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Electrochemical impedance study on the corrosion of Al-Pure
in hydrochloric acid solution using Schiff bases
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Abstract. The inhibition effect of newly synthesized Schiff bases N-benzylidene benzylamine (A) and
benzenemethanamine- x-methyl- N-(phenylmethylene) (B) on the corrosion behaviour of Al-Pure in 1.0 M HCI was
studied using galvanostatic polarization and electrochemical impedance spectroscopy (EIS) and adsorption studies.
The effects of inhibitor concentration, temperature and surface coverage are investigated. The effect of inhibitor
concentration and other parameters are evaluated for different inhibitor concentrations and the probable mecha-
nism was also proposed. The results show that (A) and (B) possess excellent inhibiting effect for the corrosion of
Al-Pure and the inhibitors act as mixed type inhibitors. The inhibitors do not affect the mechanism of the electrode
processes and inhibit corrosion by blocking the reaction sites. The high inhibition efficiency of (A) and (B) were due
to the adsorption of inhibitor molecules on the metal surface. The decrease of surface area available for electrode
reactions to take place is due to the formation of a protective film. Activation energy and free energy of adsorption

have been calculated.
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1. Introduction

Corrosion is defined as the deterioration of the material,
usually a metal, because of reaction with its environment
and which requires the presence of an anode, a cathode,
an electrolyte and an electrical circuit (Rosliza et al 2010).

Aluminium and its alloys have a low density, an attractive
appearance, relatively good corrosion resistance and excel-
lent thermal and electrical conductivities. The combination
of these properties makes it a preferred choice for many
industrial applications such as automobiles, food-handling
containers, electronic devices, building, aviation, etc.
(Talbot and Talbot 1998; Li et al 2005; Sherif and Park
2006). Various attempts (Stevanovic et al 1988; Tomcsanyi
et al 1989; Ovari et al 1998; Ashassi-Sorkhabi et al 2006;
Khaled and Qahtani 2009) have been made to study the
corrosion of aluminium and its alloys, and their inhibition by
organic inhibitors in acid solutions.

Hydrochloric acid solutions are used for pickling of alu-
minium and for its chemical or electrochemical etching.
It can be important to add a corrosion inhibitor to decrease
the rate of aluminium dissolution in such solutions. Thus,
numerous studies concerning the inhibition of aluminium
corrosion using organic substances have been conducted
in acidic and basic solutions (Abdel Kader and El Din
Shams 1970; Sampat and Vora 1974; Shalaby et al 1976; El
Mahdy and Mahmoud 1995). Organic compounds have been
accepted as effective inhibitors for metal corrosion in various
solutions (Ashassi-Sorkhabi et al 2009). These compounds,
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which are usually organic substances containing nitrogen,
sulfur, and/or oxygen in the conjugated system, are reported
as efficient corrosion inhibitors, which act through adsorp-
tion on the metal surface, forming a complex with metal ions
and thereby retarding metal dissolution; polar groups act as
the reaction centre for the adsorption process. Despite the
large number of organic compounds, there is always a need
for developing new organic corrosion inhibitors (Desai et al
1986; Ajmal et al 1994; Abd and El-Maksoud 2002).

Some Schiff bases have recently reported as effective cor-
rosion inhibitors for steel (Bain et al 1989; Emregul et al
2003), aluminium (Gomma and Wahdan 1995), aluminium
alloys (Hahner et al 1993; Aytac et al 2005) and copper
(Li et al 1999) in acidic media. Due to the presence of the
—C=N- group, electronegative nitrogen, sulphur and/or
oxygen atoms in the molecule, Schiff bases should be 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 inter-
actions between the inhibitor molecules and metal surfaces
in order to search new and efficient corrosion inhibitors (Yurt
et al 2006).

In earlier work the inhibition of corrosion of zinc
in sulphuric acid by Schiff bases of ethylenediamine
(Shah et al 2004), ortho-substituted aniline-N-salicylidenes
(Desai et al 2003), ortho-, meta-, and para-aminophenol-
N-salicylidenes (Talati et al 2005b), and meta-substituted
aniline-N-salicylidenes (Talati et al 2005a) is reported.

In the present work, the inhibitive effectiveness of (A)
and (B) Schiff bases is studied in retarding corrosion of
Al-Pure in 1-0 M HCI. Weight loss method, galvanostatic

283



284 A S Patel, V A Panchal and N K Shah

polarization and electrochemical impedance spectroscopy  structures of used Schiff bases are characterized by IR
(EIS) techniques were used to investigate the inhibiting  (figure 1), which are given below:
influence of (A) and (B) organic Schiff base compounds.

