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Abstract 

Mild steel corrosion behaviour in a 0.5 M hydrochloric acid aqueous medium has been 
studied using potentiodynamic polarization measurements and Monte Carlo calculations, 
in the presence and absence of (7-Amino-8-methylphenoxazin-3-ylidene)-diethylazanium 
dichlorozinc dichloride [known as Brilliant Cresyl Blue (BCB) - dye]. Potentiodynamic 
measurements indicate that this compound acts as a slightly anodic inhibitor. Monte 
Carlo simulation was used to understand the studied molecules adsorption ability onto a  
Fe(1 1 0) surface, at the molecular level. The experimental results and theoretical 
calculations provided important support for the understanding of the corrosion inhibition 
mechanism adopted by this molecule. 
 
Keywords: mild steel, inhibitor, polarization resistance, corrosion density and Monte 
Carlo simulation. 

 

 

Introduction 

Mild steel is a widely used construction material in numerous different industries. 
This is mainly due to its exceptional mechanical properties and minor costs, 
compared to other materials [1]. However, mild steel, due to its oxidation 
potential, is predisposed to corrosion in an aqueous medium; therefore, its surface 
must be protected [2]. Iron and mild steel protection can be achieved either by 
using classic inhibitors [1,3,6] or chemical or electrochemical surface modification 
methods, such as SAM's (Self-Assembled Monolayers) composed of  silanes [7], 
phosphonic acids [8] or electrochemical reduced aryldiazonium salts [9,–12]. In 
general, most inhibitors are organic molecules containing heteroatoms such as 
nitrogen, oxygen, phosphorous, sulfur, etc. It has been well established that these 
molecules performance towards the corrosion protection decreases following the 
order: O > N > S > P [4, 6]. 
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As (7-Amino-8-methylphenoxazin-3-ylidene)-diethylazanium dichlorozinc 
dichloride chemical structure possesses several adsorption sites (a phenoxazin ring 
rich in electrons, O, N atoms, etc.), it is an interesting molecule for testing its 
corrosion inhibition properties towards mild steel [13]. Density functional theory 
has been developed to a convenient method, to decrypt experimental results and to 
associate them with the structural parameters of the studied molecular systems, 
thereby giving an ideal opportunity to understand the corrosion process at the 
molecular level [14, 15].  This method made it possible to correctly predict the 
inhibition efficiency of organic corrosion inhibitors, based on their electronic and 
molecular properties.  In this study, Brilliant Cresyl Blue (BCB) was used as 
corrosion inhibitor for mild steel in a hydrochloric acid solution (c= 0.5 M). The 
adsorption mechanism was studied using Monte Carlo calculations [16, 17]. 
 

Experimental 

For the electrochemical measurements, the electrode was prepared by embedding a 
mild steel wire (d = 1 mm, l = 15 mm) inside a Teflon® (d = 1 cm, l = 8 cm) tube 
using an epoxy resin. Before the use, the electrode surface was polished using 
silicon carbide abrasive paper; then, it was placed on a (DP-Nap) cloth with an 
aluminum oxide (0.3 micron particle size) suspension, washed and sonicated in 
water. The chemical composition of the electrode was as follows: Fe 99.54%, C 
0.12%, P 0.03%, Mn 0.18%, silicon 0.05%, Cr 0.01%, S 0.02%, Mo 0.01% and Ni 
0.001%. 
 

Electrochemical measurements  

A PalmSens potentiostat was used in combination with a three-electrode cell, at 
298K. A graphite rod (d = 5 mm, l = 8 cm) served as an auxiliary electrode, and 
the saturated calomel electrode (SCE) was the reference electrode. The 
potentiodynamic polarization curves were obtained starting from an electrode 
potential, cathodically and anodically, of at least 250 mV vs EOCP, with a sweep 
rate of 1 mVs−1. The measurements were conducted under atmospheric conditions.  
 

