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Abstract 

To improve the corrosion resistance of mild steel, in this work, bi-layers of BTSE (bis-
(triethoxysilyl) ethane) and Ppy coatings have been deposited via adsorption and 
electrodeposition, respectively. The anticorrosive properties of these bi-layers have been 
evaluated in an aggressive medium like 3% NaCl, and compared with the layers of 
BTSE and Ppy in a separate way. In spite of the aggressive solution, it was evaluated a 
poor behaviour of both Ppy and BTSE coatings using potential measurements, EIS and 
SEM techniques. A better behaviour was expected because the preparation of the bi-
layers Ppy/BTSE and BTSE/Ppy showed a protective behaviour using SEM and salt 
spray tests. However, EIS results predicted an evolution of these coatings for long 
immersion times being evident the oxidation of the steel. 
 
Keywords: bi-layers, corrosion, impedance, organosilane, polypyrrole. 

 

 

Introduction 

Steel is a common industrial material and its study against corrosion is a topic of 
research in continuous development. One of the most common methodologies to 
prevent corrosion is the application of organic compounds, including paints. 
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These paints protect the metal for long periods of time, in many cases containing 
inhibitors in their composition, which makes an increase in durability. The 
biggest drawback is the permeability, which causes delamination of the paints 
and lose all their corrosion resistance. To avoid this kind of damage, a type of 
compounds started to be used; among them, organosilanes, which allow the 
anchorage between the organic compound used as a protector, and the substrate.  
Recent publications have showed that the conversion coatings formed by silane 
coupling agents are comparable to (or better than) the chrome conversion 
coatings, and can provide excellent seats for paint adhesion [1-3]. 
In general, silanes such as the bis-(triethoxysilyl) ethane (BTSE) have a very 
limited stability in water because of hydrolysis and condensation. Therefore, a 
high amount of organic solvents is needed in the preparation of solutions of 
multifunctional silanes. The stability, hydrolysis, and condensation kinetics of a 
typical bis-silane BTSE in water-ethanol-silane solution have been investigated 
by Pu et al. [4] with excellent results at pH 4.5. Some authors report that the 
BTSE film is more rigid and has lower diffusion rates for water and ions than 
other organosilanes [5].  
Alternative compounds of the paintings that have an additional property for 
control and decrease the corrosion rate, are the conducting polymers. These 
materials have been used in many fields, due to their extraordinary properties. 
One of them is the ability to act as a regenerative passive film due to its redox 
properties. The polypyrrole (Ppy) is one of the most commonly used conducting 
polymers, due to its easy preparation, stability and other properties. The 
electrodeposition of Ppy or any other conducting polymer is relatively simple on 
inert metals (Pt, Au, GC, etc.); on non-inert metals, such as Cu, Ti, Fe, etc. [6], it 
is needed for electrodeposition that the substrate does not dissolve 
simultaneously during the electropolymerization process. Thus, it is very 
important to select the anions which promote passivation of the metal surface in 
contact with the electrolyte. 
In this paper we have addressed the preparation of polypyrrole layers on carbon 
steel using two types of electrolyte: nitric acid, with a high oxidizing power, and 
oxalic acid, that produces a protective passive film of iron oxalate [7]. In the 
same way, we have studied the organosilane adsorption of BTSE. The 
anticorrosive properties of both layers are evaluated immersed in 3% NaCl using 
electrochemical techniques. To increase the stability of the coatings, bi-layers of 
Ppy/BTSE and BTSE/Ppy on carbon steel have been obtained, and their 
morphological characterization and anticorrosive properties have been studied. 
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Experimental 
The working electrode was a carbon steel specimen with composition: 97.4% Fe, 
1% C, 0.90% Mn, 0.5% Si, 0.10% P and 0.10% S, which was polished with 
emery paper, washed with distilled water and degreased with acetone before 
used. Its electrode area was approximately 2 cm2. The electrochemical 
measurements were performed using a PAR VerSat potentiostat or an AutoPG 
UAM potentiostat. The carbon steel electrodes previously modified were 
immersed in a 3% NaCl. 
 
