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Abstract A group of Cu(II), Ni(II) and Co(II) complexes

of –Br and –OCH2CH3 substituted Schiff bases as a new

class of corrosion inhibitors for aluminium has been stud-

ied in 0.1 M HCl by the addition of 10 ppm compound using

potentiodynamic polarization, electrochemical impedance

spectroscopy, linear polarization methods and gas evolution

tests at 25 �C. The inhibition efficiencies obtained from all

methods employed are in good agreement. Results show

Ni(II) complex of –OCH2CH3 substituted Schiff bases was

the best inhibitor with a mean efficiency of 69% at 10 ppm

additive concentration. The potentiodynamic polarization

curves showed both the cathodic and the anodic processes of

aluminium corrosion were suppressed, and the Nyquist plots

of impedance gave mainly a capacitive loop. Scanning

electron microscopy (SEM) was done from the surface of the

exposed sample indicating uniform film on the surface.

Introduction

The most important feature of aluminium is its corrosion

resistance due to the presence of a thin, adherent and

protective surface oxide film. Owing to this advantage,

aluminium and its alloys have a wide range of industrial

applications such as reaction vessels, pipes, machinery and

chemical batteries. The pickling, chemical and the elec-

trochemical etching of aluminium are carried out with

hydrochloric acid solutions. The solubility of the protective

oxide film upon the Al surface increases above and below

pH 4–9 [1–3] range and aluminium exhibits a uniform

attack. Inhibitors are used to prevent metal dissolution and

minimize acid consumption.

Some Schiff bases have recently reported as effective

corrosion inhibitors for steel [4–9], aluminium [10], alu-

minium alloys [11, 12] and copper [13] in acidic media.

Due to the presence of the –C=N– group, electronegative

nitrogen, sulphur and/or oxygen atoms in the molecule,

Schiff bases are good corrosion inhibitors. The action of

such inhibitors depends on the specific interaction between

the functional groups and the metal surface. So it is very

important to clarify the interactions between inhibitor

molecules and metal surfaces in order to search new and

efficient corrosion inhibitors. Theoretical approaches pro-

vide means of analysing these interactions, and there are

many reports related with this area [14–21]. The main

results showed that some mechanical properties depend on

the electronic and structural properties of the inhibitor

molecule such as aromatic and functional groups, electron

density on donor atoms and k orbital character of donating

electrons [12, 13].

In this article, metal-free –Br and –OCH2CH3-substi-

tuted Schiff bases and their Cu(II), Ni(II) and Co(II)

complexes were selected as corrosion inhibitor of alumin-

ium. The correlations between the chemical structures of

complex compounds, their inhibiting efficiency in respect

to acidic corrosion of aluminium are discussed on the basis

of the electrochemical impedance spectroscopy (EIS),

potentiodynamic polarization, linear polarization data and

gas evolution tests. Surface morphology was investigated

by scanning electron microscopy (SEM) method.
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Experimental details

Preparation of the Schiff bases and complexes

High purity grade commercial 2-aminophenol and alde-

hydes as well as Cu(II), Ni(II) and Co(II) chlorides from

Aldrich Chemical Co. were used without further

purification.

The metal-free –Br and –OCH2CH3 substituted Schiff

bases APh-Br and APh-OCH2CH3 were obtained by the

following procedure: The solution mixture of 2-amino-

phenol (1 mmol) and the aldehyde (1 mmol) was refluxed

with stirring for 1 h in 50 mL of dioxan. After removing

the 10 mL solvent, the solid was filtered and washed with

diethyl ether, and then the solid was dried in vacuum at

room temperature. The yield was 78%.

The metal complexes of Schiff bases were obtained as

follows. A solution of MCl2�nH2O (1.25 mmol, M: Cu(II),

Ni(II) and Co(II)) in 25 mL methanol and the solution of

Schiff bases (1.25 mmol) in 25 mL methanol were mixed.

These mixtures were stirred for 1 h. After 2 h later, the

solids were filtered and washed with ethanol then with

dioxan and the solids were dried at room temperature in

desiccator. Yields 54%. The molecular structure of Schiff

bases and metal complexes are shown in Fig. 1a and b.

According to our earlier studies Co(II) complex shows a

tetrahedral structure and the complexes of Ni(II) are dia-

magnetic suggesting a square-planer geometry [22]. There

are two different structures for five coordinate Cu(II)

complexes these are the square pyramid and the trigonal

bipyramid [20].