CHy
N N
2. Experimental
B)

The used Schiff base compounds were synthesized from (A)
equimolar amounts of benzaldehyde and corresponding
amines (benzylamine and D (+) «-phenylethylamine) through Rectangular specimens of Al-Pure, of size 6-0 cm x

a condensation reaction in ethanol media. The chemical 3.0 cm (thickness = 0-050 cm), were polished to mirror
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Figure 1. IR spectra of (I) N-benzylidene benzylamine (A) and (II) benzenemethanamine-«-
methyl-N-(phenylmethylene) (B).
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finish, degreased with AR carbon tetrachloride (sulphur free)
and used for the weight loss method. The specimens were
immersed in 230 ml of the solution containing various con-
centrations of the inhibitors in the absence and presence
of (A) and (B) inhibitors, at 35°C £ 0-5°C for an expo-
sure period of 60 min. The weight of the specimen before
and after immersion was determined using mettler balance—
MS5 type. Triplicate experiments were performed. Experi-
ments (the loss in weight of specimen) were carried out in
0-5% concentration of inhibitors at temperature ranging from
35°C £ 0-5°C to 65°C % 0-5°C.

Polarization and EIS studies were carried out using a three
electrode cell assembly; Al-Pure was used as working elec-
trode, platinum as counter electrode and saturated calomel
electrode (SCE) as reference electrode. The corrosion param-
eters such as corrosion potential (Eqy), corrosion current
density (I.orr) and Tafel plots were measured in polarization
method. In this study, the current density was varied in the
range of 2 x 1074-3-25 x 102 A cm™2. Electrochemical
impedance measurements were carried out in the frequency
range of 20 kHz-0-1 Hz at the open circuit potential (for EIS
limitation of current supply is in between 10 nA and 10 mA),
after 1 hr (60 min) of immersion, by applying amplitude of
0-5 mV sine wave ac signal. Double layer capacitance (Cq;)
and charge transfer resistance (R.) values were calculated
from Nyquist plots as described by Hosseini et al (2003). EIS
data was analyzed using frequency response analyzer (FRA)
electrochemical setup.

3. Results and discussion

3.1 Weight loss measurements

3.1a  Effect of inhibitor concentration: When Al-Pure was
immersed in 1-0 M hydrochloric acid at 35°C % 0-5°C for
exposure period of 60 min, it suffered a weight loss of

Table 1. Corrosion parameters for Al-pure in presence and
absence of different concentrations of Schiff bases obtained from
weight loss measurements at 35°C £ 0-5°C for exposure period of
60 min.

Concentration Weight loss Surface coverage

Inhibitor (% VIV) (mg dm~2) ) (% P)
Blank - 2300 - -
(A) 0-001 911 0-604 60-4
0-01 650 0717 717
0-05 325 0-859 85-9
0-10 190 0917 91.7
0-50 16 0-993 99.3
(B) 0-001 827 0-640 64-0
0-01 569 0-753 753
0-05 276 0-880 88-0
0-10 154 0-933 93.3
0-50 11 0-995 99.5
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2300 mg dm~2. Table 1 shows that the inhibition efficiency of
Al-pure in 1.0 M HCl in presence of different concentrations
of inhibitors (A) and (B) at 35°C £ 0-5°C.

The percentage inhibition efficiency (% P) was calculated
using the following equation:

L. . Wu - Wi
Inhibitor efficiency (% P) =W x 100, D

u
where W, is the weight loss of Al-Pure in uninhibited
acid and W; the weight loss of Al-Pure in inhibited acid,
respectively.

It is observed from table 1, that the weight loss decreased
and therefore the corrosion inhibition strengthened, with
increase in inhibitor concentration. This trend may result
from the fact that adsorption and surface coverage increases
with the increase in concentration. Thus the surface is effi-
ciently separated from the medium (Al-Andis et al 1995).

3.1b Adsorption isotherm: The inhibitor efficiency
depends on the type and number of active sites at the metal
surface, the charge density, the molecular size of the
inhibitor, the metal-inhibitor interaction and the metallic
complex formation (Avc 2008). The adsorption isotherm
can give information on the metal-inhibitor interaction. The
type of adsorption of (A) and (B) Schiff bases was eluci-
dated from the degree of surface coverage value () which
is calculated from the following equation and the values are
mentioned in table 1.

