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Abstract A relationship between molecular structures of

three thiosemicarbazone derivatives and their inhibition

capability was studied using electrochemical measure-

ments (potentiodynamic polarization and EIS), molecular

dynamics method and quantum chemical calculations.

Electrochemical measurements results revealed that the

inhibition efficiencies increased with the concentration of

inhibitors. The molecular dynamic method results showed

that the higher binding energy between the inhibitor and

metal surface, the higher the adsorption energy and the

higher the inhibition efficiency. Thiosemicarbazone deriv-

atives have been simulated as adsorbate on Ni(111) sub-

strate and the adsorption density, adsorption energy and

binding energy have been identified on nickel surface.

Keywords Molecular modeling � Adsorption density �
Binding energy � Acid corrosion

1 Introduction

With the advances in computer hardware and development

of related theory, molecular modeling has grown to be an

effective technique to explore complex systems at molec-

ular level. Molecular structure, electron distribution and

detailed adsorption process can be obtained via this

approach, which is helpful for investigation of inhibition

mechanism.

At the end of the twentieth century, much research based

on molecular dynamics simulation was conducted to

investigate the inhibitor mechanism on micro to meso-

scopic scale [1–3]. The effect of corrosive environment

factors, such as solvent, temperature and pressure, etc.,

on adsorption of inhibitor molecule on metal surfaces was

also investigated. These research results have provided

theoretical guidance for molecular design.

Nickel is one of the most important metals and is similar

to iron in most of its properties. Common uses of nickel

include production of stainless steel and other corrosion-

resistant metals containing nickel [4, 5]. Nickel is also used

in electroplating [6], electroforming [7] and sintered metal

coatings [8]. The corrosion resistance of nickel is due to the

formation of a passive film on its surface upon exposure to

the corrosive media [9]. Nevertheless, nickel could be

attacked by acidic media in a considerable rate. Thus, its

corrosion rate must be controlled. The use of inhibitors is

one of the most practical methods for protection against

corrosion in acidic media [10].

Kumar et al. [11] studied the corrosion inhibition of

nickel using different thiones in 4% nitric acid at different

temperatures to determine the relative stability of the

passive film formed on the nickel surface.

Khaled et al. [12, 13] studied corrosion and corrosion

inhibition behavior of nickel electrode in 1.0 M HNO3 in the

absence and presence of several nitrogen and sulfur con-

taining compounds. The results indicate a strong dependence

of the inhibition performance on the nature of the metal

surface, in addition to the structural effects of the inhibitors.

The aim of the present study is to investigate the inhib-

itive properties of three selected thiosemicarbazone deriv-

atives, namely p-methoxyacetophenone thiosemicarbazone,
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p-methylacetophenone thiosemicarbazone and p-amino-

acetophenone thiosemicarbazone towards nickel corrosion

in 1.0 M HNO3 solutions using electrochemical techniques

(polarization and impedance). It is also the objective of this

study is to elucidate the adsorption behavior of the three

selected thiosemicarbazone compounds on the nickel sur-

face using quantum chemical calculation and molecular

dynamics simulation techniques.

2 Experimental procedures

Experiments were carried out with 99.999% nickel elec-

trode (Johnson Matthey Chemicals). The electrode was

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 nickel electrode was abraded with

different grit sizes emery papers up to 4/0 grit size to

remove the corrosion products, if any, formed on the sur-

face, cleaned in 18 MX water in an ultrasonic bath for

5 min and subsequently rinsed in acetone and bi-distilled

water and immediately immersed in the test solution. The

thiosemicarbazone derivatives used in this study were

obtained from Aldrich Chemical co. and their molecular

structures are as follow:

They were added to the 1.0 M HNO3 (Fisher Scientific)

without pre-treatment at concentrations of 10-4, 10-3,

5 9 10-3, and 10-2 M. The electrode was immersed in

these solutions for 1 h before starting measurements.

Electrochemical measurements were carried out in a

conventional electrochemical cell containing three com-

partments for Ni as working electrode, a platinum foil

(1.0 cm2) as counter electrode and a reference electrode.

A Luggin capillary was also included in the design. The

reference electrode was a saturated calomel electrode

(SCE) used directly in contact with the working solution.

The experiments were conducted in a 150 cm3 volume cell,

open to air, at 25 �C ± 1 using a temperature control water

bath. All potential values were reported in volt (SCE).

