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The compound BBMB was synthesized from the dehydration reaction o-phenylenediamine and 1, 4-
benzendicarboxylic acid in polyphosphoric acid. The effectiveness of BBMB as corrosion inhibitor for
mild steel in 0.5 M HCI solution was investigated by various techniques such as weight loss
measurement, potentiodynamic polarization, electrochemical impedance spectroscopy (EIS). The
results of these investigations showed enhancement in inhibition efficiencies with the increase in
BBMB concentration and even at the concentration 0.01 mM the IE% exceeded 80%. BBMB
suppressed both mild steel dissolution and hydrogen reduction processes acting as a mixed-type
inhibitor. The excellent inhibition effectiveness of BBMB was also verified by scanning electron
microscope (SEM). BBMB precluded mild steel corrosion by blocking the active sites on mild steel
surface. The adsorption of BBMB on mild steel surface obeyed Langmuir adsorption isotherm.
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1. INTRODUCTION

A number of organic compounds are known to be applicable as corrosion inhibitors for metal in
acidic environments such as acid pickling, industrial acid cleaning, acid descaling and oil well
acidizing. Such compounds typically contain nitrogen, oxygen, phosphorus or sulphur in a conjugated
system and function via adsorption of the molecules on the metal surface, creating a barrier against
corrodent attack [1-5]. Inhibition appears to be the result of adsorption of molecules and ions on the
metal surface [5]. Adsorption can be described by two main types of interaction as follows: (a)
Physisorption, involves electrostatic forces between ionic charges or dipoles on the adsorbed species
and the electric charge at metal/solution interface. In this case, the heat of adsorption is low and
therefore this type of adsorption is stable only at relatively low temperature. (b) Chemisorption,
involves charge sharing or charge transfer from the inhibitor molecules to the metal surface to form a
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coordinate type bond. In fact, electron transfer is typically for transition metals having vacant low-
energy electron orbital. Chemisorption is typified by much stronger adsorption energy than physical
adsorption. Such a bond is therefore more stable at higher temperatures [6-7]. The adsorption of these
molecules depends mainly on certain physicochemical properties of the inhibitor molecule such as
functional groups, steric factor, aromaticity, electron density at the donor atoms and p orbital character
of donating electrons and electronic structure of the molecules [8-11].

Benzimidazole molecule shows two anchoring sites suitable for surface bonding: the nitrogen
atom with its lonely sp? electron pair and the aromatic rings to facilitate the adsorption of compounds
on the metallic surface [12]. Therefore, benzimidazole and its derivatives have received considerable
research as excellent inhibitors for metals and alloys in acidic solution [9, 13-20]. However, the
compounds bearing two benzimidazole rings as corrosion inhibitor have been rarely reported, and
there is not adequate information available to profoundly understand their inhibition mechanism as
acidic inhibitor.

In continuation of work on the acid corrosion inhibitors [21-24] 1, 4-bis (benzimidazolyl)-
benzene (BBMB) was used as corrosion inhibitor for mild steel in 0.5 M HCI solution. Weight loss
measurements, electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization
methods were employed to evaluate corrosion inhibition efficiency of the inhibitor. The mild steel
surface was also examined by scanning electron microscopy (SEM). The adsorption of BBMB on mild
steel surface was found to conform to the Langmuir isotherm with the negative adsorption free energy
of -42.4 kJ mol™.

2. EXPERIMENTAL

2.1. Preparation of electrodes

The working electrode was a cylindrical disc cut from mild steel specimen with following
chemical composition (wt): C (0.15%), Si (0.06%), Mn (0.32%), P (0.05%), and Fe (remainder). The
mild steel disc with an area of 0.785 cm? was coated with epoxy except the working surface. The
surface of working electrode was mechanically abraded using different grades of emery papers, which
ended with the 800 grade, prior to use. The disc was cleaned by washing with bi-distilled water,
acetone, respectively, and finally dried with a filter paper, then stored in the vacuum desiccators. For
each test, a freshly abraded electrode was used.

2.2. Test solutions

The compound BBMB was synthesized from the dehydration reaction of 0.2 mol o-
phenylenediamine and 0.1 mol 1, 4-benzendicarboxylic acid in polyphosphoric acid according to the
published method [25]. The corrosion tests were performed in 0.5 M HCI solution in absence and
presence of various BBMB concentrations, respectively. The concentrations of BBMB employed were
0.01, 0.02, 0.08, 0.16 mM. The test solutions were prepared from reagent grade HCI and bi-distilled
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water. During the tests, the temperature of solutions was controlled at 298 K by using a water
thermostat and the experiments were performed under static conditions.