_ W, — W,
= W

0 , 2
where W, is the weight loss of Al-Pure in uninhibited
acid and W; the weight loss of Al-Pure in inhibited acid,
respectively.

The values of surface coverage, 6 for the inhibitors were
used to explain the best isotherm to determine the adsorp-
tion process. Attempts were made to fit 6 values to vari-
ous adsorption isotherms namely Langmuir, Freundlich and
Temkin. By far the best fits were obtained with Langmuir
adsorption isotherm.

When plots of log (8/1-0) vs log Ciy, (inhibitor concen-
tration) were drawn (figure 2), straight lines were obtained
(up to a certain concentration), indicating that the adsorption
of the inhibitors (A) and (B) takes place following Langmuir
adsorption isotherm (Desai et al 2008), which shows that the
formed film is monolayer type.

0

Cih = ——————.
N ¢ )

3)
When the inhibitor efficiency (i.e. ) is quite high and
becomes almost constant, the plot deviates and runs some-
what parallel to the abscissa.

3.1c Effect of temperature: Temperature has a great effect
on the corrosion phenomenon. Generally the corrosion rate
increases with the rise in temperature. For this purpose,
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Figure 2. Langmuir isotherm for adsorption of Schiff bases on
the Al-Pure metal surface.
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Figure 3. Plotting log p vs. T~!x 10* to calculate the activa-
tion energy of corrosion process in the presence and absence of
inhibitors.

Table 2. Effect of temperature on weight loss and inhibition efficiency for Al-Pure in 1-0 M HCI.

Concentration Weight loss (mg dm™?) at temperature
Inhibitor (% viIv) 35°C 45°C 55°C 65°C
Blank - 2300 4436 5303 5808
(A) 0-5 16 (99-3%) 43 (99-0%) 108 (98-0%) 238 (95-5%)
B) 0-5 11 (99-5%) 35 (99-2%) 89 (98-3%) 203 (96-5%)

we made weight loss measurements in the temperature range
of 35°C £ 0-5°C to 65°C £ 0-5°C, in the absence and pres-
ence of 0-5% concentration of (A) and (B) inhibitors after
60 min of immersion. The corresponding data are shown in
table 2.

From the table 2, it is clear that the inhibition efficiencies
are found to decrease with increasing the solution tempera-
ture from 35°C % 0-5°C to 65°C £ 0-5°C. This behaviour
can be interpreted on the basis that the increases in temper-
ature results in desorption of the inhibitors from the surface
of Al-Pure.

3.1d Thermodynamic parameters: Plotting log p (corro-
sion rate, mg dm~2) vs T~!'x 10* gave straight lines with
slope of —E,/R (figure 3). The apparent activation energy
(E,) for the Al-Pure dissolution process can be evaluated
from the following relationship (Eyring and Eyring 1967):

p=kexp (~Eo/py).

where p is the corrosion rate, E, the activation energy, T the
temperature and k is the constant. Calculated activation ener-
gies are given in table 3. As we see from these data, activation
energies strongly increase in the presence of inhibitors. This
fact indicates that the adsorption of these inhibitors occurs
through physical adsorption (Ashassi-Sorkhabi et al 2005).
If it is assumed that the inhibitor is adsorbed on the metal
surface in the form of a monolayer film, covering at any

“)

instant a fraction, 6, of the metal surface in a uniform random
manner, then the heat of adsorption, (Qags), of the inhibitors
can be calculated from the equation:

6, 0, T,
—log — ).
1-6, 1-0,) \IL-Th

&)

Q.as = 2-303R {log

The values of the free energy of adsorption (AG,gs) were
calculated from the following equation (Desai et al 2008):

log Cinh = log1 7~ log B, 6)
where
logB = —1.74 — (AGus/y 303p7) %)

The values of (AG,qs) and (Q.gs) are shown in table 3.
The negative value of (AG,gs) suggests that the inhibitor
molecules are strongly adsorbed on the metal surface, the
values also indicate a spontaneous adsorption of the inhibitor
molecules usually characterized by the strong interactions
with the metal surface. It is found that the (AG,q4) val-
ues are positive than —40 kJ mol~! indicating that inhibitor
molecules are physically adsorbed on the metal surface
(Desai and Vashi 2010). The negative values of (Q,qs) indi-
cated that the adsorption of used inhibitors on the Al-Pure
surface is exothermic.
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Table 3. Thermodynamic parameters and activation energy for
inhibitor adsorption for corrosion of Al-Pure in 1.0 M HCI
(inhibitor concentration 0-5%).

