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Abstract:



The catalytic properties of niobium(V) oxide (Nb2O5-CBMN) of different grades: amorphous, optical and ultra-pure, untreated or heat-treated at 400, 500, 700 and 900 °C were studied, before and after interaction with H2O2, by in situ Raman, FTIR-ATR and diffuse reflectance UV-Visible spectroscopy. The presence of different reaction sites for NbO7 and NbO8 type systems, which are directly related to surface defects present in different states of crystallization, were fully characterized. The reactivity of different catalysts obtained from niobium(V) oxide was investigated, using the oxidation of methyl linoleate in the presence of hydrogen peroxide as probe reaction. The reaction was followed by GC-MS, as well as by 1H and 13C NMR spectrometry and the dominant product was 9-oxo-nonanoic acid methyl ester. A reaction mechanism related to an auto-oxidation process must be occurring, leading initially to the formation of hydroperoxides, which decompose rapidly via Hock-type rearrangement, leading to the formation of aldehydes.
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1. Introduction


Niobium(V) oxide (Nb2O5) shows different catalytic sites on its surface, depending on preparation and pretreatment, resulting in the occurrence of strong Brönsted acid sites with Hammett H0 acidity values between −8.0 to −5.6. Water-resistant Lewis acid sites may also be present, making niobium(V) oxide an excellent catalyst in processes where water can be generated during the reaction or even when it is used as solvent [1,2].



The great versatility of Nb2O5 as a catalyst stems from its high polymorphism, a consequence of its form of preparation and, in particular, the treatment temperature [3,4]. The most common phases are: amorphous [5], TT (pseudohexagonal or monoclinic geometry, obtained by heat treatment from 300 to 550 °C) [6,7], T (orthorhombic, from 550 to 850 °C) [8] and H (monoclinic, >1000 °C) [9].



The catalytic activity of Nb2O5 depends on the degree of hydration. For calcination temperatures between 100–500 °C, the simultaneous presence of Brönsted and Lewis acid sites can be observed [10]. In this temperature range, structural changes go from amorphous (100–300 °C) to the TT phase (300–500 °C), which corresponds to a dehydration process. Initially, a reversible loss of water molecules contained in the solvation sphere, which are part of the constitutional defects related to the NbO7 and NbO8 systems must be occurring [11], resulting in a small decrease on the catalytic activity due to Brönsted acid sites. On the other hand, the maximum activity value for Lewis acid sites is observed at a temperature of 300 °C. In the temperature range extending from 300 to 500 °C further elimination of structural water can occur, which is related in part to the loss of the catalytic activity of the remaining Brönsted acid sites and the abrupt drop in the surface area [12,13]. The unit cell of TT-Nb2O5 (pseudohexagonal) has the vacancy of an oxygen atom as a structural defect, with each niobium occupying the center of a polyhedron formed by 5 or 6 oxygen atoms and displaying a Nb-O-Nb-O chain structure along this plane [8,14,15,16].



The existence of structural defects related to Brönsted sites was confirmed spectroscopically by the formation of di-oxygen complexes upon treatment of Nb2O5 with hydrogen peroxide, with these di-oxygen species being classified according to the coordination mode as oxo, peroxo, superoxo and hydroperoxide complexes [17,18,19,20,21]. The correlation between the Brönsted acid sites and the structural defects in NbO7 and NbO8 has been established in a study of the selective Friedel-Crafts alkylation reaction of anisole by benzyl alcohol [22]. On the other hand, from a systematic analysis of Lewis sites on niobium(V) oxide it has been proposed that they are associated to constitutional defects due to the vacancy of oxygen atoms in the oxide structure, as observed by X-ray diffraction (XRD) studies of TT and T phases [11,14]. However, these defects are eliminated completely during the heat treatment of Nb2O5 between 300 and 500 °C [10,23]. A second type of strong acid Lewis sites can be found even after treatment at high temperatures (>900 °C) during the formation of the H phase. This Lewis acid sites can be attributed to the presence of NbO4, having the Nb=O oxo system as active species [2,12,24].



Calcination between 500 and 800 °C generates the T phase, consisting of an orthorhombic unit cell where the niobium atom is surrounded by six or seven oxygen atoms [8,14]. At temperatures between 800 and 900 °C there is the appearance of a new phase, which is described as the H phase and is established above 900 °C [15,16,25]. At this temperature, most of the NbO7 and NbO8 systems have been almost completely eliminated, leaving only the NbO4 and NbO6 centers that will be part of the H phase structure [9]. In amorphous Nb2O5·nH2O presenting a high degree of purity, transition from the T phase directly to the H phase under atmospheric pressure is usually observed and occurs at temperatures slightly below 900 °C [15]. Above 900 °C the structure is completely crystallized and well defined. In this case, only a limited number of constitutional defects such as surface hydroxyls are possible, which explains the low or almost absent Nb2O5 catalytic activity due to Brönsted acidity. However, the presence of NbO4-like structures makes it possible to use these oxides in different catalytic processes through Lewis acid sites, which are considered as water-resistant species [26,27,28].



Natural fatty acids and their esters have been traditionally part of the paints and varnishes industry and are becoming a promising alternative source of raw materials for the industry as a substitute for petrochemical feedstocks [29,30,31,32,33,34]. From the synthetic point of view, unsaturated systems are attractive reactive centers for several types of reaction with maintenance or rupture of the carbon chain [34,35,36]. The most relevant processes are those derived from partial or total oxidation of double bonds by the use of transition metals as catalysts. These processes include epoxidation reaction [32,37,38,39,40,41], partial oxidation leading to the production of diols [42,43,44,45,46,47], aldehydes and/or ketones [36,48] or total oxidation with the production of carboxylic acids as the final products [48,49,50,51]. The use of such compounds as intermediates for subsequent chemical processes leads to the formation of polymeric materials, stabilizers, lubricants, plasticizers, composites, surfactants, adhesives and nanocomposites [30,33]. In the food industry, oxidative processes involving the chemical reactivity of the olefinic systems present in unsaturated fatty acids, such as photo oxidation, enzyme catalyzed reaction or auto oxidation, with the latter being the most common, are determinant of nutritional quality and shelf life of products [52,53].



