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Inhibition of aluminum corrosion in hydrochloric 
acid media by three Schiff base compounds 

The corrosion behavior of aluminum in 0.5 M HCl solution in the absence and presence of (E)-3,6-dibromo-
2-((4-methoxyphenylimino)methyl)phenol(I),(E)-3,6-dibromo-2-((4-chlorophenylimino) methyl) phenol (II) 
and (E)-4-(3,6-dibromo-2-hydroxybenzylideneamino)benzoic acid(III)was investigated using potentio-
dynamic polarization, electrochemical impedance spectroscopy (EIS) and electrochemical frequency 
modulation (EFM) techniques. The inhibitive action of the investigated compounds was discussed in terms 
of blocking the electrode surface by adsorption of the molecules through the active centers contained in 
their structures. The adsorption of these derivatives on aluminum surface is consistent with Freundlich 
adsorption isotherm.  The effect of temperature on the rate of corrosion in the absence and presence of these 
compounds were also studied. Physical adsorption mechanism is proposed from the calculated 
thermodynamic parameters for all investigated compounds. Quantum chemical parameters such as the 
highest occupied molecular orbital energy (EHOMO), the lowest unoccupied molecular orbital energy 
(ELUMO), energy gap (ΔE), dipole moment (µ), electronegativity (χ), chemical potential (Pi), global hardness 
() and softness (σ), were calculated. Quantum chemical studies indicate that the inhibition potentials of 
these compounds correlate well with EHOMO, ΔE,, σ, Pi, χand ΔN.  A good correlation was found between 
the theoretical data and the experimental results. 
Key words: Aluminum, corrosion, HCl, quantum chemical calculation, PM3, Schiff bases. 
 

1. INTRODUCTION 

Corrosion of aluminum and its alloys has been a su-
bject of numerous studies due to their high technological 
value and wide range of industrial applications espe-
cially in aerospace and house-hold industries. Aluminum 
and its alloys, however, are reactive materials and are 
prone to corrosion. A strong adherent and continuous 
passive oxide film is developed on Al upon expo or aqu-
eous solutions. This surface film is amphoteric and dis-
solves when the metal is exposed to high concentrations 
of acids or bases [1]. Hydrochloric acid solutions are 
used for pickling, chemical and electrochemical etching 
of aluminum. It is very important to add corrosion inhi-
bitors to prevent metal dissolution and minimize acid 
consumption [2]. The choice of inhibitor is based on two 
considerations: first it could be synthesized conveniently 
from relatively cheap raw materials; secondly, it con-
tains the electron cloud on the aromatic ring or electro-
negative atoms such as nitrogen, oxygen in relatively 
long-chain compounds. Numerous organic substances 
containing polar functions with nitrogen, oxygen, and/or 
sulphur atoms and aromatic rings in a conjugated system 
have been reported to exhibit good inhibiting properties 
[3-5]. Aliphatic and aromatic amines as well as nitrogen 
heterocyclic compounds were used as corrosion inhibi-
tors for Al dissolution in acidic media [6-12]. Some 
Schiff bases have been reported earlier as corrosion inhi-
bitors for aluminum [13], zinc [14], iron [15] and copper 
[16-18]. Several Schiff bases have also been investi-
gated as corrosion inhibitors for mild steel in acidic 
media [19-21]. 
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The objective of the present investigation is to study 
the corrosion inhibition activity of the investigated 
Schiff bases by potentiodynamic polarization, ac impe-
dance spectroscopy and electrochemical frequency mo-
dulation and quantum chemical calculations. Also, to ex-
plore correlations between advanced quantum chemical 
concepts and inhibition efficiency. 

2. EXPERIMENTAL 

Al metal was  provided from ‘‘Aluminum Company 
of Egypt, Nagh Ammady’’ ,its chemical composition is 
0.100%Si, 0.250% Fe, 0.047% Mn, 0.007% Mg, 0.002% 
Ni, 0.008% Cr, 0.003% Zn, 0.012% Ga, 0.001% Na, 
0.007% V, 0.001% Zr, 0.007% Ti and 99.550% Al. 

Electrochemical experiments were performed using 
a typical three-compartment glass cell consisted of the 
aluminum specimen as working electrode, saturated ca-
lomel electrode (SCE) as a reference electrode and a pla-
tinum foil (1.0 cm2) as a counter electrode. The refe-
rence electrode was connected to a Luggin capillary and 
the tip of the Luggin capillary is made very close to the 
surface of the working electrode to minimize IR drop. 
The cell was open to air and the measurement was con-
ducted at room temperature. All potential values were 
reported versus SCE. Prior to every experiment, the 
electrode was abraded with successive different grades 
of emery paper, degreased with alkaline solution [22] 
and washed with bidistilled water and finally dried. 

Tafel polarization curves were obtained by changing 
the electrode potential automatically from (-800 to 500 
mVSCE) at open circuit potential with a scan rate of 5 
mVs-1. Stern-Geary method [23] used for the deter-
mination of corrosion current is performed by extra-
polation of anodic and cathodic Tafel lines of charge 
transfer controlled corrosion reactions to a point which 



A. S. FOUDA et al … INHIBITION OF ALUMINUM CORROSION IN HYDROCHLORIC … 

ZAŠTITA MATERIJALA 51 (2010) broj 4 206 

gives log Icorr and the corresponding corrosion potential 
(Ecorr) for inhibitor free acid and for each concentration 
of inhibitor. Then Icorr was used for calculation of 
inhibition efficiency and surface coverage (θ) as below: 

%IE = (1- [icorr(inh) / icorr(free)])×100 (1) 

 =1- [icorr(inh) / icorr(free)] (2) 

where icorr(free) and icorr(inh) are the corrosion current densi-
ties in the absence and presence of inhibitor, respecti-
vely. 

