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ABSTRACT

The inhibiting properties of four diazole derivatives namely 2,2’-ethylene-bis(benzimidazole)
(EBBI), 2,2’-buthylene-bis(benzimidazole) (BBBI), 2,2’-hexamethylene-bis(benzimidazole) (HBBI)
and 2,2"-octamethylene-bis(benzimidazole) (OBBI), against the corrosion of mild steel in solutions of
hydrochloric acid has been studied by various corrosion monitoring techniques and reported here
for the first time. Preliminary screening of the inhibition efficiency was carried out using weight
loss measurements. At the inhibitor concentration range of 10°-5x10~* M) in 1 M HClI, the inhibi-
tor efficiency increases with concentration of the organic substrate. Potentiodynamic polarisation
studies showed that these compounds suppressed both cathodic and anodic processes of mild
steel corrosion in 1 M HCl by adsorption on the metal surface according to Langmuir adsorption
isotherm. The values of free energies of adsorption (AG’,) suggest a mixed physisorptions and
chemisorption of diazole molecules on the steel surface. The inhibition efficiency of these inhibitors

increases in the order OBBI > HBBI > BBI > EBBI.
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1. Introduction

Metals are exposed to the action of acids in many
different ways and for many reasons such as pickling,
rescaling and cleaning process of steel surface. The use
of corrosion inhibitors is usually the most appropriate
way to control the corrosion of metallic materials by
controlling metal dissolution and consumption. It has
been shown that organic compounds contain heteroatom
with high electronic density such as nitrogen, sulphur,
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and oxygen or those containing multiple bonds which
are considered as adsorption centres, are effective acid
corrosion inhibitors [1-9].

Benzotriazole (BTA) and its derivatives are proved
to be highly efficient inhibitors for preventing different
metals corrosion in several media [10-15]. However,
environmental considerations are limiting the use of
these products because they contribute to atmospheric
pollution and cause health problems [16]. In addition;
the toxic nature [17,18] of these inhibitors has stimulated
researches for alternative corrosion inhibitors. At present,
the interest in the new generation of organic inhibitors
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called “environmental friendly” is raising, which have
been proposed to replace the toxic corrosion inhibitors.
Therefore, new efficient and non-toxic inhibitors have
been searched for aqueous acidic solution. Our research
was aimed at making compounds with low toxicity and
good inhibition efficiency against mild steel corrosion.

Benzimidazole (BI) and bis-benzimidazole (BBI)
which are derivatives of imidazole, are key components
in a great many bioactive compounds of both natural
and synthetic origin. These ligands and their deriva-
tives display a wide range of pharmacological activity.
Various imidazole derivatives are secondary products in
pharmaceutical industry and some of them have been es-
pecially synthesized for this investigation. Benzimidazole
is also of interest as corrosion inhibitor for metals and
alloys [19,20]. The molecular structure and anticorrosion
mechanism have been studied by many authors. Otmacic¢
and co-workers [21-23] demonstrated that some of the
imidazole derivatives are efficient inhibitors for copper
corrosion. Substitution by different functional groups can
improve the efficiency of imidazole. Popova et al. [24,25]
and Khaled [26] have investigated many diazole deriva-
tives of benzimidazole for the corrosion inhibition of steel
in hydrochloric acid by using electrochemical and weight
loss methods. Their studies show that the benzimidazole
derivatives have very good protective properties against
corrosion of mild steel in 1 M HCL

The object of this study is to investigate the inhibition
properties of a group of some newly synthesised diazoles
that acts as corrosion inhibitor for steel in acidic media

Table 1
Name and molecular structures of the inhibitors

and regarding less toxicity have high inhibition effect.
2,2’-aliphatic-bis(benzimidazole) is non toxic [27-30]
and easy to produce with purities greater than 99%. All
of the compounds investigated are reported here for the
first time. The evolution of their inhibition efficiency has
been studied using both weight loss and electrochemical
measurements.

