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Abstract

:

In this study, the performance evaluation of lanthanum compounds as corrosion inhibitors of vanadium salts was performed. The inhibitors tested were lanthanum acetate and La2O3. The performance of the inhibitors was tested using sodium metavanadate (NaVO3) as a corrosive medium at 700, 800, and 900 °C. The corrosion inhibitory effect was evaluated on the corrosion process of 304H stainless steel. The corrosion rate of the steel was determined by the mass loss technique after 100 h of immersion in the corrosive salt with and without the addition of the corrosion inhibitor. The results show that lanthanum compounds act as corrosion inhibitors of vanadium salts. The inhibitory effect increases by increasing the concentration and tends to decrease when increasing the test temperature. Lanthanum compounds act as excellent corrosion inhibitors due to their ability to stabilize vanadium cations. Vanadium is stabilized by forming a new compound, lanthanum vanadate (LaVO4), with a melting point much higher than the compounds formed when Mg or Ni compounds are used as corrosion inhibitors.
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1. Introduction


The use of low-quality fuel oil in many industrial processes has caused serious equipment availability problems due to premature failure of construction materials. These failures are associated with high corrosion rates caused by the inorganic components of low-grade fuels [1].



During the combustion of low quality fuels, the presence of elements such as S, Na, and V causes the formation of their oxides, which are transported by the combustion gases and condense (oxides of V and Na) onto metal surfaces, favoring the formation of corrosive species such as sodium sulfate, simple vanadates, and complex vanadates [2]. V and S are elements that are part of the macromolecules of crude oil, and the presence of Na is a consequence of contamination occurring during its extraction and transport [1].



In general, the wide range of vanadium salts that may exist in ash deposits is the result of the chemical reaction of two main compounds, namely, V2O5 and Na2SO4. However, depending on its molar ratio and temperature, the resulting vanadium salt may show different aggressiveness, as shown.


    xNa  2    SO  4  +   yV  2   O 5  →   xNa  2  O ·   yV  2   O 5  +   xSO  3   



(1)







In general, as shown in Table 1, increasing the V content reduces the melting point of the vanadium salt formed and consequently increases its corrosivity. This is due both to the increase in acidity and the oxidative capacity of the molten salt. The greater oxidizing power has been associated with the multivalent character of V, which increases the ionic conductivity (O2−) of the melt; this favors the accelerated oxidation process of the materials as well as the acidic dissolution of their protective oxides [3,4].



Due to the enormous temperature gradient existing in a boiler (from the combustion zone to the combustion gas exit through the chimney), chemical species deposited and formed on metal surfaces can be very diverse. The main corrosion problems of molten salts generally occur on thermal exchange surfaces (superheaters and reheaters) whose metal temperature is around 600 °C. However, the non-refrigerated elements (spacers, baffle screens, etc.) can reach metal temperatures greater than 600 °C, and therefore, their useful life is very short. This variety of environmental conditions makes the degradation mechanism very complex.



Vanadium salts are considered the most corrosive species of molten salts. Ash deposits in the molten state are ionic electrolytes. They have a high absorption capacity for oxygen and other oxidizing species present in the flue gases, which causes the accelerated attack of the metal surfaces. Due to their acidity, they are capable of dissolving virtually all protective oxides developed on metal surfaces [5]. Many of the materials used in the heat exchange surfaces base their corrosion resistance on the development of a Cr-rich protective oxide; however, its protective capacity decreases due to its high solubility in molten salts rich in V [6]. When adjusting the boiler’s operating conditions (reducing the oxidation state of V) or changing the type of fuel oil (for a lower concentration of inorganic matter) is not a viable alternative, then the main options to reduce corrosion problems may be the use of materials with greater corrosion resistance, the use of protective metal coatings, or the use of corrosion inhibitors.



A decrease in the concentration of V, both in ash and combustion gases, shifts the chemical equilibrium towards basic conditions, where the aggressiveness of vanadium salts is low [6]. In addition, a reduction in the availability of V may be possible through its complexation with another element that allows the formation of highly stable refractory vanadates (high melting point).



