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In this work, 2-picolinicacid, 2-hydroxypyridine and 2-aminopyridine were used as rust converters to 

pre-process a metal surface. The results showed that the rust layers of A3 steel treated by pyridine 

derivatives are more compact and homogeneous than the untreated rust layer. The corrosion rate of the 

mild steel treated by 2-hydroxypyridine is lower, and the impedance is the highest compared to those 

of the rust layers treated by 2-picolinicacid and 2-aminopyridine as well as the untreated one. The 

epoxy-polyvinylbutyral (EP-PVB) coating was directly painted onto an untreated rust layer and those 

treated by pyridine derivatives. The adhesion of EP-PVB coatings directly painted onto the treated rust 

layers is much higher than that directly painted onto the untreated surface. The coatings also provide 

corrosion resistance, demonstrating good performance after the coatings were immersed in 3.5% NaCl 

solution for 2 days or 30 days. 
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1. INTRODUCTION 

Corrosion of metal is a major hazard in diverse fields in industry [1,2].
 
Rust is the common 

corrosion product of mild steel. Depending on the environment, the components of rust mainly include 

Fe2O3, α-FeOOH, Fe3O, γ-FeOOH, Fe(OH)2, FeO and Fe(OH)3
 
[3]. In general, rust is porous; thus, it 

cannot shield the mild steel from a corrosion medium and can even accelerate the corrosion of the mild 

steel.  

http://www.electrochemsci.org/
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Applying a coating is an efficient approach to protect metal [4-8].
 
Generally, to provide long-

term coating protection, one should clean the rust before applying the coating. However, this treatment 

will increase the cost and cause environmental disruption. Rust converters are molecules that can be 

used to convert the rust on the mild steel surface into harmless and adherent compounds [9-11], 

forming an adequate substrate for directly painting the coating. At present, researchers are paying more 

attention to rust-tolerant coating [12-14],
 
although papers published in the literature focus on the 

application of surface treatment for a metal [15-19].
 
However, the mechanism of rust conversion 

remains unresolved [20-23],
 
and the reported results on the protection efficiency of the rust converters 

are highly controversial. Recently, it has been suggested that tannin [24] and phosphoric acid [3] or 

their mixture
 
[25] plays a prominent role in the anticorrosion treatment of rusted steel. Nevertheless, 

the properties of the coating painted onto the rusted steel surface with or without rust converter 

treatment were rarely investigated in these works.  

Ross [26] claimed that tannins can transform lepidocrocite into magnetite; however, the study 

of Rahim [27] suggested that the reaction product is ferric-tannates. According to S. Nasrazadain
 
[3], 

the rust converter (tannic acid, phosphoric acid, or their mixtures) cannot transform oxyhydroxides 

(α,γ-FeOOH) to more stable oxides (FeO, Fe2O3, Fe3O4) of iron; only ferric tannate or ferric phosphate 

is formed. In previous studies [28-29],
 
the reaction product of the rust converter with rust was reported 

to be ferrite. The mechanism has been thoroughly analysed. In this manuscript, the properties of the 

coatings on the surface with or without pyridine derivative treatment were surveyed. 

Rust inhibitors play an important role in anticorrosive coatings [30-33].
 
Because pyridine had 

been used as an inhibitor against mild steel corrosion [34-37],
 
the purpose of this manuscript is to 

evaluate 2-picolinicacid, 2-hydroxylpyridine, and 2-aminopyridine as rust converters for the direct 

painting of an epoxy-polyvinylbutyral (EP-PVB) coating onto rusted mild steel. The EP-PVB coating 

has the advantages of strong adhesion to the substrate and large crosslink density, which is widely used 

in the metal corrosion protection coating industry. 

In this manuscript, we first discussed the influence of the pyridine derivatives on the rust, and 

then, we investigated the effects of the three pyridine derivatives on the EP-PVB coating directly 

painted onto the treated rust layer, including the impedance and the adhesion onto the rusted steel 

surface. 

 

2. EXPERIMENTAL 

2.1 Materials 

Commercial A3 carbon steel was cut into specimens with a size of 120 mm × 60 mm × 10 mm. 

