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ABSTRACT

The interfacial behavior of 2-Thiobenzylbenzimidazole (TBBI) between aluminium alloy
AA 3003 and 1M hydrochloric acid solution was investigated by mass loss technique.
Mass loss is concentration and temperature dependent. The influence of temperature
has been studied in the absence and in presence of TBBI in the hydrochloric solution in
the range 35-55ºC. Adsorption isotherms models including Langmuir, Temkin,
Freundlich and El-Awady were tested. It was found that the inhibitor adsorbs on the
metal according to the modified Langmuir adsorption isotherm. Some thermodynamic
adsorption parameters (∆G° ∆H° , ∆S° ) as well as activation parameters including
apparent activation energy (Ea), change in activation enthalpy (∆ ∗) and change in
activation entropy (∆ ∗) have been calculated and analyzed. Furthermore the Dubinin-
Raduskevitch model has been used to distinguish between chemisorption and
physisorption. The properties most relevant to the potential action as a corrosion
inhibitor of TBBI have been calculated: highest occupied molecular orbital energy
(EHOMO), lowest unoccupied molecular orbital energy (ELUMO), energy gap (ΔE), dipole
moment (µ) and charges on the adsorption centers (S, N) and C atoms in
benzimidazole and benzyl rings. These calculations were performed using the Gaussian

Research Article



International Research Journal of Pure & Applied Chemistry, 2(4): 286-304, 2012

287

suite of programs level by DFT/B3LYP/6-31G (d,p). The theoretical results are
consistent with the experimental data.

Keywords: Interfacial behavior; corrosion inhibitor; adsorption isotherm; standard free
adsorption energy; activation energy; quantum calculations.

1. INTRODUCTION

Aluminium and its alloys are important materials with a wide range of industrial applications
because of their appearance, low density, corrosion resistance and their low cost [1-4]. The
corrosion resistance of aluminium and its alloys arises from their ability to form a natural
oxide film on their surfaces in a variety of media. Because of this advantage, aluminium and
its alloys are widely used in many industries such as machinery and heat exchanger
industries; acids are normally used for industrial cleaning, process that leads to substantial
loss of material. In contact with acids such as hydrochloric acid, sulfuric acid, nitric acid, the
oxide film is susceptible to corrosion [5,6]. Several authors [7,8] have studied the corrosion
of aluminium and its alloys and their corrosion inhibition by organic inhibitors in acidic
solutions. Usually, organic compounds are widely used in industry for preventing corrosion in
acidic environments [9-12].

Corrosion inhibitors are chemical compounds used in small concentrations whenever a
metal is in contact with an aggressive medium. The presence of such compounds retards
the corrosion process and keeps its rate to a minimum and thus prevents economic losses
due to metal corrosion. The inhibitive power of the organic inhibitors has been interpreted in
term of many different characteristics such as molecular size, molecular weight, molecular
structure, nature of heteroatom present in the molecule [2,3]. Organic compounds,
containing electronegative functional groups and π-electrons in triple or conjugated double
bonds, are usually good inhibitors. Heteroatoms as sulphur, phosphorus, nitrogen and
oxygen as well as aromatic rings in their structures are major adsorption centers. The
inhibition efficiency has found to be closely related to inhibitor adsorption abilities due to the
presence of heteroatoms (O, N, S, P…). Generally, the tendency to form a stronger
coordination bond and consequently resulting in high inhibition efficiency increases in the
following order: O < N < S < P [13]. It has been assumed that the first stage in the action
mechanism of the inhibitors in aggressive acidic media is the adsorption onto the metal
surface. The processes of adsorption of inhibitors are influenced by the nature and the
surface charge of the metal, the chemical structure of organic compounds, the distribution of
charge in the molecule, the type of aggressive electrolyte and type of interaction between
the organic molecules and the metallic surface [14-16]. Physical adsorption and
chemisorption are the principal type of interaction between the organic inhibitor and the
metal surface [16]. Various aliphatic and aromatic amines as well as nitrogen heterocyclic
compounds have been tested as corrosion inhibitors for pure aluminium in acid media [17-
19]. Hydrazine compounds [20-22], organic acids and their salts [23] were also found to
inhibit the corrosion of aluminium in hydrochloric acid solutions.