2. Experimental
2.1. Preparation of inhibitors

To a well stirred solution of 1,2-phenylenediamine
in 4 M HCl was added the appropriate diacid. The solu-
tion was heated to reflux for 48 h and then concentrated
to give a dark brown solid. The pure desired product
was obtained by repeated recrystallizations from hot
ethanol and characterised by elemental analysis, 'HNMR,
BCNMR and IR spectroscopies [31,32].

Table 1 shows the molecular structure of the obtained
compounds, which have been labelled 2,2’-aliphatic-
bis(benzimidazole).

2.2. Specimens

Corrosion tests were performed on a steel of the fol-
lowing percentage composition (wt. %): 0.21 C, 0.38 Si,
0.09 P, 0.05 Mn, 0.05 S, 0.01 Al and the remainder iron.

For the gravimetric and electrochemical measure-
ments, pre-treatment of the surface of specimens was car-
ried out by grinding with paper of 600-1200 grit, rinsing

S. N° Designation Structural formula Abbreviation
1 2,2’-ethylene-bis(benzimidazole) H EBBI
N N
Cend T
N N
H
2 2,2’-buthylene-bis(benzimidazole) H BBBI
N N
el 1D
N N
H
3 2,2’-hexamethylene-bis(benzimidazole) H HBBI
N N
el T
N N
H
4 2,2’-octamethylene-bis(benzimidazole) OBBI

N N
el T
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with bidistilled water, ultrasonic degreasing in ethanol,
and dried at room temperature before use.

2.3. Solution

The aggressive solution used was made of AR grade
HCI. Appropriate concentration of acid was prepared
using bidistilled water. The concentration of the inhibi-
tor compounds ranged from 107 to 5x10* M in 1 M HCI.

2.4. Procedures used for corrosion measurements

Different experimental techniques can be used to
evaluate corrosion rate and inhibition efficiency. The sim-
plest and most accurate method is weight loss analysis.
This method is commonly used as a calibration standard
for other means of corrosion monitoring, such as linear
polarisation and electrical resistance.

The inhibiting efficiency, E (%) is evaluated from the
gravimetric and electrochemical data by the formulas:

w,-W
E(%)=—2—"x100 (1)
0
IO __ yinh
E(%) _ Zcorr S w100 (2)
inh _ 120
E(%h) =~ 100 3)
P

where W and Win mg.cm~h™ are the average corrosion
rates in absence and in presence of an inhibitor, I’ , I ™",

R%and R are the corresponding corrosion current densi-
ties and polarisation resistance.

2.4.1. Weight loss study

Gravimetric experiments were carried out in a double
glass cell equipped with a thermostated cooling con-
denser. The solution volume was 100 ml. The used steel
specimens had rectangular form (length =2 cm, width =
1 cm, thickness =0.06 cm). Maximum duration of tests was
24 h at 30£1°C in non-deaerated solution. At the end of
the tests the specimens were carefully washed in ethanol
under ultrasound, and then weighed using an analytic
balance (precision: 0.1 mg). Three to six measurements
were performed in each case and the mean value of the
weight loss has been reported. The reproducibility of the
experiment was higher than 90%. Weight loss allowed
us to calculate the mean corrosion rate as expressed in
mg cm~h.

2.4.2. Electrochemical studies

Experiments were carried out in a Pyrex cell which
had three compartments. A graphite rod was used as the
counter electrode and a satured calomel electrode (SCE)

served as a reference electrode. All potentials reported
here were referred to the SCE. Measurements were ob-
tained using a combined system containing potentiostat
model Amel 551, voltage scan generator model Amel
568 and recorder type Kipp—Zonen/BD 9. All tests were
performed in non-deaerated solution under continuously
stirred conditions at 30+1°C. Before recording the polari-
sation curves, the open-circuit potential was stable within
30 min. The cathodic branch was always determined first;
the open-circuit potential was then re-established and
the anodic branch determined. The anodic and cathodic
polarisation curves were recorded by constant sweep rate
0.5mV/s. The polarisation resistance measurements were
evaluated from the same polarisation curves in the range
#25mV vs. E_ . All plots and calculated parameters are
means of three independent experiments.