Electrochemical measurements

The sample selected for the study was 99.998% pure alu-

minium. The 2 9 0.5 9 0.3 cm dimension of specimens

was used for electrochemical techniques. Prior to each

experiment, the surface pre-treatment of Al specimens was

performed by mechanical polishing (using a polishing

machine) of the electrode surface with successive grades of

emery papers down to 1200 grit up to a mirror finish. The

electrodes were then rinsed with acetone and distilled water

and dried at room temperature.

Electrochemical impedance (EIS) measurements,

potentiodynamic polarization, linear polarization studies

were carried out using Volta Lab PGZ 301 electrochemical

analyzer. Electrochemical experiments were performed in

a conventional three electrodes electrochemical cell. The

counter and reference electrodes were platinum plate

(2 cm2) and Ag/AgCl electrode, respectively. The imped-

ance measurements were carried out 5 mV (rsm) applied

voltage of sinusoidal wave in frequency range 20 kHz–

50 mHz at 25 �C. The EIS measurements were conducted

after 30 min immersion in experimental solution that

ensured a system in equilibrium. Potentiodynamic polari-

zation studies were performed with a scan rate of 5 mV/s in

the potential range from -1200 to -600 mV relative to the

corrosion potential. Experiments were always repeated at

least three times. All compounds studied were put in the

0.1 M HCl at concentration of 10 ppm. The Schiff bases

used in this study were specially synthesized and investi-

gated their small concentration on aluminium corrosion.

They have high molecular weights the amount to be added

in the corrosion test cell was determined as 10 ppm.

In order to determine the polarization resistance, Rp, the

potential of the working electrode was ramped ±20 mV

near Ecorr at a scan rate of 0.5 mV/s. Rp obtained from

polarization techniques was determined simultaneously by

Volta Lab PGZ 301 electrochemical analyzer software.

Gas evolution tests

The inhibiting effect of some Schiff bases and the com-

plexes on the corrosion of aluminium in 0.1 M HCl has

Fig. 1 Structure of the Schiff

bases (a); the M(II) complexes

derived from Schiff bases (b)
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been studied by means of the hydrogen evolution mea-

surement. The 2 9 0.5 cm dimension of specimens was

used for gas evolution test. Prior to each experiment, the

surface pre-treatment of Al specimens was performed by

mechanical polishing of the electrode surface with suc-

cessive grades of emery papers down to 1200 grit up to a

mirror finish. The electrodes was then rinsed with acetone,

distilled water and dried at room temperature.

For hydrogen evolution test, a U-shaped test apparatus

was set up. The sample was immersed into a tube con-

taining 30 mL, 0.1 M HCl solution and was connected to

the apparatus. During hydrogen evolution at 25 �C, the

changes in the volume of the system were measured as mm

of H2O at constant air pressure.

SEM and EDS analysis

The specimens used for surface morphology examination

were immersed in 0.1 M HCl, containing 10 ppm Schiff

base and blank, for 48 h. Then, they have been removed,

rinsed quickly with 98% ethanol and dried under 300 K.

The analysis was performed on a Hitachi SI-3500 N SEM

with an INCA energy X-ray spectrometer. The accelerating

voltage was 20 kV.

Results and discussions

Electrochemical impedance spectroscopy

The corrosion behaviour of aluminium in 0.1 M HCl

solution in the presence of 10 ppm Schiff bases and the

complexes was investigated using EIS at open circuit

potential. Nyquist plots are given in Fig. 2. It is clear from

the plots that the impedance response changes with the

addition of the compounds. The polarization resistance (Rp)

and inhibition efficiency (g%) values of the Schiff bases

and the complexes in 0.1 M HCl solution were calculated

from Eq. 1 and given in Table 1.

gimpð%Þ ¼
Rp � Ro

p

Rp

� 100 ð1Þ

where Rp and Rp
o denote polarization resistance of electrode

with and without inhibitor, respectively, evaluated from

Nyquist diagrams using circular recreation analysis.

As we notice from Fig. 2 all the plots display a single

capacitive loop, the impedance diagrams show semi-circles

indicating a barrier layer formed on the surface and a

charge transfer process mainly controlling the corrosion of

aluminium. (APh-Br) and Ni(APh-Br) comprise one com-

pleted inductive loop at low frequencies. All other

impedance spectra had only capacitive loop and had a

tendency to give an inductive loop [10, 23]. High fre-

quency capacitive loop was attributed to the charge transfer

of the corrosion process and to the formation of an oxide

layer whilst low frequency inductive loop was often

attributed to the surface relaxation of species in the oxide

layer [24] or related to stabilizations of layer by adsorbed

intermediate products of the corrosion reaction on the

electrode surface involving inhibitor molecules as well as

reactive products [25]. The diameter of the semi-circles

decreases in the order [Ni(APh-OCH2CH3)] [ [Cu(APh-

OCH2CH3)] [ [Cu(APh-Br)] [ [Ni(APh-Br)] [ (APh-Br)

[ [Co(APh-Br)])[ [Co(APh-OCH2CH3)][ (APh-OCH2CH3)

depending on the influence of the structure at the certain

concentration. This response can be possibly explained by

the organization of the molecules adsorbed to the electrode

surface.

