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Abstract The adsorption and corrosion inhibition

behaviour of four selected piperidine derivatives, namely

piperidine (pip), 2-methylpiperidine (2mp), 3-methylpi-

peridine (3mp), and 4-methylpiperidine (4mp) at nickel in

1.0 M HNO3 solution were studied computationally by the

molecular dynamics simulation and quantum chemical

calculations and electrochemically by Tafel and impedance

methods. The results indicate a strong dependence of the

inhibition performance on the nature of the metal surface,

in addition to the structural effects of piperidines. Inhibi-

tion is accomplished by adsorption of piperidines on the

metal surface without detectable changes in the chemistry

of corrosion. Adsorption is predominantly chemisorptive in

the active region and by hydrogen bond formation in the

passive region. The potential of zero charge (PZC) of the

nickel electrode was determined in 1.0 M HNO3 solutions

in the absence and presence of 10-2 M 2mp, and the

electrostatic (physical) adsorption was discussed. The

inhibition efficiency of these compounds increases in

the order: 4mp [ 3mp [ 2mp [ pip. Molecular simulation

studies were applied to optimize the adsorption structures

of piperidine derivatives. The nickel/inhibitor/solvent

interfaces were simulated and the charges on the inhibitor

molecules as well as their structural parameters were cal-

culated in the presence of solvent effects. Quantum

chemical calculations based on the ab initio method were

performed to determine the relationship between the

molecular structure of piperidines and their inhibition

efficiency. Results obtained from Tafel and impedance

methods are in good agreement and confirm theoretical

studies.
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1 Introduction

The adsorption of inhibitor molecules on surfaces has

recently become the subject of intensive investigation in

the corrosion field because of the wealth of information

that can be obtained [1–3]. Understanding how an inhibitor

molecule behaves near a metal surface will greatly enhance

the ability to control the essential interfacial properties in a

wide variety of corrosion problems. Several computational

and electrochemical methods have been used to study the

behaviour of inhibitors for different metals [4–6].

The corrosion behaviour of nickel in acid baths in

plating, electrowining and pickling process is of industrial

concern. Although the mechanism of corrosion and inhi-

bition of nickel has been studied in different media [7–10],

studies in nitric acid in the presence of organic molecules

are rare [10]. Kumar et al. [12] studied the corrosion

inhibition of nickel using different thiones in 4% nitric acid

at different temperatures. The inhibition efficiencies of

thiones are determined by the electrochemical technique

(potential decay experiments) and carried out to determine

the relative stability of the passive film formed on the

nickel surface in the presence and absence of thiones. The

electrochemical investigations of nickel in a wide range of

concentrations (1–14.6 M) of nitric acid were studied by
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various electrochemical techniques as well as the chemical

(weight loss) method. [13]. The inhibiting action of alkyl

triphenyl phosphonium iodine salt towards the corrosion

behaviour of nickel in 1 M H2SO4 solution has been

studied [14] This compound was found to retard both the

anodic and cathodic reactions of nickel corrosion.

The aim of this work is to study the influence of four

selected piperidines, namely piperidine (pip), 2-methylpi-

peridine (2mp), 3-methylpiperidine (3mp), 4-methylpi

peridine (4mp), on the inhibition of nickel corrosion in

1.0 M HNO3 solutions using electrochemical techniques

(polarization and impedance) as well as explicit solvent

simulations using molecular dynamics and quantum

chemical calculation to explore the adsorption mechanism

of piperidines on nickel (1 0 0). Also, as the electronic

structure of piperidines could be involved in determining

interactions with the nickel surface, correlation between

molecular orbital calculations and inhibitor efficiencies

will be sought. Adsorption via hydrogen bonding is also

discussed.

