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Abstract 
An electrochemical investigation of the corrosion on AISI 316 austenitic stainless steel and AISI 
1010 carbon steel in sodium chloride solution (3.0 wt.%) was performed in the absence and 
presence of imidazole and benzimidazole corrosion inhibitors. The results showed that at any in-
hibitor concentration (25 ppm to 1000 ppm), there was an increase in the polarisation resistance 
of both steels. The highest efficiency of corrosion inhibition was obtained using imidazole at a 
concentration of 50 ppm for both steels, with values of 96% for the AISI 316 stainless steel and 73% 
for the AISI 1010 carbon steel. 
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1. Introduction 
Corrosion as a destructive phenomenon incurs a high cost to the economy and society. The costs have been es-
timated to be as high as 5% of GDP in many developed countries [1] [2]. All metallic material can undergo dif-
ferent types of degradation processes when exposed to different environmental conditions, either by natural fac-
tors or by industrial or other human activities [3]. Corrosion can affect critical areas or regions of a material and 
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thereby modify its true functionality [4]. Additionally, the lifetime of metallic equipment tends to decrease fur-
ther in more aggressive environments [1].  

In coastal regions, the corrosion of steel infrastructure can have considerable negative effects, and due to the 
high costs of maintenance and corrosion protection measures, there is interest in applying increasingly resistant 
steels [5]. According to Tsutsumi et al. [6], sea water is an aggressive environment that affects almost all struc-
tural materials. Present in the composition of sea water are salts such as NaCl and MgCl2, which are primary 
agents responsible for localised corrosion. The chloride ion is the most common in marine environments and the 
main cause of the breakdown of the passive film on steels [7] [8]. The presence or absence of this protective film 
on the surface of metals is responsible for controlling the behaviour of corrosion because of its action as a pro-
tective barrier against corrosion attacks [4] [9]. 

Several metals suffer pitting corrosion when exposed to solutions with high chloride content [10]. Pitting 
corrosion is characterised by a process of localised metal dissolution that affects the integrity of the metal and, in 
some cases, leads to catastrophic failure. Although this form of corrosion occurs only in small areas of the metal 
surface, it remains a major concern due to its fast attack and penetration inside the metal [11] [12].  

The increased use of stainless steel has contributed substantially to the economic development of many coun-
tries. For decades, it has been used structurally in architectural elements such as beams and arches in bridges 
[13]. 

In the case of stainless steel in contact with seawater, the corrosion rate and pitting potential depend on the 
levels of Cr and Ni present in the steel. The presence of Co, Mo and N has a significant influence on the corro-
sion resistance [14]. Austenitic stainless steels, whose main alloying elements are chromium and nickel, are 
considered to have high corrosion resistance in most environments compared with ferritic and martensitic steels 
[15]. The AISI 316 stainless steel, specifically, is perhaps one of the most used steels, after carbon steel, serving 
a structural material in industrial plants in marine environments, including desalination plants [14]. Carbon steel 
is also widely used in systems that operate in land and marine environments [16] and is found in various appli-
cations in our everyday life due to its relatively low cost [17]. 

To preserve the integrity of metallic materials, some measures to inhibit or prevent corrosion in many aggres-
sive media are cited in the literature [4] [18]. Organic inhibitors that exhibit one or more polar functions (such as 
N, O and S) and heterocyclic compounds with polar groups and π electrons have been quite effective in corro-
sion protection [19]. This inhibition efficiency is usually attributed to the specific interactions that occur be-
tween functional groups and heteroatoms with the metal surface due to their lone pair electrons [20] and the in-
fluence on the change of corrosion potential [20] [21]. Certain organic compounds, such as thiophene deriva-
tives, were studied as corrosion inhibitors for AISI 316 stainless steel in acid media with chloride ions and re-
sulted in an efficiency of approximately 97% [22]. According to studies conducted by Farahani and Goudarzi 
[23], a benzothiazole derivative was also efficient in inhibiting the corrosion of AISI 316 stainless steel in an 
acid medium. 