2-picolinicacid (97%), 2-hydroxylpyridine (97%), 2-aminopyridine (97%), ethyl alcohol and sodium 

chloride (NaCl) were purchased from Sigma-Aldrich (Shanghai) Trading Co., Ltd., without any further 

treatment before use. Dispersant (BYK-161) and anti-settling agent (BYK-410) were purchased from 

BYK Additives and Instruments. The defamer (Dow Corning1430) was provided by Dow Corning 

Industrial Corporation. The epoxy-polyvinylbutyral coating was prepared in our laboratory. First, 

epoxy resin and polyvinyl butyral were dissolved in a mixed solvent as the main film-forming 

material. The mixed solvent consists of ethanol, acetic ether and butyl alcohol. Next, dispersant, 
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defamer and anti-settling agent were added into that solution. Diethylenetriamine was used as the 

curing agent, and iron oxide red was used as the filler. 

 

2.2 Methods 

 After mechanical grinding with 400, 800, 1500 and grit SiC abrasive papers, the A3 steel 

specimens were washed by absolute ethanol and acetone and finally stored in a moisture-free 

desiccator before use. The 3.5% NaCl solution was prepared by dissolving the sodium chloride in bi-

distilled water. The three pyridine derivative solutions were prepared by dissolving 2-picolinicacid, 2-

hydroxylpyridine and 2-aminopyridine into bi-distilled water at identical concentrations of 50 g/L. At 

room temperature, the A3 steel specimens were sprayed with the 3.5% NaCl solution in a salt spray 

test chamber for 3 days. After pre-rusted specimens were prepared, 10 mL of pyridine derivatives 

solution was dropped onto the surface of the rust by using a dropper. Next, the rust A3 steel specimens 

treated by different rust converters were stored in a sealed box. Later, an EP-PVB coating was directly 

painted onto the A3 steel specimens with the original rust layer or with the pyridine derivative treated 

rust layer.  

 

2.3 Testing and characterization 

Scanning Electron Microscopy (SEM) and Energy Dispersive Spectrometer (EDS) studies were 

conducted by using a JSM-6480 scanning electron microscope with electron beam energy of 15 keV. 

Wide-angle X-ray diffraction (WAXD) measurement was performed by using an XRD-6000 

instrument (Shimadzu, Japan), with a Cu-Ka radiation source and scanning for X-ray diffraction signal 

over the 2 θ range of 10 º to 80 º at the scanning rate of 2 º min
-1

.  

A three-electrode cell, consisting of the specimen as the working electrode, a conventional 

saturated calomel electrode (SCE) as the reference electrode and a platinum electrode as the counter 

electrode, was used. All electrochemical measurements were conducted using a CorrTest CS2350 

instrument (Wu Han Corrtest Instruments Corp., Ltd., China), with 3.5% NaCl solution as the 

electrolyte. Before each electrochemical experiment, the working electrode was immersed in the 

corrosion cell for 30 mins to achieve the steady state condition. Polarization curves were measured 

from -1.3 to 1 V versus open circuit potential at a scanning rate of 0.5 mV/s. To survey the protective 

characteristics of the different coatings during measurement, part of the coating was pulled off, and 

then, the surface morphology of the specimens was inspected in detail. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Characterization of the rust layer 

Figure 1 shows the morphology, elemental analysis, and phase composition analysis results of 

the rust layer on the A3 steel specimen. From Figs. 1 A and B, we can find that the rust layer is porous 
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and loosely attached to the steel surface; as a result, the rust layer cannot protect the A3 specimen and 

may even induce more serious corrosion. Fig. 1 C and D revealed that the elements in the rust layer 

consist mainly of Na, Cl, Fe and O. XRD analysis (Fig. 1 D) showed that the main components of the 

rust layer on the A3 specimen are NaCl, α-FeOOH and γ-FeOOH. The existence of NaCl is caused by 

the spray process used to produce the rust layer. 

 

   
     

Figure 1. Morphology (A, B), elemental composition, (C) and phase composition (D) of the rust layer 

of the A3 steel specimens. 

