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In this research the performance of an imidazole derivative [Dimethylbenzodiimidazole (2,7-dimethyl-
3,6-dihydrobenzo[1,2-d;3,4-d’] diimidazole)] (BDI) as organic inhibitor to minimize pitting corrosion
of 316L Stainless Steel in sulphuric acid solution at room temperature was evaluated by means of
electrochemical measurements. The inhibitor concentrations studied in the system steel/acid were 0,
10, 20, 40, 60, 80, 100 and 120 ppm. Electrochemical techniques as polarization curves and
electrochemical impedance spectroscopy (EIS) were employed to evaluate the inhibitor behavior. The
results of polarization curves showed that BDI causes a shift at the corrosion potential to more positive
values, and a decrease in the corrosion current, indicating that the inhibitor restricts the anodic metal
dissolution reaction, so, the inhibitor was classified into anodic type. Whereas, the impedance spectra
(e.g. Nyquist plots) showed a continuous increase of the diameter of semicircle, which is associated to
the charge transfer resistance (R¢) as a function of increasing inhibitor concentration, this behavior
follows the mechanism of physical adsorption of the molecule leading to the formation of a protective
barrier layer on steel surface. Also, it was found that the greatest corrosion inhibiting efficiency (IE)
was attained at 40 ppm. This is sufficient reason to consider that the organic compound BDI is a good
alternative as corrosion inhibitor for 316L Stainless Steel in acid medium.
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1. INTRODUCTION

Austenitic stainless steel is the material commonly used in a wide variety of applications in
industry because of relatively low cost. They contain between 16 to 18% chromium and about 12%
nickel, which contribute to their good mechanical strength and excellent corrosion resistance. Besides,
it is worth noting their hygienic and aesthetic qualities [1,2]. In view of these desirable properties,
stainless steels have been used as an alternative material to the construction and installation of nuclear
reactors & thermal power plants, equipment for food and pharmaceutical industry, drinking water
treatment systems and wastewater, as well as chemical plants, aeronautics, pipes for transport oil &
gas, etc., given the characteristics that distinguish them [3,4]. However, when stainless steel is
transformed into wire or pipe, it is necessary to submit it to a heat treatment (e.g. annealing) in order to
relief the structure from the residual stress [5]. During annealing a thin oxide layer of chromium
depleted grows on the SS316-L base metal, it is known as scale layer and is composed by Fe*?0%.
These oxide layers may be removed by mechanical processes, or by means of chemical attack such as
striping, thereby providing a good finish (gloss, texture, and resistance to oxidation of the material).
[6,7]. The striping is a part of final production process of some steel products and is usually done with
acid mixtures, where the type of acid used is important as they have a strong influence on the quality
of surface finish. One of the common mixtures is usually performed with hydrofluoric acid (HF) and
nitric acid (HNO3). Despite its-efficiency, the use of HNOj3 causes serious atmosphere damage such as
nitrogen oxide (NOy) emissions that are highly polluting [8]. Research is under way to replace HNO3
with some mixtures of hydrochloric acid (HCI) or sulfuric acid (H,SO,). The advantage of using nitric
acid-free mixtures is the removal of the NOx emitted into the environment, for they are an important
contamination factor [5-8]. However, all pickling mixtures containing aggressive acids which in
contact with the metal surface causes important loss of the material, this results in the formation of pits
by metal ion dissolution (Me") from the material as a consequence of a electrochemical reactions
(anodic and cathodic).

The decrease of metal dissolution during the contact with the acid mixtures can be achieved in
a practical and economical way by using corrosion inhibitors. Any corrosion inhibitor can be defined
as a substance or combination of substances in a suitable concentration to avoid or reduce the
electrochemical reactions (corrosion damage) of a material during its exposure to aggressive
environments [9-11]. The corrosion inhibition mechanism by using organic compounds is often related
to their adsorption on the metal surface. Adsorption of inhibitors depends on the physicochemical
properties of functional groups, steric factors, aromaticity and the electronic structure of the inhibitor
[12]. The majority of inhibitors used in acid medium are organic compounds containing
electronegative functional groups, m-electrons and heteroatoms such as Nitrogen (N), Oxygen (O),
Phosphorus (P), Sulphur (S), triple bonds and aromatic rings [13-20].