Unsaturated fatty acids can be divided into two groups: monounsaturated (e.g., oleic acid) and polyunsaturated, such as di- and triunsaturated (linoleic and linolenic acid, respectively) and, less abundantly, tetraunsaturated (arachidonic acid) [30]. The relative reactivity of saturated, mono and polyunsaturated acids may be related to the presence of alkylic, allylic or bis-allylic hydrogens, with C-H binding energies of the order of 98, 83 and 77 kcal/mol, respectively [54,55,56]. For example, monounsaturated systems will only be reactive at high temperatures in the auto-oxidation process, whereas the polyunsaturated compounds (linoleic and linolenic esters) react with molecular oxygen at room temperature [57].



The catalytic systems based on niobium oxide are reasonably selective in oxidative processes [58], such as the selective epoxidation of allylic alcohols [59], the opening of epoxy rings [60], the selective oxidation of geraniol [61], the cyclohexene epoxidation [62], the selective oxidation of terpenes [63,64] and the oxidation of unsaturated fatty acid derivatives [49,65].



In view of the numerous catalytic possibilities offered by the use of Nb2O5 after different temperature treatments in combination with the addition of hydrogen peroxide, it was decided to use the oxidation process of oleic and linoleic acid methyl esters to explore the reactivity of the Nb2O5/H2O2 systems. Three grades of niobium(V) oxide were used: HY340, GO and UP (Section 3). These materials were used as received or heat treated at 400, 500, 700 and 900 °C with hydrogen peroxide being added to the samples prior to the reaction. Raman, FTIR-ATR and diffuse reflectance ultraviolet spectroscopy were employed to study the interaction of hydrogen peroxide with the different catalysts. The nature of the reaction products was elucidated by gas chromatography coupled to mass spectrometry (GC-MS) as well as by 1H and 13C NMR.




2. Results and Discussion


2.1. Analysis by Raman Spectroscopy


Sets of catalysts were obtained from HY340, GO and UP grades of niobium(V) oxide, untreated and by heat treatment at 400, 500, 700 and 900 °C (sets: HY340, HY340-400, HY340-500, HY340-700 and HY340-900; GO, GO-400, GO-500, GO-700 and GO-900; UP, UP-400, UP-500, UP-700 and UP-900) and were studied by Raman spectroscopy before and after addition of H2O2; HY340 samples treated with H2O2 were also studied after heating at 60 °C. Both the type of material and the treatment temperature are extremely important for the behavior presented by the Nb2O5 surface, with hydrogen peroxide addition further modifying it, as expected.



2.1.1. HY340 Set: Before H2O2 Addition


Figure 1 shows the Raman spectra for the HY340 set. The amorphous phase for HY340 and TT for HY340-400 are characterized by an intense and wide signal centered at 650 cm−1 (Figure 1a,b), attributed to the asymmetric stretching of the O-Nb-O group in the distorted polyhedra of NbO6, NbO7 and NbO8; in addition, a shoulder that extends between 750 and 1000 cm−1 can be attributed to constitutional defects [12,24]. The T phase for HY340-500 and HY340-700 is characterized by the presence of more defined signals at 700 and 688 cm−1 (Figure 1c,d), which can be attributed to the vibrational modes of the O-Nb-O group contained in the NbO6 and NbO7 polyhedra presenting a more crystalline structure; no shoulder in the region between 750 and 1000 cm−1 was observed [12,24]. The H-phase for HY340-900 (Figure 1e) shows signals at 993 and 900 cm−1 for the asymmetric and symmetric stretches of the Nb=O bond of the oxo system, respectively, in addition to a signal at 840 cm−1 for coaxial asymmetric stretching of the Nb-O-Nb group. Signals at 630 and 670 cm−1 for the O-Nb-O group stretches and due to the bounded NbO6 distorted octahedra can also be observed. The region ranging from 40 to 450 cm−1 and corresponding to the folding modes of O-Nb-O groups shows a shift from broad to well-defined signals upon increasing the treatment temperature (Figure 1a–e) [12,24].


Figure 1. Raman spectra for the HY340 set: (a) HY340; (b) HY340-400; (c) HY340-500; (d) HY340-700 and (e) HY340-900.
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2.1.2. HY340 Set: After H2O2 Addition


The interaction of the catalysts HY340, HY340-400, HY340-500, HY340-700 and HY340-900 with hydrogen peroxide was studied by Raman spectroscopy using an analysis sequence with time intervals of 1 min between each measurement and with the laser operating at 660 nm/280 mW/32 scans (Figure 2). The spectral profile for HY340 (Figure 2 (I(a))) is clearly altered upon treatment with hydrogen peroxide, resulting in the appearance of a signal at 878 cm−1. This signal increases with time (up to Figure 2 (I(d))) and is followed by a band at 892 cm−1, which overtakes the first one. In Figure 2 (I(f)) the later clearly predominates, although in this case both signals decrease with time. Another signal appears as a shoulder in the 590 cm−1 region (Figure 2 (I(b))) and is overtaken by a peak at 540 cm−1 (Figure 2 (I(c–f))). These signals can be attributed to the asymmetric and symmetric stretches of the NbO2 group, respectively. The appearance of these bands is associated with the formation of a η2-peroxo system on the catalyst surface, which is usually indicative of a large number of structural defects associated with the NbO7 and NbO8 sites [20,21,66,67]. The signals observed at 540 and 892 cm−1 can be attributed to the symmetric and asymmetric stretches of the NbO2 group, respectively and associated to the formation of a di-η2-peroxo system with cis-lateral geometry [66,67]. The maximum value for the ratio between the bands at 892 and 878 cm−1 is reached after five minutes as can be seen in Figure 2 (I(f)).