 

3.2 Characterization of the rust layers treated by pyridine derivatives  

Morphology of the rust layer after being treated by the rust converter is the essential factor that 

determines the degree of protection of the coating painted on the rust layer [23].
 
To inspect the effects 

of the rust converter on the rust layer, we first compared the morphologies of untreated and the 

pyridine-derivative treated rust layers in Fig. 2. The treated rust layers, whether treated by 2-

picolinicacid (Fig. 2 A), 2-hydroxypyridine (Fig. 2 B) or 2-aminopyridine (Fig. 2 C), were found to 

become more compact than the rust layer without treatment. Moreover, the particle sizes of the rust 

layers decrease after they were treated by the rust converters. However, the surfaces of the rust layer 

treated by 2-picolinicacid and 2-hydroxypyridine are more compact and smooth than those treated by 

2-aminopyridine, despite the size of 2-aminopyridine treated rust particles being smaller and more 

uniform than the sizes of the other two treated rust layers. In previous work, the rust layers treated by 

phosphoric and tannic acids showed a more homogeneous appearance than the untreated rust layer 

[25,27,38].  
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The transformation mechanism of the rust layer induced by pyridine derivatives can be 

attributed to the fact that the N atoms and O atoms in the three pyridine derivative molecules have 

strong electronegativity [39];
 
in addition, the carboxyl [40-41],

 
hydroxyl [42] and amino [43] groups 

can be adsorbed onto the surface of the rust layer through the coordination between the N or O atoms 

and the ferric ion. Otherwise, the outermost layers of N and O atoms both contain an unpaired electron; 

however, the coordination ability of the O atom to Fe ions is stronger than that of the N atom because 

the outer electrons of the O atoms are not saturated, and it can provide a plurality of the lowest energy 

space track
 
[39]. Thus, one can deduce that the smoother rust surface treated by 2-picolinicacid and 2-

hydroxypyridine compared to that treated by 2-aminopyridine can be ascribed to the stronger 

coordination ability of the O atom.  

 

                    

 

 

Figure 2. Morphology of rust layers treated by 2-picolinicacid (A), 2-hydroxypyridine (B) and 2-

aminopyridine (C). 

 

To investigate the effects of the three pyridine derivatives on the treated rust layer, we 

conducted electrochemical tests on the three A3 steel specimens with treated rust layers and a control 

sample with an untreated rust layer. The polarization curves are presented in Fig. 3, and the 

electrochemical parameters deduced from these curves are displayed in Table 1. After the rust layer 

was treated by 2-picolinicacid, 2-hydroxypyridine, or 2-aminopyridine, the corrosion potential of the 

treated A3 steel specimen was found to move towards the negative direction (Fig. 3 and Table 1). 

Application of corrosion inhibitors is one of the most commonly used methods for protection of metals 
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and their alloys against corrosion. An inhibitor can be classified as cathodic or anodic type if the 

displacement in corrosion potential is more than 85 mV with respect to the corrosion potential of the 

blank [44]. By analogy, it can be inferred that the rust converters can retard the cathodic process. In 

particular, compared to the untreated rust layer, the three pyridine-derivative treated rust layers are 

deposited onto the A3 steel surface more tightly and thus can delay the diffusion of oxygen molecules 

to the steel surface. In addition, compared to the situation when the 2-aminopyridine was used as a rust 

converter, the corrosion potential of the A3 steel specimens are more negative, and the corrosion 

current densities of the A3 steel specimens are smaller for both 2-picolinicacid and 2-hydroxypyridine. 

