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The inhibition effect of 1, 2, 3-benzotriazole on the corrosion of aluminium in 0.5 M HCI solution was
studied by potentiodynamic polarization, electrochemical impedance spectroscopy (EIS) electrochemical
frequency modulation (EFM) methods. The results show that 1, 2, 3-benzotriazole is a good inhibitor at
different concentrations. Polarization curves reveal that inhibitor behaves as mixed-type inhibitor. EIS
spectra indicated that the addition of inhibitor increases the charge-transfer resistance of the corrosion
process, and hence the inhibition performance improved. Results obtained from EFM method are shown to
be in agreement with potentiodynamic and EIS methods. The adsorption of 1, 2, 3-benzotriazole on
aluminium surface obeys Frumkin adsorption isotherm. Scanning electron microscopy (SEM) analysis was
performed to characterize the film formed on the surface of metal. The reactivity of inhibitor was
performed through quantum chemical calculations based on DFT method to support the experimental data
with the molecular structure of inhibitor.
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INTRODUCTION

Aluminum has a remarkable economic, industrial
importance and attractive material for engineering
applications owing to its high thermal and electrical
conductivity, low cost and light weight. The resistance of
aluminum against corrosion in agqueous media can be
attributed to a rapidly formed compact, strongly adherent
invisible protective oxide film on its surface (Sastri et al.,
2007; Ali and Foaud, 2012). Therefore, aluminum has
been known to exhibit widely different electrochemical
properties in different aqueous electrolytes, such that
aluminum and its alloys are widely used in many
industries such as food containers, chemical batteries,
pipes and reaction vessels. The chemical dissolution and
electro plating are the main processes used in the
fabrication of electronic devices. The most widely used
HCI acid solution is this medium which has induced a
great deal of research on aluminium (Abiola et al., 2009;
Noor, 2009; Rethinnagiri et al., 2012; Awad et al., 2014).
So, the best method for metal protection from corrosion is
the use of effective organic inhibitor containing hetero
atoms such as (N, O, and S) or structures containing -
electrons in their molecules through which they can

absorb on the metal surface (Dugdale and Cotton, 1963;
Bentiss et al., 1999; Khadom et al., 2010; Fares et al.,,
2012; Frignani et al., 2005; Safaket al., 2012; El Haleem
et al., 2013; Obot et al., 2013; Awad et al., 2014, Li et al.,
2014; Manivel et al., 2014). Generally, the adsorption of
this inhibitor on a metal surface depends on the nature
and surface charge of the adsorbent, the chemical
structure of the adsorbate and the type of electrolyte
solution (Khaled, 2011). Physisorption and chemisorption
are the principal types of interaction between adsorbate
and adsorbent. The first one is weak undirected
interaction and it is the result of electrostatic attractive
forces between inhibiting organic ions or dipoles and
electrically charged metal surface. Physisorption involves
rapid interaction between adsorbent and adsorbate but it
is also easily removed from surface with the temperature
increase. In the chemisorption, strong, directed forces
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Figure 1. Chemical molecular structure of 1,
2, 3-benzotriazole.

govern the interaction between adsorbate and adsorbent
and involve charge sharing or charge transfer from the
adsorbate to the adsorbent in order to form a coordinate
type of bond (Rozendeld, 1981). Adsorption process can
be described by several adsorption isotherms such as:
Langmuir, Freundlich, Temkin and Frumkin (Khamis et
al.,, 1991). In the present study, 1, 2, 3-benzotriazole
inhibitor was used for corrosion inhibition of aluminium in
0.5 M HCI using potentiodynamic polarization,
electrochemical impedance spectroscopy (EIS) and
electrochemical frequency modulation (EFM) methods. In
addition, SEM processes results are reported and
discussed. Quantum chemical calculations were
performed to discuss the molecular structure and the
reaction mechanisms in order to interpret the
experimental results as well as to correlate the inhibition
efficiency to the molecular properties of the inhibitor.