Monte Carlo calculations 

The molecular model for the  BCB was built using  Avogadro software [18]. 
Materials studio 7.0 was used to construct a  Fe(1 1 0) slab model. 
The iron surface with (1 1 0) orientation was based on Bravais-Friedel-Donnay-
Harker (BFDH) crystal morphologies calculation (Fig. 1A), as the most stable iron 
surface [19].   
The MC calculations of the interaction between BCB and the iron surface were 
carried out in the simulation box of Fe((1 1 0) – 29.789Å × 29.789Å × 6.409 Å 
(Fig. 1)), under periodic boundary conditions (PCB), with a 45Å vacuum layer 
along the C-axis.  
The corrosion medium effect on MC calculations was replicated by loading 150 
water molecules, 20 hydronium ions and 20 chloride ions (geometrically 
optimized using Universal forcefield) onto the simulation box, together with one 
or two BCB molecules (using the same optimization algorithm). Before 
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calculations, the charges for all optimized molecules were assigned using the 
Gasteiger method [20] (Fig. 2). 
 

 
Figure 1. A. BFDH results for iron unit cell and B. Dimensions of the Fe (1 1 0) slab 
model used for MC calculations. 
 

 
Figure 2. Optimized structures and Gasteiger atom charges assigned for the molecules 
used in the Monte Carlo calculations. 
 
The MC calculations were implemented using 10 cycles of simulated annealing, 
with 100000 steps for each process. The temperature of the annealing process was 
set automatically from 105 to 102 K, for each cycle. Possible adsorption 
configurations were obtained as the temperature was slowly decreased. 
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Results and discussion 

Fig. 3 presents cathodic and anodic polarization curves of a mild steel electrode 
immersed in a 0.5 M HCl aqueous solution, in BCB absence and presence, with 
different concentrations, at 298 K.  
The inhibition efficiency IE (%) was calculated using the following Equation (1): 
 

     (1) 

The electrochemical parameters, corrosion potential (Ecorr), Tafel slopes, 
polarization resistance and corrosion current density (icorr), were determined from 
the intersection of anodic and cathodic Tafel slopes. They are presented in Table 1. 
 

 
Figure 3. Mild steel electrode semilogarithmic polarization curves measured in an 
aqueous HCl solution (c = 0.5 M): in the absence and presence of 0.05 to 5 mM BCB. 
 
Based on Tafel plots in Figs 1, it is obvious that BCB molecules adsorption onto 
the mild steel surface strongly depressed the mild steel corrosion current in this 
aggressive medium, showing a high corrosion inhibition efficiency value of up to 
70.1 %.  
 
Table 1. Inhibition efficiency, corrosion rate, Tafel slopes and polarization resistance of 
mild steel electrode in a 0.5 M HCl aqueous solution without and with BCB inhibitor, 
with different concentrations. 

Corrosion 

media 

Βa 

 (V/dec) 

βc  

(V/dec) 

Ecorr 

(V) 

Polarization 

resistance  

(Ω) 

Corrosion 

rate 

(mm/year) 

IE 

% 

HCl 0.099 0.084 -0.447 926.76 2.764 0.00 
+ 0.025 mM 0.088 0.081 -0.431 939.84 2.594 6.13 
+ 0.050 mM 0.087 0.073 -0.428 1409.7 1.582 42.77 
+ 0.075 mM 0.080 0.080 -0.423 1441.4 1.556 43.72 
+ 0.5 mM BCB 0.093 0.089 -0.432 1653.3 1.543 44.18 
+ 1.25 mM 0.087 0.097 -0.426 2044.5 1.259 54.47 
+ 5 mM BCB 0.161 0.069 -0.411 3352.9 0.804 70.90 
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The polarization resistance (Rp) from Tafel extrapolation method was calculated 
through the use of the Stern–Geary Equation [21] Equation (2):    

   (2) 

Table 1 shows that, by increasing the inhibitor concentration, a larger polarization 
resistance was obtained, due to the inhibitor adsorption onto the metal surface, 
which efficiently passivated its active sites or created a physical barrier between 
the metal and the corrosive medium, enabling its corrosion protection [21, 22]. 
One can observe, during the anodic scan at the potential of about 200 mV more 
positive than corrosion potential, that the inhibitor adsorbed layer was removed.  
Cathodic and anodic Tafel slopes (bc, ba) values slightly changed when the BCB 
molecule was present in the solution. These differences imply that the inhibitor 
affects the hydrogen evolution reaction kinetics n [6]. This corresponds to a higher 
energy barrier for proton discharge, resulting in less gas evolution. The studied 
molecules slightly changed the corrosion potential towards less negative values, 
acting as an anodic inhibitor. The increase in the polarization resistance confirms 
the corrosion inhibition ability displayed by the BCB molecule.    
 