This work is devoted to the study of 2- thiobenzylbenzimidazole (TBBI) as a corrosion
inhibitor of aluminium alloy AA 3003 in 1M hydrochloric acid solution. The aluminium alloy
AA 3003 is used in heat exchanger industry, particularly as heater core. The choice of this
compound was based on the consideration that this molecule contains two nitrogen atoms,
one sulphur atom, π-electrons in the benzimidazole and the benzyl rings. A survey of
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literature has shown that no work has yet been done on this molecule in contact with this
interface (Aluminium alloy AA 3003/ hydrochloric acid).

2. MATERIALS AND METHODS

2.1 Aluminium Alloy

Our samples were rods of aluminium alloy (AA 3003) measuring 1.2 cm in length and 0.3 cm
in diameter. The composition of our sample is: Mn-1.32% Fe-0.45% Cu-0.11% Si-0.23% Mg-
0.02% Cr-0.01% Zn-0.01% and the remainder being Al.

2.2 Solutions

The aggressive solutions used were made of analytical reagent grade hydrochloric acid from
Merck. The 1M hydrochloric acid solution was prepared using double distilled water. The
concentration range of TBBI employed was 5.10-5 to 10-3 M in 1M hydrochloric acid.

2.3 Mass Loss Measurement

The mass loss method of monitoring corrosion rate is useful because of its simple
application and reliability [24]. Several authors have reported on a comparable agreement
between mass loss technique and other techniques of corrosion monitoring including
polarization measurement [25-27], hydrogen evolution [28-31], Thermometric technique
[32,33] and electrochemical impedance spectroscopy [34,35].

The samples were polished successively with fine grade emery papers, cleaned with
acetone, washed with double distilled water and dried in moisture free desiccator. Tests
were conducted under total immersion conditions in 50 mL of test solutions maintained at
(35-55ºC). The pre-cleaned and weighed samples were in the beaker containing the test
solution: all tests were made in aerated solutions and were run triplicate to guarantee the
reliability of the results. To determine the mass loss at the end of the test, the samples were
retrieved from test solutions after 1 hour, washed with bi-distilled water, dried, kept in a
desiccator and then reweighed. The mass loss was taken as the difference between the
initial mass and the mass after 1 hour immersion time. The corrosion rate (W) was
calculated according to equation (1):= (1)

where m1 and m2 are respectively the mass (in g) before and after immersion in the test
solution, S is the total surface of the sample (in cm2) and t is the immersion time (in h). The
inhibition efficiency IE (%) was then calculated using the relation (2):(%) = ∗ 100 (2)

w0 and w are respectively the corrosion rates of aluminium alloy AA 3003 in the absence and
presence of the tested compounds.
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2.4 Structure of TBBI

The structure of the organic compound used as inhibitor is given in Fig.1.

Fig. 1. Optimized structure of 2-thiobenzylbenzimidazole (TBBI)

This organic compound has been synthesized in the laboratory. Its molecular structure has
been identified by 1H NMR and 13C spectroscopies and mass spectroscopy.

1H NMR (DMSO-d6) 4.57 ( CH2, 2H, s), 7.10-7.16 (2Har,m), 7.22-734 (3Har,m), 7.44 (2Har,m),
7.46-7.47(2Har,m) 13C NMR (50MHz, DMSOd-6) 35.12 (CH2), 114.08 (2Car) , 121.39 (2Car),
127.27 (Car), 128.44 (2Car), 128.80 (2Car), 137.64 (Car), 150 (C=N); SDM (E.I.) : M+1 = 241.
Analysis for C14H12N2S: C(69.97%), H(5.03%), N(11.66%), S(13.34%).

3. RESULTS AND DISCUSSION

3.1 Corrosion Rate and Inhibition Efficiency

Fig. 2 shows the evolution of mass loss with concentration in the absence and presence of
TBBI at different temperatures. It is clear that the corrosion rate of the aluminium alloy
decreases in presence of TBBI when compared to the Blank. The obtained curves at
different temperatures fall with increasing concentration of TBBI. These results indicate that
TBBI in the HCl solution inhibits the corrosion of aluminium and the extent of corrosion
inhibition depends on the amount of TBBI present. The curves also indicate that the mass
loss of aluminium alloy AA 3003 increases with increasing temperature at all concentration
of TBBI. This can be explained by an increase in chemical reaction when the temperature
increases. Corrosion of aluminium in aqueous acid solution has been reported [36] to
depend on the concentration of anion in solution.
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Fig. 2. Dependence of mass loss on concentration of TBBI at different temperatures in
the immersion period of 1h in 1.0 M HCl

Each Δm value is expressed as mean 0.0002g.