2 Experimental

The nickel electrode used was of 99.999 % purity (Johnson

Matthey Chemicals). The nickel rod was welded to an iron-

wire for electrical connection and mounted in Teflon with

an active flat disc shaped surface of (1.0 cm2) geometric

area to contact the test solution. Prior to each experiment

the nickel electrode was polished with different grit sizes

emery papers up to 4/0 grit size to remove the corrosion

products, if any, formed on the surface. The nickel elec-

trode was 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 heterocyclic amines studied are presented below:

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

in these solutions for 1 h before starting measurements;

this was 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 counter and reference electrodes. A Luggin-

capillary was also included in the design, the tip of which

was positioned very close to the surface of the nickel

electrode to minimize IR drop. The reference electrode was

a saturated calomel electrode (SCE) used directly in con-

tact with the test solution. The measurements were carried

out in aerated non-stirred 1.0 M HNO3 solutions at 25 �C

(using water thermostat ±1 �C) without and with various

concentrations (10-4 to 10-2 M) of piperidine derivatives

as possible corrosion inhibitors. All solutions were freshly

prepared from analytical grade chemical reagents 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 electrode potential automatically from (-250 to

+250 mVSCE) versus open circuit potential with a scan rate

of 1.0 mV s-1. Impedance measurements were carried out in

the frequency range 100 kHz to 50 mHz with an amplitude

of 5 mV peak-to-peak using ac signals at the corrosion

potential (Ecorr). An impedance experiment was carried out

in (1.0 M HNO3 + 5 9 10-3 M 2mp) solution at an anodic

potential of (Ecorr + 0.20 V), within the potential range of

the passive region, to confirm adsorption via hydrogen

bonding. Measurements 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 corrosion measure-

ments, EIS300 for impedance measurements to calculate the

corrosion current and the Tafel constants along with a

computer for collecting the data. Echem Analyst 4.0 Soft-

ware was used for plotting, graphing and fitting data.

The molecular dynamics (MD) simulations were per-

formed using the commercial software MS Modeling from

Accelrys using the amorphous cell module to create solvent-

piperidines cells on the nickel-substrate. The behaviour of

the four selected inhibitors (Fig. 1) on the surface was

studied using molecular dynamics simulations and the

COMPASS force field. COMPASS stands for condensed-

phase optimized molecular potentials for atomistic simula-

tion studies. COMPASS is an ab initio powerful force field

which supports atomistic simulations of condensed phase

materials [15]. Most parameters were derived based on

ab initio data. The MD calculation of the simulation of the

interaction between the piperidine derivatives dissolved in

H2O and the nickel surface (1 0 0) was carried out in a

simulation box (30 9 30 9 29.9 Å) with periodic boundary

conditions in order to simulate a representative part of an

interface devoid of any arbitrary boundary effects. A cutoff

distance of 1.0 nm with a spline switching function was

applied for the non-bond interactions, i.e., for Coulombic,

van der Waals and hydrogen bond interactions. The cutoff

distance specifies the distance at which to exclude interac-

tions from the non-bond list. The spline switching function is

NH

piperidine

H
N

2-methyl piperidine

HN

3-methyl piperidine

HN

4-methyl piperidine
(pip) (2mp) (3mp) (4mp)
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used to select the spline width which specifies the size of the

region within which non-bond interactions are splined from

their full value to zero. For the actual computation of this

interaction energy charge groups are used.

The nickel crystal is cleaved along with the (1 0 0)

plane, thus representing the nickel surface. For the MD

simulation, all the spatial positions of the nickel atoms in

the simulation box are fixed because the thermal vibrations

of the interaction with an adsorbed molecule and not in the

physical behaviour of the crystal itself. The liquid phase

consists of 600 H2O molecules and a single dissolved

inhibitor molecule. On the top of this ‘‘aqueous layer’’, an

additional layer of 300 H2O molecules with fixed spatial

positions serves as an upper limit for the liquid phase

acting like a wall but with the same physical and chemical

properties. Before each MD run the inhibitor molecule was

located close to the nickel surface because the time scale of

such a diffusion process would exceed the time scale of the

whole simulation.

For quantum chemical calculations, the study was car-

ried out using Dewar’s Linear Combinations of Atomic

Orbitals–Self-Consistent Field–Molecular Orbital (LCAO–

SCF–MO) [16, 17] ab initio with basis set STO-3G method

with commercially available quantum chemical software

HyperChem, Release 8.0 [18]. A full optimization of all

geometrical variables without any symmetry constraint was

performed at the Restricted Hartree–Fock (RHF) level [19,

20]. This develops the molecular orbitals on a valence basis

set and also, calculates electronic properties, optimized

geometries and total energy of the molecules. As an opti-

mization procedure, the built-in Polak–Ribiere algorithm

was used [21].