Previous studies have reported that imidazoles and their derivatives are effective inhibitors,
which possess two nitrogen atoms in a heterocyclic ring favoring the anchoring of the molecule on the
metal surface [21]. The inhibition efficiency of organic compounds of the imidazole derivatives has
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been studied in several works on stainless steels in acid medium. Compounds such as N-
vinylimidazoles, 2-Mercaptobenzimidazole, 4-substitud pyrazoles-5 ones, 1,2,3-benzotriazoles and 4-
phenylthiazole have proved that compounds with not shared pair electrons in the atoms of nitrogen can
be absorbed on the steel surface forming a protective film [4, 22-25]. However, despite the number of
investigations on the effects of inhibition of organic nitrogen compounds on stainless steel
[22,23,26,27], it is important to have more information about the mechanism of adsorption of these
molecules and the inhibition efficiency. This work proposed the study of Dimethylbenzodiimidazole
(2,7-dimethyl-3,6-dihydrobenzo [1,2-d;3,4-d"]di-imidazole) (BDI) as corrosion inhibitor for stainless
steel in acid medium, beside the inhibition efficiency of this compound and the feasibility of its use in
a stripping mixture of H,SO, are discussed. One of the most important contributions of this research is
the use of a type of Benzimidazole compound that has not previously been used as a corrosion
inhibitor in Stainless Steels in sulphuric acid. This compound has been prepared in the Organic
Synthesis Laboratory in Chemical Faculty at the University of San Luis Potosi, Mexico [28].

2. EXPERIMENTAL DEVELOPMENT
2.1. Materials

The corrosion inhibition test was performed in an austenitic Stainless Steel (SS) AISI 316L
with a chemical composition as that given in Table 1. Steel plates of 3 cm x 2 cm x 0.2 cm were

prepared in duplicate, in order to be used as working electrodes (WE) in electrochemical testing.

Table 1. Chemical composition of austenitic stainless steel (AIS1 316L) in weight %.

|0.017  0.37 0.89 0.027 0.001 1886 0.32 0.044 1025 2.0 Balance |

Prior to the electrochemical experiments, the samples were mechanically polished according to
conventional metallographic preparation. The working surface was previously rinsed with distilled
water, degreased in acetone and then dried in warn air before each test.

2,7-dimethyl-3,6-dihydrobenzo[1,2-d;3,4-d’] diimidazole compound (referred as BDI) was
used as inhibitor at different concentrations, the molecular structure of this compound is shown in
Figure 1. This tricyclic compound has two imidazole rings bonded to a benzene ring. Seven
concentrations of BDI were tested: 10 ppm, 20 ppm, 40 ppm, 60 ppm, 80 ppm, 100 ppm and 120 ppm.
A mixture of 0.5 M of H,S0,4 with the different concentrations of the inhibitor was used as electrolyte.
The temperature was maintained at 25 °C during all experiments. A steel plate without inhibitor was
evaluated as control, which was designated as reference material (blank). Distilled water was used to
prepare the solutions, and all chemicals used were reagent-grade. Fresh solutions were prepared for
each experiment.
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Figure 1. Molecular structure of Dimethylbenzodiimidazole (2,7-dimethyl-3,6-dihydrobenzo [1,2-d;
3,4-d] diimidazole) BDI [28].

2.2 Electrochemical measurements

Electrochemical tests were performed using a potentiostat Gamry DHC2 model, coupled to a
computer with Echem Analyst software for collecting the experimental data. An arrangement of three
electrodes were used according to the ASTM G3, ASTM G5, ASTM G59 standards; saturated calomel
electrode (SCE) as reference electrode; graphite rod as a counter electrode and samples of 316L SS as
working electrode [29-31]. The exposed area was 1 cm?. All tests have been performed at 25°C in
nondeaerated solutions under unstirred conditions.

Polarization curves. The test conditions of the polarization curves were obtained on a scanning
range of -700 mV to 1200 mV with respect to the open circuit potential (OCP), at a scan rate of 2.5
mV s™ [31]. Before each test, the working electrode was immersed in test electrolyte during 30 min to
allow adsorption of the inhibitor on the metal surface. The experiments were conducted after this 30
min exposure on the test solution, when the open circuit potential had reached a steady-state condition.
The corrosion rate in terms of current density (icorr) and corrosion potential (Ecor) Were determined by
the intersection of the extrapolating anodic and cathodic Tafel slopes.