Preparation of organosilane layer (steel / BTSE)  
The organosilane used was the BTSE, Bis 1,2 (triethoxysilyl) ethane, pure liquid 
Aldrich products. Silane should be hydrolysed before its application in order to 
form enough Si-OH groups in the presence of water and methanol, using 86 mL 
of methanol, 6.6 mL of water, 6.6 mL of BTSE and 0.66 mL of acetic acid (pH ≈ 
4.5), and stirred for 24 hours [8]. Organosilane hydrolysis depends on the 
concentration, pH of the medium, temperature and aging itself [9]. The 
temperature was held constant at 25° C and the solution was prepared each time 
it was used. For the adsorption of the organosilane the substrates were immersed 
for 1h and thermally treated for 30 min at 80 ºC. This treatment was necessary to 
achieve the condensation of the hydrolyzed organosilane on the surface and its 
adhesion with the formation of M-O-Si bonds. 
 
Preparation of polypyrrole layer (steel / Ppy)  
The counter electrode for the electrodeposition of pyrrole was the proper cell of 
stainless steel and an Ag/AgCl (3M) was used as reference electrode. Pyrrole 
(Aldrich) was distilled and then stored in a refrigerator. Nitric and oxalic acids 
were used as supporting electrolyte in concentrations 0.1 and 0.3 M, respectively. 
The Ppy was electrodeposited using cyclic voltammetry technique by applying a 
potential scan from 0 to 1.4 V at a scan rate of 100 and 10 mVs-1 in nitric and 
oxalic acids, respectively. The pyrrole concentration was maintained in all cases 
to 0.5 M.  
 
Preparation of bi-layers steel/silane/Ppy and steel/Ppy/silane  
The preparation of these bi-layers is carried out following the procedure 
described below. For steel/silane/Ppy, the organosilane layers are previously 
formed by immersion in the organosilane solution and this substrate was used as 
working electrode for the electrodeposition of polypyrrole in 0.1 and 0.3 M of 
nitric and oxalic acids, respectively, using three scans. In the case of bi-layers 
polypyrrole was electrodeposited on the mild steel substrate using cyclic 
voltammetry and the organosilane was adsorbed on the top of it.  
 
Morphological characterization of deposits  

The morphology of the deposits was examined with a scanning electron 
microscope Phillips XL30EDAX PV 9900. 
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Anticorrosive studies  
Linear polarization curves and Electrochemical Impedance Spectroscopy 
techniques were used for studying the anticorrosive properties of the steel 
modified by different bi-layers immersed in NaCl solution. Polarization curves 
were recorded separately in the positive and negative direction by scanning the 
potential from open circuit potential at 2 mVs-1. The EIS measurements were 
obtained using a sinusoidal signal of 10 mV amplitude with respect to the open 
circuit potential from 10000 Hz to 0.01 Hz. Besides accelerated corrosion studies 
were conducted using a salt spray chamber.  
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Figure 1. a) Cyclic voltammograms obtained during the deposition of Ppy films on 
carbon steel electrode in 0.1 M nitric acid and 0.5 M pyrrol, scan rate: 100 mVs-1; b) 
SEM image recorded after the formation of Ppy. 
 

 
Results and discussion 

Ppy films electrodeposition 
Fig. 1a and 2a show the typical voltammograms obtained during the formation of 
polypyrrole (Ppy) films on carbon steel in nitric and oxalic acid solutions, 
respectively. Fig. 1a shows higher current compared with Fig. 2a during the 
electropolymerization process. The mechanism of polypyrrol growth in nitric 
acid medium occurs through the oxidation of the surface. The oxidation produces 
small pits that serve as nucleation points [10,11], both processes generating an 
increase in current higher than in the case of oxalic acid as electrolyte. The 
voltammogram in Fig. 2a is quite different; it shows a broad oxidation peak due 
to the oxidation of the carbon steel to Fe2+ and the polymerization of pyrrol. The 
Fe2+ forms a passive layer with the oxalate in solution given iron oxalate [13]. In 
the reverse scan a second oxidation peak appears; it is due to the oxidation of the 
metal that has not been covered by polypyrrol. Successive scans show a decrease 
of these peaks due to the polypyrrole coating. The lower current in this medium 
indicates that once the passive layer is formed, the current in the voltammogram 
only corresponds to the oxidation of pyrrol in solution. The thickness of 
polypyrrol electrodeposited in both medium is very similar (~ 2µm). The number 
of cycles to obtain this thickness in nitric acid solutions is higher than in oxalic 
acid solution. This difference is explained by the different electropolymerization 
mechanism. In the SEM images it is evident the porous nature and the globular 
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morphology of the Ppy formed on the carbon steel in nitric acid solution (Fig. 
1b); meanwhile, in oxalic acid (Fig. 2b) the globular size of the polymer is 
smaller and has some aglomerations. 
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Figure 2. a) Cyclic voltammograms obtained during the deposition of Ppy films on 
carbon steel electrode in 0.3 M oxalic acid and 0.5 M pyrrol, scan rate: 10 mVs-1; b) 
SEM image recorded after the formation of Ppy. 
 