3 Results and discussions

3.1 Adsorption energy calculations

In the simulation, the piperidines interact with the nickel

surface in water at 25 �C. Meanwhile, molecular dynamics

simulations are implemented with piperidines in different

possible configurations on the nickel surfaces and the

Fig. 1 Representative

structures of 3D amorphous

cells containing the nickel

substrate, the solvent molecules

and the piperidine derivatives
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adsorption energy is calculated. So the configuration with

the maximal adsorption energy is chosen as the initial

simulation states. The piperidines adsorbed on the nickel

surfaces after equilibrium is shown in Fig. 1. The maxiu-

mum contact area, which increase the adhesion energy and

stabilizes the piperidines on the nickel substrate, are

reached with 4-methyl piperidine (4mp).

The adsorption energy of the selected piperidines on

nickel and the possible hydrogen bonding formation

between the piperidine derivative and the nickel surface are

investigated. The adsorption energy of single piperidine

derivative on nickel surfaces as well as the calculated

hydrogen bond length, Table 1, confirmed that 4-methyl

piperidine is adsorbed on the nickel surface more strongly

than the other piperidines. These results indicate that the

interaction between the four tested inhibitors and the nickel

surface is strong and may occur via hydrogen bonding. It

follows from the data of Table 1 that 4-methyl piperidine

(4mp) possesses the highest adsorption energy on Ni

(1 0 0) surface and the shortest hydrogen bond length,

suggesting that 4mp is the best inhibitor among the

investigated piperidines. Experimental results confirmed

adsorption via hydrogen bonding in the passive region (see

details in Sect. 3.4.2).

3.2 Quantum chemical calculations

The selection of effective inhibitors for aqueous corrosion of

metals has been widely carried out, based on an empirical

approach. Some studies on inhibitors from a quantum

chemical point of view have been reported [22–25].

In order to investigate the charge distribution of piper-

idines molecules, ab initio quantum chemical calculations

were performed using the Hyperchem 8.0 package. The

Mulliken charge distributions of the piperidines molecules

as well as the highest occupied molecular orbitals (HOMO)

and lowest unoccupied molecular orbitals (LUMO), were

calculated, Fig. 2.

It is confirmed that the more negative the atomic partial

charges of the adsorbed centre are, the more easily the

atom donates its electrons to the unoccupied orbital of the

surface atoms of the nickel surface. In Fig. 2 (the numer-

ical values were listed), the atomic partial charges of the

nitrogen atom in (methyl piperidines) is -0.326, while that

of piperidine itself is -0.321.

It can be seen from Fig. 2 that the electron density

distribution is the highest in the case of 4-methyl piperi-

dine, confirming that it is the best inhibitor of the selected

piperidines. Some of the key quantum chemical parameters

were computed using the ab initio method and these are

listed in Table 1. These are mainly the energies of the

highest occupied (EHOMO) and lowest unoccupied (ELUMO)

molecular orbitals and total energy (Etot). These quantum

chemical parameters were obtained after geometric opti-

mization with respect to all nuclear coordinates.

Frontier orbital theory is useful in predicting adsorption

centers of the inhibitor molecules responsible for the

interaction with surface metal atoms [26, 27]. Terms

involving the frontier MO could provide dominative con-

tribution, because of the inverse dependence of

stabilization energy on orbital energy difference [26].

Moreover, the gap between the HOMO and LUMO energy

levels of the molecules is another important factor that

should be considered. Reportedly, excellent corrosion

inhibitors are usually those organic compounds which not

only offer electrons to unoccupied orbital of the metal, but

also accept free electrons from the metal [26, 28].

The quantum chemical calculation in this study

revealed that the linear correlation between MO energy

level and the corrosion inhibition efficiency proved that

the higher the HOMO energy of the inhibitor, the greater

the trend of offering electrons to the unoccupied d orbital

of the metal, and the higher the corrosion inhibition

efficiency for nickel in nitric acid solutions. In addition,

the lower the LUMO energy and the smaller the energy

gap (ELUMO–EHOMO), the easier the acceptance of elec-

trons from the metal surface, corresponding to increased

inhibition efficiency. The number of electrons transferred

(DN) was also calculated depending on the quantum

chemical method, as in Eq. 1:

Table 1 Calculated structural

parameters using ab initio

method

Inhibitor Piperidine

(pip)

2-methyl

piperidine

(2mp)

