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Abstract

The corrosion inhibition of austenitic chromium±nickel steel by two Schi� bases, N-(1-toluidine)salicylaldimine and
N-(2-hydroxyphenyl)salicylaldimine, was investigated in sulphuric acid medium. The e�ect of concentration and
temperature on inhibition properties was determined. It was found that when the concentrations of inhibitor were
increased the inhibition e�ciencies (g) and surface coverage (h) increased. Some thermodynamic parameters such as
free energy of adsorption, DG�ads, and enthalpy, DH, were determined for the Schi� bases. Experimental results agree
with the Temkin isotherm for N-(1-toluidine)salicylaldimine, but the Langmuir isotherm is more appropriate for
N-(2-hydroxyphenyl)salicylaldimine.

1. Introduction

The use of inhibitors is one of the most practical
methods for protection against corrosion in acidic media
[1]. As acidic media HCl and H2SO4 are generally used
in the treatment of steel and ferrous alloys. Most of the
well known acid inhibitors are organic compounds
containing nitrogen, sulphur and oxygen atoms [2±8].
The in¯uence of heterocyclic compounds and other
organics containing nitrogen, such as amines and amino
acids, on the corrosion of steel in acidic solutions has
been investigated by several workers [9±15].
Several Schi� bases have recently been investigated as

corrosion inhibitors for various metals and alloys in
acidic media [16±20]. The aim of this study is to
investigate the inhibitive properties of two Schi� bases,
N-(1-toluidine)salicylaldimine, and N-(2-hydroxyphe-
nyl)salicylaldimine on the corrosion of austenitic chro-
mium±nickel steel in sulphuric acid. The chemical
structures of the two Schi� bases are given in Figure 1.

2. Experimental details

Electrochemical experiments were carried out in a Pyrex
cell with three compartments. An austenitic chromium±
nickel steel with the composition shown in Table 1 was
used in the study. This steel electrode, 5 mm in diameter,
was embedded in a polyester resin, mechanically pol-
ished with 1200 grit, emery paper, washed in bidistilled
water and then placed in the test solution. All solutions
were deaerated with nitrogen for 30 min in the cell prior

to each experiment. Oxygen was removed from the
nitrogen used by passing through pyrogallol, vanadium
chloride and hydrochloric acid. During each experiment,
solutions were mixed with a magnetic stirrer. Inhibitor
concentrations were chosen as 1 ´ 10)3, 3 ´ 10)3,
5 ´ 10)3, 1 ´ 10)2 and 2 ´ 10)2

M. A saturated calomel
electrode (SCE) was used as reference and a platinum
plate as counter electrode. All potentials were referred to
SCE. The cell was water-jacketed and was connected to
a constant temperature circulator. Experiments were
carried out at 298, 308, 318, 328 and 338 K.
Data were obtained using a combined system con-

taining a Wenking LB 75 L laboratory model potentio-
stat, a Wenking model VS G 72 voltage scan generator
and a type 3077 Yokogawa recorder. The potential
sweep rate was 2.5 mV s)1. The potential was scanned in
the negative direction from Ecor, and subsequently in the
positive direction.

3. Results and discussion

Figure 2 gives the anodic and cathodic polarization
curves at 298 K in 0.5 M H2SO4 in the absence and
presence of various concentrations of N-(1-toluidine)sal-
icylaldimine. Figure 3 represents the anodic and ca-
thodic polarization curves at the same temperature in
0.5 M H2SO4 for N-(2-hydroxyphenyl)salicylaldimine.
Corrosion current densities, percentage inhibition e�-
ciencies and degrees of surface coverage can be seen in
Tables 2 and 3 for N-(1-toluidine)salicylaldimine and
N-(2-hydroxyphenyl)salicylaldimine, respectively.
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The percentage inhibition e�ciency, g, and the surface
coverage, h, were calculated from the following equa-
tions:

g � i0 ÿ i1
i0

� �
� 100 �1a�

h � i0 ÿ i1
i0

�1b�

where i0 and i1 are the corrosion current densities
without and with inhibitor. With an increase in the
concentration of the Schi� base, both anodic and
cathodic currents were inhibited more e�ectively, but
the reduction in the anodic currents was greater than in
those of the cathodic currents. Corrosion potentials also
shifted in the positive direction.
As the electrochemical processes on the metal surface

is likely to be closely related to the adsorption of the
inhibitor, [21±23] and the adsorption is known to
depend on the chemical structure of the inhibitor
[2±10], we decided to study the adsorption of the Schi�
bases on the steel surface.
The adsorption of inhibitor molecules from an aque-

ous solution can be regarded as a quasisubstitution
process between the organic compound in the aqueous
phase org(aq) and water molecules at the electrode
surface, H2O(s).

Org(aq)� xH2O(s) ÿ��!Org(s)� xH2O �2�

where x, the size ratio, is the number of water molecules
displaced by one molecule of organic inhibitor.
Adsorption isotherms are very important in deter-

mining the mechanism of organo-electrochemical reac-
tions. The most frequently used isotherms are

Langmuir, Frumkin, Hill de Boer, Parsons, Temkin,
Flory±Huggins and Dhar±Flory±Huggins and Bockris±
Swinkels [24±29]. All these isotherms are of the general
form:

f �h; x� exp�ÿ2ah� � KC �3�

where f(h, x) is the con®gurational factor which depends
upon the physical model and the assumptions underly-
ing the derivation of the isotherm [10], h is the degree of
surface coverage, C is the inhibitor concentration in the
electrolyte, x is the size ratio, a is the molecular
interaction parameter, and K is the equilibrium constant
of the adsorption process. For N-(1-toluidine)salicyl-

Fig. 1. Chemical structures of Schi� bases studied: (a) N-(1-tolui-

dine)salicylaldimine; (b) N-(2-hydroxyphenyl)salicylaldimine.

Table 1. Chemical composition (wt %) of steel used as electrode

C Si Mn P S Cr Mo Ni Al Co Cu Fe

0.0425 0.0421 2.13 0.0133 0.113 0.358 0.563 8.64 0.0334 0.0501 0.358 balance

Fig. 2. Anodic and cathodic polarization curves at 298 K in 0.5 M

H2SO4 in various concentrations of N-(1-toluidine)salicylaldimine.

Key: (j) 0.5 M H2SO4, (s) 0.5 M H2SO4 + 1 ´ 10)3
M, (n)

0.5 M + 3 ´ 10)3
M, (d) 0.5 M H2SO4 + 5 ´ 10)3

M, ( ) 0.5 M

H2SO4 + 1 ´ 10)2
M, (h) 0.5 M H2SO4 + 2 ´ 10)2

M.

Fig. 3. Anodic and cathodic polarization curves at 298 K in 0.5 M

H2SO4 in various concentrations of N-(2-hydroxyphenyl)salicylaldi-

mine. Key: (j) 0.5 M H2SO4, (s) 0.5 M H2SO4 + 1 ´ 10)3
M, (n)

0.5 M + 3 ´ 10)3
M, (d) 0.5 M H2SO4 + 5 ´ 10)3

M, ( ) 0.5 M

H2SO4 + 1 ´ 10)2
M, (h) 0.5 M H2SO4 + 2 ´ 10)2

M.
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aldimine, it was found that the Temkin adsorption
isotherm ®ts best to the experimental results over the
temperature range studied. Starting with the Temkin
isotherm.

exp�ÿ2ah� � KC �4�

and rearranging gives

h � ÿ 1

2a
ln K ÿ 1

2a
ln C �40�

This equation shows that a plot of h against ln C must
be linear provided that the assumptions of the Temkin
isotherm are valid.
Figure 4 shows the experimental data obtained at

various temperatures. These curves can be regarded as
straight lines and therefore the adsorption process
follows the Temkin isotherm.
However, for N-(2-hydroxyphenyl)salicylaldimine ad-

sorption, data agree with the Langmuir adsorption
isotherm, which is valid when a � 0 and x � 1. Starting
with the conventional form of the Langmuir isotherm,
that is,

h
1ÿ h

� KC �5�

and rearranging gives

C
h
� 1

K
� C �50�

A graph of C/h against C leads to values K.
Figure 5 shows the graphical form of the data and the

points ®t the Langmuir isotherm well.
The di�erence in the adsorption behaviour of the two