EXPERIMENTAL

The working electrode employed in this work was made
of pure aluminium (99.99%) supplied by Sigma—Aldrich.
For electrochemical measurements, the investigated
materials cut as cylindrical rods, welded with Cu-wire for
electrical connection and mounted into glass tubes of
appropriate diameter using Araldite to offer an active flat

disc shaped surface of (0.5 sz) geometric area, to
contact the test solution. Prior to each experiment, the
exposed area of the aluminum electrode was abraded
with 800, 1200, 1500 and 2000 grades of emery papers.
The electrode was then rinsed with acetone, distilled
water, and finally dipped in the electrolytic cell. The
electrochemical measurements were performed in a
typical three-compartment glass cell consisting of the
aluminum specimen as working electrode (WE), platinum
counter electrode (CE) and a saturated calomel electrode
(SCE) as the reference electrode. The electrochemical
experiments were performed using a Gamry PCI4G750
Potentiostat/Galvanostat/ZRA analyzer, with a Gamry
framework system based on ESA400 connected to a
personal computer. Gamry applications include dc105 for
dc corrosion measurements, EIS300 for EIS measurements

and EFM140 for EFM measurements along with a
computer for collecting data. Echem Analyst 5.5 software
was used for plotting, graphing and fitting data. Each run
was carried out in aerated solutions at the required
temperature, using a water thermostat. All potentials
given in this work are referred to this reference electrode
(SCE). The electrode was immersed in test solution at
open circuit potential (OCP) for 30 min at 30°C before
starting the measurements to be sufficient to attain a
stable state. The potential of potentiodynamic polarization
curves was started from a potential of -250 mV to +250

mV versus OCP at a sweep rate of 0.5 mV s-l.
Electrochemical impedance spectroscopy (EIS) was
carried out at OCP in the frequency range of 10 mHz —
100 kHz using a 10 mV peak-to-peak sine wave voltages.
EFM was carried out using two frequencies of 2.0 and 5.0
Hz. The base frequency was 1.0 Hz. We used a
perturbation signal with amplitude of 10 mV for both
perturbation frequencies of 2.0 and 5.0 Hz (El-Haddad,
2014; Khadom et al., 2010).

The electrolyte solution of 0.5 M HCI was prepared by
dilution of analytical grade 37% HCI with distilled water.
Figure 1 shows the molecular chemical structure of 1, 2,
3-benzotriazole inhibitor which was obtained from Sigma-—
Aldrich Company. The concentration range of inhibitor
was 0.3x 107 -1.8x 10" M.

The scanning electron microscopy (SEM) analysis for
the surface characterization of Al specimens were
performed with (SEM, JOEL, JSM-T20, Japan). Prior to
analysis, the Al specimens were immersed in 0.5 M HCI
solutions with/without addition of 1.8 x 10™ M of inhibitor
at 30°C for 24 h. After that, the specimens were cleaned
with distilled water, dried with a cold air, and then
examined.

Quantum chemical calculations

Quantum chemical calculations were performed with
DMol™ numerical DFT in Materials Studio 5.0 software
(Clark et al, 2009). DFT semi-core pseudopods
calculations (dspp) were performed with the double
numerical basis sets plus polarization functional (DNP) to
obtain the geometrical optimization of inhibitor, then the
molecule’s frontier orbital was exgressed as relative
density distribution figure. DMol™ includes certain
COSMO controls which allow for the treatment of
salvation effects (Lee et al., 1988). So, the quantum
calculations for inhibitor were performed in a protonated
form in acid solution.