3. Results and discussion
3.1. Gravimetric measurements

The values of percentage inhibition efficiency and
corrosion rate obtained from weight loss method at dif-
ferent concentration at 30°C are summarized in Table 2,
and the variation of inhibition efficiency with concentra-
tion is shown in Fig. 1. The results show that all of these
compounds inhibit the corrosion of mild steel in HCI
solution at all concentrations used in this study. It has
been found that the inhibition efficiency for all of these
inhibitors increased with the increase in concentration. It
can also been observed that the optimum concentration
for all inhibitors required to achieve the efficiency was
5x10~* M. At the optimum concentration for each inhibi-
tor studied, the efficiency attains 74%, 89%, 93% and 97%
respectively for compounds (EBBI, BBBI, HBBI and OBBI).
A further increase of inhibitors concentration does not
significantly change the protective effect.
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Fig. 1. Dependence of inhibitor efficiency E (%) on the con-
centration C (M) of the diazole derivatives (gravimetric data).
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Table 2

Corrosion parameters for mild steel in 1 M HCl in the absence
and presence of different concentrations of various inhibitors
from weight loss measurements at 30°C for 24 h

Inhibitor concentration Corrosion rate E
(105 M) (10°mg.cm==.h™) (%)
Blank 27.0 —
EBBI 1 20.0 25.92
5 17.0 37.03
10 16.0 40.74
50 7.0 74.07
BBBI 1 18.0 33.33
5 13.0 51.85
10 12.0 55.55
50 3.0 88.88
HBBI 1 13.0 51.85
5 10.0 62.96
10 5.0 81.48
50 2.0 92.62
OBBI 1 8.0 70.37
5 4.0 85.25
10 2.2 91.85
50 0.9 96.66

Since most of organic inhibitors act by adsorption on
the metal surface, the adsorption of these compounds is
assumed to take place mainly through the nitrogen atoms
of imidazole group (active centres). The inhibitive prop-
erties of such compounds depend on the electron densi-
ties around the active adsorption centre; the higher the
electron density at the centre, the more effect is inhibitor.

On the ground of the protective effect of the inves-
tigated diazole derivatives found, it is clear that the
inhibition efficiency increases with increasing the chain
length “junction” between the two benzimidazole units
in the order: EBBI < BBBI < HBBI < OBBI for all inhibitor
concentrations (Fig. 2). The alkyl groups present between
the two benzimidazole molecules have electron repulsing
properties, which increase with the size of the methylene
groups. These properties increase the electron density on
the active adsorption centres of the molecules, which in
turn increases the inhibition efficiency of the inhibitor.
Thus, the increasing of the hydrocarbon chain length
leads to increasing the absorbability of the inhibitor
molecules on the metal surface and thereby increasing
the effectiveness of the diazole derivatives as corrosion
inhibitors. In other words, this means that inhibitor
(OBBI) is the most efficient one.

3.2. Electrochemical measurements

3.2.1. Potentiodynamic method

Fig. 3 shows the polarisation curves for the effect of
different concentration of EBBI, BBBI, HBBI and OBBI
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Fig. 2. Dependence of inhibitor efficiency E(%) vs. the chain
length between the two benzimidazoles unit.

on the potentiodynamic behaviour of steel in 1 M HCl
solution. As would be expected both anodic and cathodic
reaction of iron electrode corrosion were inhibited with
the increase of diazole derivatives concentration. This
result suggests that the addition of diazole derivatives
reduces anodic dissolution and also retards the rate of
the hydrogen evolution reaction.

The polarisation parameters such as corrosion poten-
tial (E_, ), corrosion current density (I ), cathodic (b ) and
anodic (b,) Tafel slopes were calculated from the curves
and are represented in Table 3.

From this table it can be concluded that:

* The values of cathodic and anodic Tafel slopes (b, b,)
are not altered significantly by addition of different
inhibitors concentrations. The presence of diazole
derivatives does not change the mechanism of both
anodic and cathodic reactions. This may lead to the
conclusions that the inhibiting action of these com-
pounds is simple blocking of the metal surface by
adsorption.