Each run was carried out in stagnant aerated 1.0 M

HNO3 solutions without and with various concentrations

(10-4–10-2 M) of thiosemicarbazone derivatives. Polari-

zation measurements were carried out starting from a

cathodic potential of -0.27 V to an anodic potential of

?0.2 V at a sweep rate of 0.1 mV s-1. Impedance mea-

surements were carried out using ac signals of amplitude

5.0 mV peak to peak at the open-circuit potential in the

frequency range from 30 kHz to 1.0 mHz.

Measurements were performed with a Gamry Instrument

Potentiostat/Galvanostat/ZRA. This includes a Gamry

Framework system based on the ESA400, Gamry applica-

tions that include DC105 for dc corrosion measurements,

EIS300 for impedance measurements to calculate the cor-

rosion current and the Tafel constants along with a com-

puter for collecting the data. Echem Analyst 5.58 software

was used for plotting, graphing and fitting data.

3 Theoretical models and methods

The modeling studies were designed to examine thiosem-

icarbazone derivatives–surface interactions that lead to

optimal molecular binding to the nickel surface. The

studies would seek to compare the energy-minimized

binding configurations as well as adsorption energies for

the studied thiosemicarbazone derivatives. The nickel

surface binding energies of these configurations were

computed using DMol3 [14], a high quality quantum

mechanics computer program (available from Accelrys

[14], 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.

Molecular simulation studies were performed using

Materials studio 5.0 software from Accelrys Inc [14] which

has been used to build the thiosemicarbazone derivatives

molecules, nickel surface (111) surface and solvent mole-

cules using the sketching tools in Materials Visualizer.

Molecular mechanics tools are used to investigate the

Ni(111)/solvent/thiosemicarbazone derivatives systems.

The key approximation is that the potential energy surface,

on which the atomic nuclei move, is represented by a
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classical forcefield. COMPASS (Condensed-phase Opti-

mized Molecular Potentials for Atomistic Simulation

Studies) [15], which used to optimize the structures of all

components of the system of interest (Ni(111)/solvent/

thiosemicarbazone derivatives) and represents a technology

break-through in forcefield method. COMPASS is the first

ab initio forcefield that enables accurate and simultaneous

prediction of chemical properties (structural, conforma-

tional, vibrational, etc.) and condensed-phase properties

(equation of state, cohesive energies, etc.) for a broad range

of chemical systems. It is also the first high quality

forcefield to consolidate parameters of organic and inor-

ganic materials.

The first step in this computational study is the prepa-

ration of a model of molecules which adsorb on the surface

with optimized geometry (i.e. energy minimized). Among

the different steps involved in the modeling approach,

is the construction of the Ni(111) surface from its pure

crystal, the addition of the thiosemicarbazone derivatives

near to the surface, the definition of the potentials (i.e. the

forcefield) to study the liquid–solid interaction, followed

by the geometry optimization calculation. This particular

case, the use of molecular mechanics can be seen as a

precursor to computationally more expensive quantum

mechanical methods: once the model has been optimized

with suitable forcefield (COMPASS), we will be able to

simulate a substrate (Ni(111) surface) loaded with an

adsorbate (i.e., the three selected thiosemicarbazone

derivatives, taking into consideration the solvent effect.

The objective of this computational study is to find low

energy adsorption sites to investigate the preferential

adsorption for the three selected thiosemicarbazone deriv-

atives on Ni(111) surface aiming to find a relation between

the effect of their molecular structure and their inhibition

efficiency.

The MD simulation of the interaction between thio-

semicarbazone derivatives and Ni(111) surface was carried

out in a simulation box (14.33 9 14.33 9 19.650 Å) with

periodic boundary conditions to model a representative part

of the interface devoid of any arbitrary boundary effects.

The Ni(111) was first built and relaxed by minimizing its

energy using molecular mechanics, then the surface area of

Ni(111) was increased and its periodicity is changed by

constructing a super cell, and then a vacuum slab with

50 Å thicknesses was built on the Ni(111) 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 five layers of nickel atoms gives

a sufficient depth that the inhibitor molecules will only be

involved in non-bond interactions with nickel atoms in the

layers of the surface, without increasing the calculation

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. After minimizing

the Ni(111) surface and thiosemicarbazone derivatives

molecules, the corrosion system will be built by layer

builder to place the inhibitor molecules on Ni(111) surface,

and the behaviors of the these molecules on the Ni(111)

surface were simulated using the COMPASS (condensed

phase optimized molecular potentials for atomistic simu-

lation studies) force field. Adsorption Locator module in

Materials Studio 5.0 [14] have been used to model the

adsorption of the inhibitor molecules onto Ni(111) surface

and thus provide access to the energetic of the adsorption

and its effects on the inhibition efficiencies of thiosemi-

carbazone derivatives [16]. The binding energy between

thiosemicarbazone derivatives and Ni(111) surface were

calculated using the following equation [17]:

Ebinding ¼ Etotal � Esurface þ Einhibitorð Þ ð1Þ

where Etotal is the total energy of the surface and inhibitor,

Esurface is the energy of the surface without the inhibitor,

and Einhibitor is the energy of the inhibitor without the

surface.