Fig. 2 Nyquist diagrams for aluminium in 0.1 M HCl containing

without and with Schiff bases and their Cu, Co and Ni metal

complexes at 25 �C

Table 1 Impedance parameters and corresponding inhibition effi-

ciency for the corrosion of aluminium in 0.1 M HCl at 25 �C

Inhibitor Rp (ohm cm2) g(Rp)%

Bare 491 –

[Ni(APh-OCH2CH3)] 1487 67

[Cu(APh-OCH2CH3)] 1444 66

[Cu(APh-Br)] 1292 62

[Ni(APh-Br)] 926 47

(APh-Br) 832 41

[Co(APh-OCH2CH3)] 712 31

[Co(APh-Br)] 701 30

(APh-OCH2CH3) 585 16
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Equivalent circuit analysis

Experimental plots have a depressed semicircular shape in

the complex impedance plane, with the centre under the

real axis. This behaviour is typical for solid metal

electrodes that show frequency dispersion. Electrical

equivalent circuits are generally used to model the elec-

trochemical behaviour and to calculate the parameters of

interest. There are two ways to describe the EIS spectra for

the inhomogeneous films on the metal surface or rough and

porous electrodes. One is the finite transmission line model

and the other is the filmed equivalent circuit model, which

is usually proposed to study the degradation of coated

metals [26]. It has been suggested that the impedance

spectra for the metal covered by organic inhibitor films are

very similar to the failed coating metals [23, 27]. There-

fore, in this study the filmed equivalent circuit model is

used to describe the inhibitor-covered metal/solution

interface.

The equivalent circuit model used to fit the experimental

results is shown in Fig. 3. It consists of solution resistance,

Rs, a constant phase element, Q, in parallel with polariza-

tion resistance Rp and Rind, and an inductance, L, in parallel

with Rind, and L can be correlated with low frequency

intermediate process.

When discussing inhibition action of inorganic com-

pounds various factors must be taken into consideration

[10, 28]. These include the number of functional groups

taking part in the adsorption of the inhibitor molecule and

their electron charge density, molecular size and geometry

and mode of interaction.

The order of inhibition efficiency for the tested com-

pounds as revealed from Figs. 4, 5 and 6 is: [Ni(APh-

OCH2CH3)] [ [Cu(APh-OCH2CH3)] [ [Cu(APh-Br)] [
[Ni(APh-Br)] [ (APh-Br) [ [Co(APh-Br)]) [ [Co(APh-O

CH2CH3)] [ (APh-OCH2CH3).

From the data of Table 1, 2 and 3, the observed inhi-

bition efficiency indicate that most of the complexes have

higher inhibition activity than the free ligand. Such an

increased activity of the metal chelates can be explained on

the basis of the chelation theory. On chelation, the polarity

of the metal ion will be reduced to a greater extent due to

the overlap of the ligand orbital and partial sharing of the

positive charge of the metal ion with donor groups. Further,

this increases the delocalization of p electrons over the

whole chelate ring.

Moreover, it is evident that molecular geometry plays an

important role in the inhibition process. To explain this

order it may be stated that the presence of the metals

affects the inhibition action greatly. [Ni(APh-OCH2CH3)]

molecules adsorb more strongly than the others because it

is probably favour the flat orientation over the metal sur-

face so in this orientation it has the largest number of free

adsorbing oxygen, nitrogen atoms and p electrons through

which the adsorption process may be achieved due to their

high electronegativity.

The electronic spectra of the Co(II) complex shows an

absorption band at around 400 nm, which is compatible

with this complex having a tetrahedral structure [20]. The

complexes of Ni(II) are diamagnetic suggesting square-

planer geometry. The electronic spectra of the Ni(II)

complexes shows an absorption band at ca. 520 nm, cor-

responding for square-planar geometry nickel compounds

[21]. Cu(II) complexes are five coordinated these with

ligands. The electronic spectra of the Cu(II) complex

shows absorption band at 715 nm corresponding for the

square-based pyramidal Cu(II) configuration [28, 29]. The

low values of the room temperature magnetic moments of

Cu(II) complexes may be due to an intermolecular inter-

action complexes of Cu(II) with ligands [29].