Impedance measurements were carried out in frequ-
ency range from 105 Hz to 0.5 Hz with amplitude of 5 
mV peak-to-peak using ac signals at open circuit poten-
tial. The experimental impedance were analyzed and in-
terpreted on the basis of the equivalent circuit. The main 
parameters deduced from the analysis of Nyquist diag-
ram are the resistance of charge transfer Rct (diameter of 
high frequency loop) and the capacity of double layer 
Cdl which is defined as: 

 

Cdl =1/ (2 π fmax  Rct) (3) 

The inhibition efficiencies and the surface coverage 
(θ) obtained from the impedance measurements are 
defined by the following relations: 

%IE=(1- [ R°ct/Rct ] )×100 (4) 

 =1-[ R°ct/Rct ] (5) 

where Ro
ct and Rct are the charge transfer resistance in 

the absence and presence of inhibitor, respectively. 
Electrochemical frequency modulation, EFM, was 

carried out using two frequencies 2 and 5 Hz. The base 
frequency was 0.1 Hz, so the waveform repeats after 1 s. 
The higher frequency must be at least two times the lo-
wer one. The higher frequency must also be sufficiently 
slow that the charging of the double layer does not 
contribute to the current response. Often, 10 Hz is a rea-
sonable limit. The Intermodulation spectra contain cur-
rent responses assigned for harmonical and intermo-
dulation current peaks. The larger peaks were used to 
calculate the corrosion current density (Icorr), the Tafel 

slopes (βc and βa) and the causality factors CF2& CF3 

[24-25]. 
The electrode potential was allowed to stabilize 30 

min before starting the measurements. All the experi-
ments were conducted at 20 ± 1°C. Measurements were 
performed using Gamry Instrument Potentiostat/ Galva-
nostat/ZRA. This includes a Gamry framework system 
based on the ESA 400. Gamry applications include 
dc105 for dc corrosion measurements, EIS300 for elec-
trochemical impedance spectroscopy and EFM 140 for 
electrochemical frequency modulation measurements 
along with a computer for collecting data. Echem Ana-
lyst 5.58 software was used for plotting, graphing, and 
fitting data. 

The molecular structures of the investigated compo-
unds were optimized initially with PM3 semiempirical 
method so as to speed up the calculations. 

The calculated quantum chemical parameters χ, Pi 
and  were calculated. The concepts of these parameters 
are related to each other [26-30] where: 

Pi = -χ (6) 

 

Pi= ( EHOMO + ELUMO) /2 (7) 

= ( ELUMO - EHOMO) /2 = ΔE / 2 (8) 

The inverse of the global hardness is designated as 
the softness σ as follows: 

σ =1/ƞ (9) 

The obtained values of v and g were used to calcu-
late the fraction of electrons transferred, ΔN, from the 
inhibitor to metallic surface [31-33] as follows: 

ΔN= (χAl - χinh) /2 (Al + inh) (10) 

All chemicals and reagents were of analytical grade. 
The measurements were performed in 0.5 M HCl wit-
hout and with the presence of the investigated com-
pounds in the concentration range (1x10-5 to1x10-3 M). 

The names and molecular structures of the investigated compounds are: 

 Name Structure 
Molecular weight& 
Chemical formula 

I 
(E)-3,6-dibromo-2-((4-methoxyphenylimino) 
methyl)phenol 

 

385.05 
C14H11Br2NO2 

II 
(E)-3,6-dibromo-2-((4-chlorophe-
nylimino)methyl) 
Phenol 

 

389.47 
C13H8Br2ClNO 

III 
(E)-4-(3,6-dibromo-2-hydroxy-
benzylideneamino) 
benzoic acid 

 

399.03 
C14H9Br2NO3 
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3. RESULTS AND DISCUSSION 
3.1-Tafel polarization study 

The potentiodynamic polarization curves for Al in 
0.5 M HCl solutions containing different concentrations 
of compound (I) at 20°C are shown in Fig. 1. Similar 
curves were obtained for other compounds (not shown). 
The intersection of Tafel regions of cathodic and anodic 

branches gives the corrosion current density (icorr) and 
the corrosion potential (Ecorr). Table 1 shows the electro-
chemical parameters (corrosion potential, Ecorr, anodic 
and cathodic Tafel slopes, βa, βc, and corrosion current 
density, icorr,) obtained from Tafel plots for the Al elec-
trode in 0.5 M HCl solution without and with different 
concentrations of investigated compounds. 