4 Results and discussions

4.1 Electrochemical measurements

4.1.1 Electrochemical impedance spectroscopy

The experimental results obtained from EIS measurements

for the corrosion of nickel in the presence and absence of

thiosemicarbazone derivatives at 25 �C ± 1 are summa-

rized in Table 1 and presented in Figs. 1, 2, and 3. Fig-

ures 1, 2, and 3 show the impedance spectra of nickel in

1.0 M HNO3 solution in the absence and presence of dif-

ferent concentrations of thiosemicarbazone derivatives. As

can be seen in Figs. 1, 2, and 3, for the methoxy and methyl

derivatives, the complex impedance diagrams consist of

three time constants, i.e., a large capacitive loop at high

frequency (HF), a small capacitive loop at medium fre-

quency (MF) and a small inductive one at low frequency

(LF) values.

Moreover, the diameter of the large semicircle increases

gradually with the increase of the thiosemicarbazone

derivatives concentration from 10-4 to 10-2 M.

The HF capacitive loop is related to the charge transfer

process of the metal corrosion and the double layer

behavior, the LF inductive loop may be attributed to the

relaxation processes obtained by adsorption of inhibitor on

the electrode surface [18]. The inductive behavior at LF is
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probably due to the consequence of the layer stabilization

byproducts of the corrosion reaction on the electrode

surface involving inhibitor molecules and their reactive

products [19]. It may also be attributed to the re-dissolution

of passivated surface. On the other hand, as is seen, the

HF capacitance loops in Figs. 1, 2, and 3 enlarge as the

increase of methoxy and methyl derivatives concentrations,

respectively. It means that the inhibition efficiency is

proportional to the increment of inhibitor concentration.

Namely, the greater the inhibitor concentration, the higher

the inhibition efficiency.

As seen from Figs. 1, 2, and 3, the Nyquist plots

semicircle diameters are increased by increasing the

inhibitor concentration, indicating that the corrosion is

mainly a charge transfer process [20]. A loop is also seen at

low frequencies which could be arising from the adsorbed

intermediate products on the nickel surface [21]. It is worth

noting that the change in the concentration of thiosemi-

carbazone derivatives did not alter the style of the

impedance curves, suggesting a similar mechanism of

inhibition is involved.

In case of amino derivative (see Fig. 3), two capacitive

loops with two time constants are appeared, first at HF with

high polarization resistance (R1) and the other at LF with

small polarization resistance (R2) appear. The total polar-

ization resistance Rp equals (R1 ? R2). Impedance spectra

of amino derivative shown in Fig. 3 can be interpreted by

using two time constants model as presented in Fig. 4. In

case of amino derivative, the first time constant was shown

at HF and was related to an external porous layer, whereas

Table 1 Electrochemical parameters calculated from EIS measurements on nickel electrode in 1.0 M HNO3 solutions without and with various

concentrations of thiosemicarbazone derivatives at 25 �C using equivalent circuits presented in Fig. 4

Inhibitor type Rs

(X cm2)

R1

(X cm2)

CPE1

(lX-1 cm-2 Sn)

n1 R2

(X cm2)

n2 CPE2

(mX-1 cm-2 Sn)

L

(H cm2)

R3

(X cm2)