In this regard, the literature has cited many efforts to develop corrosion inhibitors of molten vanadium salts. The main objective of corrosion inhibitors is to stabilize V by trapping it in new compounds with a high melting point and low chemical reactivity. To date, the most commonly used corrosion inhibitor is based on magnesium compounds that, when reacted with vanadium salts, form the refractory compound Mg3(VO4)2 (melting point of 1074 °C) [7,8,9,10,11]. However, its inhibition capacity is compromised if the S content of the fuel is high [12,13]. This leads to the Mg compounds formed not being the expected refractory compounds. Other proposals are based on the use of NiO, which is capable of reacting with vanadium salts, forming refractory compounds (Ni3V2O8) with a higher melting point (1310 °C) than those obtained if Mg compounds are used as inhibitors [9,11]. These studies are consistent with those that indicate that metallic Ni shows a high resistance to corrosion by V salts due to the formation of a protective barrier of Ni3V2O8 on its surface [14,15].



Because no new proposals have been reported to solve corrosion problems caused by vanadium salts in the molten state, this study proposes the use of rare-earth-based compounds as potential corrosion inhibitors. The use of two La compounds is considered, and their inhibition capacity is evaluated on the corrosion process of 304H stainless steel in NaVO3 at different temperatures.




2. Materials and Methods


2.1. Materials


As a test material, a steel commonly used in boiler heat exchangers that burn low-quality fuel oils, namely 304H stainless steel, was used. Samples of 304H steel with dimensions of 10 × 10 × 3 mm were abraded with silicon carbide abrasive paper up to 600 grit and subsequently washed with distilled water and acetone. The dimensions of the metal samples were taken with an accuracy of 0.1 mm and weighed on an analytical balance with an accuracy of 0.1 mg.




2.2. Corrosive Medium


As a corrosive medium, sodium metavanadate (NaVO3) was used. This vanadium salt is used in corrosion studies to analyze the effect of vanadium on the corrosion process of materials. The amount of corrosive salt used was 500 mg/cm2 with respect to the area of the metal samples.




2.3. Corrosion Inhibitors


This study proposes the use of two lanthanum compounds as potential inhibitors of corrosion caused by molten vanadium salts. The lanthanum compounds evaluated are lanthanum oxide (La2O3) and hydrated lanthanum acetate (La(CH3COO)3·1.5H2O), for simplicity, La(Ac)3. La2O3 was considered as an alternative corrosion inhibitor because it can be injected directly at any point in the boiler and La(Ac)3 as an alternative corrosion inhibitor that can be mixed with the fuel. Corrosion tests were performed with the addition of 0%, 5%, and 10% inhibitor with respect to the mass of the corrosive salt.




2.4. Corrosion Assays


Corrosion tests were performed using the mass loss technique. For this, samples of 304H steel were placed inside alumina crucibles together with the corrosive medium. Corrosion tests were performed in an electric oven in static air conditions for 100 h. The test temperatures were 700, 800, and 900 °C. The tests were carried out in quadruplicate; at the end of each test, three samples were used to determine the loss of mass, and the fourth sample was encapsulated in epoxy resin for surface preparation and analysis by scanning electron microscopy and energy dispersive spectroscopy (EDS).



In order to determine the mass loss of the corroded samples, the corrosion product-layer was removed, and the metal surface was cleaned according to the procedures suggested in ASTM G1 (AMERICAN SOCIETY FOR TESTING AND MATERIALS). In summary, the procedure used consisted of alternating mechanical and chemical cleaning until the total elimination of corrosion products with a minimum removal of sound metal. The mechanical cleaning consisted of brushing with a soft bristle brush. Chemical cleaning consisted of the removal of the layers of corrosion products by dissolution in a chemical solution at 60 °C. The chemical solution used consisted of an aqueous solution with 10 g of citric acid, 5 mL of sulfuric acid, and 0.02 g of diorthotolyl thiourea per 100 mL of solution. At each stage of the cleaning cycle, the samples were washed with distilled water and acetone, dried, and their weight determined. The cleaning cycle was concluded when the final weight of the samples remained constant (3% variation in weight). Additionally, the removal of corrosion products was corroborated by observation under an optical microscope. The corrosion products collected were analyzed by X-ray diffraction.



The inhibition efficiency of lanthanum compounds was determined according to the following expression:


  I  ( % )  =    W 1  −  W 2     W 1    ∗ 100 ,  



(2)




where I is the inhibition efficiency (%), W1 is the mass loss without inhibitor, and W2 is the mass loss with inhibitor (mg/cm2), both after 100 h of testing.