RESULTS AND DISCUSSION

Potentiodynamic polarization measurement

The polarization behavior of aluminium electrode in 0.5 M
HCI solutions in the absence and presence of different
concentrations of 1,2, 3-benzotriazole at 30°C are
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Figure 2. Potentiodynamic polarization curves for the corrosion of aluminum in 0.5 M
HCI in absence and presence of different concentrations of 1, 2, 3, benzotriazole at

30°C.

presented in Figure 2. It is clear that the anodic and
cathodic reactions are affected by the inhibitor. Based on
this result, 1, 2, 3-benzotriazole inhibits corrosion by
controlling both anodic and cathodic reactions (mixed-
type inhibitors).

The measured free corrosion potential used for this
study was found to be -776 mV for aluminum in 0.5 M
HCI. Li et al. (2014) found that the free corrosion potential
for aluminum in 1.0 M HCl is -785.1 mV, El-Deeb et al.
(2013) found the free corrosion potential for aluminum in
0.05 M HCl as -820 mV, and Abd El Wanees et al. (2013)
found it to be -980 mV for aluminum in 2.0 M HCI. From
these results, one can conclude that the free corrosion
potential depends on both the composition of the
electrode and the concentration of electrolyte used. The
electrochemical parameters including corrosion current
densities (icorr), corrosion potential (Ecorr), cathodic and
anodic Tafel slopes (8; and Bp) and corresponding
inhibition efficiency (%IEpp) associated with polarization
measurements of 1, 2, 3-benzotriazole at different
concentrations were determined and listed in Table 1.
The inhibition efficiency (%IEpp) and surface coverage (6)

were calculated according to the following equations
(Foudaet al., 2013):

i —iinn |

%IEpp =| 1| x100 (1)
I L

0= lﬁbflinh] )
L b J

Where ip and iinn are the corrosion current densities in the
absence and the presence of the inhibitor, respectively. It
is clear that icorr decreases with increasing the inhibitor
concentration, due to the increase in the blocked fraction
of the electrode surface by adsorption (Li et al., 2014).

Electrochemical
measurements

impedance spectroscopy

Figure 3 shows Nyquist plots of aluminium in 0.5 HCl in
the absence and presence of different concentrations of
1, 2, 3-benzotriazole inhibitor at 30°C. The impedance



Hatshepsut and Hatshepsut

095

Table 1. Potentiodynamic polarization parameters for the corrosion of aluminium in 0.5 M HCI containing

different concentrations of 1, 2, 3-benzotriazole at 30°C.
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Figure 3. The Nyquist plot for aluminium electrode in 0.5 M HCI solution in the absence
and presence of different concentrations of 1, 2, 3-benzotriazole at 30°C.

spectra exhibit one single depressed semicircle, and the
diameter of semicircle increases with increasing inhibitor
concentration. The single semicircle indicates that the
charge transfer takes place at electrode/solution
interface, and the corrosion reaction of Al is controlled by
the transfer process (Larabi et al, 2004). The
experimental data fitted using the electrical equivalent

circuit, which are given in Figure 4. In this circuit, Rg and
Rct represent the solution resistance between the steel
electrode and the reference electrode and the charge-
transfer resistance corresponding with the corrosion
reaction at metal substrate/solution interface,
respectively. The capacity of double layer Cg is defined
as:

C 1
d = A3)
K
2ﬂjmax o

Where fmax is the maximum frequency at which imaginary
value reaches a maximum on the Nyquist plot.

The inhibition efficiencies (%IEg;s) and the surface
coverage (6) obtained from the impedance
measurements are defined by the following relations:

|_ Rct -R° ct —|| 100
EIS = X
"R

L e

volc

(4)
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Figure 4. The equivalent circuit model used to fit the experimental results.
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Table 2. Electrochemical kinetic parameters obtained by EIS
measurement for aluminium in absence and presence of different
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concentrations of 1, 2, 3-benzotriazole at 30°C.
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(Cq)) has opposite trend at the whole concentration range.

This is due to decrease in local dielectric constant

and increase in thickness of the electrical double
layer, suggesting that inhibitor molecules inhibit the
metal corrosion via adsorption at the metal/solution
interface (El-Haddad and Fouda, 2013).