P%

Blank 0.6 32 15.7 0.89 1.7 0.75 5.9 – – –

p-Methoxy

thiosemicarabzone

10-4 1.3 42.4 27 0.81 3.1 0.88 8 8 3 28.2

10-3 1.5 73.5 20 0.78 5.2 0.88 7 7 3.5 58.5

5 9 10-3 1.2 142 15 0.77 7.3 0.87 6.7 6 5.5 78.4

10-2 1.8 194 8 0.78 10.2 0.85 9 5 6.1 84.6

p-Methyl

thiosemicarabzone

10-4 1.3 54 30 0.69 11.2 0.89 12 10 9 44.6

10-3 1.3 88.7 22 0.73 13.1 0.83 11 8 10.7 65.8

5 9 10-3 1.5 173.5 18 0.77 20.2 0.89 22 7 13.4 82.4

10-2 1.8 313.2 10 0.79 26.1 0.83 31 6 8.4 90.8

p-Amino

thiosemicarabzone

10-4 1.3 55 32 0.75 16 0.85 9.2 – – 56.3

10-3 1.6 78 23 0.73 38 0.81 8.1 – – 73.5

5 9 10-3 1.4 199 20 0.79 63 0.78 7.3 – – 88.2

10-2 1.8 369 12 0.75 156 0.77 3.2 – – 94.3

Fig. 1 Nyquist plots for nickel in 1.0 M HNO3 solutions in the

absence and presence of various concentrations of p-methoxyaceto-

phenone thiosemicarbazone at 25 �C

Fig. 2 Nyquist plots for nickel in 1.0 M HNO3 solutions in the

absence and presence of various concentrations of p-methylaceto-

phenone thiosemicarbazone at 25 �C
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the second time constant, at lower frequencies, was

attributed to a more resistive internal layer. In this case, the

transfer function is the sum of the corresponding layer

impedance [22].

Z Sð Þ�1¼ Y Sð Þ ¼ hYL Sð Þ þ 1� hð ÞYcorr Sð Þ ð2Þ

where YL Sð Þ is the layer admittance and Ycorr Sð Þ denotes

the admittance of the corrosion process which occurs at the

nickel/nitric acid interface at the bottom of the ‘‘virtual

pores’’ within the film [22].

Figure 4 shows the equivalent circuit models used to fit

the experimental impedance data of nickel in 1.0 M HNO3

containing inhibitors, in this case Rs refers to the solution

resistance, CPE the constant phase element, R the polari-

zation resistance, L the inductance. Inductivity L may be

correlated with a slow LF intermediate process [23]. It

should be noticed that the depression of the large semi-

circles (i.e., rather than perfect semicircles) in the complex

impedance plane of the Nyquist plots, with the centre under

the real axis, appears in Fig. 4. Deviation of this kind,

often referred to as frequency dispersion, was attributed

to roughness and inhomogeneities of the solid surface.

Therefore, a constant phase element (CPE) instead of a

capacitive element is used in Fig. 4 to get a more accurate

fit of experimental data sets using generally more compli-

cated equivalent circuits. The impedance, Z, of CPE has the

form [24]:

ZCPE ¼ Q jxð Þ½ ��n ð3Þ

where Q is the CPE constant, which is a combination of

properties related to the surface and electro-active species,

j2 = -1 the imaginary number, x the angular frequency

and n is a CPE exponent which can be used as a measure of

the heterogeneity or roughness of the surface. Depending on

the value of n, CPE can represent resistance (n = 0, Q = 1/R),

capacitance (n = 1, Q = C), inductance (n = -1, Q = 1/L)

or Warburg impedance (n = 0.5, Q = W) [18].

Table 1 contains all the impedance parameters obtained

from the simulation of experimental impedance data for

methyl, methoxy and amino derivatives, including Rs, R1,

R2, R3, R4, L and CPEs (for the fitting of Q, n = 0.7–0.89).

The inhibition efficiency (P%) is calculated from the

following equation [25]:

P% ¼ 1� Ro

R

� �
� 100 ð4Þ

where Ro and R represents the uninhibited and inhibited

polarization resistance (intersection of the LF inductive loop

with x-axis in case of methoxy and methyl derivatives and

intersection of the LF capacitive loop with x-axis in case of

amino derivative), respectively. It can be seen from Table 1

that, with the increase of inhibitor concentrations, the inhi-

bition efficiencies increase noticeably, especially the situa-

tion of increasing concentration of amino derivative. At the

Fig. 3 Nyquist plots for nickel in 1.0 M HNO3 solutions in the

absence and presence of various concentrations of p-aminoacetophe-

none thiosemicarbazone at 25 �C

Fig. 4 Equivalent circuits used

to model impedance data for

nickel in 1.0 M HNO3

solutions: a equivalent circuit

for methoxy and methyl

derivatives, b equivalent circuit

for amino derivative

J Appl Electrochem (2011) 41:423–433 427

123



same concentration of inhibitors, the inhibition efficiency of

these inhibitors is in the order: amino [ methyl [ methoxy.

4.2 Potentiodynamic polarization

The polarization curves of nickel electrode in aerated

1.0 M HNO3 solutions with varying concentrations of

thiosemicarbazone derivatives at 25 �C ± 1 are shown in

Figs. 5, 6, and 7.