3-methyl

piperidine

(3mp)

4-methyl

piperidine

(4mp)

Adsorption energy/kJ mol-1 -27.41 -28.01 -28.2 -34.25

EHOMO/eV -8.881 -8.731 -8.521 -8.169

ELUMO/eV 15.921 15.819 15.531 15.31

DE (ELUMO–EHOMO)/eV 24.8 24.55 24.05 23.47

-Etot/kJ mol-1 649489 750848 750852 759217.5

Calculated hydrogen

bond length/Å

2.3 2.01 1.8 1.4

DN 0.320 0.323 0.328 0.339
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DN ¼ vNi � vinh

2ðgNi þ ginhÞ
ð1Þ

where vNi and vinh denote the absolute electronegativity of

nickel and the inhibitor molecule, respectively; gNi and ginh

denote the absolute hardness of nickel and the inhibitor

molecule, respectively. These quantities are related to electron

affinity (A) and ionization potential (I) which are useful in

their ability to help predicting chemical behaviour [29].

v ¼ ðI þ AÞ=2 ð2Þ
g ¼ ðI � AÞ=2 ð3Þ

I and A are related in turn to EHOMO and ELUMO

I ¼ �EHOMO ð4Þ
A ¼ �ELUMO ð5Þ

Values of v and g were calculated by using the values of I

and A obtained from quantum chemical calculation. Using

a theoretical v value of 4.4 eV/mol according to Pearson’s

electronegativity scale and g value of 0 eV/mol for nickel

[30], DN, the number of electrons transferred from inhib-

itor to the nickel surface, was calculated. Values of DN

showed that the inhibition effect resulted from electron

donation. Agreeing with Lukovits’s study [31], if

DN \ 3.6, the inhibition efficiency increased with

increasing electron-donating ability at the metal surface.

Based on these calculations, it is expected that the four

tested piperidines were donors of electrons, and the nickel

surface was the acceptor, and this favours chemical

adsorption of the inhibitor on the electrode surface. The

compounds bind to the nickel surface and form an

adsorption layer against corrosion. 4-methy piperidine

(4mp) had the highest inhibition efficiency because it had

the highest HOMO energy and DN values, and it had the

greatest ability (the lowest Etot) of offering electrons, and

piperidine had the lowest inhibition efficiency, for vice

Fig. 2 Structure of triazole

derivatives, molecular orbital

plots and charge density

distribution
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versa. In Fig. 1, the different views of the adsorption

structures of piperidines are shown. It can be seen that the

piperidine molecule has a nearly flat orientation with

respect to the nickel surface. For (4mp), most of the mol-

ecules have a nearly flat orientation with respect to the

nickel surface while others (pip, 2mp and 3mp) bond with

the nickel surface by tilting at an angle.

3.3 Electrochemical techniques

3.3.1 Tafel extrapolation method

The polarization behaviour of nickel in 1 M HNO3 solu-

tions in the absence and presence of different

concentrations of piperidines at a scan rate of 1 mV s-1

and at 25 �C, is shown in Figs. 3–6. The anodic curve

corresponds to the electrochemical generation of nickel

oxides and/or nitrates. A surface steady state appears

indicating that the corrosion products formed at the elec-

trode surface allowed pseudo-passivation of the material

[14]. This may account for the appearance of the passiv-

ation plateau in the anodic domain. The cathodic domain is

due to hydrogen evolution under kinetic-control [14]. The

values of the corrosion current density (icorr) for nickel

corrosion reaction without and with inhibitors were deter-

mined by extrapolation of the cathodic and anodic Tafel

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

the influence of piperidine concentration on the corrosion

parameters. As it can be seen from Figs. 3–6, the anodic

and cathodic reactions are affected. Piperidines are thus

mixed-type inhibitors, meaning that the addition of these

compounds to nitric acid solutions reduces the anodic

dissolution of nickel, corresponding to a noticeable

decrease in the current densities of the passivation plateau,

and also retards the cathodic hydrogen evolution reaction.