* The values of corrosion potential (E_ ) do not show
any significantly change in the presence of various
concentration of the inhibitor. This observation shows
clearly that the inhibition of corrosion was under
mixed control.

* The values of inhibition efficiency were found to in-
crease with the increase in the concentration of these
compounds reaching maximum values at 510~ M.

e At one and the same inhibitors concentration the
percentage of inhibition efficiency decreases in the
following sequence: OBBI > HBBI > BBBI > EBBL

The inhibiting effect of these compounds can be at-
tributed to their parallel adsorption at the metal solution
interface, and therefore impedes by merely blocking the
anodic and cathodic reaction mechanism [33].
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Fig. 3. Polarisation curves for the effect of different concentration of studied diazole derivatives on the potentiodynamic be-
haviour of mild steel in 1 M HCl solution: (a) EBBI, (b) BBBI, (c) HBBI and (d) OBBIL.

3.2.2. Linear polarisation method

Linear polarisation curves for mild steel in 1 M HCl
containing different concentrations of the organic com-
pounds tested are made and the deduced parameters
are given in Table 4. The corrosion current density was
calculated using the Stern—Geary equation:

b, -,

I, =—t 4
" 23(b +b,)R, @

These data showed that, as was expected, R values
were higher at the optimum concentration for all inhibi-
tors investigated. In addition, the variation of E (%) with
molecular structure was identical to that observed from
the Tafel-extrapolation method.

The polarisation resistance values increase from
370.1 Q cm™ of the blank acid to 1344.5 Q cm™2,
4222.5Q ecm™, 5507.1 QO em™ and 6027.7 Q) cm™, respec-
tively, for the highest concentrations of 2,2’-ethylene,

2,2’-buthylene, 2,2’-hexamethylene and 2,2’-octameth-
ylene-bis(benzimidazole).

The inhibiting efficiency of investigated diazole de-
rivatives, as determined through polarisation resistance
measurements, follows at all concentrations a trend quite
similar to that obtained by Tafel extrapolation method.
There was excellent agreement between E (%) values
obtained from Tafel extrapolation method (Table 3) and
their linear polarisation measurements (Table 4).

3.3. Adsorption isotherms

One of the most ways of expressing adsorption quan-
titatively is by applying an adsorption isotherm that gives
the relationship between the coverage of an interface
with an adsorbed species (the amount adsorbed) and
the concentration of the species in solution. This allows
the inhibition efficiency to be expressed as a function of
inhibitor concentration at a constant temperature. The
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Table 3

Electrochemical parameters for mild steel in 1 M HCI containing different concentrations of diazole derivatives calculated by

Tafel extrapolation method

Compound C(10° M) I, (WAcm™) -E_,, (mV) -b_(mVdec™) b, (mVdec™) E (%)
Blank — 35.41 461 100.30 67.98 —
EBBI 1 25.41 458 80.06 67.70 28.24
23.65 460 77.57 61.70 33.21
10 18.37 452 77.82 65.61 48.12
50 9.91 454 132.62 65.74 72.00
BBBI 1 20.70 457 97.75 74.46 41.54
17.64 454 103.62 81.90 50.18
10 12.36 467 105.93 82.57 65.14
50 3.62 461 136.88 63.53 89.77
HBBI 1 14.51 458 105.93 73.47 59.02
10.50 452 118.76 93.45 70.34
10 4.81 450 100.70 78.67 86.41
50 1.56 451 105.48 63.17 95.64
OBBI 1 9.85 454 113.76 80.84 72.23
3.77 461 106.15 85.83 89.35
10 222 460 99.70 80.84 93.73
50 1.21 449 104.53 52.44 96.58
Table 4 from the different measurements was evaluated graphi-

Electrochemical parameters for mild steel in 1 M HCl contain-
ing different concentrations of diazole derivatives on the basis
of polarisation resistance method