Ea Qads AG‘dds
Inhibitor (kJ mole™ ) (kJ mole™ 1) (kJ mole™1)
Blank 259 - -
(A) 79.5 —54.0 ~31.8
(B) 85-8 —59.4 —32.6

3.2 Galvanostatic polarization study

The galvanostatic polarization curves for Al-Pure in 1.0 M
HCI solution with two concentrations of inhibitors (A) and
(B) at 35°C £ 0-5°C are shown in figure 4. It could be
observed that addition of the inhibitors causes more nega-
tive shift in corrosion potential (E.) especially in high con-
centrations, which means that the inhibitors affect cathodic
reaction more than anodic reaction.

From the figure 4, it was observed that in the presence of
(A) and (B) inhibitors, both of the cathodic and anodic curves
show lower current density than those observed in the unin-
hibited solution (without the inhibitors). These show that the
inhibitors are adsorbed on the metal surface and covers both,
the anodic as well as the cathodic regions. It is also observed
that with lower inhibitor concentration the potentials are less
negative but as the inhibitor concentration is increased the
potentials become more negative. This suggests that first the
inhibitor is adsorbed on the anodic sites as well as cathodic
sites but as its concentration increases the cathodic sites are
more covered than anodic sites. Galvanostatic polarization
curves show negligible anodic but significant cathodic polar-
ization in inhibited acid. Therefore, these compounds could
be classified as mixed type inhibitors with a predominantly
cathodic action.

The values of cathodic Tafel slope (b.) and anodic Tafel
slope (b,) were calculated from the linear region of the
polarization curves are given table 4. The corrosion current
density (/.orr) Was determined from the intersection of the
linear parts of the cathodic curves with stationary corrosion
potential (Eqorr)-

The percentage inhibition efficiency (% P) was calculated
using the following equation:

10— Lo
(% P) =—___*T %100, (8)

0
corr

where I and I.o are the corrosion current densities in the

absence and presence of the inhibitor, respectively.

3.3 Electrochemical impedance spectroscopy (EIS)

The corrosion behaviour of Al-Pure in 1-0 M HCI solution in
the absence and presence of (A) and (B) inhibitors were also
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Figure 4. Anodic and cathodic polarization curves obtained for
Al-Pure metal at 35°C + 0-5°C in 1-0 M HCl in various concentra-
tion of studied Schiff bases: (a) compound A and (b) compound B.

investigated using electrochemical impedance spectroscopy
(EIS). Nyquist plots of Al-Pure in uninhibited and inhibited
acid solutions containing various concentrations of inhibitor
are given in figure 5. As can be seen, the impedance response
of Al-Pure in uninhibited 1-0 M HCI solution significantly
changed after addition of inhibitors. The equivalent cir-
cuit model used to fit the experimental results is shown in
figure 6.

The FRA (frequency response analyzer) is used for
impedance data analysis and the fit parameters are listed
in table 5. Where Ry, Rs and Cy are the charge transfer
resistance, solution resistance and double layer capacitance,
respectively. From the impedance measurements, inhibition
efficiencies were calculated using the following expression:

R — R((:)t
(% P) = ———<x100, )

ct
where Ry and RY are the charge transfer resistance of the
electrode with and without the inhibitors, respectively. The
results show that there is an increase in R values with the
addition of the inhibitors when compared with those without
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Table 4. Electrochemical parameters of corrosion of Al-Pure in the presence of different concentration of inhibitors at 35°C % 0-5°C and

corresponding inhibition efficiencies obtained from polarization method.