With respect to AISI 1010 carbon steel, a compound commercially known as Dodigen, which is a mixture of 
amines and amides, was studied as a corrosion inhibitor by Granero et al. [24]. The authors found that Dodigen 
had an efficiency ranging from 74% to 98%, depending on the concentration used. Other investigations using 
computer simulations of new imidazole derivatives showed that these compounds possess the ability to inhibit 
the corrosion process on AISI 1010 carbon steel, which showed 62.8% inhibition efficiency [25]. 

Other organic inhibitors such as benzimidazole and its derivatives have been reported in the literature as ef-
fective corrosion inhibitors with structural features that allow adsorption to the metal surface [26] [27]. Ben-
zimidazole, an imidazole derivative, is an organic compound that has aromaticity and nitrogen heteroatoms with 
lone pair electrons, which facilitate the adsorption to the metal [27]-[29]. Studies have shown that it provides a 
high corrosion inhibition ability to copper in acidic, neutral and alkaline media [26] and to carbon steel in acidic 
medium [30]. 

Imidazole and its derivatives have been used as corrosion inhibitors for various metals and alloys [30]-[33]. 
The advantages of imidazole, including that it does not have a detrimental effect on the environment and its 
convenience and low cost, have made the use of these compounds very attractive [32]-[37]. Imidazole is a planar 
organic five-membered aromatic heterocycle that has two nitrogen atoms [31]. The protective mechanism of this 
molecule to the surface of the metallic material can occur via the adsorption of electron pairs isolated from the 
pyrrole nitrogen or parallel to the surface [36] of the imidazole ring. 

This paper investigated the corrosion of AISI 316 austenitic stainless steel and AISI 1010 carbon steel in so-
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lutions containing 3.0 wt% chloride ions and the efficiency of corrosion inhibition of benzimidazole and imida-
zole inhibitors in different concentrations. The morphological and compositional analyses were performed by 
Laser-induced plasma emission spectroscopy (LIPS), X-ray diffraction (XRD), scanning electron microscopy 
(SEM) and energy dispersive X-ray (EDX), and the electrochemical study was performed by potentiodynamic 
polarisation. 

2. Experimental Section 
2.1. Sample Preparation 
The samples used in this study were AISI 316 austenitic stainless steel, provided by Tecinox industry, and AISI 
1010 carbon steel, provided by the Brazil Steel RDG; both companies are located in Espírito Santo, Brazil. The 
samples were prepared in two different ways. For morphological analysis, the samples were prepared in a square 
shape, with dimensions of 1.0 cm × 1.0 cm. For the electrochemical investigations, the samples were L-shaped, 
with dimensions of 3.0 cm × 1.0 cm. Each sample was prepared to leave an area of 1.0 cm2 to test, which was 
isolated with the aid of an epoxy resin (Araldite®). 

Before performing each analysis, the samples were subjected to cleaning and polishing of the surface using 
sandpaper of several different particle sizes in water, respectively, in the following order: 220, 320, 400, 600 and 
1200 mesh. The polishing was finished with 0.3 μm alumina to obtain a uniform surface. At each change of 
sanding, the sample was rotated 90˚. The specimens were then washed with distilled water, degreased with ace-
tone and dried with a hot air blast. Before and after every analysis, the samples were stored in argon to prevent 
contamination by contact with the external environment. 

2.2. Physico-Chemical Characterisation 
Laser-induced plasma emission spectroscopy using a Foundry-Master Pro spectrometer of the Shimadzu Corpo-
ration equipped with an Echelle optics and Kodak KAF 1001 ICCD detector allowed us to estimate the chemical 
composition of the alloys. 

The XRD analyses were carried out on a Bruker model D8 Discover diffractometer operating with Cu Kα ra-
diation (λ = 1.5406 Å) generated at 40 kV and 40 mA; 2θ was scanned from 20˚ to 100˚ at a scan rate of 2˚ 
min−1. The EVA V3.1 software was used to process the XRD data. 