Compound C I, R E
10°M)  (HAcm®) (Qem?) (%)

Blank — 47.53 370.10 —
EBBI 1 31.50 505.80  26.82
5 28.82 51880  28.66
10 20.65 74850  50.55
50 14.24 134450 7247
BBBI 1 28.84 63627  41.83
5 28.10 70710 47.65
10 18.71 107690 65.63
50 4.46 422250 91.23
HBBI 1 20.64 91250  59.43
18.44 123110 69.93
10 6.67 287423 87.12
50 3.11 5507.07  93.28
OBBI 1 14.54 141138 73.77
5 5.87 355472 89.58
10 337 575246 93.56
50 2.51 6027.68  93.86

inhibition efficiency of the studied inhibitors is related to
their adsorption on the surface. To investigate the adsorp-
tion isotherm, the degree of surface coverage determined

cally for fitting a suitable adsorption isotherm.

The simplest, being the Langmuir isotherm, is based
on the assumption that all adsorption sites are equiva-
lent and the particle binding occurs independently from
nearby sites being occupied or not. Under those circum-
stances, the proportionality between surface coverage
(0) and concentration (C) of the adsorbing compound is
as follows [34]:

0
KC=— 5
1-6 ©
It is convenient to rearrange Eq. (5) yielding
c 1
—=—4C 6
0% (6)

So that a linear relationship is observed when C/0 is
plotted as a function of C, with a slope of ideal unity. If
simple adsorptive behaviour is assumed for the diazole
derivatives in the present study, the surface coverage 0
can readily be calculated from of Egs. (1), (2) or (3), as
in the case it is numerically identical to the value of the
inhibition efficiency [35].

)
100

In the following, O was evaluated from the gravimetric
data because it is assumed that the adsorption equilib-
rium is completely reached with 24 h.

In Fig. 4, the proposed relation is plotted for the in-

@)
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Fig. 4. Adsorption isotherms for investigated inhibitors on the mild steel in 1 M HCl obtained at 30°C for EBBI, BBBI, HBBI

and OBBI.

vestigated diazole derivatives. The expected linear rela-
tionship is well approximated for all of these inhibitors,
which indicates that the adsorption of inhibitors onto steel
surface accords with the Langmuir adsorption isotherm.

The free energy of adsorption, (AG,,) was calculated
from the equation [36]:

_ 0
o1 Xp( AGMSJ

_ 1 8
555 P\ RT ®

where K is the equilibrium constant, 0 is the degree of
coverage on the metal surface, R the universal gas con-
stant, T the thermodynamic temperature and 55.5 the con-
centration of water in the solution in mol I"". The values
of Kand AG , are given in Table 5. The largest negative
values of free energy of adsorption (AG,,) indicate that
the inhibitor molecules are spontaneously adsorbed onto
the steel surface [37,38], and also suggest that the inhibi-
tor molecules are strongly adsorbed on the metal surface
[39,40]. Generally, the standard free energy of adsorption
values around —20 kJmol™ or lower are associated with
an electrostatic interaction between charged molecules
and charged metal surface, physisorption, while those
around —40 kJmol™ or higher involve charge sharing or
transfer from the inhibitor molecules to the metal sur-
face to form a coordinate covalent bond, chimisorption
[41-43]. In the present case, the calculated values of AG?,

Table 5
Equilibrium constant (K) and free energy of adsorption (AG_,)
for different diazole derivatives

EBBI BBBI HBBI OBBI
K, M* 14088.5 22522.5 56328.8  168707.5
-AG, kJmol™ 34.23 35.36 37.68 40.43

(Table 5) range from —34.23 to —40.43 kJmol™; probably
mean that both physical and chemical adsorption would
take place [44-46].