3. Results and Discussion


3.1. Mass Loss Tests


Figure 1 shows the loss of mass experienced by 304H steel after 100 h in NaVO3 with and without the addition of lanthanum compounds at three different working temperatures.



It is observed that in the absence of the inhibitor, the steel showed the highest corrosion rate. The trend shows a constant increase in the corrosion rate as the temperature increases. This indicates that in the presence of V salts, 304H steel is not able to develop a stable protective oxide on its surface, as seen in Figure 2. The heavy corrosion-product layer formed indicates that the steel suffered an accelerated corrosion process. This is more evident when observing the surface profile; it was more irregular when the test temperature increased.



The foregoing contrasts with that shown in Figure 3, where it is observed that in the absence of V salts, the steel is capable of developing a thin film of protective oxide with a thickness close to 4 µm at 900 °C.



However, in the presence of La compounds, the corrosion rate of 304H steel tends to decrease depending on the type of La compound, its concentration, and test temperature (Figure 1). With the addition of lanthanum acetate, a lower reduction in the corrosion rate of the steel was obtained. In general, it was observed that the thickness of the corrosion-product layer tended to decrease, and the surface profile of the steel was more homogeneous (Figure 4). The above is more evident with the addition of 10% lanthanum acetate. However, in all cases, it was not possible to define the development of a stable protective oxide on its surface.



On the other hand, with the addition of La2O3, the greatest reduction in the corrosion rate was obtained, and this effect is more visible at 800 and 900 °C (Figure 1). With the addition of lanthanum oxide (Figure 5), a smaller thickness of the corrosion-product layer was observed, in addition to a more homogeneous surface profile. Despite the decrease in the corrosion rate of steel, the development of a stable protective oxide on its surface was also not evident.



Figure 6 shows the inhibition efficiencies obtained by the addition of the La compounds. It is observed that the inhibition efficiency is a function of both the type of La compound added and its concentration. In general, inhibition efficiency increases by increasing the inhibitor concentration. On the other hand, the inhibition efficiency decreases by increasing the temperature in the case of lanthanum acetate, and in the case of lanthanum oxide it remains practically constant from 800 °C.



The above may be associated with the amount of V–La compounds formed. That is, the greater the amount of V–La compounds formed, the lower is the amount of free V available to react. Additionally, the barrier effect for the free diffusion of V compounds in the molten state is greater. In the most favorable case (10% La2O3), inhibition efficiencies between 50% and 60% were observed at the three test temperatures.



The notable differences in the inhibition efficiency between lanthanum acetate and lanthanum oxide are due to the La content in both compounds. For a better understanding of this, Figure 7 shows the TGA (thermogravimetric analysis) curve of lanthanum acetate. From this figure, it can be seen that at the test temperatures of this study, lanthanum acetate decomposes to La2O3, experiencing a mass loss of approximately 52%.



According to the thermogram, it can be assumed that during the heating of the corrosive mixture, lanthanum acetate experienced a mass loss at temperatures below 200 °C due to moisture loss according to the following reactions [16]:


  L a    (  C  H 3  C O O  )   3  · 1.5  H 2  O → L a    (  C  H 3  C O O  )   3  ·  H 2  O + 0.5  H 2  O ,  



(3)






  L a    (  C  H 3  C O O  )   3  ·  H 2  O → L a    (  C  H 3  C O O  )   3  +  H 2  O .  



(4)







Subsequently, around 350 °C experiences the greatest loss of mass (≈ 35%) due to the decomposition of acetate anions according to [17]:


  2 L a    (  C  H 3  C O O  )   3  → L  a 2     (  C  O 3   )   3  + 3 C  H 3  C O C  H 3  ,  



(5)






  L  a 2     (  C  O 3   )   3  → L  a 2   O 2  C  O 3  + 2 C  O 2  .  



(6)







Finally, the decomposition of the lanthanum oxycarbonate formed occurs around 640 °C, with an additional mass loss of approximately 5%, according to the following reaction [16,17]:


  L  a 2   O 2  C  O 3  → L  a 2   O 3  + C  O 2  .  



(7)







Then, this analysis allows us to establish that under the test conditions, lanthanum acetate was actually present as La2O3, and that finally, the corrosive mixtures with lanthanum acetate addition had an approximate content of 2.5% and 5.0% lanthanum oxide. Although the addition of the lanthanum compounds causes a slight decrease in the amount of NaVO3 available per unit area, it is considered that the aggressiveness of the salt is not affected. Therefore, it is considered that the decrease in aggressiveness of the corrosive mixture is only attributable to the presence of La2O3 and its interaction with vanadium species.