 
Figure (1). Potentiodynamic polarization curves for Al in 0.5 M HCl solution without and with various 

concentrations (10-5-10-3 M) of compound (I) at 20 ˚C 

Table 1 - The effect of concentration of the investigated compounds  on the free corrosion potential (Ecorr), corrosion 
current density (icorr), Tafel slopes (βa& βc), inhibition efficiency (% IE) ,degree of surface coverage (θ) and 
corrosion rate for the corrosion of Al in 0.5 M HCl at 20˚C 

Concentration,M 
icorr, 

µA cm-2 
-Ecorr, 

mV vs.SCE 
βa, 

mVSCE dec-1 
βc, 

mVSCE dec-1 
CR 
mpy 

θ % IE 

0.5 M HCl 49.60 763 36 158 106.3 -- -- 

1x10-5 23.80 794 52 164 50.9 0.520 52.0 

5x10-5 18.40 791 46 150 39.5 0.629 62.9 

1x10-4 17.10 832 54 192 36.7 0.655 65.5 

5x10-4 12.30 791 41 157 26.4 0.752 75.2 C
om

po
un

d 
I 

1x10-3 5.49 790 45 151 11.8 0.889 88.9 

1x10-5 24.00 827 39 166 51.4 0.516 51.6 

5x10-5 18.80 795 38 155 42.6 0.621 62.1 

1x10-4 17.20 835 50 180 36.8 0.653 65.3 

5x10-4 13.80 836 46 183 29.7 0.722 72.2 

C
om

po
un

d 
II

 

1x10-3 10.10 838 56 151 12.1 0.796 79.6 

1x10-5 24.80 814 46 200 57.6 0.500 50.0 

5x10-5 19.10 830 56 183 41.0 0.615 61.5 

1x10-4 18.30 805 69 184 39.1 0.631 63.1 

5x10-4 14.20 808 45 146 32.7 0.714 71.4 

C
om

po
un

d 
II

I 

1x10-3 10.50 838 60 152 13.1 0.788 78.8 
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Inspection of Figure 1 shows that the addition of 
compound (I) has an inhibitive effect in the both anodic 
and cathodic parts of the polarization curves and the 
addition of compound (I) generally shifted the Ecorr value 
towards the negative direction compared to the 
uninhibited Al. Thus, addition of this inhibitor reduces 
the Al dissolution as well as retards the hydrogen 
evolution reaction. In addition, parallel cathodic Tafel 
curves in Fig. 1 show that the hydrogen evolution is 
activation-controlled and the reduction mechanism is not 
affected by the presence of the inhibitor [34]. The 
anodic curves of Al in 0.5 M HCl in the presence of 
compound (I) show that the tested compound has no 
effect at potential higher than Ecorr, may be the result of 
significant Al dissolution leading to a desorption of the 
inhibiting layer. In this case, the desorption rate of the 
inhibitor is higher than its adsorption rate [35]. So, it 
could be concluded that this compound is of the mixed-
type bur dominantly act as a cathodic inhibitor for Al in 
0.5 M HCl medium, which may be adsorbed on the 
cathodic sites of the Al and reduce the evolution of 
hydrogen. This limitation of inhibitory action on 
cathodic domain is found by different researchers [36, 
37]. Moreover, the adsorption of this compound on 
anodic sites through the lone pair of electrons of N and 
O atoms will then reduce the anodic dissolution of Al. 
The data of Table 1 revealed that Icorr decreases 
considerably with increasing the inhibitor concentration, 
while no definite trend was observed in the shift of Ecorr 
values. The Tafel slopes show slight changes with 
addition of inhibitors, which suggests that the inhibiting 
action occurred by simple blocking of the available 
cathodic and anodic sites on Al surface. The dependence 
of % IE versus inhibitor concentration is also presented 
in Table 1. The obtained efficiencies indicate these 
investigated compounds act as effective inhibitors. 

The order of decreasing inhibition efficiency of the 
investigated compounds was found to be: I > II > III. 

3.2. Electrochemical impedance spectroscopy 
measurements 

Electrochemical impedance spectroscopy provides a 
new method to characterize the film coverage on the 
electrode, which is related to charge transfer resistance 
(Rct). The interface capacitance can also be used to 
determine the film quality [38-42]. It is known that the 
coverage of an organic substance on the metal surface 
depends not only on the structure of the organic sub-
stance and the nature of the metal, but also on the 
experimental conditions such as immersion time and 
concentration of adsorbent [41, 42]. Figure 3a shows the 
Nyquist plots for aluminum in 0.5 M HCl solution in the 
absence and presence of different concentrations of 
compound (I) at 20 oC. Similar curves were obtained for 
other two Schiff bases (not shown). All the impedance 
spectra were measured at the corresponding open-circuit 
potentials. The fact that impedance diagrams have an 
approximately semi-circular appearance shows that the 

corrosion of Al in 0.5 M HCl is controlled by a charge-
transfer resistance process. Small distortion was ob-
served in some diagrams, this distortion has been attri-
buted to frequency dispersion [43] as a result of surface 
roughness, impurities, dislocations, grain boundaries, 
adsorption of inhibitors, formation of porous layers and 
in homogenates of the electrode surface. Inspections of 
the data reveal that each impedance diagram consists of 
a large capacitive loop with one capacitive time constant 
in the Bode –phase plots (Fig. 3b). The diameter of the 
capacitive loop increases with increasing concentration 
and were indicative of the degree of inhibition of the 
corrosion process. In addition to the high frequency 
capacitive loop, the semi-circles rolled over and 
extended to the fourth quadrant, and a pseudo-inductive 
loop at low frequency end was observed, indicating that 
Faradic process is taking place on the free electrode 
sites. This inductive loop is generally attributed to the 
adsorption of species resulting from the Al dissolution 
and the adsorption of hydrogen [44]. 

 
Figure 2 - Electrical equivalent circuit used to fit the 

impedance data 

The electrical equivalent circuit model shown in 
Figure 2 was used to analyze the obtained impedance 
data. The model consists of the solution resistance (Rs), 
the charge-transfer resistance of the interfacial corrosion 
reaction (Rct) and the double layer capacitance (Cdl). 
Excellent fit with this model was obtained with our 
experimental data. 