It is obvious that the nickel electrode immersed in nitric

acid solution displays a cathodic region of Tafel behavior.

However, the anodic polarization curve does not display an

extensive Tafel region, instead it shows a plateau that goes

with primary passivity, and arises after oxygen evolution

[26]. The existence of passivation in conjunction with a

dissolution reaction does not result in a well-defined

experimental anodic Tafel region. Therefore, due to

absence of linearity in anodic branch, accurate evaluation

of the anodic Tafel slope (ba) by Tafel extrapolation of the

anodic branch is impossible [27–30]. There is, therefore an

uncertainty and source of error in the numerical values of

the anodic Tafel slope (ba); the reason why we did not

introduce ba values recorded by the software. It has been

shown that in the Tafel extrapolation method, use of both

the anodic and cathodic Tafel regions is undoubtedly pre-

ferred over the use of only one Tafel region [31]. However,

the corrosion rate can also be determined by Tafel

extrapolation of either the cathodic or anodic polarization

curve alone. If only one polarization curve alone is used, it

is generally the cathodic curve which usually produces a

longer and better defined Tafel region in Figs. 5, 6, and 7.

Detailed description of the method of determination of

corrosion current density by this method has been pre-

sented elsewhere [32, 33].

Although the anodic dissolution of nickel in nitric acid

is well described in the literature [34–36], there is no

means agreement either on the mechanism of passivation

of nickel or on the composition and thickness of the passive

layer [37]. Generally, the important feature is that the

nature of the anion of the electrolyte is a determining

parameter in the anodic dissolution of nickel [26]. Ana-

lyzing the form of polarization curves in Figs. 5, 6, and 7,

we can see some different phases of polarization. First, the

anodic polarization curve corresponds to the electrochem-

ical generation of nickel oxide and/or nitrates. Several

reaction schemes for interpreting the anodic dissolution/

passivation of nickel in dilute nitric acid have been pre-

sented in the literature [11, 37, 38]. All the electron and

mass transfers are made through the intermediate of

adsorbed species at the reactive interface; so we propose

Fig. 5 Anodic and cathodic polarization curves for nickel in 1.0 M

HNO3 solutions in the absence and presence of various concentrations

of p-methoxyacetophenone thiosemicarbazone at 25 �C

Fig. 6 Anodic and cathodic polarization curves for nickel in 1.0 M

HNO3 solutions in the absence and presence of various concentrations

of p-methylacetophenone thiosemicarbazone at 25 �C

Fig. 7 Anodic and cathodic polarization curves for nickel in 1.0 M

HNO3 solutions in the absence and presence of various concentrations

of p-aminoacetophenone thiosemicarbazone at 25 �C
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only one general model where all the reactions may be

produced by anion (NO3
- or OH-). Figure 8 presents a

scheme of all the reactions: on a nickel atom one anion

NO3
- or OH- may be adsorbed and the surface active

anions are believed to participate directly in the dissolution

process by adsorption at the nickel surface.

As an example, the dissolution of nickel in presence of

nitrate anion (A = NO3
-) can be described by the fol-

lowing set of equations [26], where k1 and k2 are rate

constants

Niþ A� �!k1
Ni� Aads þ e� ð5Þ

Ni� Aads�!
k2

Ni� Aþads þ e� ð6Þ

Ni� Aþads ! Niþ2 þ e� ð7Þ

Equation 7 is a chemical reaction, whereas Eqs. 5 and 6

are electrochemical reactions which involve the adsorbed

intermediate species Ni–Aads; this intermediate occupies a

fraction h of the electrode area.

On the other hand, it is known [38] that the series of the

cathodic reactions of the reduction of nitric acid occurs in

the following way:

NO�3 ! NO2 ! NO�2 ! NO! N2 ! . . . ð8Þ

Some authors show that the reduction of nitric acid on

nickel electrode can even lead to the formation of ammonia

[39].

The influence of the anodic and cathodic reactions on

the behavior of nickel in nitric acid has been investigated

by addition of thiosemicarbazone derivatives to the solu-

tion. Addition of thiosemicarbazone derivatives retards the

anodic dissolution and cathodic reduction reactions that

occur on nickel surface in 1.0 M HNO3. Thiosemicarba-

zone derivatives destroy completely nitrous acid which is

always present in small amounts in nitric acid [40] and

which increases by the reduction of nitric acid. The values

of the corrosion current density (icorr) for nickel corrosion

reaction without and with thiosemicarbazone derivatives

were determined by extrapolation of the cathodic Tafel

lines to the corrosion potential (Ecorr). Table 2 represents

the influence of thiosemicarbazone derivatives on the cor-

rosion kinetic parameters. As it can be seen form Figs. 5, 6,

and 7, the anodic and cathodic reactions are affected.