Intermodulation
measurements for aluminium corrosion in 0.5 M HCI

solution without and with (1.8 x 10

spectra

obtained

from

EFM

M) of 1, 2, 3-

benzotriazole inhibitor at 30°C is presented in Figure 5.
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Table 3. Electrochemical kinetic parameters obtained by EFM measurement for aluminium in absence and
presence of different concentrations of 1, 2, 3-benzotriazole at 30°C.

Inhibitor Conc., M icor, JAcm™>  Be,mVdec~ BamVdec~ CF2 CF3 0  %IEerm
0 535 113 32 1.8 3.2 e e
0.9 x 10_4 249 93 24 1.98 296 0.535 535
1.2 x 10'4 192 105 38 1.94 3.08 0.642 64.2
1.5x 10_4 186 115 45 1.96 3.22 0.653 65.3
1.8x10™" 156 119 59 1.67 3.21 0.709 70.9
The similar results were recorded for the other inhibitor [ 0 "|
concentrations. | |exp(-2ad) =KC (8)
The inhibition efficiency (% Egrm) and the degree of L (1-0) ]
surface coverage (&) can be calculated from the following
equations: or its linear form:
TMT © . o0 | )

L iy |
iy ~iinn |
| I—| (7

LN

The calculated electrochemical parameters (icorr, Ba, Bc,
CF-2 and CF-3) are given in Table 3. Inspections of these
data infer that the values of causality factors (CF-2 and
CF-3) obtained under different experimental conditions
are approximately equal to the theoretical values (2 and
3) indicating that the measured data are of good quality
(El-Haddad et al., 2013). Addition of increasing
concentration of inhibitors to HCI solution decreases the
corrosion current density (icorr) more than in blank
solution indicating that the inhibitors inhibit the corrosion
of Al electrodes in HCI solution through adsorption on its
surface (EL-Haddad, 3013). The values of B84 and B¢ are
not changed significantly with increasing the
concentration of the inhibitor. This confirms that the
presence of this inhibitor does not change the mechanism
of the corrosion process.

0=

Adsorption isotherm and standard adsorption free
energy (AG°ads)

In order to get more information about the mode of
adsorption of 1, 2, 3-benzotriazole inhibitor on the surface
of aluminium at different concentrations of inhibitor, the
data obtained from polarization curves have been tested
with several adsorption isotherms including Langmuir,
Freundlich, Temkin and Frumkin. “Frumkin” adsorption
isotherms were found to fit well with the experimental
data (Manohar et al., 2006; El-Sayed et al., 2010). The
adsorption isotherm relationship of Frumkin s
represented by the following equations:

L(1-6)C |

Where (6) is the surface coverage, (C) is the inhibitor
concentration in the bulk of solution, (a) is the lateral
interaction term describing the molecular interactions in
the adsorption layer and the heterogeneity of the surface
(it is a measure for the steepness of the adsorption
isotherms) and (K) is the equilibrium constant of the
adsorption reaction. Plotting of 6 against log C resulted to
a S-shape curve and is represented in Figure 6a. This is
indicating that the adsorption of inhibitor follows Frumkin
isotherm. On the other hand, by plotting In [6/(1-6)C]
versus 6 for Al in 0.5 M HCI containing various
concentrations of inhibitor, straight lines were shown and
represented in Figure 6b. The linear fitting slope for the
Frumkin isotherm gave the value of (a) which equals 1.26
and the intercepts gave the value of (K) which equals

2.9936 M'1 for the investigated inhibitor. Legrenee et al.

(2002) reported that the higher K value (>100 M '1)

indicates the formation of the stronger and more stable
adsorbed layer which is the result of the higher inhibition
efficiency. Also the positive values of (a) imply that the
interaction between molecules causes an increase in the
adsorption energy with the increase of (6).