2.3. Weight loss measurements

The mild steel sheets of 2.0 cm x2.0 cm % 0.5 cm were abraded by different grades of emery
paper (grade 100-800) and then washed with distilled water and acetone. After weighing accurately by
digital balance with sensitivity of 0.1 mg, the specimens were allowed to stand in beaker containing
250 mL 0.5 M HCI without and with different concentrations of BBMB using glass hooks and rods for
5h. All the aggressive acid solutions were open to air. Parallel triplicate experiments were performed
and the average value of the weight loss was obtained. The corrosion rates (r) were calculated using
the following equation [26]:

rCOIT = (1)

where o Was the corrosion rate in (mg cm? h™), W; and W, were the average weight loss of
three parallel mild steel sheets before and after immersion in corrosion media, respectively. S was the
total area of one mild steel specimen, and t was immersion time (5 h). With the calculated corrosion
rate, the inhibition efficiency (IE %) was calculated as follows [27-28]:

IE% =100 (r°-r_ ) /r° )

where rand ri,, were corrosion rates of mild steel in uninhibited and inhibited solutions,
respectively. The specimens were immersed in the solutions without blocking any side, and the whole
specimen area was considered in the calculation.

2.4 Electrochemical measurements

Electrochemical experiments were carried out using a standard electrochemical three electrode
cell with a platinum counter electrode (CE) and a saturated calomel electrode (SCE) coupled to a fine
Luggin capillary as the reference electrode. To minimize ohmic contribution, the Luggin capillary was
close to working electrode (WE). Before measurement the electrode was immersed in test solution at
open circuit potential (OCP) for 0.5 h until a steady state was reached. All electrochemical
measurements were carried out using PARSTAT 2273 advanced electrochemical system (Princeton
Applied Research). Electrochemical impedance spectroscopy measurements were performed at OCP
over a frequency range of 100 kHz to 0.01 Hz with a signal amplitude perturbation of 10 mV. IE% is
defined as:
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R —R
IE% =—0 P % 100% (3)

p(inh)

where R, and R, ¢nny Were the values of polarization resistance in the absence and presence of
inhibitor, respectively [29].

The potentiodynamic polarization curves were performed with a scan rate of 0.5 mV s in the
potential range from -150 to + 250 mV vs. corrosion potential (Ecorr VS. SCE). IE% is defined as:

I _Iinh

IE%h =~ oo » 1000 (4)

corr

where leor and leor™ represented corrosion current densities in the absence and presence of an
inhibitor, respectively [30], determined by extrapolation of Tafel lines to the corrosion potential.
2.5 Surface morphology analysis

The surface morphologies of the mild steel samples with dimension 2.0 cm %2.0 cmx0.5 cm
prepared as described above (Sect. 2.3) after immersion in 0.5 M HCI solution without and with 0.16
mM BBMB at 298K for 5 h, were investigated by SEM using a PHILIPS model XL30 microscope.

3. RESULTS AND DISCUSSION

3.1. Weight loss measurements
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Figure 1. Inhibition efficiency and corrosion rate of mild steel in 0.5 M HCI solution without and with
different concentration of BBMB obtained from Weight loss.
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Fig. 1 shows the corrosion rates of mild steel in 0.5 M HCI solution without and with different
concentrations of BBMB. The corrosion rates decrease noticeably with the increase in BBMB
concentration from 0.01 to 0.16 mM of BBMB, respectively. The inhibition efficiency as a function of
concentrations of prepared inhibitor BBMB was also calculated and shown in Fig. 1. The corrosion
inhibition enhances with the inhibitor concentration.

This behavior is due to the fact that the adsorption coverage of inhibitor on mild steel surface
increases with the inhibitor concentration [31]. When the concentration of BBMB is less than 0.08
mM, IE% increases sharply with increase in concentration, while a further increase causes no
appreciable change in performance. The maximum IE% is 92.6% at 0.16 mM and the inhibition is
estimated to be higher than 80% even at 0.01 mM which indicates that BBMB is a very good inhibitor
for mild steel in 0.5 M HCI solution.

3.2. Electrochemical impedance

The impedance spectra for mild steel in 0.5 M HCI solution without and with various
concentrations of BBMB are presented as Nyquist plots in Figs. 2. From these plots, the impedance
response of mild steel has significantly changed on addition of the BBMB. For analysis of the
impedance spectra containing a depressed capacitive semi circle [32], the standard Randle circuit is
shown in Fig.3 [33-34].
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Figure 2. Nyquist plots of mild steel electrode obtained in 0.5 M HCI solution without and with

different concentration of BBMB.

The depression in Nyquist semicircles is a feature for solid electrodes and often referred to as
frequency dispersion and attributed to the roughness and other inhomogenities of the solid electrode
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[35-36]. Cq is replaced by a constant phase element (CPE) with the exponent, n. It is found that the
Nyquist plots for various concentrations of BBMB inhibitor showed similar trend of curves which was
depressed semicircle with the centre located below the real X-axis. Increasing the inhibitor
concentration will increase the size of the curves, indicating the time constant of the charge transfer
and double-layer capacitance [18]. This behaviour shows the adsorption of BBMB on mild steel
surface.