Thiosemicarbazone derivatives are thus mixed-type inhib-

itors, meaning that the addition of these compounds to

nitric acid solutions reduces the anodic dissolution of

nickel, corresponding to a noticeable decrease in the cur-

rent densities of the passivation plateau, and also retards

the cathodic reactions that occurs on the nickel surface.

Fig. 8 Path of all possible reactions on the anodic plateau in Figs. 5,

6, and 7 [11, 37, 38]

Table 2 Electrochemical kinetic parameters, inhibition efficiencies

and rates of corrosion associated with Tafel polarization measure-

ments recorded for nickel in 1.0 M HNO3 solutions without and with

various concentrations of the three selected thiosemicarbazone

derivatives acids at 25 �C

Inhibitor type [Inhib]

(M)

bc

(mV dec-1)

-Ecorr

(mV (SCE))

icorr

(lA cm-2)

W% Corrosion

rate (mpy)

Blank 169.1 19.8 527 – 223.7

p-Methoxy thiosemicarabzone 10-4 157.1 18 402.0 23.7 170.7

10-3 169.5 18.5 234.0 55.6 99.19

5 9 10-3 177.6 19 161.5 69.3 68.47

10-2 179.7 118.3 115.0 78.2 48.79

p-Methyl thiosemicarabzone 10-4 166.6 25.0 355.0 32.6 150.8

10-3 177.7 25.5 204.0 61.3 86.51

5 9 10-3 169.4 24.0 119.0 77.4 50.53

10-2 166.1 22.1 54.3 89.7 23.07

p-Amino thiosemicarabzone 10-4 171.0 18.8 297.0 43.6 126.1

10-3 171.5 19.1 173.0 67.2 73.4

5 9 10-3 167.3 21.4 98.4 81.3 44.78

10-2 171.4 22.3 40.1 92.4 17.1
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Electrochemical parameters associated with polarization

measurements, such as corrosion potential (Ecorr), corro-

sion currents densities (icorr) and cathodic Tafel slope (bc),

are listed in Table 2 as a function of thiosemicarbazone

derivatives concentration. As it can be seen, the corrosion

potential (Ecorr) has no definite shift and (icorr) decreases

when the concentration of thiosemicarbazone derivatives is

increased. Absence of significant change in the cathodic

Tafel slope (bc) in the presence of thiosemicarbazone

derivatives indicates that the corrosion mechanism is not

changed after adding the thiosemicarbazone derivatives,

and the inhibition effect is due to simple adsorption. These

findings also indicate that the cathodic reactions are under

activation-controlled and the addition of thiosemicarba-

zone derivatives does not affect the mechanism of the

corrosion process [41].

It follows from the data of Table 2 that, at a 25 �C, the

inhibition efficiency increases with increasing thiosemi-

carbazone derivatives concentrations. It is seen that thio-

semicarbazone derivatives has inhibiting properties at all

studied concentrations and the values of inhibition effi-

ciencies, W% increase as the thiosemicarbazone derivatives

concentrations increase.

The percentage of inhibition efficiency (W%) were

calculated using the following equation:

W% ¼ 1� icorr

io
corr

� �
� 100 ð9Þ

where icorr
o and icorr are corrosion current densities in the

absence and presence of inhibitors, respectively. From the

results in Table 2, it can be observed that the values of

corrosion current density (icorr) of nickel in the inhibitor-

containing solutions were lower than those for the inhibi-

tor-free solution. The corrosion current densities at all

inhibitor concentrations are decreased in the order of

amino [ methyl [ methoxy.

4.3 Computational study

Molecular modeling studies give indications of a strong

molecular attraction to the metal to better understand the

performance mechanism for the thiosemicarbazone deriv-

atives. The modeling studies were designed to examine this

theory by predicting the inhibitor–surface interactions that

lead to optimal molecular binding at the nickel surface.

Monte Carlo simulation, molecular dynamics were

performed on a system comprising thiosemicarbazone

derivatives, solvent molecules and Ni(111) surface. Each

thiosemicarbazone derivative is placed on the Ni(111)

surface, optimize and then run quench molecular dynamics.