Electrochemical Impedance Spectroscopy (EIS). Electrochemical impedance measurements
were performed in a frequency range of 55 KHz to 10 mHz with an amplitude signal of £10 mV
around Eqorr [29,32]. Before each test, the working electrode was immersed in test electrolyte during 30
min to allow adsorption of the inhibitor on the metal surface. The experiments were conducted after
this 30 min exposure on the test solution, when the open circuit potential had reached a steady-state
condition. The EIS data obtained were described using Nyquist plots and Bode diagrams in order to
determine the electrochemical parameters. An appropriate equivalent electric circuit (ECC) was
proposed in order to fit the experimental data points with the electrical model for computing the key
parameters, such as electrolyte resistance (Rs) and the charge-transfer resistance (R¢). In the model a
CPE is used in place of a capacitor due to compensate for non-homogeneity.
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3. RESULTS AND DISCUSSION

3.1. Tafel extrapolation curves

The inhibition efficiency (IE) was obtained from the polarization curves, which was determined
by Tafel slopes extrapolation. The inhibition efficiency IE (%) values were obtained using the
Equation 1 [33, 34]:

leorr — iZorr
IE (%) = 100 [—] 1)
"COTT
where i°q and icor are the corrosion current density values in the absence and presence of the
inhibitor for stainless steel samples exposed to 0.5 M H,SQy, respectively.
The inhibition efficiency IE (%) can also be calculated from the data of Electrochemical
Impedance Spectroscopy (EIS) through the use of Equation 2 [27,34]:

Rct - Rct ] (2)

IE(%) = 100 [
R

where R°; and R are charge transfer resistance values in the absence and presence of the inhibitor,
respectively, which is similar to the Equation 1. 1/R; usually indicates the corrosion rate.

The current density icor Was calculated from Equation 3 [31,35]:

. _ B 3

o = Q
where icon IS the corrosion current density related to the polarization resistance R, and B is the Stern-
Geary coefficient.

The corrosion rate for each inhibitor concentration was determined according to Equation 4
[33]:

cRr =k e (4)

nD

where CR is the corrosion rate in mm/yr, K is equal to 3.27 x 10° mm g/1WA cm yr, icor IS the corrosion
current density at pAcm™, W is the atomic weight of the element, n is the number of electrons required
to oxidize an atom of the element in the corrosion process, and D is the density in g cm™ in 316L
stainless steel is 7.98 [36].

Figure 2 shows the polarization curves obtained from 316L SS in a 0.5M solution of H,SO4,
The concentrations used were 10 ppm, 20 ppm, and 40 ppm. The curves were obtained after 30 min of

immersion and then the test was performed.
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Figure 2. Polarization curves obtained from 316L SS in 0.5M of H,SO, containing the inhibitor at: (0)
10 ppm; (o) 20 ppm; (A) 40 ppm and (0) without inhibitor (blank) after 30 min of immersion
in the mixture at 25°C.

Figure 3 shows the polarization curves obtained for 316L SS in a 0.5M solution of H,SO, using

BDI concentrations of 60 ppm, 80 ppm, 100 ppm and 120 ppm after an immersion time of 30 min in
order to carry out the testing procedure immediately after the immersion.
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Figure 3. Polarization curves obtained from 316L SS in 0.5M H,SO, containing the inhibitor at: (o)
60 ppm, (V) 80 ppm, (¢) 100 ppm, (X) 120 ppm and (o) without inhibitor (blank) after 30 min
of immersion in the mixture at 25°C.
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In Figures 2 and 3 it can be observed that the 316L SS dissolution shows Tafel behavior. In
general, the dissolution of the SS decreased as the inhibitor concentration increased. Thus, when the
inhibitor was added, it causes a shift on the corrosion potential, Ecor, to nobler values with respect to
the blank. This indicates the anodic nature of the inhibitor [37,38]. The addition of the inhibitor causes
a slight decrease in the current density and presents two trends: By increasing the inhibitor content
(since 10 ppm to 40 ppm), the corrosion potential value is shifted to more positive values, showing
value a 0.622 V of AE with respect to the blank (Figure 2). The relative density current decreases and
the efficiency increases. However, in Figure 3, when increasing the concentration from 60 ppm to 120
ppm, the current density increased too, generating negative values of corrosion potential thus the
inhibitor efficiency diminishes. This behavior could be explained by the geometrical structure and
length of the compound chain. According to Figure 1, BDI shows a large chain in its structure in
comparison to the imidazole compound. Is common on a very large molecule like BDI that tends to
twisted or bend over itself in the entire space as the inhibitor concentration increases, thus forming
loops that avoid the adsorption of the inhibitor on the metal surface. By this way the bonding energy of
the system depends on the distance between organic molecules and the metal surface [21]. At large
distance the energy is zero, there is not interaction. While at distances of several atomic diameters
attractive forces dominate the adsorption mechanism.

The electrochemical parameters (Ecorr, icorr and 1E%) obtained from the polarization curves for
316L SS in 0.5M H,SOq in the absence and presence of inhibitor concentration during 30 minutes of
exposure, are shown in Table 2.