Table 2 -Electrochemical kinetic parameters obtained 
by EIS technique for Al in 0.5M HCl solutions 
containing various concentrations of the investi-
gated compounds at 20˚C 

Concentration, M Rct, kΩ cm2 Cdl, µF cm-2  % IE 

0.5 M HCl 0.707 16.31 -- -- 

1x10-5 1.480 15.38 0.522 52.2 

5x10-5 1.706 15.90 0.586 58.6 

1x10-4 1.921 14.14 0.632 63.2 

5x10-4 2.384 10.269 0.703 70.3 

C
om

po
un

d 
I 

1x10-3 3.772 8.76 0.813 81.3 

1x10-5 1.337 15.85 0.471 47.1 

5x10-5 1.705 14.90 0.585 58.5 

1x10-4 1.857 13.52 0.619 61.9 

5x10-4 2.222 12.60 0.682 68.2 

C
om

po
un

d 
II

 

1x10-3 3.174 12.04 0.777 77.7 

1x10-5 1.301 14.11 0.457 45.7 

5x10-5 1.481 13.57 0.523 52.3 

1x10-4 1.803 13.45 0.608 60.8 

5x10-4 2.103 13.14 0.664 66.4 

C
om

po
un

d 
II

I 

1x10-3 2.648 12.99 0.733 73.3 
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EIS data (Table 2) show that the Rct values increases 
and the Cdl values decreases with increasing the inhibitor 
concentrations. This is due to the gradual replacement of 
water molecules by the adsorption of the inhibitor 
molecules on the metal surface, decreasing the extent of 
dissolution reaction. The high (Rct) values, are generally 
associated with slower corroding system [45, 46]. The 
decrease in the Cdl can result from the decrease of the 

local dielectric constant and/or from the increase of 
thickness of the electrical double layer [47], suggested 
that the inhibitor molecules function by adsorption at the 
metal/solution interface. 

The % IE obtained from EIS measurements are 
close to those deduced from polarization and weight loss 
methods. The order of inhibition efficiency obtained 
from EIS measurements is as follows: I > II > III. 

 
Figure 3a - Nyquist plots recorded for Al in 0.5 M HCl solutions without and with various concentrations (10-5-10-

3M) compound I at the respective corrosion potentials and 20˚C 

 

Figure 3b - Bode plots recorded for Al in 0.5M HCl solutions without and with various concentrations (10-5-10-3M) 
compound (I) at the respective corrosion potentials and 20˚C 
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3.3. Electrochemical frequency modulation 
measurements (EFM) 

The EFM is a nondestructive corrosion measure-
ment technique that can directly give values of the co-
rrosion current without prior knowledge of Tafel cons-
tants. Like EIS, it is a small ac signal. Intermodulation 
spectra obtained from EFM measurements are presented 
in Figures 4a, 4b, 4c, 4d, 4e, 4f and 4g are examples of 
Al in aerated 0.5 M HCl solutions devoid of and 

containing different concentrations of compound (I) at 
20˚C. Similar intermodulation spectra were obtained for 
other compounds (not shown). Each spectrum is a 
current response as a function of frequency. The two lar-
ge peaks are the response to the 2 Hz and 5Hz excitation 
frequencies. These peaks are used by the EFM140 soft-
ware package to calculate the corrosion current and Ta-
fel constants. 

 

  a) 

  b) 

  c) 
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  d) 

  e) 

  f) 

Figures 4a- 4f - Intermodulation spectrum for Al in 0.5 M HCl solutions without and with various concentrations 
(10-5-10-3M) of compound (I) at 20˚C 

 

The calculated corrosion kinetic parameters at diffe-
rent concentrations of the investigated compounds in 0.5 
M HCl at 20 °C (icorr, βa, βc, CF-2, CF-3 and % IE) are 
given in Table 3. 

From Table 3, the corrosion current densities decre-
ase by increasing the concentration of investigated com-
pounds and the inhibition efficiencies increase by incre-
asing investigated compounds concentrations. The cau-

sality factors in Table 3 are very close to theoretical va-
lues which according to EFM theory [48] should gua-
rantee the validity of Tafel slopes and corrosion current 
densities. Values of causality factors in Table 3 indicate 
that the measured data are of good quality. The standard 
values for CF-2 and CF-3 are 2.0 and 3.0, respectively.  
The deviation of causality factors from their ideal values 
might due to that the perturbation amplitude was too 
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small or that the resolution of the frequency spectrum is 
not high enough also another possible explanation that 
the inhibitor is not performing very well. The obtained 

results showed good agreement of corrosion kinetic 
parameters obtained with the EFM, Tafel extrapolation 
and EIS methods. 

