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0.5 M HCl  ÇÖZELTİSİ İÇERİSİNDE YUMUŞAK ÇELİK YÜZEYİNE 4,6-DIAMINO-2-HYDROXY-1,3,5-TRIAZIN’İN  ADSORPSİYONU VE ANTİKOROZYON DAVRANIŞI
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ÖZET:  0,5 M HCl çözelti içerisinde yumuşak çeliğin (YÇ) korozyon davranışı üzerine 4,6-diamino-2-hydroxy-1,3,5-triazine’in (DHT) etkisi lineer polarizasyon, potansiyodinamik polarizasyon ve elektrokimyasal impedans spektroskopisi yöntemleri ile araştırılmıştır. Polarizasyon eğrileri, incelenen molekülün karma inhibitör olarak davrandığını göstermiştir. YÇ nin yüzey morfolojisi inhibitörlü ve inhibitörsüz ortamda 1 saat sonunda taramalı elektron mikroskopi (SEM) ile incelenmiştir. DHT, YÇ’nin 0.5 M HCl'deki korozyonunu iyi bir şekilde inhibe etmiştir ve DHT konsantrasyonu arttıkça inhibisyon etkinliğide artmıştır. 
Anahtar Kelimeler: Korozyon İnhibitörü, Elektrokimyasal teknikleri, Yumuşak çelik, Adsorpsiyon
ADSORPTION AND ANTICORROSION BEHAVIOR OF 4,6-DIAMINO-2-HYDROXY-1,3,5-TRIAZINE ON A MILD STEEL SURFACE IN 0.5 M HCl
ABSTRACT: The effect of 4,6-diamino-2-hydroxy-1,3,5-triazine (DHT) on corrosion behaviour of mild steel (MS) in 0.5 M HCl was investigated using potentiodynamic polarisation, electrochemical impedance spectroscopy and linear polarisation metods. Polarisation curves indicate that studied inhibitor was acting as mixed type inhibitor. The surface morphology of mild steel was examined with scanning electron microscopy (SEM) in the absence and presence inhibitor after 1 h exposure period.  DHT exhibits good inhibitive properties for mild steel corrosion in 0.5 M HCl solution and the efficiency of inhibition increased with increasing inhibitor concentration. 
Key Words: Corrosion inhibitor, Electrochemical techniques, Mild Steel, Adsorption 
1. INTRODUCTION
Corrosion is recognized as a critical and assertive problem faced by various industries. The use of organic structures to inhibit corrosion of iron and MS has reputed grand importance by virtue of their application in counteracting corrosion under various corrosive environments [1,2]. MS is a well-known material used comprehensively in various several industrial. Acid solutions, widely used in chemical and various industrial processes for example, acid cleaning, acid descaling and oil well acidizing [3,4]. Organic structures, such as those containing N, S, O and aromatic ring. S and N containing compounds have been found to be effective corrosion inhibitors [5-7]. Most of the organic structures act by adsorption on the metal surface [8].
The aim of this study is to report on the inhibition effect of 4,6-diamino-2-hydroxy-1,3,5-triazine (DHT)  on the corrosion behaviour of MS in 0.5 M HCl solution in short immersion time and clarify its inhibition mechanism. The thermodynamic parameters for the inhibitor adsorption on the MS surface and for MS dissolution are discussed. Furthermore, in this study, the behaviour and the relation between molecular structure and the inhibitive effects of these structures on the corrosion inhibition of MS in HCl solution are examined. The surface analysis for the film formed was also investigated by SEM technique.
2. EXPERIMENTAL
Polarization and EIS were handled in a CHI 660 A.C potentiostat/galvanostat (serial number: F1070) electrochemical station with a conventional three-electrode system. A platinum sheet and Ag/AgCl (3 M KCl) electrode was used as counter and reference electrode, respectively. The MS with the exposure area of 0.5 cm2 was the working electrode. All tests were handled at room temperature. Before the test, open circuit potential test (OCP) was carried out for 60 min to reach a steady state. Then EIS was performed in a frequency range of 100 kHz to 0.01 Hz. The measurements were performed at once after EIS measurements in the same corrosion cell containing the same electrode and test solution with a scan rate of 1 mV s−1.  Cylindrical MS sample with composition (wt%) Mn (1.40%), C (0.17%), S (0.045%), P (0.045%), N (0.009%), and Fe (remainder) were soldered to coated Cu-wires for electrical connections.  The MS was abraded with abrasive papers of 300, 800 and 1000 grit, respectively, degreased with alcohol and acetone, washed ultrasonically, and finally dried at room temperature. The corrosive medium was prepared by 0.5 M HCl solution without and with various concentrations (0.5 1, 5 and 10 mM) of DHT. The 0.5 M HCl solution was prepared by diluting analytical grade HCl. All tests were carried out at room temperature. 