Total energy, average total energy, Van der Waals energy,

electrostatic energy and intramolecular energy for the

studied system are presented in Fig. 9 (representative

example for optimization energy of Ni(111)/solvent/methyl

derivative system). Monte Carlo docking was done on each

of the 100 conformations, and each of the docked structures

was energetically relaxed.

The Monte Carlo simulation process tries to find the

lowest energy for the whole system. The structures of the

adsorbate components are minimized until they satisfy

certain specified criteria. The outputs and descriptors cal-

culated by the Monte Carlo simulation are presented in

Table 3. The parameters presented in Table 3 include total

energy of the substrate–adsorbate configuration. The total

energy is defined as the sum of the energies of the adsor-

bate components, the rigid adsorption energy, and the

deformation energy. In this study, the substrate energy

(nickel surface) is taken as zero. Also, adsorption energy

reports energy released (or required) when the relaxed

adsorbate components are adsorbed on the substrate.

The adsorption energy 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 kcal mol-1, released (or required) when the

unrelaxed adsorbate components (i.e., before the geometry

optimization step) are adsorbed on the substrate. The

deformation energy, reports the energy released when the

adsorbed adsorbate components are relaxed on the sub-

strate surface. Table 3 shows also, (dEads/dNi) which

defines the energy of substrate–adsorbate configurations

where one of the adsorbate components has been removed.

As can be seen from Table 3, the amino derivative gives

the maximum adsorption energy found during the simula-

tion process (-76.5 kcal mol-1). High values of adsorp-

tion energy confirm experimental results and explain why

the amino derivative gives the highest inhibition efficiency.

Fig. 9 Total energy distribution for methyl derivative/solvent/

Ni(111) system
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The ‘‘total energy’’ of a molecule presented in Table 3

refers to the energy of a specific arrangement of atoms. The

zero energy reference is taken to be the infinite separation

of all electrons and nuclei, so the total energy is generally

negative, corresponding to a bound state.

The effectiveness of an inhibitor can be related to its

electronic and spatial molecular structure. Also, there are

certain quantum-chemical parameters that can be related to

the interactions 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 because low values will favor 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 [42, 43].

In Table 4, several theoretical parameters were calcu-

lated in liquid as well as in gas phase. The calculated

parameters in gas phase as well as in the presence of a

solvent do not exhibit important differences. The solvent in

these calculations regarded as a continuous of uniform

dielectric constant (e) and the solute is placed in a cavity

within it [44]. The HOMO energy can indicate the dispo-

sition of the molecule to donate electrons to an appropriated

acceptor with empty molecular orbitals (d orbital in nickel).

Also, an increase in the values of EHOMO can facilitate the

adsorption, and therefore improved inhibition efficiency

results [45]. The corrosion rate must decrease with increases

in HOMO energy (less negative) [42], therefore an increase

in the corrosion inhibition is present (see Table 4).

Low values of the energy gap (DE) will provide good

inhibition efficiencies, because the excitation energy to

remove an electron from the last occupied orbital will be

low [46]. The results show that the amino derivative has

the lowest energy gap; this agrees with the experimental

results that amino derivative could have better performance

as a corrosion inhibitor (see Table 4).

Figure 10 shows the predicted adsorption density of

thiosemicarbazone derivatives on the Ni(111) substrate. As

can be seen from Fig. 10, that the amino derivative shows

the highest ability to adsorb on Ni surface with highest

adsorption density. Also, it has the highest binding energy

to Ni surface as seen in Table 3. Adsorption density cal-

culation presented in Fig. 10 is identified by carrying out a

Monte Carlo search of the configurational space of the

substrate–adsorbate system as the temperature is slowly

decreased. This process is repeated to identify further local

energy minima. During the course of the simulation,

adsorbate molecules are randomly rotated and translated

around the substrate. The configuration that results from

one of these steps is accepted or rejected according to the

selection rules of the Metropolis Monte Carlo method.

4.4 Mechanism of adsorption

Three modes of adsorption can be identified for the

adsorption of thiosemicarbazone derivatives. These modes

of adsorptions include physical, chemical and adsorption

through hydrogen bonding. Physical adsorption is the result

of electrostatic attractive forces between the cationic form

of thiosemicarbazone derivatives and the electrically

charged nickel surface. Chemisorption process involves

charge sharing or charge-transfer from the lone pairs of

electrons in the thiosemicarbazone derivatives to the vacant

Table 3 Outputs and descriptors calculated by the Mont Carlo simulation for adsorption of thiosemicarbazone derivatives on Ni(111)

Inhibitor Total energy

(kcal mol-1)

Adsorption

energy

(kcal mol-1)