Schi� bases can be tentatively attributed to the struc-
tures of these molecules. Supposing these molecules are
attached to the solid surface through coordination
bonds formed by the electron-donating N or O atoms,
N-(1-toluidine)salicylaldimine might be attached to the
surface with one site leaving the other donor atom free
to form intermolecular hydrogen bonds with the mol-
ecules of the second layer. However, the Schi� base
N-(2-hydroxyphenyl)salicylaldimine has two closely-
spaced OH groups that may well be used in forming
an intramolecular hydrogen bond, in which case only
the C@N group would be available to link the molecule

Table 2. Corrosion current densities, icor, inhibition e�ciencies,

(g), and surface coverage degrees, h, in various concentrations of

N-(1-toluidine)salicylaldimine at di�erent temperatures

Temperature

/K

Concentration

/M

Corrosion

rate icor
/lA cm)2

Inhibition

e�ciency

/g%

Surface

coverage

/h

298 H2SO4 400 ± ±

1 ´ 10)3 250 37 0.37

3 ´ 10)3 235 41 0.41

5 ´ 10)3 220 45 0.45

1 ´ 10)2 170 57 0.57

2 ´ 10)2 130 67 0.67

308 H2SO4 1000 ± ±

1 ´ 10)3 600 40 0.40

3 ´ 10)3 450 55 0.55

5 ´ 10)3 350 65 0.65

1 ´ 10)2 230 77 0.77

2 ´ 10)2 205 79 0.79

318 H2SO4 4200 ± ±

1 ´ 10)3 1600 61 0.61

3 ´ 10)3 1100 73 0.73

5 ´ 10)3 900 78 0.78

1 ´ 10)2 540 87 0.87

2 ´ 10)2 260 93 0.93

328 H2SO4 5500 ± ±

1 ´ 10)3 2000 63 0.63

3 ´ 10)3 1500 72 0.72

5 ´ 10)3 1000 81 0.81

1 ´ 10)2 700 87 0.87

2 ´ 10)2 400 92 0.92

338 H2SO4 8400 ± ±

1 ´ 10)3 3000 67 0.67

3 ´ 10)3 2400 71 0.71

5 ´ 10)3 1400 83 0.83

1 ´ 10)2 900 89 0.89

2 ´ 10)2 600 93 0.93

Table 3. Corrosion current densities, icor, inhibiton e�ciencies, (g)
and surface coverage degrees, h, in various concentrations of

N-(2-hydroxyphenyl)salicylaldimine at di�erent temperatures

Temperature

/K

Concentration

/M

Corrosion

rate icor
/lA cm)2

Inhibition

e�ciency

/g%

Surface

coverage

/h

298 H2SO4 400 ± ±

1 ´ 10)3 285 28 0.28

3 ´ 10)3 260 35 0.35

5 ´ 10)3 250 37 0.37

1 ´ 10)2 200 50 0.50

2 ´ 10)2 180 55 0.55

308 H2SO4 1000 ± ±

1 ´ 10)3 700 30 0.30

3 ´ 10)3 560 44 0.44

5 ´ 10)3 480 52 0.52

1 ´ 10)2 400 60 0.60

2 ´ 10)2 235 76 0.76

318 H2SO4 4200 ± ±

1 ´ 10)3 2600 38 0.38

3 ´ 10)3 1600 61 0.61

5 ´ 10)3 1100 73 0.73

1 ´ 10)2 440 89 0.89

2 ´ 10)2 300 92 0.92

328 H2SO4 5500 ± ±

1 ´ 10)3 3100 43 0.43

3 ´ 10)3 2100 61 0.61

5 ´ 10)3 1800 67 0.67

1 ´ 10)2 530 90 0.90

2 ´ 10)2 420 92 0.92

338 H2SO4 8400 ± ±

1 ´ 10)3 4300 48 0.48

3 ´ 10)3 3100 63 0.63

5 ´ 10)3 2400 71 0.71

1 ´ 10)2 700 92 0.92

2 ´ 10)2 520 93 0.93
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to the surface. In this circumstance multilayer adsorp-
tion would be unlikely and obediance to the Langmuir
isotherm becomes reasonable.
The free energies of adsorption, DG�ads, were calculat-