Fig. 3 Tafel polarization curves recorded for nickel electrode in

1.0 M HNO3 solution without and with various concentrations of

piperidine at a scan rate of 1.0 mV s-1 and at 25 �C

Fig. 4 Tafel polarization curves recorded for nickel electrode in

1.0 M HNO3 solution without and with various concentrations of

2-methyl piperidine at a scan rate of 1.0 mV s-1 and at 25 �C

Fig. 5 Tafel polarization curves recorded for nickel electrode in

1.0 M HNO3 solution without and with various concentrations of

3-methyl piperidine at a scan rate of 1.0 mV s-1 and at 25 �C

Fig. 6 Tafel polarization curves recorded for nickel electrode in

1.0 M HNO3 solution without and with various concentrations of

4-methyl piperidine at a scan rate of 1.0 mV s-1 and at 25 �C

1614 J Appl Electrochem (2008) 38:1609–1621
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The corrosion potentials (Ecorr) have no definite shift and

icorr decreases when the concentration of piperidines is

increased. The absence of significant change in the Tafel

slopes in the presence of inhibitor indicates that the cor-

rosion mechanism is not changed after adding the

inhibitor and the inhibitive effect is attributed to simple

adsorption. These results indicate that the electrochemical

process at the Nickel–HNO3 interface is controlled by

activation kinetics [14]. The inhibition efficiency, IE(%),

was evaluated from the measured icorr values using the

relationship:

IEp ¼ 1� iocorr

icorr

� �
� 100 ð6Þ

where io
corr and icorr are the corrosion current densities for

uninhibited and inhibited solutions, respectively. Data in

Table 2 indicate that for all cases the inhibition efficiency

values, IEp%, increased with increase in piperidine con-

centration. Maximum inhibition efficiency was obtained for

4-methyl piperidine (4mp) at a concentration of 10-2 M.

3.3.2 Impedance measurements

In order to gain more information about the corrosion

inhibition phenomenon on nickel electrodes by piperidines,

impedance measurements were carried out in aerated

1.0 M HNO3 solution in the absence and presence of the

different concentrations of piperidine derivatives at the

respective corrosion potentials and at 25 �C. Figure 7

shows the Bode and Bode phase plots recorded without and

with various concentrations of piperidines after immersion

for 60 min in molar nitric acid solutions. The Bode plots

show that the maximum phase angle shifts to lower fre-

quencies and the polarization resistance increases with

increasing concentration. In the presence of piperidines the

polarization resistance values increase and an additional

relaxation time constant appears, which can be related to

the formation of intermediate adsorbed species on the

electrode surface [32].

Figure 8 shows the Nyquist plots in the absence and

presence of various concentrations of piperidine. Two

capacitive loops with two time constants, first at high fre-

quency with high polarization resistance (R1) and the other

at low frequency with small polarization resistance (R2)

appear. The total polarization resistance Rp equals

(R1 + R2). Values of inhibition efficiency calculated from

Rp are obtained from Eq. 7:

IEI ¼ 1�
Ro

p

Rp

� �
� 100 ð7Þ

where Ro
p and Rp is the polarization resistance in the

absence and presence of piperidines, respectively.

These impedance plots can be interpreted by using two

time constants. The first one at high frequency is related to

an external porous layer, whereas the second, at lower

frequencies, is attributed to a more resistive internal layer.

In this case, the transfer function is the sum of the corre-

sponding layer impedance [33].

Z
�
ðSÞ�1 ¼ Y

�
ðSÞ ¼ h YL

�
ðSÞ þ ð1� hÞ Ycorr

�
ðSÞ ð8Þ

where YL

�
ðSÞ is the layer admittance and Ycorr

�
ðSÞ denotes

the admittance of the corrosion process which occurs at the

substrate/electrolyte interface at the bottom of the ‘‘virtual

pores’’ within the film [33].