The difference in inhibition efficiency lies mostly in the

geometry and the size of the organic compound—Ni(II)

complex having square-planar geometry and being larger

planar surface and hence more effective. Efficient adsorp-

tion is the result of p electrons of the aromatic system,

double bonds and electronegative nitrogen and oxygen

atoms present in the structure. During chemisorption of the

compounds, electron transfer can be expected with com-

pounds having relatively loose band electrons. The p elec-

trons in the system are then likely to be the determining

factor in the inhibition efficiency.

Polarization measurement

Potentiodynamic polarizations were carried out on the

inhibition of aluminium in 0.1 M HCl solution with

2-aminophenol-Schiff basses and their metal complexes. In

order to better define the action of different additives on the

corrosion process a series of anodic and cathodic polari-

zation curves were recorded after an immersion of 30 min.

It can be seen from Fig. 4 that both anodic and cathodic

current densities were obtained in 0.1 M HCl solutions in

the presence of Schiff bases.

The electrochemical parameters such as corrosion

potential (Ecorr), corrosion current density (icorr) cathodic
Fig. 3 Electrochemical equivalent circuit diagram for metal–electro-

lyte interface
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(bc) and anodic Tafel slope (ba) obtained from polarization

curves, and corresponding inhibition efficiency (g%) val-

ues are given in Table 2. The inhibition efficiency at dif-

ferent inhibitors was calculated from equation:

gpol% ¼
icorr � icorrðinhÞ

icorr

ð2Þ

where icorr and icorr(inh) are the corrosion currents without

and with inhibitor, respectively. The inhibition efficiency

value of the examined Schiff bases follows the order

[Ni(APh-OCH2CH3)] [ [Cu(APh-OCH2CH3)] [ [Cu(APh-

Br)] [ [Ni(APh-Br)] [ (APh-Br) [ [Co(APh-Br)]) [ [Co

(APh-OCH2CH3)] [ (APh-OCH2CH3) as impedance mea-

surement results.

It is also observed from Table 2 that Ecorr values and

Tafel slope constants ba and ba do not change significantly

in inhibited solution as compared to uninhibited solution.

The inhibition efficiency depends on many factors

including adsorption centres, mode of interaction, molec-

ular size and structure [6, 10]. The effect of molecular size

and structure can easily be viewed from the difference in

the structure of compound Ni complex with respect to other

compounds.

Linear polarization measurement

In order to determine the polarization resistance, Rp, the

potential of the working electrode was ramped ± 20 mV

near Ecorr at a scan rate of 0.5 mV/s. Polarization resis-

tance, Rp, values for aluminium in HCl solution in the

presence and in the absence of inhibitor were also deter-

mined using linear polarization method. The results shown

in Table 2 indicate that the addition of all the examined

Schiff bases causes an increase in polarization resistance.

Fig. 4 Polarization curves for aluminium in 0.1 M in the presence of a substituted –Br and –OCH2CH3 schiff bases and b Ni, c Cu and d Co

metal complexes (10 ppm) at 25 �C

Fig. 5 The time depends of volume of hydrogen evolution of

aluminium with addition of inhibitors at 10 ppm concentration in

0.1 M HCl
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The polarization resistance values were determined from

the slope of the current density–potential plots from the

slope of current density potential plots. Table 3 shows that

the polarization resistance decreases the order [Ni(APh-

OCH2CH3)] [ [Cu(APh-OCH2CH3)] [ [Cu(APh-Br)] [
[Ni(APh-Br)] [ (APh-Br) [ [Co(APh-Br)]) [ [Co(APh-

OCH2CH3)] [ (APh-OCH2CH3), in the presence of all

compounds, indicating adsorption of the inhibitor on the

metal surface to block the active sites and inhibit corrosion.

Results show that Ni(APh-CH2CH3) is the most efficient

inhibitor at 10 ppm concentration. Inhibition efficiency

values calculated from potentiodynamic polarization and

linear polarization methods have the same order.

Gas evolution tests

Figure 5 shows the volume of hydrogen evolution of alu-

minium after 2 h with addition of Schiff bases and the

complexes at 10 ppm concentration. All aluminium spec-

imens were put into 50 mL 0.1 M HCl solution at room

temperature. The slopes of these curves can be taken as the

rate of aluminium corrosion (Table 3). All these curves

show steady-state hydrogen evolution rate after a certain

period of time.