It is also found that from the Nyquist plots, even with the addition or absence of inhibitor does
not alter the style of impedance curves, thus proposing a similar mechanism of inhibition is involved.
The impedance parameters derived from these plots are given in Table 1. As noted from Table 1, the
polarization resistances values containing inhibitor substantially increased along the concentration
compared to that without inhibitor. It is also clear that the value of Cg decreases on the addition of
inhibitors, indicating a decrease in the local dielectric constant and/or an increase in the thickness of
the electrical double layer, suggesting the inhibitor molecules function by the formation of the
protective layer at the metal surface.

Rp

Figure 3. the standard Randle circuit

Table 1. Data from electrochemical impedance spectroscopy measurements of mild steel in 0.5 M HCI
solution in the absence and presence of various concentrations of BBMB.

Cinh Rs CPE Rp IE
/I mM / Q cm® / uF cm™ / Q cm® | %
Blank 2.81 133.7 21 -
0.01 1.65 51.3 215 90.2
0.02 1.55 37.2 379 94.5
0.08 1.62 19.2 474 95.6
0.16 1.34 18.8 640 96.7

3.3.1. Potentiodynamic polarization

Fig. 4 shows the potentiodynamic polarization curves after the addition of corrosion inhibitor
BBMB. In every curve, it is observed that the current densities of the anodic and cathodic branch are
displaced towards lower values. This displacement is more evident with the increase in concentration
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of the corrosion inhibitor when compared to the blank material. From Fig. 4, it can be seen that, the
inhibitor begins to desorb at a potential closer to -350 mV/SCE at 0.16 mM, which can be called as
desorption potential. The desorption potential is the symbol of inhibition effect. The desorption
potential increases with the inhibitor concentration which indicates that the inhibition effect enhanced
with the increase in the inhibitor concentration. The similar behaviour has been obtained with other
researches [23, 37].
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Figure 4. Potentiodynamic polarization plots of mild steel electrode obtained in 0.5 M HCI solution
without and with different concentration of BBMB.

Table 2. Data obtained from potentiodynamic polarization measurements of mild steel immersed in
0.5 M HClI solution in the absence and presence of various concentrations of BBMB.

Cinn Ecorr lcorr [a De IE

/ mM ImV /mA cm™ ImV ImV %
Blank -499 0.37 67.7 110.7 -
0.01 -512 0.056 82.5 132.6 84.9
0.02 -520 0.037 95.6 121.6 90.0
0.08 -522 0.029 113.2 128.0 92.2
0.16 -516 0.012 102.5 122.3 96.8

The corrosion parameters extracted from polarisation curves containing corrosion current
density (lcorr), corrosion potential (Ecor), the anodic and cathodic Tafel slopes (fa, fc), inhibition
efficiency (IE%) have been calculated as a function of BBMB concentration according to equation (4)
[30, 38-39] and have been presented in Table 2. From table 2, the corrosion current density decreased
with the increase of the inhibitor concentration and IE% showed the opposite trend which indicated
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that the inhibitor suppressed the mild steel corrosion in 0.5 M HCI solution. The presence of BBMB
resulted in no definite trend in the shift of E¢,r compared to that in the absence of BBMB, however, the
displacement in Ecor is < 85 mV. These results indicated that the presence of BBMB inhibited both
iron oxidation and hydrogen evolution, consequently BBMB can be classified as mixed corrosion
inhibitor [40-42] with the inhibitory action caused by a geometric blocking effect [43]. In addition, the
inhibitory action was due to a reduction of the reaction area on the surface of the corroding metal [44].
It is important to note that there exists a difference in corrosion efficiency between weight loss tests
and electrochemical method, although the inhibition tendency is similar at 298 K in both tests,
probably because the former was performed for a longer time (5 h) than the latter (after reaching OCP,
0.5 h).

3.4 Adsorption isotherm

Adsorption isotherms provide information about the interaction among the adsorbed molecules
themselves and also their interactions with the electrode surface which is influenced by the chemical
structures of organic compounds, the nature and surface charge of metal, the distribution of charge in
molecule and the type of aggressive media. Adsorption isotherms were established to describe the
adsorption behaviour of the studied corrosion inhibitor on mild steel surface. Several adsorption
isotherms are attempted to fit the surface coverage 6, including Frumkin, Temkin, Freundlich and
Langmuir isotherms. For the studied inhibitors, it is found that the experimental data obtained from
weight loss measurements, as an example of the other used experimental techniques, could fit the
Langmuir adsorption isotherm. According to this isotherm, the surface coverage (6) (=(r’-rin)/r°) is
related to inhibitor concentration, Cin,, by the relation [45-47]:

0/ (1_ 0) = KadsCinh (5)

Where Kags is the adsorption equilibrium constant. Experimental results of Ciy, /0 vs. Cinn
yielded straight lines as shown in Fig. 5 and the value of the correlation coefficient and the adsorption
equilibrium constant are given in Table 3. The linear correlation coefficient (r) is almost equal to 1 (r =
0.99986) and the slope is very close to 1 (slope = 1.0727), indicating the adsorption of BBMB on mild
steel surface obeys Langmuir adsorption isotherm. The adsorptive equilibrium constant (Kags) value is
calculated from the reciprocal of the intercept of 0.00161 mM as 6.21x10° M. Adsorption isotherms
are important as equilibrium constant lead to standard free energy of adsorption [48]:

AGY, =-RTIn(55.5K ) (6)

Where 6 is coverage degree of BBMB on the mild steel surface, Kygs is the equilibrium
constant, R is 8.314 J mol™ K™ mol™?, T is 298 K, AG’%gs is the adsorption free energy which reflects a
spontaneous capacity of inhibitor molecule adsorbed on the surface of the metal. It has been reported
that the absolute value of AG%qs up to 20 kJ mol™ or lower indicates a physical adsorption between the
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charged molecules and metal [49], while that more negative than -40 kJ mol™ involves sharing or
transfer of electron from the inhibitor molecules to the metal surface to form a coordinate type bond
(chemisorption) [37, 50]. The calculated AG%gs value was -42.4 kJ mol™ which shows that BBMB
adsorbed on the surface of mild steel through chemisorption. It should be noted that, the adsorption
phenomenon of an organic molecule is not considered only as a physical or as a chemical adsorption
phenomenon. BBMB is an organic base; it can be protonated in the acid solution. CI" ions could
accumulate gradually close to the steel/solution interface, being specifically adsorbed; they create an
excess negative charge towards the solution and favor more adsorption of the cations, then protonated
BBMB may adsorb through electrostatic interactions between the positively charged molecules and the
negatively charged metal surface and chemisorption. Chemical adsorption of BBMB arises from the
donor acceptor interactions between free electron pairs of N and p electrons of multiple bonds and
vacant d orbitals of iron [41, 51]. It has been reported that [52] the adsorption of heterocyclic
compounds occurs with the aromatic rings sometimes parallel but mostly normal to the metal surface.
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Figure 5. The plot of Cij;n/6 vs. Cinp.

Table 3. Thermodynamic parameters for BBMB as corrosion inhibitor of mild steel in 0.5 M HCI

solution.
inhibitor | Kags AG s slope intercept | correlation coefficient (r)
/x10° M | /kd.mol™ mM
BBMB | 4.95 42.4 1.070 0.00202 | 0.9999

3.5 Surface morphology observation

The SEM images of mild steel in 0.5 M HCI solution in the absence and presence of 0.16 mM
BBMB after 5 h immersion are taken and observed in order to support our findings and shown in Fig.
6.
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Figure 6. Micrographs of mild steel surface after immersion in 0.5 M HCI solution without inhibitor
(a) and with addition of 0.16 mM BBMB (b).

As it is shown in Fig. 6a, the mild steel surface appears to be roughened extensively in the
absence of inhibitor due to mild steel dissolution in corrosive solution. The surface is highly porous.
The large and deep holes appear. However, the appearance of mild steel surface is significantly
different after the addition of inhibitor to the 0.5 M HCI solution. It can be seen from Fig. 6b the
smooth surface appears by formation of a protective film on the mild steel surface. This indicates that
BBMB hinders the dissolution of iron and thereby reduces the rate of corrosion. This result could
support high inhibition efficiency of BBMB.

4. CONCLUSIONS

The main conclusions of the present study could be drawn as the following points:

1. BBMB has shown a strong inhibitive effect for the corrosion of mild steel in 0.5 M HCI
solution. The high inhibition efficiency (%) can be attributed to strong adsorption ability of BBMB
molecules on mild steel surface. The inhibition efficiency increases with the increase in inhibitor
concentration. The inhibitor showed maximum inhibition efficiency 92.6% at 0.16 mM concentration.

2. Potentiodynamic polarization studies showed that BBMB suppresses both anodic and
cathodic process and thus acts as a mixed-type inhibitor. A very good agreement is obtained by weight
loss measurements, potentiodynamic polarization and electrochemical impedance spectroscopy
techniques.

3. The adsorption of BBMB was successfully described by the Langmuir adsorption isotherm.
The corresponding adsorption free energy value demonstrated that the BBMB adsorption is a highly
spontaneous process and chemisorption through electron transfer to form coordination bonds.

4. SEM observations of the electrode surface showed that a film of inhibitor molecules is
formed on the electrode surface to retard both the reduction of hydrogen ions and the anodic
dissolution of mild steel.
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