Monte Carlo results 

The most stable adsorption configurations of BCB molecules onto Fe (1 1 0), 
obtained by simulated annealing using the Adsorption Locator module, are 
presented in Fig. 4.  
 

 

Figure 4. Top and side views of the most stable energy adsorption configurations for: A. 
One BCB molecule; and B. Two BCB molecules, in the corrosion media presence (150 
water molecules, 20 hydronium ions, and 20 chloride ions) on the Fe (1 1 0) substrate 
attained by the adsorption locator module. 
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The BCB molecule adsorption, as shown in Fig. 4, is planar for one of the 
phenoxazin moieties, whereas the other moiety interacted only side-way with the 
surface. The planar adsorption was hindered by the tetrachloro zinc anion, due to 
its own tentative of surface adsorption. In the second case (when two BCB 
molecules were added to the iron slab), both phenoxazin moieties of the BCB 
molecules were side-way adsorbed onto the surface, and the aggregation of the 
second BCB molecule on the side of the other one was observed, revealing why 
there was only a minor difference in the adsorption energy, in the second case. 
Therefore, the BCB molecules ability to aggregate onto the metal surface explains 
the increased corrosion inhibition performance experimentally observed when 
BCB concentration was increased in the corrosion media.   
 

 
Figure 5. Adsorption energy distribution of the adsorbate: A. One BCB molecule and B. 
Two BCB molecules on Fe (110) surface, in the corrosion media (150 water molecules, 
20 hydronium ions, and 20 chloride ions) presence. 
 
The results of the adsorption energies during the Monte Carlo simulation are 
presented in Figs 5 A. and B.  In the case of one BCB molecule per slab, its 
adsorption energy was in the range from -132 to -195 kcal/mol, with the maximum 
energy distribution probability value of -169 kcal/mol, whereas, when using two 
BCB molecules, the adsorption energy is -134 to -206 kcal/mol, with the 
maximum energy distribution probability value of -174 kcal/mol. The calculation 
predicts a high adsorptive tendency for chloride ions, in agreement with other data, 
as observed in many corrosion studies [23]. 
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Inhibition mechanism 

According to the bibliographic data, the corrosion inhibition mechanism in acidic 
media is well established. It describes the inhibitor molecule adsorption onto the 
metals surface by one of the four types of adsorption: (1) electrostatic attraction 
between charged molecules and the charged metal; (2) interaction of unshared 
electron pairs in the molecule with the metal; (3) interaction of π-electrons with 
the metal; and (4) a combination of the above [25]. A prerequisite of the physical 
adsorption process in the acidic medium is the presence of both a metal surface 
(with vacant low-energy electron orbitals) and charged species in the solution (a 
molecule having reasonably loosely bound electrons or heteroatoms with a lone 
pair of electrons). 
The adsorbed BCB molecule may create a stronger interaction by coordinate 
covalent bond formation between electron pairs of N atoms of aromatic rings and 
the metal surface. An additional contribution to the adsorption ability is endorsed 
by the charged oxygen atoms of the phenoxazin moieties. These interactions lead 
to the formation of a protective film (with the interaction energy of -174 kcal/) on 
the mild steel surface, which reduces the corrosion rate, in accordance with the 
experimental results [25]. This formed organic film acts as a physical barrier, and 
prevents corroding species from reaching the metallic surface [16]. 
 