Table 3 - Electrochemical kinetic parameters obtained by EFM technique for aluminum in 0.5M HCl solutions 
containing various concentrations of the investigated compounds at 20˚C 

Concentration,
M 

icorr, 
µA cm-2 

βa, 
mVSCE dec-1 

βc, 

mVSCE dec-1 
Causality 
Factor (2) 

Causality 
Factor (3) 

C.R. 
mpy 

θ % IEEFM 

0.5 M HCl 17.80 91 120 2.13 2.88 38.2 -- -- 

1x10-5 7.97 84 195 1.92 3.13 17.1 0.552 55.2 

5x10-5 6.41 59 166 1.94 2.96 13.8 0.640 64.0 

1x10-4 5.37 53 158 1.85 2.65 11.5 0.698 69.8 

5x10-4 4.65 48 152 1.99 3.14 10.0 0.740 74.0 C
om

po
un

d 
I 

1x10-3 2.63 34 136 1.77 3.33 5.6 0.852 85.2 

1x10-5 8.82 88 160 1.96 3.28 18.9 0.505 50.5 

5x10-5 6.46 53 157 2.15 3.15 13.9 0.637 63.7 

1x10-4 5.63 60 164 1.89 3.24 12.1 0.684 68.4 

5x10-4 4.72 45 147 1. 95 3.06 10.1 0.735 73.5 C
om

po
un

d 
II

 

1x10-3 2.89 35 137 1.88 2.85 6.2 0.840 84.0 

1x10-5 8.85 46 149 1.92 3.17 19.0 0.503 50.3 

5x10-5 6.53 71 181 1.87 3.18 14.0 0.633 63.3 

1x10-4 6.27 61 165 1.94 3.05 13.5 0.648 64.8 

5x10-4 4.83 42 143 1.85 2.81 10.4 0.730 73.0 C
om

po
un

d 
II

I 

1x10-3 3.00 48 151 1.87 3.33 6.4 0.832 83.2 

 
From Table 3, the corrosion current densities dec-

rease by increasing the concentration of investigated 
compounds and the inhibition efficiencies increase by 
increasing investigated compounds concentrations.  The 
causality factors in Table 3 are very close to theoretical 
values which according to EFM theory [48] should gu-
arantee the validity of Tafel slopes and corrosion current 
densities. Values of causality factors in Table 3 indicate 
that the measured data are of good quality. The standard 
values for CF-2 and CF-3 are 2.0 and 3.0, respectively.  
The deviation of causality factors from their ideal values 
might due to that the perturbation amplitude was too 
small or that the resolution of the frequency spectrum is 
not high enough also another possible explanation that 
the inhibitor is not performing very well. The obtained 
results showed good agreement of corrosion kinetic pa-
rameters obtained with the EFM, Tafel extrapolation and 
EIS methods. 

Figure 5 shows the inhibition efficiencies recorded 
for the three investigated compounds (I- III) at a concen-
tration of 10-4 M using the three different techniques, 
namely potentiodynamic; EIS and EFM. As seen from 
this Figure there are good agreement and similar trends. 
Based on these results, the electrochemical techniques of 

analysis appear valid for monitoring the corrosion 
inhibition of aluminum in 0.5 M HCl in the absence and 
presence of various concentrations of investigated 
compounds 

Pot EIS EFM
0

20

40

60

80

%
 IE

 compound I
 compound II
 compound III

 
Figure 5 - Comparison of inhibition efficiencies (re-

corded using potentiodynamic, EIS and EFM 
measurements) for aluminum in 0.5 M HCl so-
lutions containing 1x10-4 M of the investigated 
Schiff bases at 20˚C 
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3.4. Adsorption isotherms 

It is generally assumed that the adsorption of the 
inhibitors on the metal surface is the essential step in the 
inhibition mechanism [49]. To determine the adsorption 
mode, various isotherms were tested and the Freundlich 
mode is the best Figure 6, given by Eq.(11) [50]: 

 = Ka C
n (11) 

where n is a constant, C is the inhibitor concentration 
and Ka is the equilibrium constant of adsorption process 
and is related to the standard free energy of adsorption 
ΔG˚ads

 by the equation: 

Ka= 1/55.5 exp (-ΔG°ads/RT) (12) 

The value of 55.5 is the concentration of water in 
solution expressed in mole per liter, R is the universal 
gas constant and T is the absolute temperature. All 
correlation coefficient (R2) exceeded 0.99 indicates that 
the inhibition of Al by these Schiff bases was attributed 
to adsorption of these compounds on the Al surface. To 
calculate the surface coverage  it was assumed that the 
inhibitor efficiency is due mainly to the blocking effect 
of the adsorbed species and hence % IE = 100 x  [51]. 
The impedance results were used to calculate the adsor-
ption isotherm parameters.  The surface coverage θ data 
are very useful while discussing the adsorption characte-
ristics. The plot of log θ vs.log C for all investigated 
compounds gave a straight line (Figure 6) characteristic 
of the Freundlich adsorption isotherm. 

The calculated ΔG˚ads values, using Eq. (12), were 
also given in Table 4. ΔG˚ads is expressed in kJ mol-1 of 
Orgads. The negative values of ΔG˚ads   ensure the 
spontaneity of the adsorption process and the stability of 
the adsorbed layer on the Al surface. It is well known 
that values of ΔG˚ads  of the order of  40kJ mol-1 or hig-

her involve charge sharing or transfer from the inhibitor 
molecules to metal surface to form coordinate type of 
bond (chemisorption); those of order of 20 kJ mol-1 or 
lower indicate a physisorption [52- 55]. 

-5.0 -4.5 -4.0 -3.5 -3.0
-0.35

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

lo
g 


log C (M)

 compound I           R2=0.9999

 compound II          R2=0.9998

 compound III         R2=0.9999

 
Figure 6 - Curve fitting of corrosion data for aluminum 

in 0.5M HCl in the presence of different 
concentrations of surfactant compounds to 
Freundlich adsorption isotherm at 20°C 

 
The calculated ΔG˚ads values (Table 4) are less 

negative than -20 kJmol-1 indicate, therefore, that the 
adsorption mechanism of the investigated Schiff bases 
on Al in 0.5 M HCl solution is typical of physisorption. 
The lower negative values of ΔG˚ads indicate that these 
inhibitors are not strongly adsorbed on the Al surface. 
Moreover, |ΔG˚ads| of investigated Schiff bases decreases 
in the order I > II > III. This is in good agreement with 
the ranking of inhibitors efficiency obtained from the 
different investigated techniques. 