3.2. SEM Analysis


For simplicity and given that the characteristics observed at all test temperatures were similar, the analysis of the corroded samples at 900 °C will be discussed (in the absence and presence of an inhibitor at the highest concentration).



Figure 8 shows the cross-sectional aspect and element mapping of the metal–corrosion products interface of 304H steel corroded in NaVO3 at 900 °C for 100 h. Cr and O mapping allows us to define the presence of a thin discontinuous film of chromium oxide on the metal surface. However, it is also observed that the steel shows both Cr and Fe depletion and Ni enrichment in the metal surface. An elements line-scan through the interface (Figure 9a,b) allows the defining of the above; in addition, there is a region near 10 microns enriched in Ni and with a depletion in both Cr and Fe in the surface of the steel. This phenomenon is common in active corrosion processes when the material is unable to develop a stable protective oxide due to its continuous dissolution by the action of the molten salts [18,19].



Although it has been observed that pure Cr is capable of developing a protective oxide in the presence of NaVO3 at 900 °C [6], the protective characteristics of Cr-based oxides developed onto alloys may be different. This is due to the simultaneous formation of other metal oxides, of the alloy elements, which causes a reduction in the protective properties of the protective oxide. Several studies by Rapp et al. [5,20,21], have shown that the coexistence of different metal oxides enhance their synergistic dissolution.



On the other hand, the mapping of Ni and O allows us to observe a superficial enrichment in Ni, as well as a lower density, as a corrosion product. Previous studies have shown that pure Ni shows good corrosion resistance in NaVO3 at 900 °C [14], being able to develop a protective oxide (NiO) and highly stable corrosion products (Ni vanadates). Moreover, according to the element mapping, it is observed that the corrosion-product layer is formed by metal oxides and vanadates (of the alloy elements of the steel), and in a lower concentration by vanadium salts.



Figure 10 shows the cross-sectional aspect and element mapping of the metal–corrosion products interface of 304H steel corroded in the NaVO3-10%La(Ac)3 mixture at 900 °C for 100 h. The main difference that can be observed is the surface profile of the steel. It is notable that in the presence of La(Ac)3, the degradation experienced by the steel was lower. However, although the Cr and O mapping makes it possible to define the presence of a thin discontinuous film of chromium oxide on the metal surface, it can be seen that it has greater continuity than that observed in the absence of the inhibitor (Figure 8). Similarly, there is a lower Cr depletion in the alloy and an apparent greater Ni enrichment on the metal surface. Figure 9c,d shows that the depletion zone in Cr and Fe was smaller (approximately 5 µm) than that observed in the absence of the inhibitor. In addition, the Ni-enriched zone is found both in the alloy and on the metal surface. This indicates the presence of a Ni-rich surface layer. The formation of a Ni-rich layer on the metal surface may be due to a decrease in the aggressiveness of molten salts.



The element mapping also makes it visible that the corrosion-product layer consists of metal oxides, metal vanadates, and a greater amount of vanadium salts than that observed in the absence of the inhibitor (Figure 8). According to the V, La, and O mapping, the presence of new compounds possibly of the La–vanadate type is evident. These phases have a size of around 50 µm and are observed near the metal surface. The above characteristics allow us to infer that the addition of the La-based inhibitor decreased the aggressiveness of NaVO3 either due to the formation of V–La–O compounds and/or new V compounds with less aggressiveness.



Figure 11 shows the cross-sectional aspect and element mapping of the metal–corrosion products interface of 304H steel corroded in the mixture NaVO3-10%La2O3 at 900 °C for 100 h. In general, the observed characteristics are similar to those mentioned with the addition of 10% La(Ac)3 (Figure 10). The main difference is the presence of a more homogeneous surface profile. According to Figure 9e,f, it is observed that the zone of depletion in Cr and Fe and enrichment in Ni was smaller (approximately 2 µm) than that observed with the addition of La acetate. Based on the above, it can be inferred that by increasing the La3+ concentration, the melt corrosivity decreases due to the formation of V–La–O compounds and/or new V compounds with less aggressiveness. These results indicate that in the absence of the inhibitor, the vanadium salts continually attacked the chromium and iron oxides, thereby causing the surface Ni-enrichment observed in the alloy. However, in the presence of inhibitor, this enrichment tended to decrease and was lower with the addition of La2O3. This suggests that the aggressiveness of the melt decreased due to the formation of new V–La–O phases that stabilized the available free vanadium, thus reducing its availability for the formation of new unstable metal vanadates. An approach to the corrosion-product layer makes it possible to define the presence of small V–La–O crystals, smaller than 5 µm (Figure 12), surrounded by vanadium salts (V–Na–O).