Metallographic analysis was performed to reveal the microstructure of steels. A chemical attack was per-
formed on the sample of AISI 316 austenitic stainless steel with 1:3 HNO3:HCl solution for 20 seconds to reveal 
the structure of the austenite grains and the presence of carbides. In the case of AISI 1010 carbon steel, 2% Nital 
(98% ethyl alcohol and 2% nitric acid) was used as the attack solution for 15 s to reveal the grain boundaries of 
ferrite. Microstructural characterisation was performed using a Nikon Eclipse 200 MA optical microscope at 
1000× magnification with polarised light. A Shimadzu SS550 scanning electron microscope coupled to an 
SEDX model analyser was used to investigate the corrosion morphology. The EDX results were obtained from 
the matrix interference, atomic number, absorbance, and fluorescence (ZAF correction) data. Between the elec-
trochemical and morphological analyses, all of the samples were stored in argon atmosphere to avoid any out-
side contamination. 

2.3. Electrochemical Characterisation 
Electrochemical measurements were performed using a 100 mL capacity electrochemical cell with three elec-
trodes. The reference electrode was Ag/AgCl(KCl, 3mol/L), the counter electrode was carbon with dimensions of 2.1 
cm × 0.5 cm × 1.8 cm, and the working electrode was made of AISI 316 austenitic stainless steel or AISI 1010 
carbon steel. For electrochemical tests, a potentiostat/galvanostat AUTOLAB PGSTAT model 302N and GPES 
software were used. The corrosion tests were performed in duplicate using reagents to prepare solutions and 
analytical grade deionised water with a conductivity of 23.07 mS∙cm−1 at 25˚C from a deioniser trademark of 
Union analysis. The temperature was monitored and remained at 24˚C ± 1.0˚C. The corrosive media used in the 
tests were composed of sodium chloride at 3.0 wt% using PA-Impex reagent ACS in the presence or absence of 
benzimidazole (Sigma-Aldrich, 98%) and/or imidazole (Sigma-Aldrich, 98%). Imidazole and benzimidazole 
were employed as corrosion inhibitors at different concentrations: 25, 50, 100, 500 and 1000 ppm. For Tafel po-
larisation measurements, the potential was varied by ±250 mV from the open circuit potential (Eocp) at a scan 
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rate of 0.5 mV∙s−1. Eocp was obtained by measuring electrochemical noise and was measured until the system 
came into balance for a period of 4000 seconds. 

3. Results and Discussion 
3.1. Laser-Induced Plasma Emission Spectroscopy (LIPS) 
Table 1 shows the results for the chemistry of the steels obtained via LIPS. The results obtained for the studied 
steels are within the composition range of AISI 316 [15] and AISI 1010 [38] as described in the literature. 

3.2. X-Ray Diffraction 
The XRD patterns of the analysed samples of AISI 316 stainless steel and AISI 1010 carbon steel are shown in 
Figure 1. The possible crystallographic phases present in each sample of steel and the orientation of these crys-
tals can be observed. The XRD pattern of AISI 316 stainless steel shows diffraction peaks at 43.59˚, 74.65˚ and 
90.63˚, relative to iron-nickel phase (FeNi) with reflection planes (111), (220) and (311), respectively, as the 
PDF-[01-077-7974]. A peak relative to chromium (Cr) phase with reflection plane (200) in accordance with the 
PDF-[01-088-2323] was observed at 50.78˚. Both phases present have a face-centred cubic structure.  

The XRD pattern of AISI 1010 carbon steel contains peaks that can be attributed to iron (Fe) present in a sin-
gle phase composed of ferrite whose 2θ angles are 44.71˚, 65.08˚ and 82.41˚ with reflection planes (110), (200) 
and (211), respectively, as the PDF-[06-0696]. The observed phase structure is body-centred cubic. 

3.3. Physico-Chemical Investigation 
The metallography images of the studied steels are presented in Figure 2 and show the grain boundaries of the 
phases present in the steel and the presence of carbides. The image obtained for the AISI 316 steel (Figure 2(a)) 
shows that the chemical attack revealed the grain boundaries of the austenite phase grains of precipitated car-
bides and the presence of twinned boundaries, which is caused by the displacement of atoms in the lattice due to 
stress or heat treatment.  
 

 
Figure 1. XRD pattern of AISI 316 stainless steel and AISI 
1010 carbon steel.                                     

 
Table 1. Chemical composition of AISI 316 austenitic stainless steel and AISI 1010 carbon steel.                          