Table 2 Electrochemical

kinetic parameters obtained

from Tafel polarization curves

shown in Figs. 3–6 for nickel

electrode in 1.0 M HNO3

solution without and with

different concentrations of the

four tested inhibitors

Inhibitor Conc./M icorr/lA cm-2 -Ecorr/mV bc/mV dec-1 ba/mV dec-1 C.R mpy IEp%

Blank 527 19.8 169.1 44.8 223.7

pip 10-4 430 25.3 167.4 39.6 182.4 18.4

10-3 384 28.5 169.5 39.9 162.9 27.13

5 9 10-3 312 21.5 180.8 41.9 132.6 40.79

10-2 185 18.3 180.0 39.6 78.38 64.89

2mp 10-4 387 12 166.4 41.1 164.5 26.56

10-3 325 16.5 167.1 42.1 137.9 38.33

5 9 10-3 273 17.7 169.5 41.4 115.9 48.19

10-2 133 19.2 167 40.4 56.3 74.76

3mp 10-4 351 11.8 171 39.3 149.2 33.39

10-3 285 13.1 171.4 41 121.2 45.92

5 9 10-3 221 12.4 169.9 43.4 93.83 58.06

10-2 85.9 12.6 170.5 42.7 36.47 83.70

4mp 10-4 313 5.6 167.5 39.9 132.9 40.61

10-3 261 9.6 169.9 38.9 110.7 50.47

5 9 10-3 196 2.84 166 37.5 83.3 62.81

10-2 59.1 11.7 167.4 39.8 25.08 88.78
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Fig. 7 Bode and Bode phase plots recorded for nickel electrode in 1.0 M HNO3 solution without and with various concentrations of the four

tested inhibitors at the respective corrosion potentials and at 25 �C
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An equivalent circuit presented in Fig. 9f was used for

modelling impedance data obtained in the presence of

piperidines. In this circuit Rs is the solution resistance,

R1 and R2 correspond, respectively; to external and

internal layer resistances, and CPE1 and CPE2 are con-

stant phase elements. The experimental and fitted data in

the presence of 10-2 M piperidines after an immersion

time of 60 min are depicted in Fig. 9. The CPE is

generalised frequency dependant element [34] with

impedance given by:

ZCPE ¼
1

AðixÞa ð9Þ

where A is a frequency independent term, x the angular

velocity and the exponent a value describes circuits ele-

ments, so a = 0 corresponds to a pure resistor, a = 1 to a

pure capacitor and a = 0 to a Warburg type impedance.

Changes in a values have been related to diffusion process,

roughness and porosity [33]. The a value in Eq. 9 is less

than 1. It is described as m and n parameters in Fig. 9f and

related to CPE1 and CPE2, respectively. Values for

equivalent circuit parameters are presented in Table 3. In

all cases the inhibition efficiency increases with increase in

inhibitor concentration. The impedance data listed in

Table 3 indicate that the values of both R1 and IEI%

increase with increasing inhibitor concentration, while the

values of CPEs are found to decrease. This behaviour can

be attributed to a decrease in dielectric constant and/or an

increase in the thickness of the electrical double layer,

suggesting that the inhibitor molecules act by adsorption at

the nickel/acid interface [35].

3.4 Mechanism of adsorption

3.4.1 At Ecorr (Chemical and physical adsorption)

The adsorption of organic compounds can be described by

two main types of interactions: physical adsorption and

chemisorption. In general, physical adsorption requires the

presence of both the electrically charged surface of the

metal and charged species in solution. The surface charge

of the metal is due to the electric field existing at the metal/

solution interface. The surface charge can be defined by the

position of the corrosion potential (Ecorr) with respect to the

respective potential of zero charge (PZC) Eq=0 [36–38].

When the difference u = [(Ecorr - Eq=0) is negative, the

Fig. 8 Complex plane impedance plots recorded for nickel electrode in 1.0 M HNO3 solution without and with various concentrations of the

four tested inhibitors at the respective corrosion potentials and at 25 �C
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electrode surface acquires a negative net charge and the

adsorption of cations is favoured. On the contrary, the

adsorption of anions is favoured when u becomes positive.

A chemisorption process, on the other hand, involves

charge sharing or charge-transfer from the inhibitor mole-

cules to the metal surface to form a coordinate type of a

bond. This is possible in the case of a positive as well as a

negative charge of the surface. The presence of a transition

metal, having vacant, low-energy electron orbitals and of

an inhibitor with molecules having relatively loosely bound

electrons or heteroatoms with a lone pair of electrons is

necessary [39, 40].

It has been shown in the literature that ac impedance

studies can be used to evaluate the potential of zero charge

(PZC) from the capacitance (Cdl) versus voltage (E) plot

[36–38, 41]. Figure 10 represents the variation of Cdl with

E recorded for nickel in 1.0 M HNO3 solution in the

absence (curve 1) and presence of 10-2 M 2mp, (curve 2).