Figure 2. In situ Raman spectra (laser: 660 nm/280 mW/32 scans) showing the signal intensity variation at 540, 878 and 892 cm−1. Spectra before H2O2-treatment: (I(a)) and (II(a)) HY340, (III(a)) HY340-400, (IV(a)) HY340-500, (V(a)) HY340-700 and (VI(a)) HY340-900. After addition of hydrogen peroxide: (I(b–f)) HY340/H2O2, taken after 1 min time intervals between spectra; (II(b–f)) HY340/H2O2, taken after 4 h intervals at 60 °C; (III(b–f)) HY340-400/H2O2, (IV(b–f)) HY340-500/H2O2, (V(b–f)) HY340-700/H2O2 and (VI(b–f)) HY340-900/H2O2, all taken after 1 min intervals.
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2.1.3. HY340 Set: Comparison between before and after H2O2 Addition


After heat treatment of the HY340/H2O2 system at 60 °C, the signals at 878 and 892 cm−1 (Figure 2 (II(a))) were gradually suppressed with time (Figure 2 (II(b–d))). After 20 h treatment (Figure 2 (II(f))) the spectral profile of the sample shows a great similarity to that for the pure HY340 compound (Figure 2 (II(a))), indicating that the changes caused by treatment with hydrogen peroxide are reversible and favored by high concentration of H2O2.



The results obtained from Raman spectroscopy for HY340-400 samples untreated (Figure 2 (III(a))) and treated with hydrogen peroxide show an initial reduction of the signal intensity at 878 cm−1 (Figure 2 (III(b))) after hydrogen peroxide addition. With increasing time, there is the appearance of a signal at 892 cm−1 (di-η2-peroxo—Figure 2 (III(c,e))), which is growing-in but does not overtake the peak at 878 cm−1, although in the last spectrum (Figure 2 (III(f))) both signals are decreasing; similar observation applies to the signals at 540 and 590 cm−1. These results are probably due to the onset of crystallization for the TT phase. Figure 2 shows the Raman spectra for the catalysts HY340 and HY340-400 (Figure 2 (I(b)) and (III(b–d))). In both cases it is possible to observe the presence of the η2-peroxo system associated with the NbO7 sites, which is characterized by the signal at 878 cm−1. In the course of the analysis, a difference between the Raman spectra for the catalysts HY340 and HY340-400 (Figure 2 (I(e,f)) and (III(e,f))) is observed, with a stronger signal appearing at 892 cm−1 for HY340 when compared to HY340-400. This signal indicates that a smaller number of sites of type NbO8 are present in HY340-400 which is a consequence of the smaller amount of di-η2-peroxo system when the catalyst is treated at a higher temperature, thus presenting higher crystallinity.



After treatment with hydrogen peroxide the HY340-500 catalyst initially characterized as a T phase (Figure 2 (IV(a))) showed a greater reduction in the signal intensity at 878 cm−1 (Figure 2 (IV(b))) when compared to HY340-400 (Figure 2 (II(b))). It was not possible to observe significant changes in the 892 cm−1 region (Figure 2 (IV(c–e))). The lower ratio observed for the bands at 892 and 878 cm−1 (Figure 2 (IV(f))), compared to Figure 2 (I(b–f)) and (III(b–f))) is a clear indication of a small amount of surface defects of the NbO8 type. This can be a consequence of the higher HY340-500 crystallinity, which should contain a larger proportion of NbO6 systems on its surface. On the other hand, pure HY340-700 presents a Raman spectrum consistent with a more crystalline phase (Figure 2 (V(a))), showing the formation of a single signal at 878 cm−1 upon hydrogen peroxide treatment (Figure 2 (V(b–f))). This is a clear indication that only the oxygen-derived η2-peroxy-type associated to NbO7 systems is formed on its surface. Finally, for pure HY340-900 which has a very characteristic spectrum of a H-phase (Figure 2 (VI(a))), a residual signal at 878 cm−1 can be observed upon hydrogen peroxide treatment (Figure 2 (VI(b))), indicating a small number of defects on the NbO6 system. In none of the cases (Figure 2 (VI(c–f))) a signal at 892 cm−1 was observed, which indicates a high crystallinity for the system. In general, the small change in the rest of the Raman spectra (Figure 2I–VI) indicates that the interaction of the catalysts with H2O2 occurs specifically in the defects associated with the NbO7 and NbO8 systems. It is important to note that for HY340-900 the signal at 993 cm−1 for the oxo system (Nb=O) remained constant, suggesting its stability even after hydrogen peroxide addition. The region between 50–450 cm−1, characteristic of O-Nb-O group bending, is not very informative about structural changes occurring on the surface of niobium(V) oxide [12,24].