 
Figure 7a - Nyquist plots recorded for aluminum in 0.5M HCl solutions without and with 10-2M KI various 

concentrations (10-5-10-3M) compound (I) at the respective corrosion potentials and 20˚C 
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Figure 7b - Bode plots recorded for aluminum in 0.5 M HCl solutions without and with 10-2 M KI various 

concentrations (10-5-10-3M) compound (I) at the respective corrosion potentials and 20˚C 

Table 4 - Equilibrium constant and adsorption free energy of the investigated compounds adsorbed on aluminum 
surface 

Freundlich isotherm Inhibitors 

-ΔG°ads.,    kJ mol-1 K n  

11.4 1.8 0.11 Compound I 

11.0 1.5 0.09 Compound II 

10.7 1.4 0.09 Compound III 

Table 5 - Electrochemical kinetic parameters obtained by EIS technique for aluminum in 0.5M HCl solutions in the 
presence and absence of 10-2 M KI and various concentrations of the investigated compounds at 20˚C 

 Rct, kΩ cm2 Cdl, µF cm-2  % IE 

0.5M HCl 0.71 16.31 -- -- 

0.5M HCl+0.01M KI 1.030 10.23 0.311 31.1 

10-5 2.29 12.8 0.691 69.1 

5x10-5 2.61 10.5 0.729 72.9 

10-4 3.36 7.43 0.790 79.0 

5x10-4 3.82 7.95 0.815 81.5 

Compound I 

10-3 6.30 1.52 0.890 89.0 

10-5 1.95 18.0 0.637 63.7 

5x10-5 2.48 16.4 0.715 71.5 

10-4 3.02 13.1 0.766 76.6 

5x10-4 3.48 6.71 0.800 80.0 

Compound II 

10-3 4.60 9.21 0.846 84.6 

10-5 1.77 15.9 0.601 60.1 

5x10-5 2.17 16.7 0.674 67.4 

10-4 2.77 15.9 0.745 74.5 

5x10-4 3.02 13.1 0.766 76.6 

Compound III 

10-3 4.48 9.21 0.842 84.2 
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Table 6 - Electrochemical kinetic parameters obtained by EFM technique for aluminum in 0.5M HCl solutions 
without and with 10-5M of investigated compounds at different temperatures 

Temperature, °C 
icorr, 

µA cm-2 
βa, 

mV dec-1 
βc, 

mV dec-1 
Causality Factor (2) Causality Factor (3) 

CR,  
mpy 

20 17.80 91 144 2.13 2.88 38.2 

30 19.41 53 133 1.87 3.15 41.7 

40 30.91 52 144 1.75 3.16 66.4 

50 60.86 62 135 1.81 2.84 130.7 

0.5 M HCl 

60 94.63 57 125 1.94 2.91 203.2 

20 5.37 53 138 1.85 2.77 11.5 

30 9.32 59 127 2.04 2.82 20.0 

40 16.18 61 150 1.85 2.82 34.8 

50 30.91 52 144 1.75 3.18 66.4 

Compound I 

60 57.09 59 158 1.69 2.41 122.6 

20 5.63 60 144 1.89 17.24 12.1 

30 10.33 55 137 1.62 3.46 22.2 

40 18.68 59 148 1.87 3.48 40.1 

50 45.61 60 139 1.87 3.16 98.0 

Compound II 

60 60.86 62 135 1.91 2.84 130.7 

20 6.27 61 125 1.94 3.05 13.5 

30 12.36 62 138 1.80 2.70 26.5 

40 19. 42 63 146 1.77 3.12 41.7 

50 55.18 52 132 1.62 2.64 118.5 

Compound III 

60 72.94 53 156 1.95 2.95 156.7 

 

3.5. Effect of temperature and activation parameters 
of inhibition process 

The influence of temperature on the corrosion rate 
of aluminum in 0.5 M HCl in the absence and presence 
of 1x10-4 M of the investigated Schiff bases was inves-
tigated by the electrochemical frequency modulation 
technique in temperature range 20 – 60 oC (Table 7). 

Table 7 - Activation parameters of the corrosion of alu-
minum in 0.5M HCl at 10-4M for the investigated 
compounds 

-ΔS*, 
J mol-1K-1 

ΔH*, 
kJ mol-1 

Ea
*, 

kJ mol-1 
Inhibitors 

267.8 14.6 36.1 0.5 M HCl 

236.0 21.4 52.0 Compound I 

226.0 21.0 50.7 Compound II 

220.9 19.7 48.0 Compound III 

 
The dependence of corrosion current density on the 

temperature can be expressed by Arrhenuis equation: 

icorr =A exp (-E*
 a

 / RT) (13) 

where A is the pre-exponential factor and Ea
* is the 

apparent activation energy of the corrosion process. 