Concentration Ecorr ba b. Leorr
Inhibitor (% viv) (mV) (mV/dec) (mV/dec) for cathodic (A cm™2) (% P)
Blank - -843 113 120 4.467 x 1073 -
(A) 0-001 -852 64 100 1.949 x 1073 56-4
0-05 -876 77 170 1-862 x 1074 95-8
(B) 0-001 -858 62 145 8912 x 1074 80-1
0-05 -887 75 196 1-174 x 1074 97-4
40.07
35.0]
30.0]
25.01 . X y
X
E 20.07 y X ¥
S 15.0] PO T B B X
. q ! |
N 100] 4 1 X e 4 Bl
Lhdiy | ¥ an
50 vy AL : .Y Y 0001%
ol ) 2 y A A 001%
-5.0] it 1 A mom 005%
. 1
x X 0.1%
-10.0 : : 1 —wk : R
0 10.0 200 30.0 40.0 50.0 0.0 70.0
Z' (ohm)
(a)
60.0
50.0]
4001
_ A
E 300] x A X
) X X
5 20.0 y 4 f
5 200]
h 1 1
X>:||I Il ! + + Blank
1004 |"‘ iy ! ;‘ v v 0.001%
"'w’ :3 # Yy A A 001%
0
il Y X X m m 005%
¥ x x 0.1%
-10.0 . : : : - : . ,
0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0
Z' (ohm)
(b)

Figure 5. Impedance plot obtained at 35°C in 1-0 M HCl in various concentrations of
Schiff bases: (a) compound A and (b) compound B.

the inhibitors. Furthermore, the values of R are increasing film. Thus, increase in R values and decrease in Cy val-
with increase in inhibitor’s concentration. It should be noted  ues by the inhibitors are related to the increased degree of
that while R values increase with the addition of inhibitors,  protection of Al-Pure in 1-0 M HCI. The electrochemical
the Cq; values decrease indicating the formation of a surface  theory shows that Cq is proportional to the corrosion rate.
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Ca
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Figure 6. The equivalent circuit model used to fit the experimen-
tal results.

Table 5. Impedance parameters and corresponding inhibition
efficiency for the corrosion of Al-Pure in the 1-0 M HCIL.

Concentration Ry Rt Cal P
Inhibitor (% vIv) (Ohm)  (Ohm) (uF) (%)
Blank - 1-079 3.99 8573 -
(A) 0-001 1-057 9.77 8310 592
0-01 1-408 14-51 80-87 725
0-05 0-942 32.71 75-89 878
0-10 1-156 49.50 70-85 919
(B) 0-001 1-018 11.22 83-14 644
0-01 1-029 17-41 7830  77-1
0-05 1-158 36-40 73-09  89-0
0-10 1-035 67-11 68-26  94-1

3.4 Mechanism of the inhibition

Most organic corrosion inhibitors are compounds with at
least one polar unit containing atoms of nitrogen, sulphur,
oxygen and in some cases selenium and phosphorous. The
polar unit is regarded as the reaction centre for the estab-
lishment of the adsorption process and the adsorption bond
strength is determined by the electron density of the atom
acting as the reaction centre and by the polarisability of the
fundamental unit. According to Hackermann (1954), amine-
type inhibitors have electron-donating ability and their action
is attributed to the adsorption of the molecule on the metal
surface through an unshared pair of electrons belonging to
the nitrogen atom. The inhibitor molecules are adsorbed
chemically on the surface of the bulk metal, M, forming a
charge transfer complex between the polar atom/atoms and
the metal,

M + RnX < M: XRn. (10)

Further, these inhibitors, which are in a distinct ionic form,
also may get attached to the metal surface of opposite polar-
ity through electrostatic attraction. The adsorbed layer then
will block the dissolution of the metal. The size, orienta-
tion and shape of the molecule, and the electronic charge
on it, will determine the degree of adsorption and hence the
effectiveness of the inhibitor.

Both (A) and (B) inhibitors are characterized by IR (figure 1),
two main peaks are observed, first at ~3100 cm~! for aro-
matic ring and second at ~1620 cm ™! for iminic group. The
adsorption takes place due to the iminic group, therefore
the inhibitive efficiency of the both (A) and (B) should be
almost the same.
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It is also possible that the compounds may form onium
ions in acidic medium and move to the cathodic regions and
then the adsorption will take place through the iminic nitro-
gen and also through the delocalized 7 -electrons of the ben-
zene moiety. Then molecule will lie flat on the metal surface
and further cover the adjoining positions of the surface.
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4. Conclusions

(I) The effect of two inhibitors (A) and (B) are studied on
Al-Pure by using weight loss, galvanostatic polarization and
EIS methods. Results showed that efficiency of inhibitors
increase with increase in the inhibitor concentration but
decrease with increase in temperature and inhibitors follow
the Langmuir adsorption isotherm.

(II) The values of (AG,gs) and (Q,gs) are negative which
indicate that the reaction is spontaneous and exothermic. The
E, values indicate that adsorption occur through physical
mechanism. Obtained results from above three methods are
in good agreement with each other.
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