2.1.4. GO Set: Before H2O2 Addition


Raman spectroscopy studies for non-treated Optical Grade Nb2O5 (GO) (Figure 3 (I(a))) and after heat treatment at 400 °C (GO-400), 500 °C (GO-500), 700 °C (GO-700) and 900 °C (GO-900) (Figure 3 (I(b–e))) show a profile indicating the presence of high crystallinity. No significant spectral changes (Figure 3 (I(a–d))) were observed for GO, GO-400, GO-500 and GO-700 samples after heat treatment. In addition to the 840 cm−1 signal for the coaxial vibration of the Nb-O-Nb group, asymmetric and symmetric stretch signals could be reported at 993 and 900 cm−1, respectively, for the Nb=O system. On the other hand, GO-900 presents a characteristic spectrum for H phase (Figure 3 (I(e))) [12,24].


Figure 3. (I) Raman spectroscopy for GO catalysts treated at different temperatures, before addition of hydrogen peroxide (untreated, 400 °C, 500 °C, 700 °C and 900 °C): (a) GO; (b) GO-400; (c) GO-500; (d) GO-700 and (e) GO-900. In situ Raman spectroscopy for GO catalysts before addition of hydrogen peroxide (II(a)) GO; (III(a)) GO-400; (IV(a)) GO-500; (V(a)) GO-700 and (VI(a)) GO-900; and after addition of hydrogen peroxide: (II(b–f)) GO; (III(b–f)) GO-400; (IV(b–f)) GO-500; (V(b–f)) GO-700 and (VI(b–f)) GO-900—successive analyses at 1 min time intervals with the laser operating at 660 nm/280 mW/32 scans.
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2.1.5. GO Set: After H2O2 Addition


After hydrogen peroxide treatment, Raman spectra for GO, GO-400, GO-500, GO-700 and GO-900 (Figure 3II–VI) show the appearance of a signal at 878 cm−1, which can be attributed to the η2-peroxo system. For the catalysts GO (Figure 3 (II(b–f))), GO-400 (Figure 3 (III(b–f))), GO-500 (Figure 3 (IV(b–f))) and GO-700 (Figure 3 (V(b–f))) a slight decrease in the signal intensity at 878 cm−1 was observed suggesting that heat treatment at 400, 500 and 700 °C does not change the catalyst structure.




2.1.6. GO Set: Comparison between before and after H2O2 Addition


The results for untreated GO-900 catalyst (Figure 3 (VI(a))) and treated with hydrogen peroxide (Figure 3 (VI(b–f))) show the presence of a signal at 878 cm−1 of lower intensity when compared to GO, GO-400, GO-500 and GO-700. A comparison between the catalysts HY340-900 (Figure 2VI) and GO-900 (Figure 3VI) shows that the intensity of the 878 cm−1 signal is higher for GO-900, indicating a larger number of defects for this system.




2.1.7. UP Set: Before and after H2O2 Addition


Raman spectra for Ultrapure Nb2O5 (UP) before and after treatment at 400 °C (UP-400), 500 °C (UP-500), 700 °C (UP-700) and 900 °C (UP-900) (Figure 4 (I(a–e))) indicate that there are no structural changes in these samples. In all cases a very characteristic spectrum of a H-phase is observed, showing signals at 993, 900, 840, 690 and 640 cm−1 [12,24]. When UP, UP-400, UP-500, UP-700 and UP-900 are treated with hydrogen peroxide, the corresponding Raman spectra did not show signals at 878 and 892 cm−1, a clear indication of the absence of structural defects on their structure that could allow the formation of the η2-peroxo system (Figure 4 (II(a–e))). The persistence of signal intensities at 993 and 900 cm−1, as well as of those at 849, 670 and 630 cm−1 (Figure 4 (II(a–e))) before and after treatment with hydrogen peroxide, is an indication that NbO2 η2 complexes are not present. One possible reason is that the NbO7 and NbO8 systems—necessary for the formation of such complexes—are absent even before H2O2 addition [10]. Thus, Nb2O5 UP presents high crystallinity, with the Raman spectroscopy results making it clear that there is no interaction with hydrogen peroxide.


Figure 4. (I) Raman spectrum for the catalysts: (I(a)) UP; (I(b)) UP-400; (I(c)) UP-500; (I(d)) UP-700 and (I(e)) UP-900 (II). In situ Raman spectra for the catalysts treated with hydrogen peroxide: (II(a)) UP; (II(b)) UP-400; (II(c)) UP-500; (II(d)) UP-700 and (II(e)) UP-900.
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2.2. FTIR-ATR Spectroscopy


2.2.1. HY340 Set: After H2O2 Addition


Figure 5 (I) shows FTIR-ATR spectra for HY340 and its derivatives HY340-400, HY340-500, HY340-700 and HY340-900 after hydrogen peroxide treatment. From these spectra, one can observe signals at 2839 and 1390 cm−1 which can be attributed to the presence of hydrogen peroxide on the surface of the solid system [68]. These signals show a significant decrease for catalysts with a greater number of NbO7 and NbO8 defects such as HY340, HY340-400 and HY340-500. This is due to the formation of a significant number of di-oxygen complexes (Figure 5 (I(a–c))) for these catalysts, whereas HY430-700 and HY340-900 have a relatively slower suppression rate due to their lower number of defects (Figure 5 (I(d–e))).


Figure 5. In situ FTIR-ATR spectra for the catalysts treated with hydrogen peroxide recorded with 1 min intervals and 32 scans/reading: (I) (a) HY340; (b) HY340-400; (c) HY340-500; (d) HY340-700 and (e) HY340-900. (II) (a) GO; (b) GO-400; (c) GO-500; (d) GO-700 and (e) GO-900. (III) (a) UP; (b) UP-400; (c) UP-500; (d) UP-700 and (e) UP-900.
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2.2.2. GO Set: After H2O2 Addition


For GO and its derivatives GO-400, GO-500, GO-700 and GO-900 (Figure 5 (II(a–e))) treated with hydrogen peroxide the high number of defects of NbO7 type, as seen in the Raman spectra (Figure 3II–VI), leads to a marked suppression of the signals at 2830 and 1390 cm−1 resulting in acceleration of the hydrogen peroxide decomposition.