3.4. Effect of temperature

The effect of the temperature on the corrosion of steel
in free and inhibited 1 M HClI solutions was studied using
gravimetric measurements in the range of temperature
30°C-50°C. The acid solutions were inhibited by addition
of 5x10* M of inhibitors. The corresponding data are
shown in Table 6. Inspection of Table 6 reveals that the
inhibition efficiencies of all the compounds decrease with
increasing temperature from 30 to 50°C. This is attributed
to decrease in the protective nature of the inhibitive film
formed on the metal surface which may be explained
with desorption of adsorbed inhibitor molecules from
the metal surface at higher temperature [47]. Therefore,
a physical adsorption process may be proposed [48].

Plotting In W vs. 1/T gives straight lines, as revealed
by Fig. 5, and the calculated values of the effective acti-
vation energy E_of the corrosion process obtained from
Arrhenius equation [49], are 76.07, 57.20, 78.18, 58.32 and
26.81 kJmol™ for OBBI, HBBI, BBBI, EBBI and free acid,
respectively. The obtained results suggest that the diazole
derivatives inhibit the corrosion reaction by increasing
its activation energy. This could be doing to the physical
character of the adsorption.

3.5. Chemical structure and corrosion inhibition

Benzimidazole and its derivatives are organic bases
as a result of the presence of the lone electron pair above
the N atom in the five-member ring and in the presence
of a strong acid they can be transformed to cationic form.
Since the aggressive medium used in the present work
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Table 6

Corrosion parameters for mild steel in 1 M HCl in the absence and presence of 5x10* M of diazole derivatives at different

temperatures obtained from weight loss measurements

Inhibitor Temperature Corrosion rate Surface coverage, 0 Inhibition efficiency, E
(K) (10° mg. cm™. h™) (%)
Blank 303 27.0 — —
313 315 — —
323 52.4 — —
EBBI 303 7.0 0.7407 74.07
313 13.6 0.5682 56.82
323 29.4 0.4435 44.35
BBBI 303 3.0 0.8888 88.88
313 7.3 0.7701 77.01
323 20.5 0.6090 60.90
HBBI 303 2.0 0.9262 92.62
313 3.3 0.8971 89.71
323 8.2 0.8436 84.36
OBBI 303 0.9 0.9666 96.66
313 3.2 0.9000 90.00
323 5.8 0.8893 88.93

*
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Fig. 5. Arrhenius plots of the corrosion rates of steel in 1 M HCI + 5x10* M of various inhibitors.

is 1M HCI, formation of the protonated form can be
expected. So both protonated and nonprotonated forms
should be taken in consideration when discussing the
inhibitor efficiencies of these compounds [50,51]. Gen-
erally, two modes of adsorption could be considered.
The neutral molecule may be adsorbed on the metal
surface via the chemisorption mechanism, involving the
displacement of water molecules from the metal surface
and sharing electrons between the nitrogen atoms and
iron. The diazole derivatives can be also adsorbed on
the metal surface on the basis of donor-acceptor interac-
tion between rt-electrons of the benzene ring and vacant

d-orbitals of iron. In another hand, CI- could adsorb
on the metal surface and the protonated form of these
compounds may adsorb in the cationic form through
electrostatic interaction between the positively charged
part (ammonium-N") and already adsorbed chloride ions.
A schematic representation of adsorption model of
benzimidazole nucleus is shown in Fig. 6.

4. Conclusion

The following was concluded on the basis of the re-
sults obtained.
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Fig. 6. Schematic representation of adsorption model of benzimidazole nucleus: (A), (B) neutral form, (C) cationic form.

All investigated diazole derivatives have shown
good inhibiting properties for mild steel corrosion in
hydrochloric acid.

The structure and composition of all four diazole
studied influence their inhibiting efficiency.

Both gravimetric and electrochemical measurements
showed that the inhibition efficiency increased with
increasing inhibitor concentration. The efficiencies
agreed for all the methods applied.

The inhibiting efficiency increases with increasing
the length of the aliphatic chain linking the two benz-
imidazole nuclei.

Results obtained from electrochemical polarisation
measurements indicated that the diazole derivatives
are mixed-type inhibitors.

The adsorption of all investigated compounds is well
described by the Langmuir isotherm, involving both
physical and chemical process.
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