The minima on the Cdl versus E curves are considered as

the value of PZC of the electrode. In the region around the

PZC the inhibitor molecules in the solution replace the

water molecules and the capacitance decreases. When the

potential exceeds that of the passivation region, metal

dissolution occurs, so that the capacitance increases

Fig. 9 Fitted and measured impedance spectra obtained from nickel electrode in 1 M HNO3 solutions without (a) and with 10-2 M of the four

tested inhibitors (b, c, d, e) and equivalent circuit (f)

1618 J Appl Electrochem (2008) 38:1609–1621

123



sharply. It is obvious from Fig. 10 that the surface charge

of nickel in nitric acid solution at the free corrosion

potential is negative (u = [-(0.00192) - (0.037) =

- 0.0562 V(SCE)]). The inhibitors under investigations

are organic bases which protonize in an acid medium,

affecting the N atom as follows:

Thus the inhibitor molecule becomes a cation (protonated

N-atom), existing in equilibrium with the corresponding

molecular form (unprotonated N-atom). Therefore, it can be

assumed that protonated piperidine molecules are able to

electrostatically adsorb on the negatively charged nickel

surface via the positive charge of the N atom (see Fig. 11a).

Due to this electrostatic adsorption, part of the negative

charges on the metal surface are shielded, which causes the

PZC to shift positively (see curve 2 in Fig. 10). 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 and the empty orbitals of nickel

atoms which enhance the attraction between the piperidine

molecules and electrode surface (Fig. 11b). The adsorption

monolayer of piperidines become more ordered and denser

with increasing concentration, so the cathodic reduction and

anodic dissolution reactions are inhibited significantly.

3.4.2 In the passive region (adsorption via hydrogen

bonding)

Most previous research has concentrated on relationships

between the chemical structure of the inhibitor and inhi-

bition performance. Few investigations have additionally

emphasized the importance of the nature of the metal

surface [42–44]. Other studies have considered the

adsorption of inhibitors to be primarily physical adsorption

and/or chemisorption [46, 47]. Few investigations have

shown that adsorption could also occur through hydrogen

bonding [42–44]. Adsorption via hydrogen bonding pre-

dicted by theoretical studies (Table 1) encouraged us to

confirm it practically. For this purpose we studied the

adsorption behaviour of 2mp, as an example, on nickel

covered with a passivated oxide film, where a hydrogen

bond may be formed between the H-atom of the N–H

linkage and the oxygen atoms of the passive film [42–44].

Three impedance runs (Fig. 12) were recorded for a nickel

electrode in 1.0 M HNO3 solution containing 10–2 M 2mp

at the Ecorr and at Ecorr + 0.20 V(SCE), i.e., within the

potential range of the passive region.

It is obvious from Fig. 12 that in the passive region

(curve c) the impedance is higher than that recorded in the

active region (curve b). The presence of 2mp increases the

impedance but does not change other aspects of the

behaviour. It inhibits corrosion primarily through adsorp-

tion on the metal surface. Adsorption of the 2mp molecules

in the active region may occur on reaction intermediates

(may be Ni(OH)ads) that are only loosely held by the

N
H

N
HH

H
+

..
+

Table 3 Circuit elements Rs, R1, R2, CPE1 and CPE2 values for the equivalent circuit presented in Fig. 9f for nickel electrode in 1.0 M HNO3

solution without and with different concentrations of the four tested inhibitors

Inhibitor type Conc./M Rs X cm2 R1 X cm2 CPE1 lF cm-2 m R2 X cm2 CPE2 F cm-2 n IEI%