A general mechanism [36] for the dissolution of aluminium would be similar to that reported:
(a)
(b)
(c)
(d)

The controlling step in the metal dissolution is the complexation reaction between the
hydrated cation and the anion present (Eq. (d)). In the presence of chloride ions the reaction
will be:

The soluble complex ion formed increases the metal dissolution rate which depends on the
chloride concentration; this can explain the increase in corrosion rate in HCl (Blank) as
compared to the presence of TBBI where the contact between the chloride ions and the
hydrated cation is avoided.

The values of inhibition efficiency obtained from mass loss method at different
concentrations of TBBI and at different temperatures in 1M hydrochloric acid solution are
shown in Fig. 3.
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Fig. 3. Dependence of inhibition efficiency on concentration of TBBI at different
temperatures in 1.0 M HCl

Each IE value is expressed as mean 0.2(%).

Inhibition efficiency is concentration and temperature dependent: the inhibition efficiency
increases with increasing concentration but decreases with increase in temperature. It is
seen that the inhibition efficiency reaches a maximum value of 97% at 35ºC and a value of
88,7% at 55ºC, at C = 10-3M. The inhibition efficiency decreases, with increasing
temperature; that is suggestive of physical adsorption mechanism and may be attributed to
increase in the solubility of the protective barrier formed and of any reaction product
precipitated on the surface of the metal that otherwise inhibit the corrosion process. The
decrease of inhibition efficiency with increase in temperature could also be attributed to a
possible shift of the adsorption-desorption equilibrium towards desorption of the adsorbed
inhibitor molecules due to increased solution agitation.

3.2 Adsorption Isotherm

The adsorption of an organic inhibitor on the surface of a corroding metal may be regarded
as a substitution process between the organic compound in aqueous phase and water
molecules adsorbed on the metal surface [37]:

where Org (sol) and Org (ads) are respectively the organic species dissolved in the aqueous
solution and adsorbed onto the metallic surface; H2O (ads) and H2O (sol) are the water
molecule adsorbed onto the metallic surface and that in the bulk solution; x is the size ratio
representing the number of water molecules replaced by one organic adsorbate. The surface
coverage ( ) was calculated from mass loss, using Eq. 3.
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(3)

Basic information on the interaction between the inhibitor and the aluminium surface can be
provided by the adsorption isotherm. In order to obtain the adsorption isotherm, a linear
relation between values and inhibitor concentration C must be found. Attempts were made
to fit the values to various isotherms including Langmuir, Temkin, Freundlich and El-
Awady kinetic/thermodynamic model. Tested isotherms are shown in Table 1.

Table 1. Equations of the tested adsorption isotherms

Fig. 4 shows the plots of the studied isotherms. They all yield straight lines. The parameters
of these isotherms are listed in Table 2.

Table 2. The isotherms parameters for various temperatures

Isotherm T(K) R2 Slope Intercept
Langmuir 308 0.999 1.025 7.051 10-6

318 0.999 1.029 1.075 10-5

328 0.999 1.104 2.450 10-5

Temkin 308 0.995 0.060 1.150
318 0.936 0.064 1.153
328 0.972 0.194 1.489

Freundlich 308 0.997 0.028 0.703
318 0.938 0.029 0.712
328 0.966 0.109 0.289

El- Awady 308 0.983 0.454 2.854
318 0.864 0.424 2.657
328 0.982 0.516 2.486
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(a) (b)

(c) (d)