These phenomena are probably the result of the O atoms being more easily coordinated with the Fe 

atoms than the N atoms. These phenomena are consistent with the morphology shown in Fig. 2. 
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Figure 3. The polarization curves of A3 steel specimens with the rust layer untreated and treated by 

different pyridine derivatives 

 

Table 1. Corrosion parameters of A3 steel specimens with the rust layer untreated and treated by 

different pyridine derivatives 

 

Sample Ecorr / V Icorr / (mA/cm
2
) Vcorr / (mm/a) 

Untreated rust steel -0.78 0.23 2.69 

Rust steel treated by 2-

picolinicacid  
-0.91 0.18 2.06 

Rust steel treated by 2-

hydroxypyridine  
-0.90 0.17 1.11 

Rust steel treated by 2-

aminopyridine 
-0.84 0.20 2.35 

 

Moreover, the Nyquist diagrams of the A3 steel specimens with treated or untreated rust layers 

and the equivalent circuits used to fit the experimental data are shown in Fig. 4. According to the 

different equivalent circuits with treated and untreated rust layers, there is another source of resistance 

besides the rust layer for the three specimens treated by different pyridine derivatives. The study 

reported by Barrero [24] suggested that the corrosion products of steel consist of mainly two layers, the 
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outer lepidocrocite layer and the inner magnetite layer. According to Rahim [27], the reaction of ferric 

and rust converters occurs to a greater extent in the outer layer and to a lesser extent in the inner layer. 

The magnetite layer is largely unaffected by the addition of rust converters. Thus, the extra resistances 

exhibited in Figs. 4 B, C, D probably correspond to the outer layer from the reaction between the rust 

layer and the pyridine derivatives. The reaction mechanism of the conversion and the construction of 

the treated rust layer will be discussed in a subsequent manuscript.  

Here, the solution resistance, untreated rust resistance and treated rust resistance are defined as 

Rs, Rr and Rp, respectively. Rr in Fig. 4 A denotes the resistance of the whole untreated rust layer, Rr in 

Fig. 4 B, C, D denotes the resistance of the inner rust layer, and Rp denotes the resistance of the outer 

transformed rust layer. Inspection of Fig. 4 reveals that Rr of the untreated rust layer is 316 Ω cm
2
 (Fig. 

4 A), which is similar to that of the inner rust layer treated by different pyridine derivatives but one 

order of magnitude smaller than that of the outer transformed rust layer (Rp). In addition, Rp of the rust 

layer treated by 2-pilolinicacid and 2-hydroxypyridine is 1273 and 1670 Ω cm
2
, respectively, and Rp of 

the rust layer treated by 2-aminopyridine is 740.3 Ω cm
2
. This phenomenon is consistent with the 

morphology in Fig. 2 and the results in Fig. 3. 
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Figure 4. Representative diagrams of the equivalent circuits used to fit the experimental data of the 

rust layer untreated (A) or treated by 2-picolinicacid (B), 2-hydroxypyridine (C), 2-

aminopyridine (D) 

 

3.3 Properties of EP-PVB coatings directly painted onto the rust layer  

To further evaluate the effect of the three pyridine derivatives on the corrosion resistance of the 

coating, we conducted electrochemical and adhesion measurements of a homemade EP-PVB coating, 
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which was directly painted onto the rust layer untreated or treated by the rust converters. Fig. 5 shows 

the polarization curves of the A3 steel specimens after they were coated by the EP-PVB coating. The 

relevant electrochemical parameters are presented in Table 2. Compared to the results without the 

coating, all the corrosion current densities of the A3 steel specimens with coatings are undoubtedly 

smaller, and all the corrosion potentials move towards the positive direction because of the shielding of 

the anodic dissolution.  
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Figure 5. The polarization curves of A3 steel specimens with coatings directly painted onto the rust 

layer untreated and treated by different pyridine derivatives 

 

Table 2. Corrosion parameters of A3 steel specimens with coatings directly painted onto the rust layer 

untreated and treated by different pyridine derivatives 

 

Type Ecorr / V Icorr / (μA/cm
2
) Vcorr / (mm/a) 

untreated -0.407 83.49 0.965 

2-picolinicacid treated -0.544 0.338 0.004 

2-hydroxypyridine treated -0.375 0.258 0.003 

2-aminopyridine treated -0.438 0.473 0.005 

 

Further, the corrosion potentials of the A3 steel specimens with coatings directly painted onto 

the 2-picolinicacid or 2-hydroxypyridine treated rust layer move towards the positive direction, and the 

corrosion potential of the A3 steel specimen with the coating directly painted onto the 2-aminopyridine 

treated rust layer is similar to that of the A3 steel specimen with coating directly painted onto the rust 
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layer without any treatment. Nevertheless, the corrosion current densities of the A3 steel specimens 

with coatings painted onto the rust layers treated by different pyridine derivatives are all much smaller 

than that of the specimen with the coating directly painted onto the rust layer without any treatment. 