AISI 
Chemical Composition (wt%) 

C Mn Si Cr Mo P S Ni 

316 0.0501 1.34 0.507 16.3 2.01 0.0278 0.0019 10.5 

1010 0.0954 0.351 0.0083 0.0238 0.0023 0.0150 0.0084 0.0074 
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Figure 2. Metallographic images at 1000× magnification of the two grades of steel before the attack of chloride ions in solu-
tion. (a) AISI 316 stainless steel and (b) AISI 1010 carbon steel.                                                      
 

Similarly, the metallographic image of AISI 1010 steel (Figure 2(b)) revealed the grain boundaries present, 
which are composed of ferrite. Higher than the amounts of AISI 316 were also revealed that grain carbide steel, 
including regions of the grain boundary, which can be observed in Figure 2(b). Such regions, including the steel 
grain boundaries, deformation and non-metallic inclusions, have been found in the literature to be preferred sites 
for the occurrence of corrosion, particularly pitting corrosion [16] [39]. 

The scanning electron microscopy and EDX spectra of the steel before the etching process are shown in Fig-
ure 3. Nonmetallic inclusions are present in both of the steel samples studied. These inclusions are more prone 
to the start of an anodic attack in a corrosive environment, and these areas become the sites of nucleation of pit-
ting [16] [39]. The difference in composition between regions of inclusions and the matrix of the steel is respon-
sible for generating the potential difference in these two areas, which initiates the corrosion process.  

The EDX analysis of AISI 316 (Figure 3(b)) stainless steel shows the elemental composition of the sample 
found in the possible inclusion of steel and the elemental composition of the matrix of the steel. From this 
analysis, it is observed that this inclusion in the AISI 316 steel is composed mostly of carbon and oxygen. The 
EDX analysis also shows peaks related to silicon, manganese, sulphur and chromium in lower content than the 
matrix, showing that it can accommodate Si and Cr oxides, as well as the presence of carbides and manganese 
sulphide. The presence of grains of carbides precipitated in the steel is in accordance with the analytical results 
of the inclusions performed using the metallography technique, as mentioned above.  

Elements such as oxygen, sulphur, nitrogen, phosphorus, chlorine, sodium and potassium may exist in steel 
primarily as a result of the steel-making process and are responsible for generating negative effects on the prop-
erties of steels, causing brittleness and lower corrosion resistance. To reduce the amount of oxygen and sulphur 
in Al-Si alloy, for example, elements are added in the metal degreasing process because of the strong reactivity 
of these elements to oxygen forming their oxides [40]. 

Figure 4 shows EDX spectra and micrographs of the steels after the corrosion process in a solution containing 
3.0 wt% chloride ions. The SEM analysis of the surface of the steels after suffering corrosive attack by chloride 
ions allowed the identification of the type of corrosion that occurred on the surface of each of the steels. After 
analysing the image in Figure 4(a), which shows the surface of the AISI 316 steel after attack by chloride ions, 
the type of corrosion was identified as the pitting type, which is characterised by a larger corrosion depth than 
diameter and occurs in small, localised regions of the metal surface. However, the image that shows the AISI 
1010 steel surface after attack by chloride ions (Figure 4(b)) reveals that there has been widespread and uniform 
corrosion on the steel surface because the corrosion is present across the extent of the surface and because the 
corrosion product exhibits porosity. 

The corrosive attack of chloride ions to the AISI 316 steel was expected because pitting corrosion occurs in 
passive metals and steel in regions where there are flaws in the protective film, as observed in studies by 
Burstein and Pistorius [10], Kondo [11] and Turnbull et al. [12], and in deformed regions and non-metallic in-
clusions [16] [39]. This explanation is supported by SEM surface analysis and by EDX analysis of the pitting, 
which shows the presence of elements related to non-metallic inclusions (Figure 4(c)) and that this steel is sus-
ceptible to such corrosion characteristics. Conversely, because AISI 1010 steel is not passivated, the entire sur- 



R. R. Moreira et al. 
 

 
508 

   
Figure 3. SEM images (a) and EDX analyses (b) of sample of AISI 316 steel at 2000× magnification before the corrosion 
process.                                                                                                   
 

  

       
Figure 4. SEM images and EDX analyses of steel samples at 600× magnification after the corrosion process in the presence 
of sodium chloride at 3.0 wt.% solution. (a) (c) AISI 316 stainless steel; (b) (d) AISI 1010 carbon steel.                    
 
face is exposed to the corrosive medium and is thus susceptible to widespread corrosion, instead of localised pit-
ting corrosion, as observed in the surface analysis. Additionally, the EDX results (Figure 4(d)) contain no evi-
dence of inclusions containing Al, Si or S, thereby reducing the likelihood of localised pitting corrosion. 