Fig. 4. Adsorption isotherms for TBBI at different temperatures in 1.0 M HCl. (a)
Langmuir isotherm, (b) Temkin isotherm,(c)  Freundlich isotherm, (d) El - Awady

isotherm

Correlation coefficient (R2) values were used to determine the best fit isotherm. By far the
best fit for the experimental data was obtained with the Langmuir isotherm. The values of
the correlation coefficients and that of the slopes of the straight lines in the case of this
isotherm are all very close to one. However, we can observe a deviation of the slopes from
unity; this is often interpreted as a sign that the adsorbed species occupy more or less a
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typical adsorption site at the metal/solution interface [38]. The deviation from unity is also
attributable to interactions between adsorbate species on the metal as well as changes in
the adsorption heat with increasing surface coverage [36]; these factors were not taken into
consideration in the derivation of Langmuir isotherm. Examining Table 2, one can see that
according to El- Awady’s isotherm one molecule of TBBI replaces two molecules of water
(1/y = 2); the slopes of The Temkin isotherm shows repulsive interactions between TBBI
molecules and that of Freundlich isotherm indicates a heterogeneity character of the surface
0 < n < 1. So, Langmuir adsorption isotherm cannot be applied rigorously. The adsorption
behavior of TBBI is more appropriate to the modified Langmuir adsorption isotherm [39]
which is characterized by Eq. (4).

(4)

where C is the inhibitor concentration, is the fraction of the surface covered and Kads is the
equilibrium constant of the adsorption process.

Free adsorption energy was then calculated using Eq. (5):

(5)

55.5 is the molar concentration of water in the solution in mol.L-1. The obtained values of
equilibrium constant and free adsorption energy at different temperatures are summarized in
Table 3.

The negative values of indicates a spontaneous adsorption of the molecules on the
aluminium alloy surface. According to several authors [40,41], it is accepted that for the
values of up to - 20 kJmol-1 the type of adsorption is physisorption while the values
more negative than - 40 kJ mol-1 lead to chemisorption. In our case, the values of are
around - 40 kJ mol-1: it is suggested that the adsorption of TBBI involves both physisorption
and chemisorption. The relation between , and is given by the following
basic equation:

(6)

Change in enthalpy and change in entropy of the adsorption process can be
obtained by plotting versus temperature (Fig. 5). The straight line obtained has a
slope equals to ( ) and an intercept equals to ( The values of these parameters
are also listed in Table 3.
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Fig. 5. versus temperature for aluminium alloy AA 3003 in HCl 1.0 M

Table 3. Langmuir isotherm parameters at different temperatures

Temperature
(K)

Kads
(105 M-1)

ΔG°ads
(kJ mol-1) (kJ mol-1)

-
(J mol-1K-1)

308 2.56 - 43.5 - 95.25 175
318 1.97 - 41.3 - -
328 0.43 - 40.0 - -

3.3 Activation Energy

To elucidate the mechanism of inhibition process, the apparent activation energy (Ea) in the
absence and that in the presence of the inhibitor were evaluated using a modified form of
the Arrhenius equation [42]:

(7)

Ea is the apparent activation energy, k is the preexponential factor, R is the molar gas
constant and T is the absolute temperature. Plotting logW versus 1/T (Fig. 6) for the blank
and the solution containing the inhibitor leads to Ea values (Table 4).
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Fig. 6. Arrhenius plots for blank and solutions containing various concentrations of
TBBI

The thermodynamic activation parameters including change in enthalpy ( ) and change in
entropy ( ) of activation were calculated using the transition state equation [36]:

(8)

where kB is the Boltzmann constant (1.3810-23 J K-1), h is the Planck constant (6.626 10-34 J
s), R is the perfect gas constant and N is the Avogadro number. Fig. 7 shows a plot of log
(W/T) versus 1/T.

Fig. 7. Arrhenius plots of versus at different concentration of TBBI
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Straight lines are obtained with a slope of and from the intercepts of

axis, values were calculated. All the thermodynamic activation parameters are given in
Table 4.

The relationship between the temperature dependence of inhibition efficiency IE (%) of an
inhibitor and the apparent activation energy found in its presence is given as follows [43]:

 Inhibitors whose IE (%) decreases with increasing temperature. The value of
apparent activation energy is greater than that in the uninhibited solution.

 Inhibitors whose IE (%) does not change with temperature variation. The apparent
activation energy (Ea) does not change with the presence or absence of the inhibitor;

 Inhibitors whose IE (%) increases with increase in temperature. The value of the
activation energy (Ea) is less than that in the uninhibited solution.

Table 4. Activation parameters at various concentrations.