2.2.3. UP Set: After H2O2 Addition


Finally, for UP Nb2O5 and its derivatives UP-400, UP-500, UP-700 and UP-900 treated with hydrogen peroxide (Figure 5 (III(a–e))) a slower suppression of the signals at 2830 and 1390 cm−1 can be observed. This can be associated to the reduced number of defects of NbO7 and NbO8 type as observed in the Raman experiments (Figure 4 (II(a–f))).



Thus, the studies by FTIR-ATR spectroscopy performed on HY340, GO and UP Nb2O5 catalysts, as well as for samples treated at 400, 500, 700 and 900 °C, indicate that the hydrogen peroxide interaction with the different surface types is extremely sensitive to the presence of constitutional defects arising from NbO7 and NbO8. A higher amount of these sites as in the case of HY340, HY340-400, HY340-500, GO, GO-400, GO-500, GO-700 and GO-900 results in hydrogen peroxide decomposition through the formation of a η2 dioxygen-type complex (NbO2) [21]. The later catalysts have an appreciable number of defects on their surface, as demonstrated by Raman spectroscopy, which efficiently promote the hydrogen peroxide decomposition. On the other hand, the slower hydrogen peroxide suppression observed in the case of HY340-700, HY340-900, UP, UP-400, UP-500, UP-700 and UP-900 must be due the almost total absence of NbO8 defects as well as the small amount of type NbO7 defects thus allowing only the formation of η1 dioxygen-type complexes (hydroperoxo or superoxo) [21,69].



It is interesting to note that the results obtained by Raman spectroscopy for the catalyst HY340-500 upon treatment with hydrogen peroxide (Figure 2 (V(a–f))) indicate a higher crystallinity when compared to HY340-400 (Figure 2 (IV(a–f))). However, FTIR-ATR experiments for HY340-500 treated with hydrogen peroxide (Figure 5 (I(c))) demonstrate similar behavior to that found for catalyst HY340-400 (Figure 5 (I(b))). This discrepancy in the behavior verified by comparing both experiments originates in the different physical phenomena observed in the two cases. While Raman spectroscopy is sensitive to the detection of stretches of Nb-O bonds, FTIR-ATR spectroscopy is sensitive to stretches of OH bonds. Thus, it can be concluded that the catalyst HY340-500 has a crystallinity that lies between HY340-400 and HY340-700, having a number of defects correlated to surface OH groups, which resemble those found for HY340-400. On the other hand, considering η2 peroxo defects, HY340-400 has more similarity to HY340-700, showing a single signal at 878 cm−1 and having a much more defined crystal structure (Figure 2 (V(b–f))).





2.3. UV-Visible Spectroscopy


2.3.1. HY340 Set: Before and after H2O2 Addition


Diffuse reflectance spectra in the ultraviolet-visible region (200–600 nm range) for the catalysts HY340, HY340-400, HY340-500, HY340-700 and HY340-900 (Figure 6 (I(a–e))) indicate that increasing treatment temperature leads to a bathochromic shift of up to 25 nm on the absorption band at 290 nm. This may be a consequence of a surface area reduction as well as an increase on the surface density of NbO4 systems for those species treated at higher temperatures, such as HY340-900 [12,13]. The interaction of hydrogen peroxide with the catalysts HY340 and HY340-900 (Figure 6II) indicates that the number of defects on the niobium oxide surface leading to a η2-peroxo type charge transfer complex decreases with the temperature, as observed by the spectral changes found for HY340 (Figure 6 (II(a1))) to Figure 6 (II(a3))) and HY340-900 (Figure 6 (II(e1))) to Figure 6 (II(e3))) [21,70]. Raman spectroscopy studies for HY340-900 before and after H2O2 addition (Figure 2VI) show only a small intensity for the η2-peroxo signal, at 878 cm−1. On the other hand, a small increase in absorption towards the visible region (400–500 nm) can be observed in the UV-Vis spectrum (Figure 6II), mainly for HY340 (which becomes bright yellow after H2O2 addition) and much less so for HY340-900 (very pale yellow). Both results confirm the formation of a η2-peroxo-type complex in small amounts and therefore HY340-900 presents a reduced possibility of formation of the niobium η2-peroxo system.


Figure 6. Diffuse reflectance UV-Visible spectra. (I), before treatment with hydrogen peroxide: (a) HY340; (b) HY340-400; (c) HY340-500; (d) HY340-700 and (e) HY340-900; (II) after treatment with hydrogen peroxide: (a1) HY340; (a2) HY340/H2O2; (a3) HY340/H2O2 12 h at 60 °C; (e1) HY340-900; (e2) HY340-900/H2O2; (e3) HY340-900/H2O2/12 h at 60 °C; (III) (a) GO; (b) GO-400; (c) GO-500; (d) GO-700 and (e) GO-900; (IV) (a) UP; (b) UP-400; (c) UP-500; (d) UP-700 and (e) UP-900.
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2.3.2. GO Set


The catalysts GO-400, GO-500 and GO-700 prepared from GO niobium(V) oxide showed no changes in their absorption spectrum in the UV-Vis region (Figure 6 (III(a–d))), indicating that the treatment temperature did not significantly alter their structure. However, the slight bathochromic shift from 300 to 314 nm observed for the GO-900 sample may be a consequence of structural changes promoted by the heat treatment (Figure 6 (III(e))).