 
The open circuit potential against time for Ppy films formed in both electrolytes 
(nitric and oxalic acid) and the carbon steel immersed in the NaCl solution are 
shown in Fig. 3.  The Ecorr show an exponential decayment within the first hour; 
it is due to conformational rearrangements induced by Cl- ion penetration and 
polymer reduction, the latter associated with  the regeneration of the Fe oxide 
layer at the coating/metal interface. The observation suggests that the Ppy film 
does not behave as a simple barrier against aggressive species, but reflects anodic 
protection. Ppy corrosion is typically associated to the so-called “ennobling” 
mechanism [14-16], where the polymer provides anodic galvanic protection by 
keeping the metal passive at small defects or acting as an oxidized, thus 
improving the oxide layer at the metal/Ppy interface.  
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Figure 3. Variation of the open circuit potential for the Ppy films formed in nitric and 
oxalic acids vs. time. Steel  ■, Steel/Ppy ox  ▲ and Steel/Ppy HNO3  ● 
 
In both cases the behaviour is very similar; the anodic activity produces a rapid 
current decrease, and then stabilization of the current before breakdown of the 



A.L. Correa-Borroel et al. / Port. Electrochim. Acta 28 (2010) 113-123 
 

 118 

film occurs. In the case of the film prepared using nitric acid the breakdown 
occurs later. 
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Figure 4. Variation of the open circuit potential for the carbon steel and a BTSE film on 
carbon steel vs. time. 
 
BTSE films formed on carbon steel 
A visual inspection of the BTSE fims formed by immersion on carbon steel 
appeared not uniform, indicating poor wetting of the metal surface by MeSi 
hydrolyzed solution. To evaluate the stability of the different coatings, the 
variations of the open circuit potential of the modified steel inmersed in NaCl 
solutions has been done. It is observed a shift in the potential towards more 
negative values, varying from -550 to -650 mV, being very similar to those 
evaluated for the bare steel immersed in the same solution (see Fig. 4). This fact 
could indicate that the coatings of BTSE are poor  against the oxidation of the 
steel exposed to an aggressive solution. This is supported by the linear 
polarization curves (not shown), where it is observed a similar electrochemical 
response and slightly variations in the current magnitudes, in comparison with 
those evaluated for the carbon steel, which is attributed to poorer adhesion of the 
coating on the surface that leads to inefficient bonding of silane. 
 

 
Figure 5. A SEM image obtained for the bi-layer BTSE/Ppy formed on carbon steel in 
0.1 M nitric acid and 0.5 M pyrrol solution. 
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Bilayers BTSE/Ppy and Ppy/BTSE formed on carbon steel 
Fig. 5 shows an image of the steel/BTSE/Ppy,  where it is evident the presence of 
an internal BTSE film, aproximatly 10 µm in thickness, and the globular 
morphology of Ppy.  
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Figure 6. Variation of the open circuit potential for the bi-layers of Ppy and BTSE films 
vs. time. Steel  ■, Steel/BTSE/PPyHNO3 ●, Steel/BTSE/PPyOX   ▲,   Steel/PPyHNO3 /  BTSE    

* ,  Steel/PPyOX/BTSE  ◊.  
 