Concentration (M) Ea (kJ mol-1) (kJ mol-1) (J mol K-1)
0 71.9 61.7 - 48.4
5.10-5 121.7 119.3 87.6
10-4 117.2 114.6 71.1
5.10-4 115.2 112.7 60.2
10-3 126.1 123.7 97.1

According to [44], the higher value of apparent activation energy of the process in the
presence of an inhibitor when compared to that in its absence is attributed to its physical
adsorption, its chemisorption is pronounced in the opposite case. In our case, the higher
value of apparent activation energy in the presence of TBBI compared to that in its absence
and the decrease of IE (%) with an increase in temperature can be interpreted as an
indication of the existence of physical adsorption.

From Table 4, it can be seen that the values of activation energy Ea for the inhibited
solutions are upper than that for the uninhibited one, indicating that physisorption is favored.
The positive sign of change in activation enthalpy reflects the endothermic nature of the
aluminium alloy dissolution process; the value of this parameter increases with increasing
concentration of TBBI, indicating that the dissolution of the alloy becomes more and more
difficult. The positive sign of change in entropy in the presence of the inhibitor indicates that
disorder is increased on going from reactants to activated complex.

3.4 Adsorption Mechanism

To distinguish between physical and chemical adsorption, the experimental results obtained
in this study were further fitted into Dubinin-Radushkevich isotherm model. Recently, this
model has been applied [45] in explaining the mechanism of adsorption of corrosion inhibitor
onto the aluminium surface in alkaline solutions. The equation of this model can be
expressed as:

(9)
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where θmax is the maximum surface coverage and δ the Polanyi potential which can be
expressed as:

(10)

R is the universal gas constant, T is the absolute temperature and Cinh is the concentration
of the inhibitor. The constant a gives the mean adsorption energy, E, which is the transfer
energy of one mole of adsorbate from infinity (bulk solution) to the surface of adsorbent. E is
given by the following equation:

(11)

The magnitude of E gives information about the type of adsorption. Values of E less than 8
kJ/mol indicates physical adsorption [45]. Plotting lnθ versus δ2 leads to the mean
adsorption energy via the value of the slope of the straight line (Fig. 8).

Fig. 8. Dubinin-Radushkevich plots for the adsorption of 2-Thiobenzylbenzimidazole
on aluminium alloy AA3003 in 1M HCl

The parameters of the straight lines are listed in Table 5.

Table 5. Dubinin-Raduskevich isotherm parameters for the adsorption of TBBI on
aluminium alloy AA3003 in 1M HCl

Temperature (K) Equation Correlation
coefficient (R2)

E (kJ mol-1)

308 0.978 26.7
318 0.912 25.0
328 0.995 13.9
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Examining Table 5, one can see that the value of the mean adsorption energy decreases
with increasing temperature, confirming the evolution of the inhibition efficiency when the
temperature increases.

To gain insight into the relation between the type of adsorption and the temperature we have
plotted E versus T (Fig. 9). The data give a straight line which equation allows determining
the domain of temperatures corresponding to chemisorption and that of physisorption.

Fig. 9. Plot of mean energy versus temperature

The equation of the line shows that:

- chemisorption is predominant for T < 339.7 K.
- physisorption is predominant for T > 339.7 K.

One can see that for the studied temperatures (35 - 55ºC); chemisorption plays the
significant role in the adsorption of TBBI on the aluminium alloy AA 3003 in 1M HCl.

3.5 Corrosion Inhibition Mechanism

It is well known that chloride ions have a small degree of hydration, that they could bring
excess negative charges in the vicinity of the interface and then, positively charged might
adsorb onto the surface. TBBI might be protonated in the acid solution as follows:

The protonated TBBI, however, could attach to the aluminium alloy AA 3003 by means of
electrostatic interactions between Cl- and protonated TBBI. The schematic illustration of
synergistic inhibition between chloride ions and protonated TBBI for the corrosion of
aluminium alloy (AA 3003) in hydrochloric acid is presented in Fig. 10. Since aluminium alloy
AA 3003 surface has positive charges in 1M HCl solution [46], obtained results could be
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explained on the assumption that in the presence of chloride ions, the negatively charged Cl-

would attach to the positively charged surface [47]. There may be a synergism between Cl-

and protonated inhibitor. Near the interface, the concentrations of Cl- and that of the
protonated TBBI were probably much higher than those in the bulk solution, the protonated
TBBI did attach directly to the negative charges on the aluminium alloy surface. When TBBI
adsorbs on the Aluminium alloy surface, coordinate bonds are formed by partial
transference of electrons from the unprotonated nitrogen atoms, sulphur atoms, delocalized
π electrons in the benzimidazole and the benzyl rings to the metal surface. So, in the
process of adsorption both physical and chemical adsorptions might take place. Similar
mechanism has been proposed [48] in the literature.