Arrhenuis plot obtained for the corrosion of Al in HCl 
solution is shown in Figure 8 presents the Arrhenius plot 
in the presence of 1x10-4 M investigated Schiff bases. 
E*

a values determined from the slopes of these linear 
plots are shown in Table 8. The linear regression (R2) is 
close to 1 which indicates that the corrosion of Al in 0.5 
M HCl solution can be elucidated using the kinetic 
model. 
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Figure 8 - log k (corrosion rate) – 1/T curves for alu-

minum dissolution in 0.5M HCl in the absence 
and presence of 10-4 M investigated compounds 
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Table 8 showed that the value of E*
a for inhibited 

solution is higher than that for uninhibited solution, 
suggesting that dissolution of Al is slow in the presence 
of inhibitor. It is known from Eq. 13 that the higher E*

a 

values lead to the lower corrosion rate. This is due to the 
formation of a film on the Al surface serving as an 
energy barrier for the aluminum corrosion [56]. 

Table 8 - The calculated quantum chemical parameters 
for investigated compounds 

parameter 
Compound 

I 
Compound 

II 
Compound 

III 
E HOMO (eV) -9.000 -9.151 -9.330 

E LUMO (eV) -1.132 -1.218 -1.369 

ΔE     (eV) 7.868 7.933 7.961 

μ  (debyes) 2.084 1.378 1.559 

       (eV) 3.934 3.967 3.981 

σ       (eV-1) 0.254 0.252 0.251 

Pi     (eV) -5.066 -5.185 -5.350 
      (eV) 5.066 5.185 5.350 

N    (e) 0.795 0.566 0.240 
 

Enthalpy and entropy of activation (ΔH*, ΔS*) of the 
corrosion process were calculated from the transition 
state theory (Table 7): 

Rate (icorr) = (RT/ Nh) exp (ΔS*/R) exp (-ΔH*/RT) (14) 

where h is Planck’s constant and N is Avogadro's num-
ber. A plot of log (icorr/ T) vs. 1/ T for Al in 0.5 M HCl at 
10-4 M investigated compounds, gives straight lines as 
shown in Figure 9. Values of H* are positive. This in-
dicates that the corrosion process is an endothermic one. 
The entropy of activation is large and negative. This im-
plies that the activated complex represents association 
rather than dissociation step , indicating that a decrease 
in disorder takes place, going from reactants to the acti-
vated complex [57]. 
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Figure 9 - log k (corrosion rate)/T – 1/T curves for alu-

minum dissolution in 0.5 M HCl in the absence 
and presence of 10-4 M for of investigated 
compounds 

The order of decreasing inhibition efficiency of the 
investigated compounds as gathered from the increase in 
Ea

* and ΔH* values and decrease in ΔS* values, is as 
follows: I > II > III.  

3.6. Quantum chemical parameters of investigated 
compounds 

The EHOMO indicates the ability of the molecule to 
donate electrons to an appropriated acceptor with empty 
molecular orbitals and ELUMO indicates its ability to 
accept electrons. The lower the value of ELUMO, the more 
ability of the molecule is to accept electrons [58]. 

While, the higher is the value of EHOMO of the inhi-
bitor, the easer is its offering electrons to the unoccupied 
d-orbital of metal surface and the greater is its inhibition 
efficiency. The calculations listed in Table 8 showed 
that the highest energy EHOMO is assigned for the com-
pound I, which is expected to have the highest corrosion 
inhibition among the investigated compounds. The 
presence of methoxy group destabilizes the HOMO level 
which is most observed in the case of compound I Table 
8. Therefore, it has the greatest tendency to adsorb on 
the metal surface and accordingly has the highest 
inhibition efficiency. This expectation is in a good agre-
ement with the experimental observations suggesting the 
highest inhibition efficiency for compound I among the 
other investigated inhibitors Table 8. The compound II 
has lower EHOMO value than that of compound I which is 
probably due to the effect of Cl group. So, it is expected 
that -OCH3 containing compounds have higher inhi-
bition efficiency than – Cl and -COOH containing com-
pounds. Furthermore, the HOMO level is mostly lo-
calized on the two benzene moiety, imino and hydroxyl 
groups indicating that the preferred sites for electrophilic 
attack at the metal surface are through the nitrogen and 
oxygen atoms Figure 10. This means that the two 
benzene moiety with high coefficients of HOMO density 
was oriented toward the metal surface and the ad-
sorption is probably occurred through the p-electrons of 
the two benzene moiety and the lone pair of nitrogen 
and oxygen. It was found that the variation of the cal-
culated LUMO energies among all investigated in-
hibitors is rule lessly, and the inhibition efficiency is 
misrelated to the changes of the ELUMO Table 8. 

The HOMO–LUMO energy gap, ΔE approach, 
which is an important stability index, is applied to 
develop theoretical models for explaining the structure 
and conformation barriers in many molecular systems. 
The smaller is the value of ΔE, the more is the probable 
inhibition efficiency that the compound has [59-61]. The 
dipole moment µ, electric field, was used to discuss and 
rationalize the structure [62]. It was shown from (Table 
8) that compound I molecule has the smallest HOMO–
LUMO gap compared with the other molecules. 
Accordingly, it could be expected that compound I 
molecule has more inclination to adsorb on the metal 
surface than the other molecules. The higher is the value 
of µ, the more is the probable inhibition efficiency that 



A. S. FOUDA et al … INHIBITION OF ALUMINUM CORROSION IN HYDROCHLORIC … 

ZAŠTITA MATERIJALA 51 (2010) broj 4 217

the compound has. The calculations showed that the hig-
hest the highest value of µ is assigned for the compound 
I which has the highest inhibition efficiency. Absolute 
hardness  and softness σ are important properties to 
measure the molecular stability and reactivity. A hard 
molecule has a large energy gap and a soft molecule has 
a small energy gap. Soft molecules are more reactive 
than hard ones because they could easily offer electrons 
to an acceptor. For the simplest transfer of electrons, 
adsorption could occur at the part of the molecule where 
σ, which is a local property, has the highest value [63]. 
In a corrosion system, the inhibitor acts as a Lewis base 
while the metal acts as a Lewis acid. Bulk metals are 
soft acids and thus soft base inhibitors are most effective 
for acidic corrosion of those metals. Accordingly, it is 
concluded that inhibitor with the highest σ value has the 
highest inhibition efficiency Table 8 which is in a good 
agreement with the experimental data. 