On the other hand, a superficial analysis of the corrosion-product layer (Figure 13) allowed us to observe the presence of V–La–O crystals with a size greater than 50 µm. This may be the reason why in Figure 10 and Figure 11, a large number of V–La–O particles were not observed near the metal surface. It is possible that during growth, these highly stable phases were displaced towards the surface of the corrosion-product layer. Similarly, the high density of Ni was possibly noticeable in the form of vanadate. Of the possible metallic vanadates formed, those based on La or Ni have a melting point greater than that of the Fe and Cr vanadates.




3.3. XRD Analysis


In order to determine the type of compounds formed, Figure 14 shows the X-ray diffractograms of corrosion products formed on 304H steel corroded at 900 °C for 100 h with and without the addition of La compounds. Because the X-ray diffractograms of corrosion products at 700 and 800 °C are similar, only that obtained at 900 °C is shown.



The identification of the compounds indicated that in the absence of a corrosion inhibitor, the main corrosion products detected were mainly oxides and spinels (Cr2O3, Fe2O3, NiO, FeCr2O4, NiFe2O4, NiCr2O4), metallic vanadates (CrVO4, FeVO4, Ni3(VO4)3), in addition to NaVO3. The proportion of them varied with the test temperature; the presence of oxides and spinels was greater as the test temperature increased. On the other hand, in the presence of the inhibitor and regardless of the type of La compound, in addition to the above compounds, the presence of La vanadate (LaVO4) was detected.



Based on the above, it can be assumed that the process of degradation of the metal elements of the alloy began according to the following reactions [22]:


  2 F  e  3 +   + 3  O  2 −   → F  e 2   O 3  ,  



(8)






  2 C  r  3 +   + 3  O  2 −   → C  r 2   O 3  ,  



(9)






  N  i  2 +   +  O  2 −   → N i O .  



(10)







This caused the development of a Cr-rich protective oxide, but with the simultaneous growth of both Fe and Ni oxides. Subsequently, the synergistic dissolution of the protective layer occurred by the action of molten NaVO3, resulting in the formation of metallic vanadates according to the following reactions [23]:


  F  e 2   O 3  + 2 N a V  O 3  → 2 F e V  O 4  + N  a 2  O ,  



(11)






  C  r 2   O 3  + 2 N a V  O 3  → 2 C r V  O 4  + N  a 2  O ,  



(12)






  3 N i O + 2 N a V  O 3  → N  i 3     (  V  O 4   )   2  + N  a 2  O .  



(13)







The dissolution of the oxides causes an increase in the melt basicity, and therefore, the formation of sodium orthovanadate is possible according to the following reaction [23]:


  N a V  O 3  + N  a 2  O → N  a 3  V  O 4  .  



(14)







The formation of vanadium salts of greater basicity affects the charge transport due to the stabilization of the highest valence state of V affecting the V5+:V4+ relation [5].



The formation of these metallic vanadates results in compounds with melting points greater than 850 °C; however, in all cases, an analysis of the corrosion products away from the metallic surface shows the presence of Fe–Cr–Ni–O compounds and a low presence of V–Na–O compounds, as seen in Figure 15.



The presence of well-defined crystalline forms associated with Fe–Cr–Ni–O compounds may correspond to the spinels detected by X-ray diffraction. However, their presence at all test temperatures and in sites away from the metallic surface does not correspond to the detachment of oxides from the protective layer. This may be due to a more complex mechanism of reprecipitation of oxides.



In order to justify the presence of these crystalline phases, an understanding of the stability of the phases present in the corrosion products is necessary. In this sense, and according to studies by Walczak and Filipek [24], it is known that CrVO4 in liquid state (860 °C) decomposes, causing the precipitation of Cr2O3. Similar results have been reported by Kerby and Wilson [25]; they have indicated that in basic vanadium salts, the Cr and Fe vanadates decompose into their respective oxides.