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Figure 1. 4,6-diamino-2-hydroxy-1,3,5-triazine
3. RESULTS AND DISCUSSION
 3. 1 Electrochemical impedance spectroscopy (EIS) measurements
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EIS was used to investigate the behavior of the solution/metal interface in the presence of DHT and absence. The acting Nyquist (a) and Bode (b) plots of MS dipped in 0.5 M HCl solution without and with different concentrations of DHT are shown in Fig. 2. It is obvious that all EIS plots exhibit the similar shape regardless of the absence and the presence of DHT, revealing that the addition of DHT does not change the electrochemical characteristics of the solution due to the relatively looser adsorption of DHT on MS. As can be seen in Fig. 2, Nyquist plots are depressed into the real axis and not perfect semicircles as expected from theory of EIS for assumed equivalent circuit and this is generally attributed to the inhomogeneity of the metal surface arising from surface roughness or interfacial phenomena [9, 10].
Figure 2. Nyquist and Bode plots of MS electrode obtained in in 0.5 M HCl solution (■) and containing 0.5 (■), 1.0 (■), 5.0 (▼) and 10.0 mM (■) DHT.
Using CHI 660 A.C potentiostat/galvanostat, EIS experimental data can be analysed that data matching CPE for MS, calculating solution resistance Rs and constant phase element CPE, calculate the polarization resistance Rp and charge double layer [11]. These data will proves that the corrosion inhibitor molecules have to absorb the MS sample surface thus form a protective layer on the mild steel Rp corresponding to a corrosive system slowly [12]. In the circuits, Rs, Rct and Rd represent the solution resistance, the charge transfer resistance, and diffuse layer resistance, respectively, CPE is the constant phase element, and n is the phase shift, which can be elucidated as a degree of the surface homogeneity. Rp' includes the accumulated species Ra, Rp and film resistance Rf,  Rp'= Rp (Rct + Rd) + Ra + Rf in the presence of inhibitor [12,13].  This is related to deviation from the ideal capacitive behavior. CPE represents a constant phase element to replace a double layer capacitance (Cdl) in order to give a more accurate fit to the experimental results [14]. The impedance parameters obtained by fitting the EIS data to the equivalent circuit are listed in Table 1. In this case, the inhibition efficiency (η) can be calculated from the polarization resistance using the following formula;
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where Rp and R'p are uninhibited and inhibited polarization resistances, respectively
Figure 3. Electrical equivalent circuit diagrams used to modeling metal/solution interface.
The electrical equivalent circuit in Fig.3  is used to fit the EIS measurements and corresponding fitting parameters are epitomised in Table 1. In the electrical equivalent circuit, Rs is the solution resistance, Rp corresponds to the polarization resistance and CPE is a constant phase element used to instead of an ideal capacitor in consequence of different physical phenomena like inhibitor adsorption, surface roughness, porous layer formation, etc. [14]. 
Table 1. Electrochemical parameters for MS electrode corresponding to the EIS and LPR data in 0.5 M HCl solution in the absence and presence of various concentrations containing DHT.
	C Inhibitor (mM)
	Rp (Ω cm2)
	CPE (x106 ) sn Ω-1 cm-2
	n
	η(%)