2.3.3. UP Set


For the UP catalyst and their derivatives UP-400, UP-500, UP-700 and UP-900 (Figure 6 (IV(a–e))) no significant effects were observed in their absorption band at 315 nm, indicating that these compounds have only a small alteration on their structure by heat treatment, which can be due to high initial crystallinity [21,70].



Diffuse reflectance spectra in the ultraviolet-visible region show temperature dependence for the catalysts HY340, HY340-400, HY340-500, HY340-700 and HY340-900, whereas the spectra of the GO (except for GO-900) and UP sets are temperature independent. This behavior may be associated to a reduction of the surface area of the catalysts. Upon increasing the crystallinity, a relative increase in the surface concentration of NbO4 systems can occur, which is characterized by the presence of a niobate group (Nb=O) and thus the absorption spectrum is shifted to the red [12,13]. Thermal treatment of HY340 catalysts between 400 and 900 °C lead to significant structural changes in the predominant amorphous form, with reduction in the surface area and increase in crystallinity (Figure 6 (I(a–e))). The GO, GO-400, GO-500 and GO-700 catalysts all show similar UV-Vis absorption spectra (Figure 3 (I(a–d))) and also similar Raman spectra, presenting intermediate crystallinity (Figure 6 (III(a–d))) but GO-900 shows significant changes (Figures 3 (I(e))) and 6 (III(e))), due to temperature induced increased crystallinity. The catalysts of the UP series all showed high crystallinity (Figure 4 (I(a–e))).





2.4. Oxidation Reaction of Linoleic Acid Methyl Ester Catalyzed by Different Types of Niobium(V) Oxide


Based on the experimental results obtained by Raman and FTIR-ATR spectroscopy, HY340, HY340-900, GO and UP were chosen to study the influence of crystallinity and the different types of systems, i.e., NbO4, NbO6, NbO7, NbO8, on the reactivity of methyl linoleate in presence of hydrogen peroxide. Thus, amorphous HY340 is able to lead to a η2-type peroxo system strongly affecting the catalyst activity. On the other hand, HY340-900 and GO show high crystallinity and a low interaction with hydrogen peroxide. Nb2O5 UP is also highly crystalline but unlike HY340-900 and GO does not show any interaction with hydrogen peroxide. The activity of these four catalysts towards the methyl linoleate oxidation was followed by gas chromatography with a flame ionization detector or coupled to a mass spectrometer and the two main products detected were methyl 9-oxo-nonanoate (2), n-hexanal (3) and, in smaller quantities, non-3-enal (4) and methyl 12-oxo-dodec-9-enoate (5) (Scheme 1).



The HY340-900/H2O2 system at 80 °C was proved to be the best combination for methyl linoleate oxidation and Figure 7 shows a typical chromatogram (CG-MS) for this reaction. Results from similar experiments with HY340, GO e UP are shown in Figures S1 and S2 in the Supplementary Materials.


Figure 7. GC-MS for methyl linoleate oxidation by HY340-900/H2O2 at 80 °C after 60 min reaction. (1) methyl linoleate, (2) methyl 9-oxo-nonanoate, (3) n-hexanal, (4) non-3-enal and (5) methyl 12-oxo-dodec-9-enoate.
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In the oxidation reaction of methyl linoleate (1) catalyzed by niobium oxide(V) using hydrogen peroxide as the oxidizing agent the formation of the main product methyl 9-oxo-nonanoate (2), n-hexanal (3), non-3-enal (4) and methyl 12-oxo-dodec-9-enoate (5), as well as that of secondary products, was followed by gas chromatography (CG-FID, flame ionization detector) (Figure 7). These GC studies show that the best catalysts regarding methyl 9-oxo-nonanoate (2) and n-hexanal (3) production, were HY340-900 and GO (Figure 8II,III), whereas HY340 e UP showed less reactivity (Figure 8I,IV).


Figure 8. Time (minutes) x composition (mol %) curves for the oxidation reaction of methyl linoleate with hydrogen peroxide in the presence of catalysts: (I) HY340, (II) HY340-900, (III) GO and (IV) UP.
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Because HY340-900 has a higher reactivity on the methyl linoleate/H2O2 reaction we decided to undertake an extensive study of this reaction employing 1H and 13C NMR. The 1H NMR spectrum of methyl linoleate (Figure 9a) shows signals for: olefinic CH at C9, C10, C12 and C13, δH 5.3–5.4 (m, 4H); CH3O, δH 3.65 (s, 3H); bis-allylic CH2, δH 2.80 (m, 2H); CH2 at C2, δH 2.5 (t, 2H); CH2 at C8 and C14, δH 2.3 (m, 4H); CH2 at C3, δH 1.60 (m, 2H); CH2 at C4–C7 and C15–C17, δH 1.25 (m, 14H); and CH3 at C18, δH 0.87 (t, 3H). After 10 min reaction, new signals appeared (Figure 9b) between δH 5.40 and 6.70, which are coupled to carbons at δC 123–140 (Figure 10) and therefore were assigned to olefinic hydrogens. At low field (Figure 9b), signals appearing at 7.9–8.0, characteristic of the hydroperoxide hydrogen (ROOH) and at δH 4.35 (m), assigned to the methine proton attached to the COOH (hydroperoxide) group can be observed. This proton is coupled to the carbon at δC 86.40, which clearly indicates the initial formation of hydroperoxides in the oxidation process (Figure 10) [71,72,73,74].