The inhibition efficiencies were calculated from the data

using equation,

gH2
ð%Þ ¼ R0 � R

R0

� 100 ð3Þ

where R is the corrosion rate in the presence of inhibitor

and Ro the corrosion rate without inhibitor. R and Ro values

Fig. 6 The surface (SEM micrographs) of the aluminium a 0.5 M HCl, b 0.5 M HCl ? 10 ppm [Ni(APh–OCH2CH3)] at 25 �C, immersion time

was 48 h

Table 2 Polarization parameters and the corresponding inhibitor efficiencies for aluminium in 0.1 M HCl containing of the Schiff bases

Inhibitor Potentiodynamic polarization Linear polarization

icorr (lA/cm2) Ecorr (mV) -bc (mV/dec) ba (mV/dec) C.R. (mm/y) g% Rp (ohm cm2) gRp %

Bare 28.16 -737.2 -80.9 77.9 306.1 – 596

[Ni(APh-OCH2CH3)] 8.64 -736.9 -80.1 53.6 93.94 69.3 1280 53.4

[Cu(APh-OCH2CH3)] 9.60 -755.7 -68.9 64.4 104.4 65.9 1200 50.3

[Cu(APh-Br)] 11.69 -744.1 -78.3 74.9 127.1 58.5 1080 44.8

[Ni(APh-Br)] 14.05 -736.3 -74.4 63.2 152.8 50.1 901 33.8

(APh-Br) 18.9 -764.7 -55.3 79.3 205.5 32.9 752 20.7

[Co(APh-Br)] 19.12 -750.1 -79.3 74.5 207.9 32.1 671 11.2

[Co(APh-OCH2CH3)] 21.03 -749.7 -80.9 74.3 228.7 25.3 622 4.3

(APh-OCH2CH3) 23.82 -761.1 -64.5 73.9 259.0 15.4 618 3.6

Table 3 Inhibitor efficiencies for 10 ppm of corresponding inhibitors

for the corrosion of aluminium in 0.1 M HCl from gas evolution tests

Inhibitor H2 evolution rate

mm/min

g(Rp)%

Bare 0.652 –

[Ni(APh-OCH2CH3)] 0.196 70

[Cu(APh-OCH2CH3)] 0.209 68

[Cu(APh-Br)] 0.261 60

[Ni(APh-Br)] 0.313 52

(APh-Br) 0.359 45

[Co(APh-OCH2CH3)] 0.391 40

[Co(APh-Br)] 0.404 38

(APh-OCH2CH3) 0.522 20
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were determined from the slopes of the hydrogen evolution

curves for all inhibitors. The Ro was 0.652 mm min-1.

It is obvious from Fig. 4 that Ni(APh-CH2CH3) is the

most efficient inhibitor, and it reduced the hydrogen evo-

lution when compared with others. It is also clear that the

corrosion rates decrease with the addition of these inhibi-

tors when compared with standard solution.

SEM analysis

Scanning electron microscopy studies of the alloy surface

in the absence (Fig. 6a) and presence of [Ni(APh-

OCH2CH3)], which has highest inhibition efficiencies

(Fig. 6b), were performed to examine the nature of the film

on the surface. The SEM reveals the presence of some pits

on the surface of the aluminium in the absence of inhibitor

whilst such pits are not seen in the presence of inhibitor.

This indicated that there is an adsorption layer formed and

it protects the specimen surface after immersion in the acid

containing [Ni(APh-OCH2CH3)]; so the oxidation and

corrosion of aluminium is lightly in comparison with that

in blank.

Conclusions

The principle conclusions can be summarized as follows.

1. A group of Cu(II), Ni(II) and Co(II) complexes of –Br

and –OCH2CH3 substituted Schiff bases as a new class

of corrosion inhibitors for aluminium has been studied

in 0.1 M HCl by the addition of 10 ppm compound

using potentiodynamic polarization, electrochemical

impedance spectroscopy, linear polarization methods

and gas evolution tests. All the schiff bases studied are

found to perform as a corrosion inhibitor in hydro-

chloric acid solution, and the inhibiting efficiency

values of the examined Schiff bases follow the order

[Ni(APh-OCH2CH3)] [ [Cu(APh-OCH2CH3)] [ [Cu

(APh-Br)] [ [Ni(APh-Br)] [ (APh-Br) [ [Co(APh-

Br)]) [ [Co(APh-OCH2CH3)] [ (APh-OCH2CH3) at

the concentration of 10 ppm. [Ni(APh-OCH2CH3)]

was found to be effective inhibitors for aluminium

corrosion in 0.1 M HCl.

2. The three different techniques showed a good agree-

ment with each other and yield nearly the same values

of %g. Maximum efficiency is 69% for Ni complex for

10 ppm.

3. Scanning electron photographs in the presence of

[Ni(APh-OCH2CH3)] showed a good surface coverage

on the metal surface.
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