Table 2. Electrochemical parameters and inhibition efficiency percentage of the BDI 316L SS in 0.5M
of H,SO,, with and without inhibitor, after 30 min of immersion in the mixture at 25 °C.

Concentration Ecorr (scE) oem

ppm \%) (nA/em?)

Blank -1.255 38.336 -
10 -1.185 29.679 22.6
20 -0.918 18.706 51.2
40 -0.622 8.808 77.0
60 -0.708 11.449 70.1
80 -0.732 14.826 61.3
100 -0.868 18.759 51.1
120 -1.038 25.410 33.7

In Table 2 could be observed the displacement of the corrosion potential by more than 600 mV
in the positive direction and decrease in the corrosion current densities, from 0 to 40 ppm indicate that
presence of BDI in corrosion medium retards the development of aggressive conditions and reduces
the dissolution of SS. But when the inhibitor concentration increases from 60 to 120 ppm, the
corrosion potential, Ecor, decreased 400 mV towards negative values. Therefore, BDI is a good
passivator at lower concentrations and does not passivate at higher concentrations according to as
explained above. At higher concentrations BDI molecules are not able to form a resistive layer



Int. J. Electrochem. Sci., Vol. 10, 2015 1973

whereas at lower concentrations the resistive layer may be formed with the help of ions like (HSO,)™
and (SO,)% present in the solution. According to the results obtained, is possible, suggest that the
optimal inhibitor concentration is 40 ppm at 25 °C due to this it is possible to achieve an inhibitory
efficiency of 77%.

The following equations represent the reaction of the metal in acid solutions: equation 5 shows
the metal dissolution and equations 6 and 7 indicate the cathodic reactions that could be derived from
oxidizing agents [16, 39].

Anodic reaction:
Fe —> Fe®"+2¢ (5)

Cathodic reactions:
2H" +2¢° —— H, (6)

150, + 2H* + 26" — H,0 ©)

While the adsorption mechanism of the organic inhibitor at the interface electrode/electrolyte
can take place through a displacement process of adsorbed water molecules at the inner Helmholtz
plane of the electrode, likely in agreement with the following reaction.

Orgag) + MH20(dsy —> Orgags) + MH20(aq) (8)

3.2 Electrochemical Impedance Spectroscopy (EIS)

In Figures 4 and 5 show the EIS results through Nyquist and Bode diagrams of 316L SS in
0.5M H,S0O, solution in absence and presence of inhibitor at several concentrations. In Figure 4, it can
be observed that the semicircle diameter becomes larger when the BDI concentration is increased at
10, 20 and 40 ppm, which indicates that the inhibitor increases the resistance to charge transfer, Rq:.
This behavior may be associated to a molecular adsorption mechanism of the organic compound
referred as BDI over the polished metal surface, thus forming a multilayered assembly that prevents
the adsorption of SO, ions (which is responsible of pitting corrosion process on metals).

The occurrence of two time constants observed in Figure 5b, suggests the presence of two
different processes during the perturbation; one is related to a mechanism of molecular adsorption of
inhibitor onto the metal surface, and the second one is a constant related to the electrochemical
interactive forces of the double electrochemical layer operating in the electrolytic system and species
corroded. This second time constant that operates at intermediate frequencies can be interpreted as a
resistance to charge transfer, R On the other hand, figure 5a (log Z vs log f) shows that the
impedance values increase as the inhibitor concentration also increases. This is also related to charge
transfer resistance, R:.
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Figure 4. Nyquist diagram obtained from 316L SS in 0.5M of H,SO, containing the inhibitor at: (¢) 10
ppm; (©) 20 ppm; (A ) 40 ppm and (o) without inhibitor (blank) after 30 min of immersion in
the mixture at 25°C.
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Figure 5. Bode plot obtained from 316L SS in 0.5M of H,SO, containing the inhibitor at: (¢) 10 ppm;
(©) 20 ppm; (A) 40 ppm and (o0) without inhibitor (blank) after 30 min of immersion in the
mixture at 25°C.

Figures 6 and 7 show the EIS data in the representation of Nyquist and Bode diagrams of 316L
SS in 0.5 M of H,SO, solution in absence and presence of various concentrations of the inhibitor.
Figure 6 shows that when the concentration increases from 60 ppm to 80 ppm, 100 ppm or 120 ppm,
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the semicircles diameters decrease. This may indicate a poor adsorption of the inhibitor on the metal
surface due to the structural geometry of organic compound (BDI).
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Figure 6. Nyquist diagram obtained from 316L SS in 0.5M of H,SO, containing the inhibitor at: (o)
60 ppm, (V) 80 ppm, (¢) 100 ppm, (X) 120 ppm and (o) without (blank) inhibitor after 30 min
of immersion in the mixture at 25°C.