3.4. Electrochemical Investigations 
The electrochemical behaviour of AISI 316 stainless steels and AISI 1010 carbon steel in the presence of chlo-
ride ions was investigated using Tafel plots, as shown in Figure 5. From Tafel analysis of the curves, it was  
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Figure 5. Tafel plots of the AISI 316 stainless steel and AISI 
1010 carbon steel in the presence of 3.0 wt% solution of chlo-
ride ions. Temperature = 24˚C ± 1.0˚C; scan rate of 0.5 
mV∙s−1.                                               

 
possible to obtain parameters related to the corrosion of steels, such as corrosion potential (Ecorr) and polarisation 
resistance (Rp), which are important for the evaluation of the corrosion data. Anode active regions in which the 
current density increases with increasing potential are observed in Figure 5 and are consistent with the behav-
iour of steels. For steel AISI 316, this region begins at 0.15 V vs. Ag/AgCl(KCl, 3 mol/L), and for AISI 1010 steel, 
it begins at −0.45 V vs. Ag/AgCl(KCl, 3mol/L). 

Furthermore, the current density increases more sharply with the increase of the potential for AISI 1010 steel, 
indicating that this steel has less resistance to corrosion steel AISI 316. This finding is in agreement with the re-
sults from the literature showing that the composition of steel influences the corrosion behaviour [14] [15]. This 
active behaviour is caused by the dissolution of the steel in the presence of chloride ion. The steel reacts to form 
the ferrous chloride, which is hydrolysed to form ferrous hydroxide and hydrochloric acid. This process de-
creases the pH of the medium and accelerates the corrosion mechanism [41]. The curves also show a region of 
potential where capacitive capacitive current exists, which is caused by the charging of the electric double layer. 
In this region, there is no increase in current density with increasing potential and virtually zero total current, 
which indicates that there is no breaking of the passive layer present on the steel surface [10]. For AISI 316, that 
potential range is approximately 1350 mV and is greater than that of AISI 1010 steel, which has an approxi-
mately 750 mV range. Thus, the AISI 316 steel has a more stable passive layer (data not shown). 

The Tafel plots also show the corrosion resistance of AISI 316 steel compared with AISI 1010 steel, with 
−262 mV from Ecorr vs. Ag/AgCl(KCl, 3 mol/L) and −722 mV vs. Ag/AgCl(KCl, 3 mol/L), respectively, in accordance 
with the analysis of potentiodynamic curves. This behaviour is due to the composition of each steel and the cor-
rosion resistance imparted to the AISI 316 steel because of the presence of elements such as chromium and 
nickel, which are responsible for reducing the susceptibility of steel corrosion due to the possibility of film for-
mation on the steel surface [14] [15]. 

3.5. Electrochemical Study of Steels with Benzimidazole Inhibitor 
Tafel curves for the AISI 316 and AISI 1010 steels in 3.0 wt% chloride ion solution + benzimidazole inhibitor at 
different concentrations (from 25 ppm to 1000 ppm) are shown in Figure 6. By extrapolating the Tafel plots, 
values of the electrochemical parameters associated with corrosion processes, such as corrosion potential (Ecorr), 
corrosion current density (icorr) and polarisation resistance (Rp), were obtained. The results of the corrosion inhi-
bition efficiency of the benzimidazole were calculated from the values of the polarisation resistance (Rp) using 
Equation (1), as shown in the literature [42]. 

( ) ( )
( )

inhibitor
% 100

inhibitor
Rp Rp

n
Rp

−
= ×                            (1) 
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Rp (inhibitor) and Rp are the polarisation resistance values in the presence or absence of inhibitor, respectively. 
Table 2 lists the obtained parameters and the corrosion inhibition efficiency (n) of benzimidazole. 