 

Conclusion 

BCB inhibition efficiency has been explored experimentally and through the use 
of Monte Carlo calculations. Potentiodynamic measurements showed a meaningful 
decrease in the corrosion current, in the BCB molecules presence, and evinced a 
strong inhibition behavior of these moieties towards mild steel corrosion. The MC 
calculations allowed us to understand the fundamental reasons for this reduced 
corrosion rates. Experimental results show that the inhibition efficiency is 
dependent on the BCB concentration in the corroding media, reaching its 
maximum value at 70%. The MC calculations revealed that a high inhibitor 
concentration (BCB molecule) did not significantly change its adsorption energy, 
but led to a possible aggregation of the molecules.  
 

 

Conflict of interest statement 

The authors declare that the research was conducted in the absence of any 
commercial or financial relationships that could be construed as a potential 
conflict of interest. 
 

Acknowledgments 

The authors gratefully acknowledge the support from the Ministry of Education, 
Science and Technology of Kosovo (Nr.2-5069), for providing them with the 
computing resources. 
 



A. Berisha et al. / Portugaliae Electrochimica Acta 39 (2021) 393-401 

 
 

 

 
 

400

References 

1. Su XL, Lai C, Peng L, et al. A Dialkyldithiophosphate Derivative as Mild 
Steel Corrosion Inhibitor in Sulfuric Acid Solution. Int J Electrochem Sci. 
2016;11:4828-4839. https://doi.org/10.20964/2016.06.45 

2. Migahed M, Azzam E, Al-Sabagh A. Corrosion inhibition of mild steel in 1 M 
sulfuric acid solution using anionic surfactant. Mater Chem Phys. 
2004;85:273-279. https://doi.org/10.1016/j.matchemphys.2003.12.027 

3. Fouda AS,  Ellithy AS. Inhibition effect of 4-phenylthiazole derivatives on 
corrosion of 304L stainless steel in HCl solution. Corros Sci. 2009;51:868-
875. https://doi.org/10.1016/j.corsci.2009.01.011 

4. Obi-Egbedi NO, Obot IB, El-Khaiary MI. Quantum chemical investigation 
and statistical analysis of the relationship between corrosion inhibition 
efficiency and molecular structure of xanthene and its derivatives on mild steel 
in sulphuric acid. J Mol Struct. 2011;1002:86-96. 
https://doi.org/10.1016/j.molstruc.2011.07.003 

5. Finšgar M, Jackson J. Application of corrosion inhibitors for steels in acidic 
media for the oil and gas industry: A review. Corros Sci. 2014;86:17-41. 
https://doi.org/10.1016/j.corsci.2014.04.044 

6. Berisha A, Podvorica FI, Mehmeti V, et al. Theoretical and experimental 
studies of the corrosion behavior of some thiazole derivatives toward mild 
steel in sulfuric acid media. Maced J Chem Chem. Eng. 2015;34: 287-294. 
http://dx.doi.org/10.20450/mjcce.2015.576 

7. Balan P, Shelton MJ, Ching DOL, et al. Modified Silane Films for Corrosion 
Protection of Mild Steel. Procedia Mater Sci. 2014;6:244-248. 
https://doi.org/10.1016/j.mspro.2014.07.030 

8. Kosian M, Smulders MMJ, Zuilhof H. Structure and Long-Term Stability of 
Alkylphosphonic Acid Monolayers on SS316L Stainless Steel. Langmuir. 
2016;32:1047-1057. https://doi.org/10.1021/acs.langmuir.5b04217 

9. Adenier A, Bernard MC, Chehimi M, et al. Covalent modification of iron 
surfaces by electrochemical reduction of aryldiazonium salts. J Am Chem Soc. 
2001;123:4541-4549. https://doi.org/10.1021/ja003276f 

10. Podvorica FI, Combellas C, Delamar M, et al. In: Passivation of Metals and 
Semiconductors, and Properties of Thin Oxide Layers. Amsterdam: Elsevier; 
2006. 