The above justifies, in some way, the presence of the metallic oxides detected, as long as the temperature is higher than the melting points of each metallic vanadate (> 850 °C). However, the massive presence of Fe–Cr–Ni–O spinels in areas far from the metal surface may be due to other mechanisms.



In this sense, it has been reported that despite the fact that metal vanadates have melting points greater than 800 °C, their stability depends on the presence of other V salts in the liquid state. It has been reported that the presence of metallic vanadates and vanadium salts may form eutectic mixtures with melting points below 700 °C [24,25]. In addition, as the partial pressure of oxygen increases, then the eutectic mixture undergoes cooling due to an attempt to stabilize its oxygen deficiency at low partial oxygen pressures [25].



The above suggests that the molten vanadium salts can dissolve the metallic vanadates (Fe, Cr, and Ni) at temperatures below 700 °C, and since sodium-rich vanadium salts are ionic conductors [26], the presence of the crystalline forms associated with spinels and/or oxides in areas away from the metal surface (higher partial oxygen pressure) can be due to the simultaneous reprecipitation of the metal cations according to the following reactions:


  F e V  O 4  + 2 C r V  O 4  +  O  2 −   → F e C  r 2   O 4  + 3 V  O 3 −  ,  



(15)






  N  i 3     (  V  O 4   )   2  + 6 F e V  O 4  + 4  O  2 −   → 3 N i F  e 2   O 4  + 8 V  O 3 −  ,  



(16)






  N  i 3     (  V  O 4   )   2  + 6 C r V  O 4  + 4  O  2 −   → 3 N i C  r 2   O 4  + 8 V  O 3 −  ,  



(17)






  2 F e V  O 4  +  O  2 −   → F  e 2   O 3  + 2 V  O 3 −  ,  



(18)






  2 C r V  O 4  +  O  2 −   → C  r 2   O 3  + 2 V  O 3 −  ,  



(19)






  N  i 3     (  V  O 4   )   2  +  O  2 −   → 3 N i O + 2 V  O 3 −  .  



(20)







In addition, the new phases formed (spinels) are more stable due to their high melting points: 2000 °C for FeCr2O4 [27], 1660 °C for NiFe2O4 [28], and 2083 °C for NiCr2O4 [29]. The above can lead to the regeneration of NaVO3, thus causing an active corrosion process.


  2 V  O 3 −  + N  a 2  O ↔ 2 N a V  O 3  +  O  2 −    



(21)







On the other hand, in the presence of the inhibitor in addition to the above reactions, La2O3 reacts with the vanadium salts, thus forming the La vanadate (LaVO4) according to the following reaction:


  2 N a V  O 3  + L  a 2   O 3  → 2 L a V  O 4  + N  a 2  O .  



(22)







Through this reaction, lanthanum oxide stabilizes the vanadium cation and reduces the ionic exchange that favors the dissolution process of the protective layer [7,9] by reducing the acid character of the melt according to the following reaction [9,10]:


  V  O 3 −  +  O  2 −   ↔ V  O 4  3 −   .  



(23)







Several studies have shown that rare earths in the presence of vanadium salts form stable phases [30,31,32] and are also responsible for the degradation of thermal barrier coatings [33]. However, their use as a potential corrosion inhibitor has been demonstrated through the results of this study. Lanthanum compounds decrease the aggressiveness of the melt because they neutralize the V due to the formation of lanthanum orthovanadate, which has a melting point greater than 1800 °C [34]. Additionally, it also increase the melt basicity and, therefore, the corrosivity of the vanadium salts decreases [5,6,14].