Table 2 shows that there was an increase in Rp for all concentrations of benzimidazole for both steels, which 
means that the inhibitor is inhibiting the corrosion reaction. Moreover, the corrosion potential (Ecorr) shifted to 
more anodic potentials. For both steels, the best inhibition efficiency was observed at an inhibitor concentration 
of 100 ppm, with an efficiency of 71.4% and Rp = 8.93 kΩ∙cm2 for AISI 316 and an efficiency of 51.2% and Rp 
= 178.60 Ω∙cm2 for the AISI 1010 steel. 

Khaled [27] used benzimidazole as a corrosion inhibitor for iron in acidic medium and showed that at a con-
centration of 0.05 mol∙L−1 benzimidazole, which is greater than the concentration used in this paper, the maxi-
mum efficiency was 51%. This result shows that the benzimidazole effectively acted as an inhibitor for both the 
steel and the AISI 316 and AISI 1010 steels in corrosive environment studied. Tang et al. [42] used benzimida-
zole derivatives, such as 2-aminomethyl benzimidazole, as corrosion inhibitors for mild carbon steel in acid me-
dium and showed a maximum corrosion inhibition efficiency of 74% at the highest concentration studied (0.002 
mol∙L−1). Because the molecular structure of this inhibitor provides more adsorption sites compared with ben-
zimidazole and is a molecule of greater steric body that can better cover the surface of the steel, it should be 
noted that benzimidazole showed a maximum inhibition efficiency of 71.4% for AISI 316 steel, which is very 
close to the maximum obtained by Tang et al. [42]. As observed in this study, benzimidazole showed a better 
inhibition for AISI 316 steel, and this behaviour was observed in almost all of the inhibitor concentrations stud-
ied. 

According to the literature, benzimidazole derivatives protect the steel surface by adsorption to form an in-
soluble complex with Fe (II) and the segments of these derivatives that are longer than benzimidazole increase 
the molecule inhibition efficiency [42]. The adsorption mechanism is due to the lone pair electrons and the π 
 

  
Figure 6. Tafel plots of steel in the middle of chloride ion solution at 3.0 wt% 24˚C ± 1.0˚C at different concentrations of 
benzimidazole. (a) AISI 316 stainless steel and (b) AISI 1010 carbon steel.                                             
 
Table 2. Results obtained from Tafel plots for AISI 316 stainless steel and AISI 1010 carbon steel immersed in 3.0 wt% 
chloride ion solution at 24˚C ± 1.0˚C in the presence of different concentrations of benzimidazole (from 0 ppm to 1000 
ppm).                                                                                                  

Benzimidazole 
AISI 316 AISI 1010 

Ecorr (mV) Rp (kΩ∙cm2) n (%) Ecorr (mV) Rp (Ω∙cm2) n (%) 

0 ppm −262 2.55 − −722 87.14 − 

25 ppm −243 4.28 40.42 −591 89.29 2.41 

50 ppm −231 3.78 32.54 −700 142.90 39.02 

100 ppm −174 8.93 71.44 −582 178.60 51.21 

500 ppm −173 7.15 64.34 −480 110.50 21.14 

1000 ppm −165 5.53 53.89 −650 94.58 7.87 
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electrons of the aromatic ring that are present in the inhibitor molecule and occupy the empty d orbitals of Fe 
atoms, forming a protective film on the steel surface [43] [44]. It is also possible that inhibitor packaging prod-
ucts of corrosion may hinder the diffusion of aggressive species to the steel surface [42]. Such phenomena may 
have been responsible for the results of corrosion inhibition by benzimidazole. However, the lower inhibition ef-
ficiency obtained for AISI 1010 steel compared with AISI 316 steel suggests that the benzimidazole may have 
failed to adsorb to the surface of this steel, which indicates a less effective and/or weaker adsorption onto the 
surface. Another suggestion may be the resulting geometry of the packing of inhibitor molecules, which leaves 
portions of the surface exposed to the corrosive environment. Additionally, the smaller steric body of this mole-
cule may not have protected the entire surface. For example, in studies conducted by Khaled and Amin [43] us-
ing the thiazole derivative 2-Amino-4-(p-tolyl) thiazole, which has a larger steric body than benzimidazole, the 
maximum inhibition efficiency was 95.2% for carbon steel. 