Figure 9. 1H NMR spectra (500 MHz) for the products of the oxidation reaction of methyl linoleate with hydrogen peroxide catalyzed by HY340-900 at reaction times: (a) zero; (b) 10, (c) 30, (d) 60 and (e) 120 min.
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Figure 10. HSQC spectrum (500 MHz for the products formed upon the oxidation reaction of methyl linoleate catalyzed by HY340-900/H2O2 at a reaction time of 30 min.
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After 30 min reaction (Figure 9c), the appearance of signals in the region δH 9.4–9.8 that are directly coupled to the carbonyl carbon signal at δC 194 (Figure 10) and characteristic of aldehydes can be observed. [72] After 60 min (Figure 9d), the signals at δH 4.45 (H-COOH) and δH 7.9–8.0 (ROOH) are relatively small and an increase in the signals at δH 9.4–9.82 is clearly observed. At 120 min (Figure 9e), these later signals are relatively intense and an almost complete disappearance of the signals for the olefinic hydrogens belonging to methyl linoleate at δH 5.3–5.4 can be observed. At the same time, the signals assigned to methyl linoleate hydroperoxides at δH 7.9–8.0 (ROOH) and to the methine hydrogen at δH 4.35 (HCOOH) are also disappearing. Similar 1H NMR results were found for the methyl linoleate oxidation using catalysts HY340, GO and UP and 60 min reaction time, as shown in Figure S3.



Under the conditions described above and using HY340, HY340-900, GO e UP as the catalysts, studies carried out with methyl oleate did not provide a significant number of products (<1%) (Figure S4) [49].



The results obtained from 1H and 13C NMR studies for the oxidation reaction of methyl linoleate by hydrogen peroxide and catalyzed by HY340-900 indicate that the initial oxidation leads to the formation of conjugated hydroperoxide(s) designated as 7 arising from the peroxyl radical i2, which is proposed as an intermediate in many oxidative processes involving unsaturated derivatives of fatty acids [57]. Peroxyl radicals have been detected, indirectly [75] and, at low temperatures, directly [76], using EPR (electron paramagnetic resonance spectroscopy). The presence of the characteristic signal for the hydroperoxide hydrogen (ROOH) at δH 4.35 (m) is a clear indication of the formation of the intermediate i2 [72,74] in Scheme 2. The absence of hydroperoxides at the simple allylic positions C8 and C14, as well as the lack of reactivity for methyl oleate, suggests a mechanism initiated by hydroperoxyl radicals, formed from the interaction between Nb(V) and H2O2 [77]. These species are less reactive than the usual hydroxyl radical involved in autoxidation of lipids and selectively abstracts a hydrogen atom at the bis-allylic position forming the radical intermediate i1 (Scheme 2). On the other hand, hydrogen peroxide in the presence of transition metal ions can efficiently generate molecular oxygen, without necessarily involving intermediate generation of extremely reactive hydroxyl radicals [78,79]. The bis-allylic radical i1 reacts with oxygen preferentially at C9 and C13, forming conjugated (more stable) peroxyl radicals i2(a) and i2(b) (Scheme 2). These radicals abstract a hydrogen atom from C11 in (I), regenerating i1 and forming hydroperoxides 7(a) and 7(b), which undergo a Hock-type rearrangement [80] catalyzed by the acidity of niobium oxide(V). This rearrangement occurs with elimination of water through a 1,2-suprafacial displacement, forming oxygen-stabilized cations as intermediates that pick water back up and generate protonated hemiacetals, which then can fragment originating two aldehydes for each hydroperoxide.



The low concentration observed for the unsaturated aldehydes 4 and 5 (Figure S1) is due to the fact that these compounds contain labile C-H bonds, i.e., allylic and α to an aldehydic carbonyl (bond dissociation energy ~82.5 kcal/mol, [56] which undergo a second oxidative process yielding malonaldehyde (which is not detected with our analytical conditions) and additional formation of 3 from 4 and 2 from 5 (Scheme 1).



The absence in the 1H NMR spectra (Figure 9b–e) of signals relative to carbinolic CH from diols at δH 3.42–3.85 and CH of oxiranes at δH 2.98–3.10 [81,82,83] rule out an oxidative process occurring through 1,3 and 2,3 dipolar mechanisms and involving a concerted transfer of two electrons [84,85]. These results lead us to conclude that there is no participation of η2-peroxo-type (NbO2) complex in the oxidative process, which would lead to the initial formation of an epoxide and subsequently of diols, ketones or carboxylic acids [47,85,86,87]. In addition, the high degree of oxidation of Nb2O5 should also preclude Fenton-like processes involving hydroxyl radical formation as a reactive species (if formed, these are efficiently quenched by reaction with hydrogen peroxide—forming water and hydroperoxyl radical—before reaching the lipidic carbon chain). The involvement of hydroxyl radicals can be unequivocally discarded by the absence in the 1H NMR spectrum (Figure 9) of signals that could be attributed to other products generated by the reaction between hydroxyl radicals and methyl linoleate, such as the addition reaction to double bonds resulting in diol formation or hydrogen abstraction at sites other than the bis-allylic position [88].





3. Materials and Methods


The catalysts HY340, Optical Grade (GO) and Ultrapure (UP) niobium(V) oxide [CBMM] were subjected to thermal treatment for 24 h periods, at 400, 500, 700 and 900 °C and cooled at room temperature. They were further characterized by spectroscopic methods (Bruker Optics FT-Raman, MultiRAM II/Nd:YAG laser/1064 nm), FTIR Bruker Vertex 70 (ATR)/Nd:YAG laser/1064 nm and Shimadzu/UV-2700 Spectrophotometer/UV-Vis-NIR/Lo-Ray-Light).