Blank 0.6 32 15.72 0.89 1.7 5.90 0.75

pip 10-4 0.7 43.3 11.67 0.87 0.8 5.25 0.89 23.58

10-3 1.3 48.25 10.47 0.75 2.5 4.01 0.75 33.59

5 9 10-3 2.25 59 8.54 0.85 3.0 3.34 0.91 45.64

10-2 3.8 124.8 4.037 0.78 1.3 7.72 0.79 73.0

2mp 10-4 1.58 46.61 10.82 0.78 2.1 4.78 0.85 30.81

10-3 1.7 52.04 9.68 0.91 6.5 1.54 0.86 42.43

5 9 10-3 1.7 63.93 7.88 0.87 8.1 1.24 0.84 53.21

10-2 4.15 148.8 3.38 0.86 13.1 0.76 0.86 79.18

3mp 10-4 2.348 57.15 8.81 0.87 0.5 20.1 0.87 41.54

10-3 2.7 51.83 9.72 0.79 17.1 0.58 0.78 51.10

5 9 10-3 3.4 86.0 5.85 0.75 15.1 0.66 0.79 66.66

10-2 9.17 227.7 2.21 0.79 54.1 0.18 0.76 88.04

4mp 10-4 1.7 61.45 8.20 0.74 2.07 4.85 0.77 46.94

10-3 1.6 73.88 6.82 0.75 2.7 3.72 0.78 55.99

5 9 10-3 1.93 109.2 4.61 0.91 1.12 9.13 0.85 69.45

10-2 1.45 534.1 0.94 0.89 28.3 0.35 0.90 94.00
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substrate. The adsorbed layer lacks the mechanical stability

for good inhibition. In contrast, the metal surface in the

passive region is marked by the coverage of oxide films of

outstanding mechanical properties [13]. Compact and

coherent 2mp overlayers may therefore be formed which

reinforce the capability of the underlying oxide layer to

resist chemical attack from aggressive agents, corre-

sponding to increased impedance.

Adsorption in this case is assisted by hydrogen bond

formation between 2mp and oxidized surface species

(Fig. 11c). This type of adsorption should be more pre-

valent for protonated N-atoms, because the positive charge

on the N-atom is conductive to the formation of hydrogen

bonds. Unprotonated N-atoms may adsorb by direct

chemisorption (Fig. 11b) or by hydrogen bonding

(Fig. 11c) to a surface oxidized species. The extent of

adsorption by the respective modes depends on the nature

of the metal surface. Adsorption by direct chemisorption,

for unprotonated N-atom, on an exposed metal 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 cannot form a stable

compact layer on the metal surface. Effectual inhibition is

predominantly provided by the direct coordination of un-

protonated N-atom to metal atoms. In the passive region,

where the metal 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 the metal through

hydrogen bond formation. These results confirm the

importance of hydrogen bonding in effective corrosion

inhibition in the passive region.

4 Conclusions

1. The relationship between inhibition efficiency for

nickel in 1 M HNO3 and the EHOMO, ELUMO–EHOMO,

and DN of piperidines were calculated by the ab initio

method. The inhibition efficiency increased with

increase in EHOMO and decrease in ELUMO–EHOMO.

4-methyl piperidine had the highest inhibition effi-

ciency because it had the highest HOMO energy and

DN values and was the best one capable of offering

electrons to the nickel surface.

Fig. 11 Mode of adsorption of inhibitors on nickel surface at Ecorr

(the active region), represented by physical adsorption (a) and

chemical adsorption (b), and at Ecorr + 0.20 V (SCE) (the passive

region) (c)

Fig. 12 Complex plane impedance plots recorded for nickel elec-

trode in 1.0 M HNO3 solution without with 5 9 10-3 M 2mp at

25 �C

Fig. 10 Capacitance vs voltage plots recorded for a nickel electrode in

1.0 M HNO3 solution in the absence (curve 1) and presence of 10-2 M

2mp at 25 �C
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2. Piperidine derivatives have a very good inhibitive

effect for the corrosion of nickel in 1 M HNO3

solution.

3. Tafel polarization studies have shown that the selected

compounds suppresse both anodic and cathodic pro-

cess and thus acts as mixed-type inhibitors.

4. Impedance results indicate that the value of CPEs

tends to decrease and both polarization resistance and

IEI% tend to increase with increasing inhibitor

concentration. This can be attributed to an increase

in thickness of the electrical double layer.

5. The effectiveness of piperidines and their derivatives

as corrosion inhibitors in 1.0 M HNO3 solution does

not only depend on their molecular structure, but also

on the nature of the metal surface. Inhibition is

accomplished by adsorption on the metal surface

without changing the chemistry of corrosion. The

nature of the metal surface can be deterministic of the

performance of the inhibitors. Adsorption in the

active region of nickel corrosion is based on phys-

isorptive as well as chemisorptive interactions

between the inhibitor and exposed metal atoms. As

the metal surface is extensively oxidized in the

passive region, inhibitor molecules can coordinate

with the oxidized surface through hydrogen bond

formation.
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