ed from the equilibrium constant of adsorption using
the following equation:

K � 1

55:5
exp ÿDG�ads

RT

� �
�6�

The variation of DG�ads=T with 1/T was obtained using
the Gibbs±Helmholtz equation and is shown in Figure 6
for N-(1-toluidine)salicylaldimine. The similar variation
of DG�ads/T with 1/T is depicted in Figure 7 for the other
Schi� base, N-(2-hydroxyphenyl)salicylaldimine. It can
be seen that DG�ads/T decreases with 1/T in approxi-
mately linear fashion. These results indicate the spon-
taneous adsorption of both inhibitor molecules.
However, the slopes of the graphs are di�erent.

Chemisorption involves charge sharing or charge
transfer from the inhibitor molecules to the surface to
form a coordination bond. In fact, electron transfer is
typical for transition metals having vacant, low-energy
electron orbitals. Electron transfer can be expected with
compounds having relatively loosely bound electrons
[30]. The number of p electrons in the system is then
likely to be the determining factor in the adsorption
process. This has been proved by several investigators
[31±33].
Iron is well known for its coordination a�nity to

nitrogen and oxygen bearing ligands [34±36]. Therefore
adsorption on steel may also be attributed to coordina-
tion through phenolic OH and C@N groups. E�cient
adsorption of the inhibitor molecules may be either due
to p-electrons of the aromatic system or electronegative
donor atoms, N and O. The inhibition e�ciencies of
both Schi� bases show almost the same pattern. This is
expected, taking into account the similar structures of
the two molecules.

Fig. 4. Experimental results over 298±338 K according to the Temkin

isotherm for N-(1-toluidine)salicylaldimine. Key: (s) 298, (d) 308, (h)

318, (j) 328 and (n) 338 K.

Fig. 5. Experimental results over 298±338 K according to the Lang-

muir isotherm for N-(2-hydroxyphenyl)salicylaldimine. Key: (s) 298,

(d) 308, (h) 318, (j) 328 and (n) 338 K.

Fig. 6. Variation of DG�ads=T with 1/T for N-(1-toluidine)sali-

cylaldimine.

Fig. 7. Variation of DG�ads=T with 1/T for N-(2-hydroxyphenyl)sali-

cylaldimine.
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6. Conclusions

The following conclusions can be drawn from this study:
(i) The adsorption enthalpies, DH, from the

Gibbs±Helmholtz equation were found to be
)7549 J mol)1 for N-(1-toluidine)salicylaldimine,
and )2303 J mol)1 for N-(2-hydroxyphenyl)salicyl-
aldimine. That the ®rst Schi� base is adsorbed more
strongly on the steel surface is con®rmed by these
DH values and also by the relevant Temkin
isotherms.

(ii) Both Schi� bases investigated act anodically and
cathodically as inhibitors, but their e�ciencies ap-
pear to be better when they are used in anodic
measurements. This point was elucidated by
inspection of the Tafel slopes.

(iii) That the adsorption of N-(1-toluidine)salicylaldi-
mine obeys the Temkin (multilayer) isotherm
whereas the adsorption of N-(2-hydroxyphe-
nyl)salicylaldimine follows the Langmuir (mono-
layer) isotherm may be explained on the basis of
the fact that the ®rst Schi� base is more prone to
intermolecular hydrogen bonding and the second
contains two closely-spaced OH groups, making
the molecule highly likely to form intramolecular
bonds.
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