11. Berisha A, Combellas C, Kanoufi F, et al. Physisorption vs grafting of 
aryldiazonium salts onto iron: A corrosion study. Electrochim Acta. 
2011;56:10762-10766. https://doi.org/10.1016/j.electacta.2011.01.049 

12. Berisha A, Chehimi M, Pinson J, et al. Electroanalytical Chemistry. Boca 
Raton: CRC Press; 2015. 

13. Bentiss F, Lagrenee M, Traisnel M, et al. The corrosion inhibition of mild 
steel in acidic media by a new triazole derivative. Corros Sci. 1999;41:789-
803. https://doi.org/10.1016/S0010-938X(98)00153-X 

14. Geerlings P, De Proft F, Langenaeker W. Conceptual density functional 
theory. Chem Rev. 2003;103:1793-1874. https://doi.org/10.1021/cr990029p 

15. Obot IB, Macdonald DD, Gasem ZM. Density functional theory (DFT) as a 
powerful tool for designing new organic corrosion inhibitors. Part 1: An 



A. Berisha et al. / Portugaliae Electrochimica Acta 39 (2021) 393-401 

 
 

 

 
 

401

overview. Corros Sci. 2015;99:1-30. 
https://doi.org/10.1016/j.corsci.2015.01.037 

16. Mehmeti VV, Berisha AR. Corrosion Study of Mild Steel in Aqueous Sulfuric 
Acid Solution Using 4-Methyl-4H-1,2,4-Triazole-3-Thiol and 2-
Mercaptonicotinic Acid-An Experimental and Theoretical Study. Front Chem. 
2017;5:61. https://doi.org/10.3389/fchem.2017.00061 

17. Mehmeti V,  Podvorica FI. Experimental and Theoretical Studies on Corrosion 
Inhibition of Niobium and Tantalum Surfaces by Carboxylated Graphene 
Oxide. Materials. 2018;11:93. https://doi.org/10.3390/ma11060893 

18. Hanwell M, Curtis DE, Lonie DC, et al. Avogadro: an advanced semantic 
chemical editor, visualization, and analysis platform. J Cheminform. 
2012;4:17. https://doi.org/10.1186/1758-2946-4-17. 

19. Guo L, Qi C, Zheng X, et al. Toward understanding the adsorption mechanism 

of large size organic corrosion inhibitors on an Fe(110) surface using the 

DFTB method. RCS Adv. 2017;7:29042-29050. 

https://doi.org/10.1039/C7RA04120A 

20. Gasteiger J, Marsili M. New model for calculating atomic charges in 
molecules. Tetrahedron Lett. 1978;19:3181-3184. 
https://doi.org/10.1016/S0040-4039(01)94977-9 

21. Larabi L, Harek Y, Traisnel M, et al. Synergistic influence of poly(4-
vinylpyridine) and potassium iodide on inhibition of corrosion of mild steel in 
1M HCl. J Appl Electrochem. 2004;34:833-839. 
https://doi.org/10.1023/B:JACH.0000035609.09564.e6 

22. Fouda AS, Ellithy AS. Inhibition effect of 4-phenylthiazole derivatives on 
corrosion of 304L stainless steel in HCl solution. Corros Sci. 2009;51:868-
875. https://doi.org/10.1016/j.corsci.2009.01.011 

23. Dagdag O, Berisha A, Safi Z, et al. Designing of phosphorous based highly 
functional dendrimeric macromolecular resin as an effective coating material 
for carbon steel inNaCl: Computational and experimental studies. J Appl 
Polym Sci. 2021;138:e49673. https://doi.org/10.1002/app.49673 

24. Hsissou R, Benhiba F, Abbout S, et al. Trifunctional epoxy polymer as 
corrosion inhibition material for carbon steel in 1.0 M HCl: MD simulations, 
DFT and complexation computations. Inorg Chem Commun. 
2020;115:107858. https://doi.org/10.1016/j.inoche.2020.107858 

25. Bhajiwala HM, Vashi RT. Ethanolamine, diethanolamine and triethanolamine 
as corrosion inhibitors for zinc in binary acid mixture [HNO3+H3PO(4)]. Bull 
Electrochem. 2001;17:441-448. 

 
 