This observation strongly suggests that all the three pyridine derivatives can be used as effective rust 

converters for the A3 steel, although the rust layer treated by 2-aminopyridine may not be as 

appropriate for use as the other two pyridine derivatives.  

To determine the effects of the rust layer treatment on the protection of the coating, the 

properties of the EP-PVB coatings directly painted onto the treated or untreated rust layers were 

characterized. Fig. 6 shows the Nyquist diagrams and the equivalent circuits for the A3 steel specimens 

with the EP-PVB coating directly painted onto the rust layer without treatment or treated by different 

pyridine derivatives after immersion in 3.5% NaCl solution for 2 days. The impedance of the coating 

here is defined as Rc. Fig. 5 shows that Rc of the EP-PVB coating directly painted onto the untreated 

rust layer is two orders of magnitude lower than those directly painted onto the rust layer treated by 

different pyridine derivatives. Compared to Rr and Rp without the coating presented in Fig. 4, it should 

be emphasized that both of the parameters were much lower after the EP-PVB coating was directly 

painted onto the rust layer. Here, we present the hypothesis that the rust layer, regardless of being 

treated or untreated, is embedded into the EP-PVB coating, thereby allowing even the inner layer of 

the pyridine derivatives to treat the rust. Moreover, the protection of the EP-PVB coating directly 

painted onto the rust layer treated by 2-aminopyridine is the worst among the three coatings treated 

with different pyridine derivatives.  
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Figure 6. Representative diagrams of the equivalent circuits used to fit the experimental data of the A3 

steel with coatings directly painted onto the rust layer untreated (A) or treated by 2-

picolinicacid (B), 2-hydroxypyridine (C), or 2-aminopyridine (D) after 2 days of immersion. 
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Nyquist diagrams of the specimens with coatings directly painted onto the treated or untreated 

rust layer after 30 days of immersion and the equivalent circuits used to fit the experimental data are 

displayed in Fig. 7. Inspection of Fig. 7 reveals that the Rc value of the coating on the surface without 

treatment decreased from the initial value of 2651 Ω cm
2 

to a steady value of 540.8 Ω cm
2
 after 30 

days of immersion. For the coatings directly painted onto the rust layer with pyridine-derivative 

treatment, after 30 days of immersion, Rc for the samples with 2-pilolinicacid, 2-hydroxypyridine, and 

2-aminopyridine treatment decreased from the initial value of 1.7×10
5
, 2.9×10

5
 and 1.3×10

5 
Ω cm

2
, 

respectively, to a steady value of 6026, 8675 and 5219 Ω cm
2
, respectively. In conclusion, the 

impedances of the coatings on the surface with pyridine derivatives are much higher than that of the 

coating on the surface without treatment, even after 30 days of immersion, and the protection of the 

coating on surface with 2-hydroxypyridine treatment is still the best compared to the protection of the 

other coatings. 
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Figure 7. Representative diagrams of the equivalent circuits used to fit the experimental data of the A3 

steel with coatings directly painted onto the rust layer untreated (A) or treated by 2-

picolinicacid (B), 2-hydroxypyridine (C), 2-aminopyridine (D) after 30 days of immersion. 

 

In addition to the electrochemical properties, the mechanical properties of the coatings directly 

painted onto the rust layer should be taken into account, especially the adhesion performance. Fig. 8 

shows the adhesion of the coating directly painted onto the untreated layer (Fig. 8 A) and the coating 

directly painted onto the rust layer treated by different pyridine derivatives (Figs. 8 B, C, D), as well as 

the adhesion of the coating painted onto the surface of a descaling A3 steel specimen (Fig. 8 E). 