K is related to the standard free energy of adsorption
(4G°4gs) as shown in the following equation (El-Haddad
and Fouda, 2013):

1 ( AGOads \
K=  =—— exp|- =—— (10)
555 | RT )

Where K is the value of 55.5 being the concentration of
water in solution expressed in mol, R is the universal gas

constant and T is the absolute temperature.

It can be observed that the value of AG°44s for 1, 2, 3-
benzotriazole inhibitor is negative. Actually, this value is
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Figure 6. (a) Frumkin adsorption isotherm of investigated 1, 2, 3-benzotriazole on aluminium surface in 0.5 M HCI solution at 300

C. (b)The linear form of Frumkin adsorption isotherm.
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Figure 7. (a) SEM micrographs for aluminium’s absence for one day at 30°C, and (b) presence of 1.8x10™

M of 1, 2, 3-benzotriazole for one day at 30°C.

consistent with the spontaneity of the adsorption process
and the stability of the adsorbed layer on aluminium
surface. It is known that the values of AG°4gs of the order -
20 kJ mol ™ or lower indicate a physisorption, those of the
order -40 kJ mol'1 or higher involve charge sharing or a
transfer from the inhibitor molecules to the metal surface
to form a coordinate type of bond, chemisorptions
(Hosseini et al.,, 2003). The value of AG°yys of the
investigated 1, 2, 3-benzotriazole was -12.9 kJ mol ~ at
30°C. This indicates that the adsorption of the
investigated 1, 2, 3-benzotriazole on aluminium surface is
typical physisorption.

SEM and EDX characterization

Figure 7a represents the SEM obtained of aluminium
after exposure to 0.5 M HCI for one day immersion. It is

clear that it suffers from severe corrosion attack. Figure
7b reveals the surface on aluminium after exposure to 0.5
M HCI solution containing 1.8 x 10'4 M of 1, 2, 3-
benzotriazole inhibitor. It is important to stress out that
when the compound is present in the solution, the
morphology of aluminium is quite different from the
previous one, and the specimen surface was smoother.
One noted the formation of a film which is distributed in a
random way on the whole surface of the aluminium. This
may be interpreted due to the adsorption of the inhibitor
on the aluminium surface incorporating into the passive
film in order to block the active site present on the
aluminium surface, or due to the involvement of inhibitor
molecules in the interaction with the reaction sites of
aluminium surface, resulting in a decrease in the contact
between aluminium and the  aggressive  medium
and sequentially exhibited excellent inhibition effect
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(a)

(b) (c)

Figure 8. (a) The optimized molecular structure for protonated form of 1, 2, 3-benzotriazole, (b) electronic orbital density
distributions of HOMO for protonated form of 1, 2, 3-benzotriazole, and (c) LUMO for protonated form of 1, 2, 3-

benzotriazole.

(Muralidharan et al., 1995).

Quantum chemical calculations

Several researchers often used the theoretical data in
their studies not only to support their experimental data
but also to find the efficient way to minimize the chemical
expenditures. So, quantum chemical calculations for
protonated form of inhibitor in acidic solution were carried
out. Figure 8 shows the optimized molecular structure,
electronic orbital density distributions of HOMO and
LUMO for protonated form of 1, 2, 3-benzotriazole
inhibitor. From the optimized structure of the inhibitor,
Milliken charges on the backbone atoms were
determined. By comparison of the Milliken charges of
atoms for inhibitor, the larger negative atom is found in N
atoms (Figure 8), which are active adsorptive atoms.
Therefore, these atoms act as an electronic donor, and
there is an electrostatic attraction between the metal
surface and the investigated inhibitor molecules (EI-
Haddad and Elattar, 2013). The global reactivity of a
molecule depends on molecular distributions. HOMO is
often associated with the capacity of a molecule to
donate electrons, whereas LUMO represents the ability of
the molecule to accept electrons. As shown in Figure 8,
HOMO and LUMO are localized on C-N=N-N-H. This
indicates that the characteristic functional group of C-
N=N-N-H could be both the acceptor of the electron and
the donor of the electron. That is, there is electron
transferring in the interaction between the C-N=N-N-H
and metal surface. High value of Epomo (-9.402 eV)
indicates a tendency of the molecule to donate electrons
to act with acceptor molecules with low-energy, empty
molecular orbital. Conversely, the E ymo represents the
ability of the molecule to accept electrons, and the lower
value of E_ymo (-0.846 eV) suggests the molecule accepts
electrons more probable. Low value of the energy gap