	Blank
	56
	282
	0.92
	

	0.5
	86.9
	124.3
	0.91
	35.6

	1.0
	95.7
	218.4
	0.91
	41.5

	5.0
	107.5
	108.3
	0.92
	47.9

	10
	215.4
	97.5
	0.91
	74.0


3.2 Potentiodynamic polarization measurements

Potentiodynamic polarization plots for MS in 0.5 M HCl solution without and with different concentrations of DHT are shown in Fig. 4. It can be observed that the polarization plots shift directly to negative potential with the increasing concentration of DHT. In particular, the cathodic current density decreases dramatically to a larger extent than the anodic current density [16, 17]. In the presence of the DHT, the Ecorr values shift towards negative potential compared with the blank. 
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Figure 4. Potentiodynamic polarization curves of MS electrode obtained in 0.5 M HCl solution (■) and containing 0.5 (■), 1.0 (■), 5.0 (▼) and 10.0 mM (■) DHT at 25 °C.
3.3 The potential of zero charge (Epzc) and inhibition mechanism
The DHT structure are adsorbed on the surface of MS in 0.5 M HCl solution by way of both the chemical and the physical interactions. What's more, the physical interactions are the first step of the adsorption of organic structures. After the adsorption of protonated structures, charge sharing or transfer between the d orbitals of the metal and the inhibitor structures take place. The chemical adsorption of the inhibitor structures arises from the donor acceptor interactions between free electron pairs of O, S, N atoms as well as p electrons of multiple bonds and vacant d orbitals of iron [18-20]. 
In order to clarify the relation between the adsorptive interaction and structure, the potential of zero charge (Epzc) was determined, Fig. 5 [21]. The Antropov's rational potential (Er = Eocp-Epzc). value is used to discuss the electrode surface charge [22, 23].When the Er is negative, it is stated that the MS surface is negatively charged and the adsorption of inhibitor occurs via positively charged side of molecule. For MS electrode in 0.5 M HCl solution, the Eocp and Epzc values were measured as -0.50 and -0.475 V (Ag/AgCl), respectively. These values show that the MS surface is negatively charged.  
[image: image8.png]log(Current Density)

4.0

1.5 -
-2.0 1
2.5 1
-3.0 1
-3.51
-4.0 1
-4.5 1
-5.0
-5.5 1

I

e N
37
>
*,
H

°r

-
L4
o
e
-

6.0+

-0.75

070 -065 -060 -0.55 -0.50

Potential / V

045 -040 -0.35




Figure 5. Polarization plots of MS in 0.5 HCI solution and containing different concentrations of DHT.
3.4 SEM analysis

The surface morphology by scanning electron microscopy (SEM, Zeiss) for the MS after 1 h immersion in 0.5 M HCl solution in presence of DHT at 10 mM and absence are indicated in Fig. 6 (a)–(b). The damaged and rough surface of MS as indicated in Fig. 6 (a) is due to the direct contact of MS surface with aggressive HCl solution. Fig.6 (b) shows smooth, MS surfaces which may be attributed to the  film formation of DHT on MS surface.
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Figure 6. SEM images of MS samples: after immersion for 1 h (a) in 0.5 M HCI solution without inhibitor, and after immersion 1 h (b) in 0.5 M HCI solution in the presence of 10.0 mM DHT
4. CONCLUSION

DHT was electrochemically investigated as a corrosion inhibitor for MS in 0.5 HCl solution.
The main conclusions that are drawn from this study are as follows:
 1. The inhibition efficiencies obtained from electrochemical techniques were in good agreement with each other.
2. According to Tafel results; DHT was found as controlled mixed type inhibitor. DHT acts by reducing the rates of both anodic and cathodic reactions.
3. The inhibition efficiencies of DHT depend on their concentration.
4. SEM shows a smoother surface for inhibited metal samples than uninhibited samples due to the formation of film like deposits on the inhibited surfaces.
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