In situ catalyst studies were performed with the drop wise addition of hydrogen peroxide (30%, Merck, São Paulo, Brazil) over the oxides, in a molar ratio H2O2/Nb = 1:1, with an induction time of 15 min before the analysis. Raman spectroscopy was obtained at each 1 min interval (laser at 660 nm; 280 mW intensity) and using 32 scans per analysis. Raman spectroscopy experiments aimed to evaluate the thermal stability of the different catalysts after H2O2 treatment were performed at 60 °C for 24 h and then analyzed every 4 h, following a literature procedure [89].



IR analysis was performed at 1 min interval and accumulation of 32 scans per analysis. UV-Vis spectra were recorded using a peroxide/catalyst ratio H2O2/Nb = 1:1 and an induction time of 15 min before the analyses.



Oxidation reactions of the methyl esters were carried out in sealed reactors (10 mL) under constant stirring at a temperature of 80 °C and using 50 mg of catalyst, 10 μL of the ester (oleate or linoleate, 99.99% Aldrich, São Paulo, Brazil), 200 μL of acetonitrile (PA, Tedia, Rio de Janeiro, Brazil) and 40 μL of hydrogen peroxide (Vetec, Rio de Janeiro, Brazil) added in this sequence at room temperature. Reactions were carried out in triplicate. The reaction medium was extracted with Chloroform (PA, Tedia, Rio de Janeiro, Brazil) (3 × 500 μL), centrifuged and analyzed by gas chromatography coupled to mass spectrometry (Shimadzu, GC-MS 2010/QP 2010 Plus/DB-WAX capillary column 30 m operand in splitless mode and H2 as carrier gas. Product yields were calculated from the corresponding chromatograms. 1H and 13C NMR (Bruker, AVANCE III, ULTRASHIELD PLUS-500 MHz) spectra were recorded using CDCl3 as solvent and TMS as the internal standard. In order to obtain a more resolved NMR spectrum a double number of reactants (in mass) was used in the oxidation reaction. The purification procedure was the same as described above and the CHCl3 extract was evaporated in a stream of nitrogen at room temperature and immediately analyzed. Reaction blanks were run either in the absence of hydrogen peroxide or in the presence of hydrogen peroxide and in the absence of the respective catalysts in atmospheric conditions. In all cases product formation was not observed.



Nb2O5 used in this work was supplied by CBMM (Companhia Brasileira de Metalurgia e Mineração, Araxá, Brasil) in three grades: HY340, GO (Optical Grade) and UP (Ultrapure). HY-340: niobium(V) oxide hydrate, is a white powder, not soluble in water, has high acidity (corresponding to 70% H2SO4) when calcinated at relatively low temperatures (100–300 °C) and still containing some adsorbed water. UP: ultra-pure grade niobium(V) oxide, is a calcinated white powder of high purity in niobium oxide (more than 98.5%) and has a crystalline structure; it is employed in the production of super alloys for use under elevated temperatures and in corrosive environments. GO: optical grade niobium(V) oxide, is a high purity (>99.0%) spectroscopic grade, with very low iron content (<5 ppm); it is usually employed in the optical industry (lenses, digital cameras, etc.).




4. Conclusions


Raman spectroscopy studies indicated the association of the signals at 878 and 892 cm−1 to the existence of structural defects on the surface of the catalysts. These defects are capable of originating η2-peroxo and cis-di-η2-peroxo systems, which depend on the presence of NbO7 and NbO8 structures, with amorphous HY340 being the catalyst with the highest number of such defects. Different catalysts such as HY340-900 and GO that show a high degree of crystallinity and a small number of defects are less capable of generating a η2-peroxo system. For the UP catalyst, the absence of signals relative to the η2-peroxo system can also be associated to the reduced number of defects. FTIR-ATR studies for the different catalysts show that hydrogen peroxide decomposition at the surface depends on their degree of crystallinity. For systems with a larger number of structural defects of the NbO7 and NbO8 type easy formation of η2-peroxo systems is expected. On the other hand, the lower rate of hydrogen peroxide decomposition—due to lack of surface defects—observed on the FTIR-ATR spectra for the catalysts HY340-900 and UP (Figure 5) allows the formation of η1-type species (superoxide or hydroperoxo), which are responsible for the reaction selectivity observed on the methyl linoleate oxidation reaction. The large increase in absorption observed in the 400–500 nm region of the UV-Vis spectrum for HY340 after addition of H2O2 (Figure 6 (II(a1) and (a2))) can be a consequence of an association between the defects of NbO7 and NbO8 type present and the formation of η2-peroxo and cis-di-η2-peroxo systems. The high reactivity observed for the oxidative formation of methyl 9-oxo-nonanoate from methyl linoleate, for the catalyst HY340-900 when compared to HY340 and the absence of diol or epoxide products, lead us to conclude that η2-peroxo systems are not participating as oxidant species in the reaction of methyl linoleate with hydrogen peroxide catalyzed by HY340-900. This last catalyst, which is active, and UP, which is inactive, show very similar crystallinities and the presence of a Raman signal at 993 cm−1 (Figures 1e and 4), characteristic of NbO4 type systems; this suggests that the presence of these systems have no effect on the reactivity observed in the oxidative process. Finally, the proposed mechanism leading to the initial formation of a hydroperoxide in the oxidation reaction of methyl linoleate by niobium(V) oxide/H2O2 suggests that the catalytic reactivity observed must be associated to the formation of radical species showing low oxidative potential, similar to either a hydroperoxyl radical or a η1 superoxo-type complex, which then could justify both the reactivity and selectivity presented by this reaction.
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Scheme 1. Oxidation of methyl linoleate by hydrogen peroxide/Nb2O5. 
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Scheme 2. Proposed mechanism for oxidation of methyl linoleate initiated by hydroperoxyl radical. 
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