Finally, the adhesion levels of the coating painted onto the different substrates were evaluated 
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according to ISO 2409 [45];
 
the adhesion levels are displayed in Fig. 8 F. Note that the greater the 

adhesion level, the worse the adhesion between the substrate and coating. Here, one can find that the 

coating painted onto the rust layer without treatment exhibits the worst adhesion (Figs. 8 A, F), and the 

coatings painted onto the 2-picolinicacid, 2-hydroxypyridine treated rust layer exhibit the identical 

adhesion level (0 level) as the coating painted onto the descaling A3 steel specimen (Fig. 8 F), in 

agreement with the results of similar research in the literature [46].
 
Interestingly, small pieces of 

coatings were peeled off for the 2-aminopyridine treated rust layer during the adhesion measurement. 

Thus, the coatings directly painted onto the rust layer treated by the three pyridine derivatives are 

feasible in terms of adhesion. The lower adhesion of the coating painted onto the 2-aminopyridine 

treated rust layer can be ascribed to the morphological differences among the three pyridine-derivative 

treated rust layers, among which the rust layer treated by 2-aminopyridine is in the form of uniform 

granules that are loosely attached onto the steel surface.  

 

 
 

Figure 8. Adhesive properties of EP-PVB coatings painted onto different steel surfaces: (A) with 

untreated rust layer, (B) with 2-picolinicacid treated layer, (C) with 2-hydroxypyridine treated 

layer, (D) with 2-aminopyridine treated layer, (E) without rust; (F) adhesion level summary of 

the coatings 

 

To verify the hypothesis presented in the discussion of the impedance, the morphologies of the 

A3 steel substrates after the coatings with different rust layers were peeled off were investigated; the 

results are shown in Fig. 9. The upper part of Fig. 9 A shows the surface morphology of the coating 

directly painted onto the untreated rust layer, whereas the lower part corresponds to the A3 steel 

substrate after the coating was peeled off. Figs. 9 B, C and D are the relative morphologies of the 

coatings directly painted onto the rust layers treated by 2-picolinicacid, 2-hydroxypyridine and 2-

aminopyridine, respectively. The energy dispersive spectrometer (EDS) results of the A3 steel 

substrates are displayed in Table 2. 



Int. J. Electrochem. Sci., Vol. 12, 2017 

  

11739 

As seen from Fig. 9 A, many defects, such as shrinkage on the coating, were observed, and the 

residual untreated rust layer is found to be rough and porous. According to the EDS results of part-1, 

many iron oxides remain after the EP-PVB coating was painted and subsequently peeled off. 

Interestingly, when the rust layer was treated by the pyridine derivatives, especially by 2-

hydroxypyridine and 2-aminopyridine, no obvious rust was observed to remain on the A3 steel 

substrate after the coating was peeled off. This phenomenon is consistent with the hypothesis that the 

pyridine-derivative treated rust layer was embedded into the coating. The hypothesis also explains why 

the impedance of the treated rust layer with coating is smaller than that without coating, as well as the 

improved adhesion of the coating directly painted onto the treated rust layer.  

 

  

 

  
 

Figure 9. Microstructure of the coating with or without treatment (A) with untreated rust layer, (B) 

with 2-picolinicacid treated layer, (C) with 2-hydroxypyridine treated layer, (D) with 2-

aminopyridine treated layer 

 

Table 3. The EDS analysis of the metal surface with or without treatment 

 

Region Atomic percentage % 

O Fe N Na CI Total 

Part-1 51.72 37.57 - 6.69 4.02 100 

Part -2 59.47 35.09 7.53 1.79 0.12 100 

Part -3 9.74 73.39 16.87 - - 100 

Part -4 20.04 40.36 37.03 2.17 0.40 100 

 

 



Int. J. Electrochem. Sci., Vol. 12, 2017 

  

11740 

4. CONCLUSIONS 

All three pyridine derivatives considered in this study were found to be useful as rust 

converters for the A3 steel. Compared to the rust layer without treatment, the rust layer treated by a 

pyridine derivative is more compact and more closely attached to the A3 steel specimen. The corrosion 

resistance and adhesion of the coating directly painted onto the rust steel surface treated by a pyridine 

derivative were clearly improved. 
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