This is also confirmed from the calculated inhibition 
efficiencies of molecules as a function of the inhibitor 
chemical potential, Pi, and the fraction of charge trans-
fer, ΔN to the metal surface. The relatively good agre-

ement of Pi and ΔN with the inhibition efficiency could 
be related to the fact that any factor causing an increase 
in chemical potential would enhance the electronic re-
leasing power of inhibitor molecule Table 8. 

It was noteworthy that the presence of an electron 
donating substituent such as -OCH3 group is more favo-
red than -Cl or -COOH group to increase the inhibition 
efficiency of the inhibitor. The use of Mulliken popula-
tion analysis to estimate the adsorption centers of inhibi-
tors has been widely reported and it is mostly used for 
the calculation of the charge distribution over the whole 
skeleton of the molecule [64]. 

There is a general consensus by several authors that 
the more negatively charged heteroatom is, the more is 
its ability to adsorb on the metal surface through a do-
nor–acceptor type reaction [65- 67]. 

Variation in the inhibition efficiency of the inhibi-
tors depends on the presence of electronegative O- and 
N-atoms as substituents in their molecular structure. The 
calculated Mulliken charges of selected atoms are pre-
sented in Figure 10. 

  

Compound I Compound II Compound III 

HOMO 

   

LUMO 

 
  

Mulliken atomic 
charges 

   

Figure 10 - The optimized molecular structures, HOMO, LUMO and Mulliken atomic charges of the inhibitor 
molecules using PM3 

 

3.7 Mechanism of Corrosion inhibition 

From the observations drawn from the different me-
thods, one can conclude that the inhibitor is adsorbed on 
Al surface forming a barrier film and protect Al sub-
strate against corrosion in 0.5 M HCl solution. Their 
inhibitive action can be explained on the basis of the N 
and O atoms in addition to a π electron interaction of the 
benzene nucleus with unshared p electrons of Al atoms, 
which contribute to the donor acceptor bond between the 
non bonding electron pairs and the vacant orbitals of the 

metal surface. As far as the inhibition process is con-
cerned, it is generally assumed that adsorption of the 
inhibitor at the metal/solution interface is the first step in 
the action mechanism of the inhibitors in aggressive acid 
media. The adsorption may be the result of one or more 
of three types of interactions[68, 69], namely; electro-
static attraction between charged molecules and charged 
metal, coordination of the unshared pairs of electron on 
the molecule to the metal atom, and  involvement of π 
electrons of the inhibitor molecule in coordination 
process. 
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The inhibition efficiency is obviously dependent on 
the strength of adsorption and this, in term, is affected 
by the number of adsorption sites and their charge densi-
ty, molecular size, heat of hydrogenation, mode of inter-
action with the metal surface and extent of formation of 
metallic complexes [11]. As, It has been known that, the 
number of π electrons in the molecule has an important 
role on the adsorption. It is also, accepted that π elec-
trons of double bonds in a compound can interact with 
metal surfaces.  

It has been found that most of the organic inhibitors 
act by adsorption on the metal surface [70]. This pheno-
menon is influenced by the nature and surface charge of 
metal, by the type of aggressive electrolyte, and by the 
chemical structure of inhibitors [71]. 

In general, the investigated Schiff bases may be ad-
sorbed on Al surface in their neutral or protonated forms 
(cationic form). Since it is well known that the alumi-
num surface is negatively charged in acid solution [72, 
73], so, it is easier for the protonated molecules to ap-
proach the negatively charged Al surface due to the 
electrostatic attraction. In case of adsorption, this invol-
ve the displacement of water molecules from the Al sur-
face and sharing electrons between the hetero-atoms and 
Al. Also, the inhibitor molecules can adsorb on Al sur-
face on the basis of donor-acceptor interactions between 
π-electrons of aromatic rings and vacant p-orbitals of 
surface Al atoms. Thus we can conclude that inhibition 
of Al corrosion in HCl is mainly due to electrostatic in-
teraction. The decrease in inhibition efficiency with rise 
in temperature (Table 6) supports electrostatic inter-
action. 

5. CONCLUSIONS 

1. The investigated Schiff bases are good inhibitors 
and act as mixed type inhibitors for Al corrosion in HCl 
solution. 

2. The results obtained from all electrochemical me-
asurements show that the inhibiting properties increase 
with inhibitor concentration. The %IE in accordance to 
the order: I > II > III with small differences in their 
numerical values. 

3. Double layer capacitances decrease with respect 
to blank solution when the Schiff base added. This fact 
may explained by adsorption of Schiff base molecules 
on the Al surface. 

4. The adsorption of Schiff bases on Al surface in 
HCl solution follows Langmuir adsorption isotherm. 

5. The negative values of ΔG° ads show the sponta-
neity of the adsorption. 

6. The values of inhibition efficiencies obtained 
from the different independent quantitative techniques 
used showed the validity of the results. 
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