In Fig. 6, it is displayed the variation of the open circuit potential for the different 
bi-layers formed on the carbon steel surface trough the immersion time in NaCl 
medium. In this plot the potentials recorded for the bi-layers are very similar to 
those reported for the bare steel in the same solution. The bi-layers that have Ppy 
on the top seem to have best behaviour against corrosion. These variations could 
be related with the anticorrosive properties of the coatings. The linear 
polarization curves (no shown) obtained for the different bi-layers showed a 
similar behavior as well as a noticeable decrease of 4 times of magnitude in the 
current values.  
 

 
 

Figure 7. SEM images obtained after the exposition of the steel in the salt fog cabinet. 
a) bare steel, b) steel/PpyOX, c) steel/PpyOX/BTSE and d) steel/BTSE/PpyOX. 
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Table 1. Porosity values of different substrates before and after a salt fog chamber. 
  

Sample % P % P After Salt Fog Chamber 

Bare Steel 1.00E+00 1.00E+00 

Steel/Ppy 9.68E-04 2.39E-03 

Steel/BTSE/Ppy 1.18E-07 8.69E-05 

Steel/Ppy/BTSE 
3.65E-04 7.40E-03 

 
As a first attempt to support the anticorrosive properties of the Ppy, BTSE and 
bi-layers, they were introduced in a salt fog cabinet during 7 days. After the 
exposure of the coupons, they were characterized by SEM and the micrographs 
are shown in Fig. 7. The most important damage of the steel is observed on the 
bare steel, being evident a non uniform damage (Fig. 7a) as a consequence of the 
aggressiveness of the solution. However, in presence of the BTSE and 
Ppy/BTSE, the oxidation of the steel decreases, being evident the formation of a 
roughness and porous steel surface (Fig. 7b); meanwhile, in Fig. 7c and 7d the 
SEM images for the bi-layers BTSE/Ppy and Ppy/BTSE, suggested a better 
barrier behavior of the coating in the oxidation of the steel. This fact could be 
associated with the passage of aggressive ions through the coatings, i.e., oxygen, 
H2O, and Cl-. Table 1 shows the porosity values of the coatings before and after 
they are introduced in the spray salt chamber [17] . The porosity is lower when 
the bi-layers are deposited on the carbon steel than polypyrrole coating. The 
smaller value is obtained for the bi-layer BTSE/Ppy (1.18x10-7) and this value 
increases in two orders of magnitude after the corrosive treatment (8.69x10-5). 
This behaviour confirms the best anticorrosive properties of the bi-layers with the 
Ppy on top. 
 

EIS characterization of Ppy and BTSE films formed on carbon steel 
To discuss the oxidation process of mild steel with and without coatings a 
simulation of the impedance diagrams obtained experimentally has been done 
using the equivalent circuit shown in Fig. 8. This circuit considers three time 
constants: Rs = solution resistance, Qc and Rc = capacitance and resistance due to 
the coating, Qdl and Rct = capacitance of the double layer and resistance to the 
charger transfer, Qd and Rd = impedance response to the diffusion of oxygen. 
 

 
 

Figure 8. Equivalent circuit used for fitting the EIS diagrams shown in figures 9 and 10.  
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In Fig. 9, it is shown the Nyquist diagrams for the carbon steel in presence of Ppy 
formed in nitric and oxalic acids, BTSE as well as the bare steel through the 
immersion in 3% NaCl solution. In these diagrams it is evident the modification 
of the complex plots through the time. Most of them exhibit the maxima values 
for shorter immersion times, suggesting an evolution in the coverage extent of 
the coatings. It is important to note that the smallest impedance values are 
observed for the bare steel and in presence of Ppy formed in nitric and oxalic 
acids, indicating an increase in the active oxidation of the steel. This means that 
the protection properties of these layers are very poor, fact already evidenced by 
the SEM images shown in Fig. 7. In spite of this active behavior of the steel, it 
can be seen in the Nyquist plots that in the presence of BTSE, impedance values 
at least in one order of magnitude are observed. Based on these results, it seems 
that the damage of the coating and the oxidation of the steel are very active for 
longer immersion times. This fact is due to the aggressiveness of the solution, as 
well as to the immersion time, in comparison with the results evaluated using the 
fog cabinet for 7 days. 
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Figure 9. Typical EIS diagrams obtained at different immersion times of the steel in 3% 
NaCl. a) bare steel, b) steel/PpyHNO3, c) Steel/PpyH2C2O4  and d) steel/BTSE. 
 