3.6. Electrochemical Study of Steels with Imidazole Inhibitor 
Figure 7 shows the Tafel plots of AISI 316 and AISI 1010 steels obtained from the solution of 3.0 wt% chloride 
ions in the presence of imidazole inhibitor at different concentrations (from 25 ppm to 1000 ppm). The Tafel 
plots show that there is a decrease in the current density in the presence of imidazole inhibitor. Moreover, there 
was a change of corrosion potential (Ecorr) to more anodic values. 

The obtained parameters and the corrosion inhibition efficiency (n) of imidazole are shown in Table 3. For 
both steels, the inhibitor concentration that showed the best inhibition efficiency was 50 ppm, with an efficiency 
of ~96%, and Rp = 63.18 kΩ∙cm2 for the AISI 316 stainless steel and an efficiency of ~73% and Rp = 325.10 
Ω∙cm2 for the AISI 1010 carbon steel. 
 

 
Figure 7. Tafel plots of steel in 3.0 wt% chloride ion solution at 24˚C ± 1.0˚C with different concentrations of imidazole. (a) 
AISI 316 stainless steel and (b) AISI 1010 carbon steel.                                                          
 
Table 3. Results obtained from Tafel plots for AISI 316 and AISI 1010 steels immersed in 3.0 wt% chloride ion solution at 
24˚C ± 1.0˚C in the presence of different concentrations of imidazole (from 0 ppm to 1000 ppm).                             

Imidazole 
AISI 316 AISI 1010 

Ecorr (mV) Rp (kΩ∙cm2) n (%) Ecorr (mV) Rp (Ω∙cm2) n (%) 

0 ppm −262 2.55 − −722 87.14 − 

25 ppm −160 15.96 84.02 −643 187.20 53.45 

50 ppm −138 63.18 95.96 −709 325.10 73.20 

100 ppm −150 13.60 81.25 −696 176.70 50.68 

500 ppm −164 18.92 86.52 −666 101.00 13.72 

1000 ppm −183 3.02 15.56 −696 113.40 23.16 
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Zhang et al. [31], using imidazole as a corrosion inhibitor for iron in acidic medium, achieved a maximum ef-
ficiency of 79.6% at a concentration of 0.1 mol∙L−1 inhibitor, which was higher than the concentration used in 
this study here. Another study by He et al. [45] that used imidazole to inhibit corrosion in aluminium found a 
maximum efficiency of 79.4% at an imidazole concentration of 0.014 mol∙L−1. These results indicate that the 
imidazole proved effective in inhibiting corrosion for the two steels studied in this work and that higher inhibi-
tion efficiencies were obtained for AISI 316 stainless steel compared with AISI 1010 carbon steel at almost all 
of the inhibitor concentrations studied. 

The results showed that imidazole showed better corrosion inhibition efficiency than did benzimidazole. The 
imidazole molecule has a planar aromatic ring containing two N heteroatoms. According to Mendes et al. [36], 
this molecule can be adsorbed by the imidazole ring, parallel to the surface of the metallic material, which may 
be one reason for the better efficiency of inhibition. Thus, it is suggested the imidazole molecules covered more 
of the metal surface due to a better compression between them, thus resulting in higher corrosion inhibition effi-
ciency. 

4. Conclusions 
The analysis performed using XRD showed that the different phases are present in the steels and affect corrosion 
resistance. The SEM and EDX techniques make it possible to identify and determine the composition of the re-
gions that are more susceptible to corrosion, such as inclusions in the steels. These techniques also allow for the 
further characterisation of the type of corrosion suffered by each steel. 

Electrochemical studies have shown that at any inhibitor concentration (25 ppm to 1000 ppm), there was an 
increase of the polarisation resistance of both steels, indicating that there was an increase in corrosion resistance. 

The best corrosion inhibition result for AISI 316 steel and AISI 1010 steel using benzimidazole was obtained 
at an inhibitor concentration of 100 ppm, and the inhibition efficiency values were ~71% and ~51%, respec-
tively. When imidazole was used as the inhibitor, the best corrosion inhibition was obtained for both steels using 
imidazole at an inhibitor concentration of 50 ppm, with inhibition efficiency values of ~96% and ~73%, respec-
tively. 
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