4. Conclusions


Through the results obtained from this study, it can be established that the rare-earth-based compounds (La(Ac)3, La2O3) act as inhibitors of corrosion by vanadium salts. Because lanthanum acetate decomposes in lanthanum oxide from 640 °C, in all cases, the compound that acted as a corrosion inhibitor was La2O3. At the maximum concentration of inhibitor evaluated (10% La2O3), a reduction in corrosion rate from 50%–60% was obtained at all test temperatures. Lanthanum oxide reacted with the vanadium salts, forming a new V–La–O compound (LaVO4) with a melting point greater than 1800 °C. Its melting point is much higher than those of other refractory vanadates (Mg3V2O8 = 1200 °C, Ni3V2O8 = 1310 °C) formed when magnesium or nickel compounds are used as corrosion inhibitors. In this way, the corrosive action of vanadium was reduced by decreasing its availability, favoring the formation of vanadium salts of greater basicity, stabilizing the highest valence state of V, reducing the charge transport by affecting the V5+:V4+ ratio, and reducing ionic transport by increasing the basic character of the melt.
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Figure 1. Corrosion rate for 304H steel after 100 h of testing in NaVO3 with and without the addition of La-base inhibitor at 700, 800, and 900 °C. 
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Figure 2. Cross-section aspect of 304H steel after corrosion test for 100 h in NaVO3. 
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Figure 3. Cross-section aspect of 304H steel after 100 h of oxidation in air. 
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Figure 4. Cross-sectional aspect of 304H steel after corrosion testing for 100 h in NaVO3 with the addition of lanthanum acetate. 
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Figure 5. Cross-section appearance of 304H steel after corrosion test for 100 h in NaVO3 with the addition of La2O3. 
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Figure 6. Inhibition efficiency of La compounds after 100 h of testing in NaVO3 at 700, 800, and 900 °C. 
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Figure 7. TGA (thermogravimetric analysis) curve of lanthanum acetate in air at a scanning rate of 5 °C/min. 
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Figure 8. Cross-sectional aspect and element mapping of the 304H steel interface corroded in NaVO3 at 900 °C after 100 h. 
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Figure 9. Line-scan of the relative concentration of elements for the 304H steel corroded at 900 °C for 100 h in: (a,b) NaVO3, (c,d) NaVO3-10%La(Ac)3, (e,f) NaVO3-10%La2O3. The dotted vertical line indicates the metal/corrosion products interface. 
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Figure 10. Cross-sectional aspect and element mapping of the 304H steel interface corroded in NaVO3 with 10% La(Ac)3 at 900 °C after 100 h. 
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Figure 11. Cross-sectional aspect and element mapping of the 304H steel interface corroded in NaVO3 with 10% La2O3 at 900 °C after 100 h. 
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Figure 12. Approach to the corrosion-product layer and elements mapping of the 304H steel corroded in NaVO3 with 10% La2O3 at 900 °C after 100 h. 
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Figure 13. Surface view of the corrosion-product layer and element mapping of the 304H steel corroded in NaVO3 with 10% La2O3 at 900 °C after 100 h. 
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Figure 14. X-ray diffraction patterns of corrosion products formed on 304H steel corroded at 900 °C for 100 h in: (a) NaVO3, (b) NaVO3-10% La(Ac)3, and (c) NaVO3-10% La2O3. 
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Figure 15. Approach to the corrosion-product layer and element mapping of 304H corroded steel in NaVO3 at 700, 800, and 900 °C after 100 h. The box indicates the area where the element mapping was performed. 






Figure 15. Approach to the corrosion-product layer and element mapping of 304H corroded steel in NaVO3 at 700, 800, and 900 °C after 100 h. The box indicates the area where the element mapping was performed.



[image: Materials 12 03796 g015]







[image: Table] 





Table 1. Main vanadium compounds formed according to Equation (1).






Table 1. Main vanadium compounds formed according to Equation (1).





	x/y Ratio
	Reaction Products
	Vanadium Salt
	Melting Point





	3 (x = 3; y = 1)
	   3 N  a 2  O ·  V 2   O 5  + 3 S  O 3    
	Na3VO4

(Sodium Orthovanadate)
	850 °C



	2 (x = 2; y = 1)
	   2 N  a 2  O ·  V 2   O 5  + 2 S  O 3    
	Na4V2O7

(Sodium Pyrovanadate)
	640 °C



	1 (x = 1; y = 1)
	   N  a 2  O ·  V 2   O 5  + S  O 3    
	NaVO3

(Sodium Metavanadate)
	630 °C



	0.167 (x = 1; y = 6)
	   N  a 2  O · 6  V 2   O 5  + S  O 3    
	Na2O·V2O4·5V2O5

(β-sodium vanadyl vanadate)
	625 °C



	0.417 (x = 5; y = 2)
	   5 N  a 2  O · 12  V 2   O 5  + 5 S  O 3    
	5Na2O·V2O4·11V2O5

(γ-sodium vanadyl vanadate)
	535 °C
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