EIS characterization of bi-layers Ppy - BTSE films formed on carbon steel 
Fig. 10 presents the EIS diagrams obtained in presence of bi-layers Ppy/BTSE 
and BTSE/Ppy through the immersion in the corrosive solution. In these 
diagrams a similar behavior to those evaluated for the same coatings in a separate 
way is evident. Firstly it is observed that the spectra recorded at 1d show the 
maxima impedance values; meanwhile, for longer times they decrease. As 
already mentioned, this behavior is related to modifications in the barrier 
properties of the bi-layers. It is interesting to note that the active condition is very 
similar for the different coatings, still in the case of BTSE/Ppy. It seems that the 
protective behavior of both Ppy and BTSE is dependent on the immersion time. 
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These results mean that the assembly BTSE/Ppy and Ppy/BTSE is very poor 
against the corrosion of the steel. Probably these problems could be related to the 
oxidation of the steel during the Ppy formation, because it has been reported a 
beneficial behavior when they are formed on aluminum [18]. Table 2 shows the 
parameters obtained from the EIS diagrams. The values of Rs for all coatings are 
very similar (same order of magnitude); only the carbon steel shows a lower 
value (9.5 Ω). The values of Qc are not very high; this is probably due to 
modifications in the coating with the immersion time. The low values 
corresponding to the coating resistance suggest their detachment. The double 
layer capacitance increases in the carbon steel, due to the generation of a passive 
layer that decreases the active area. The resistances of the charge transfer have 
values corresponding to materials with high porosity. The porosity of these 
coatings allow the ions to reach the surface and promote the oxidation of the mild 
steel. The resistance to the oxygen diffusion is very low, suggesting the 
formation of an oxide layer for all cases.  
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Figure 10. Typical EIS diagrams obtained at different immersion times of the steel in 
3% NaCl. a) Steel/Ppy HNO3/BTSE, b) steel/PpyOX/BTSE, c) steel/BTSE/PpyHNO3 and d) 
steel/BTSE/PpyOX. 
 

Table 2. Values of the parameters involved in the simulation of Figs. 9 and 10. The 
parameters have been calculated using the Boukamp program. 
   

  Time Rs QC Rc Qdl Rtc Rd 

  [days] (Ω) (µF) (Ω) (µF) (Ω) (Ω) 
                
Steel 21 9.5 867.1 8.2 39591.3 42.8 20.2 

Steel /PpyHNO3 21 12.9 24.8 0.93 1106.7 5.8 86.8 

Steel/PpyHNO3/BTSE 21 18 2.2 2.4 114.9 14.9 43.6 

Steel /Ppyox 21 15.2 4.3 0.5 227.1 4 162.9 
Steel /Ppyox/BTSE 21 21 3.3 2.02 2778.4 27.7 45 

Steel/BTSE/PpyHNO3 15 12.5 150.8 0.5 15804.2 16.5 139.4 

Steel /BTSE/Ppyox 15 18.9 106.4 1.5 17801.3 13.1 50 
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Conclusions 

The study of the corrosion of BTSE and polypyrrole coatings on mild steel has 
demonstrated very limited protection. The formation of bi-layers BTSE/Ppy and 
Ppy/BTSE produces a decrease in the corrosion rate. The OCP potential is more 
stable in BTSE/Ppy layers. The value is stabilized at -550 mV, 100 mV more 
positive than the OCP in mild steel. These bi-layers have been used in a corrosive 
medium as a salt spray chamber, showing a good behavior against corrosion 
pitting. In spite of the bi-layer BTSE/Ppy has the best properties, adherence and 
low porosity (8.69 x 10-5),  it could be used as a prospective coating of mild steel; 
however, using EIS technique showed a fair protection of these coatings when 
they are exposed to a very aggressive medium as 3% of NaCl for a long period of 
time. 
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