Figure 7a shows that as the concentration of inhibitor increases the impedance decreases. This
may be due to the inhibitor molecules that stop adhering to the metal surface. In Figure 7b two coupled
processes that could be represented by two time constants are shown.
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Figure 7. Bode plot obtained from 316L SS in 0.5M of H,SO4 containing the inhibitor at: (o) 60 ppm,
(V) 80 ppm, (¢) 100 ppm, (X) 120 ppm and (o) without inhibitor (blank) after 30 min of
immersion in the mixture at 25°C.
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The results described above can be interpreted in terms of the RC equivalent electrical circuit
shown in Figure 8. This circuit model was used to characterize the system that contained from 10 to
120 ppm BDI, which is composed by two constant phase elements (CPE) with their respective
resistors, Rmol (0rganic molecules resistance) and R (charge transfer resistance), connected in parallel
and its solution resistance (Rs) that is connected in series; this circuit arrangement is due to the
presence of two interfaces in the system H,SO, + inhibitor/metal; one describes the process related to
the organic molecules adsorption onto metal surface and the other the characteristics of the electrical
double layer interface.

Sy * lMEtaI—SS

Figure 8. Electrical circuit equivalent model used to describe the experimental EIS diagrams: Rs
solution resistance, CPE constant phase element, Ry organic molecules resistance, and R
charger transfer resistance.

Table 3 shows the values of charge transfer resistance R of impedance measurements, which
shows that the maximum value of R is achieved with a concentration of 40 ppm of BDI. These results
are consistent with those obtained with the potentiodynamic tests presented in Table 2. Table 3 shows
that the corrosion rate (CR) increases when the BDI concentration increases and decreases in BDI
concentration range from 10 ppm to 40 ppm.

Table 3. EIS results obtained from 316L SS in 0.5M of H,SO, with different concentrations of BDI,
after 30 min of immersion in the mixture at 25°C.

Concentration Rs Rmol T CR

ppm (Qem?)  (KQem?) (pA/cm?)  (mmiyr)

120 8.03 28456 62079 0.419 0.004794 30.0%
100 9.40 44680 95350 0.273 0.003121 54.4%
80 9.30 56843 113060 0.230 0.002632 61.5%
60 9.20 79800 122150 0.213 0.002437 64.4%
40 8.79 84546 255650 0.102 0.001164 83.0%
20 10.00 29699 86360 0.301 0.003446 49.7%




Int. J. Electrochem. Sci., Vol. 10, 2015 1977

10 9.05 13054 51256 0.507 0.005807 15.2%
Blank 12.04 21620 43474 - - -

These results coincide with those proposed by Abdallah [23], Al-Mayouf [26], Oncul [22] and
Hamza [27] who reported that compounds containing nitrogen in its structure are good corrosion
inhibitors in different types of stainless steels in H,SO,, besides; their inhibitor efficiency is greater
than 60%. The inhibition effect of these compounds is attributable to adsorption on the steel surface by
means of the heteroatoms of active groups contained in the compound structure. Adsorption of BDI
molecules on the stainless steel surface may be caused by fixing the two atoms of nitrogen over the
empty orbitals “d” of the Fe atoms of the metallic substrate, inducing the formation of a protective
film. This protective film could block the active anodic sites and limit the transport of H* ions or O,
molecules on the metal surface, which interferes with the electrochemical reactions involved in the
corrosion processes [40,41,42].

4. CONCLUSIONS

BDI becomes a good alternative to be used as a corrosion inhibitor for 316L SS in 0.5 M
H.SO, solution. The best behavior of the inhibitor was obtained at concentration of 40 ppm, values
above or below these concentrations decreases the inhibitor efficiency due to the geometrical structure.
Importantly, at a low concentration of the inhibitor (40 ppm at 25 °C), it is obtained a good inhibitor
efficiency (75% approx.), this results indicate the viability of the inhibitor to be used in the pickling
process of stainless steel. The inhibitor shows an anodic behavior as the potential is shifted to more
positive values and the current density is shifted to lower values. The corrosion rate reduction may be
due to the formation of a protective film of the inhibitor on the metal surface. The results derived from
the polarization technique and electrochemical impedance were concordant. These electrochemical
techniques allowed the determination of the behavior and efficiency of the BDI compound.
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