Rigid

adsorption energy

(kcal mol-1)

Deformation

energy

(kcal mol-1)

dEad/dNi

(kcal mol-1)

Calculated

binding energy

(kcal mol-1)

p-Methoxy thiosemicarabzone -158.1 -84.4 -86.33 1.9 -84.4 322

p-Methyl thiosemicarabzone -163.8 -78.25 -78.6 0.4 -78.25 356

p-Amino thiosemicarabzone -150.3 -76.5 -80.36 3.7 -76.5 411

Table 4 HOMO and LUMO

energies, HOMO–LUMO gap

(DE) and dipole moment l for

the three thiosemicarbazone

derivatives obtained in the gas

phase and in the presence of

water, respectively

Inhibitor EHOMO (eV) ELUMO (eV) D = ELUMO - EHOMO (eV) l (D)

p-Methoxy thiosemicarabzone -8.55 -0.941 7.609 6.96

-8.88 -1.1 7.78 7.81

p-Methyl thiosemicarabzone -8.59 -9.975 7.615 6.76

-8.78 -0.99 7.79 7.01

p-Amino thiosemicarabzone -8.54 -0.9057 7.635 6.521

-8.61 -0.996 7.614 6.81
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d-orbital in the nickel surface to form a coordinate type of a

bond.

Literature survey shows that few investigations have

shown that adsorption could also occur through hydrogen

bonding [47, 48].

Physical adsorption might be occur between the nega-

tive nickel surface and the protonated thiosemicarbazone

derivatives. In addition to the physical adsorption, there

should be chemical adsorption owing to the coordinate

bonds formed between the lone electron pairs of the

N-atom in thiosemicarbazone derivatives and the empty

orbits of nickel atoms which enhanced the combination

between the thiosemicarbazone derivatives molecules and

electrode surface. The adsorption monolayer of thiosemi-

carbazone derivatives became compact and adherent to

the nickel surface with increasing its concentration, so the

cathodic reduction and anodic dissolution reaction were

inhibited extremely.

In the passive region where the surface of the nickel

electrode is covered by oxide layer with different compo-

sition [37]. This layer agrees with the finding of Hoare

and Wiese [49] about the formation of NO2 film which

transforms slowly to NiO. On the other hand, it may be

possible, according to Korte [50], that in the beginning of

the repassivation process Ni(NO3)2�4H2O forms which

changes to NO2 and NiO, respectively.

The presence of oxide layer on the nickel surface

encourages the adsorption of the thiosemicarbazone

derivatives on the nickel surface via H-bonding.

Adsorption in this case is assisted by hydrogen bond

formation between thiosemicarbazone derivatives and

oxidized surface species. This type of adsorption should be

more prevalent for protonated N-atom, because the positive

charge on N-atom is conductive to the formation of

hydrogen bonds. Unprotonated N-atom may adsorb by

direct chemisorption or by hydrogen bonding to a surface

oxidized species. The extent of adsorption by the respec-

tive modes depends on the nature of the metal surface.

Adsorption by direct chemisorption, for unprotonated

N-atom, on an exposed nickel atom is more probable in the

active region. In this region, although the unprotonated

N-atom can interact with oxidized metal and the corrosion

intermediates by hydrogen bonding, little is contributed to

corrosion inhibition because corrosion intermediates and

surface oxides could not form a stable compact layer on the

metal surface. Effective inhibition is predominantly pro-

vided by the direct coordination of unprotonated N-atom to

metal atoms. In the passive region where the nickel surface

is covered by an adherent oxide protective layer, the direct

coordination of nitrogen to an exposed metal atom is a

remote event. Protonated and unprotonated N-atoms are

adsorbed onto nickel through hydrogen bond formation.

These results confirm the importance of hydrogen bonding

in effective corrosion inhibition in the passive region.

5 Conclusions

The three selected thiosemicarbazone derivatives were

found to be effective inhibitors for nickel corrosion in

1.0 M HNO3 solutions. Understanding adsorption phe-

nomena is of key importance in corrosion problems.

Computational studies help to find the most stable

adsorption sites for a broad range of materials. This

information can help to gain further insight about corrosion

system, such as the most likely point of attack for corrosion

on a surface, the most stable site for inhibitor adsorption

and the binding energy of the adsorbed layer. With such

knowledge at hand, we will be able to better guide sub-

sequent screening experiments for corrosion inhibitors that

save both time and money.
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Fig. 10 The adsorption density of thiosemicarbazone derivatives on

the Ni(111) substrate
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