide surface in four different adsorption types: (a) electrostatic
interaction between a negatively charged surface, which is pro-
vided with specifically adsorbed anions (NO�3 ;NO�2 ) on aluminum
and the positive charge of the inhibitor (in case of protonation of
the inhibitor), (b) interaction of unshared electron pairs in the mol-
ecule (present in sulphur and/or nitrogen) with the aluminum sur-
face, (c) interaction of p-electron of the pyridyl rings with
aluminum surface and (d) a combination of the (a–c) types. Effi-
cient adsorption is the result of either p-electron of the thiosemi-
carbazone system or the electronegative N and S (hetro-atom)
atoms [77].

The chemical adsorption is probably the most important type of
interaction between the Al2O3 surface and the thiosemicarbazone
derivatives. Here, the adsorbed species are in contact with the
Al2O3 surface. In this process, a coordinated bond that involves
the electron transfer from inhibitor system towards the metallic
surface is formed.

The electron-transfer is facilitated when the inhibitor molecule
has a lone pair of electrons without share in the donating atom of
the functional group, and the availability of p-electrons due to the
presence of double bonds or aromatic rings in its structure.

Moreover, there is a great possibility that adsorption may also
take place via hydrogen bond formation between the N–H linkage
in thiosemicarbazone derivatives and the oxygen atoms of the alu-
minum oxide/aluminum hydroxide surface species. This type of
adsorption should be more prevalent for protonated N-atoms, be-
cause the positive charge on the N-atom is conductive to the for-
mation of hydrogen bonds. Unprotonated N-atoms may adsorb
by direct chemisorption, as mentioned previously, or by hydrogen
bonding to a surface oxidized species. The extent of adsorption by
the respective modes depends on the nature of the metal surface. A
good inhibitor must have strong affinity for the bare metal atoms.
The requirement is different in case of aluminum; a compact pas-
sive oxide film is always present on the electrode surface, where
hydrogen bond formation accounts for most of the inhibition ac-
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tion. An effective inhibitor is one that forms hydrogen bonds easily
with the oxidized surface.

5. Conclusion

Chemical and electrochemical measurements incorporated with
quantum chemical calculations and molecular dynamics simula-
tions were used to study the corrosion inhibition characteristics
of some thiosemicarbazone derivatives on aluminum in 1.0 M
HNO3 solutions. The results obtained lead to the conclusion that
thiosemicarbazone derivatives effectively inhibit the corrosion of
aluminum in 1.0 M HNO3 solutions. The inhibition efficiency of
these compounds increases with increase in their concentrations.
Polarization curves demonstrated that the thiosemicarbazone
derivatives were of mixed-type inhibitors for A2O3 (1 1 1) surface
corrosion in these solutions. EIS plots indicated that the addition
of inhibitors increases the charge-transfer resistance of the corro-
sion process, and hence the inhibition performance, enhances with
inhibitor concentration and depends on the type of the adsorbed
molecule.

The molecular dynamics simulation results show that the three
thiosemicarbazone derivatives can adsorb on the A2O3 (1 1 1) sur-
face through the sulphur and nitrogen atoms as well as p-electrons
in the pyridyl structure. Physisorption, followed by chemisorption
is proposed as the mechanism for the inhibition process which is
enhanced via formation of hydrogen bonding.
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