AE=E| umo- EHomo (8.556 eV) will increase the reactivity
of molecules, which facilitates adsorption of inhibitor on
metal surface. Therefore, it gives good inhibition
efficiencies, because the excitation energy to remove an
electron from the last occupied orbital will be low (El-
Haddad and Elattar, 2013; Li et al., 2009).

Mechanism of corrosion inhibition

The adsorption of the investigated compound can be
attributed to the presence of polar unit having atoms of
nitrogen and aromatic/heterocyclic rings. Therefore, the
possible reaction centers are unshared electron pair of
hetero-atoms and Tr-electrons of aromatic ring (Ahamad
et al., 2010). The adsorption and inhibition effect of
investigated compound in 0.5 M HCI solution can be
explained as follows: In agueous acidic solutions, 1,2,3-
benzotriazole exists either as neutral molecules or as
protonated molecules and may adsorb on the metal/acid
solution interface by one and/or more of the following
ways: (i) electrostatic interaction of protonated molecules
with already adsorbed chloride ions, (ii) donor—acceptor
interactions between the Tr-electrons of aromatic ring and
vacant p-orbital of surface aluminium atoms, (iii)
interaction between unshared electron pairs of hetero-
atoms and vacant p-orbital of aluminium surface atoms.
In general, two modes of adsorption are considered on
the metal surface in acid media. In the first mode, the
neutral molecules may be adsorbed on the surface of
aluminium through the chemisorption mechanism,
involving the displacement of water molecules from the
aluminium surface and the sharing electrons between the
hetero- atoms and aluminium. The inhibitor molecules
can also adsorb on the aluminium surface on the basis of
donor—acceptor interactions between tr-electrons of the
aromatic ring and vacant p-orbitals of surface aluminium
atoms. In the second mode (this case), since it is known



that the Al surface bears positive charge in acid solution
(Yurt et al., 2006; Obot et al., 2009), it is difficult for the
protonated molecules to approach the positively charged
aluminium surface due to the electrostatic repulsion.
Since chloride ions have a smaller degree of hydration,
thus they could bring excess negative charges in the
vicinity of the interface and favor more adsorption of the
positively charged inhibitor molecules, the protonated 1,
2, 3-benzotriazole adsorb through electrostatic
interactions between the positively charged molecules
and the negatively charged metal surface. Thus, there is

a synergism between adsorbed ClI ions and protonated
1,2,3-benzotriazole. It can be concluded that the inhibition
of aluminiuim corrosion in 0.5 M HCI is mainly due to the
electrostatic interaction. The decrease in inhibition
efficiency with rise in temperature supports electrostatic
interaction.

Conclusions

The corrosion inhibition of aluminum 1, 2, 3-benzotriazole
was studied by electrochemical measurements and SEM
analysis and the obtained results show that:

The inhibition efficiency of 1, 2, 3-benzotriazole in 0.5 M
HCI solution increases with increasing its concentration.
The inhibitor acts as mixed-type inhibitor. The adsorption
of the inhibitor obeys the Frumkin adsorption isotherms.

In this study, the calculated value of AG 545 indicated that
the adsorption of inhibitor molecules on the aluminium
surface is typical physisorption. SEM surface analysis of
aluminum confirms the adsorption of 1, 2, 3-benzotriazole
and therefore improve surface of metal. Quantum
chemical calculations were performed and showed that,
relation between the experimental data with the molecular
structure of inhibitor.
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