X+ X+ X+ X+ X+ X+ X+

Cl- Cl- Cl- Cl- Cl- Cl- Cl- Cl-

+     +      +      +      +     + +      +

Fig. 10. Schematic illustration of synergetic inhibition between chloride ion and
protaned TBBI ([TBBIHx] x+ = X+) for aluminium alloy AA 3003 in 1M HCl

3.6 Quantum Chemical Calculations

To investigate the effect of molecular structure on the inhibition mechanism and inhibition
efficiency, some quantum chemical calculations were performed. Quantum chemical
parameters such as the energy of highest occupied molecular orbital, EHOMO, the energy of
the lowest unoccupied molecular orbital ELUMO, dipole moment µ of the molecule and charge
densities on N, S atoms (adsorption centers) and around the C atoms of the benzimidazole
and benzyl rings in the molecule have been calculated. These parameters were calculated
using the Gaussian 03 W suite of programs. The calculations were performed using
DFT/B3LYP/6-31G (d,p). The obtained parameters are listed in Tables 6 and 7.

Table 6. Quantum chemical parameters for TBBI

Parameters M (g mol-1) µ (Debye) EHOMO (eV) ELUMO (eV) ΔE = ELUMO - EHOMO (eV)
Calculated value 240.07 1.878 - 5.606 - 0.484 5.122

Table 6 shows that TBBI has a relatively higher value of HOMO energy and a lower value of
LUMO energy, which was in favor of bonding with metal surface, compared with some other
organic heterocyclic inhibitors [49]. As EHOMO is often associated with the electron donating
ability of the molecule, high values of EHOMO indicate a tendency of the molecule to donate
electrons to appropriate acceptor molecule with low energy and empty molecular orbital. In
our case, the electronic configuration of aluminium is 1S22S22P63S23P1; the incompletely
filled 3P orbital could bond with HOMO of TBBI while the filled 3S orbital could interact with
the LUMO of TBBI.
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From Table 7, it can be seen that the negative charges are concentrated on the N and S
atoms. In HCl solutions some of the N atoms are protonated, so the TBBI molecule could
attach to the negatively charged surface of the metal due to the adsorption of Cl- ions. The
unprotonated N atoms and S atoms could then interact with the metal. The negative charges
on some C atoms (4 C, 5 C) of benzimidazole ring and (20C, 21C, 22C, 24C and 26C) of
benzyl ring also interact with aluminium alloy AA 3003. It can be seen from quantum
parameters that the adsorption of TBBI could involve both physisorption and chemisorption.

Table 7. Charge density of atoms in the molecule of TBBI responsible for the
interactions with the metal

N° Atom charge/e
4 C - 0.096003
5 C - 0.078984
12 N - 0.674025
13 N - 0.581071
15 S - 0.354045
20 C - 0.047205
21 C - 0.047670
22 C - 0.010848
24 C - 0.010521
26 C - 0.026008

4. CONCLUSION

From the experimental results the following conclusion can be deduced:

- 2-Thiobenzylbenzimidazole is a suitable inhibitor for aluminium alloy AA 3003 in 1M
HCl; the inhibition efficiency increases with increasing concentration in TBBI but
decreases with increase in temperature.

- TBBI adsorbs on aluminium alloy AA 3003 according to the modified Langmuir
adsorption isotherm model.

- According to the kinetic/thermodynamic adsorption model of El-Awady, one
molecule of TBBI replaces two molecules of water.

- The isotherms of Temkin and Freundlich show repulsive interactions between TBBI
molecules.

- The values of ΔG°
ads and ΔH°

ads for all the studied temperatures show that TBBI is
absorbed by a spontaneous exothermic process.

- Both physisorption and chemisorption are suggested from ΔG°
ads and the Dubinin-

Radushkevich isotherm.
- Quantum chemical parameters support the experimental results.
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