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Abstract

:

The synthesis, characterization and catalytic performance of a conceptually simple, novel NbOx-SiO2 catalyst are here described. The niobium(V)-silica catalyst was prepared starting from cheap and viable reactants, by alkaline deposition of NH4Nb(C2O4)2·H2O in the presence of fructose as a stabilizer and subsequent calcination. The NbOx-SiO2 solid (0.95 Nb wt.%) was tested in the liquid-phase epoxidation with aqueous hydrogen peroxide of methyl oleate, as a model substrate. It was then tested in the epoxidation of a mixture of methyl esters (FAMEs) obtained by transesterification with methanol and purification of karanja oil, extracted from the autochthonous Indian variety of Millettia pinnata tree. The catalyst showed a promising performance in terms of methyl oleate conversion (up to 75%) and selectivity to epoxide (up to 82%). It was then tested on the FAME mixture from karanja oil, where interesting conversion values were attained (up to 70%), although with lower selectivities and yields to the mixture of desired epoxidized FAMEs. The solid withstood four catalytic cycles overall, during which a non-negligible surface reorganization of the Nb(V) sites was observed. However, this restructuring did not negatively affect the performance of the catalysts in terms of conversion or selectivity.
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1. Introduction


Epoxide derivatives of fatty acid methyl esters (FAMEs) proved to be among the most versatile intermediates in oleochemistry, as they can be easily transformed into a broad series of key products through oxirane ring opening [1,2,3]. Triacylglycerols, obtained not only from vegetable origin, but also from animal sources, in fact, represent one of the cheapest and most available starting materials for replacing petroleum-derived products. Their derivatives found successful application in niche domains, such as lubricants for total-loss applications [4,5], plastifying agents for food-grade products [6,7] or intermediates for pharmaceutical uses [8,9]. However, in order to attain an appropriate degree of sustainability of the overall process and to properly tackle the fuel vs. food/feed biomass dilemma, the scientific community is paying an ever-increasing attention to oleochemicals derived from either non-edible oils, extracted from land- or water-saving crops, or animal fats, obtained from food-processing waste [10,11,12]. In this scenario, India possesses a broad variety of non-edible oil-bearing vegetable sources, such as jatropha (Jatropha curcas), neem (Azadirachta indica), mahua (Madhuca longifolia), castor (Ricinus communis) and, in particular, karanja (Millettia pinnata). Triacylglycerols extracted from these species feature a high percentage of unsaturated fatty acids, which can be easily functionalised and converted into high added-values intermediates [10,13].



Karanja, also known as Indian beech, is a medium-sized fast-to-grow tree, that can easily withstand heat, drought, salinity and frost conditions. It can also reclaim marginal lands and, in many cases, its seeds, which contain 27 to 39% of fat with yearly oil yields as high as 2.0–4.0 t/ha, often remain unused [14]. It has therefore a potential to be used as an alternative feedstock for the production of oleochemicals. Nonetheless, a modest number of studies is present in the current state-of-the-art dealing with the transformation of karanja-derived FAMEs [15,16,17,18,19,20,21,22,23,24], other than the production of biodiesel fuels. More specifically, to our best knowledge, only one report has explored the use of a heterogeneous catalyst (Ti/SiO2) for the epoxidation of Millettia pinnata oil FAMEs so far, but, in this case, the co-presence of either formic acid or UV irradiation was necessary to successfully carry out the epoxidation reaction [18].



Since the final goal of the present study is to explore the possibility of converting unsaturated FAMEs obtained from karanja oil following an environmentally and economically sustainable approach, we focused our attention onto the use of aqueous hydrogen peroxide, as an oxidant, in the presence of a simple heterogeneous catalyst. For this reason, we moved from titanium(IV)-silica catalysts, that are deeply-studied, although less robust and prone to deactivation when in contact with water-containing media [25,26,27,28], towards niobium(V)-silica systems, which showed promising features in terms of activity, selectivity to epoxides and robustness, also in the presence of aqueous H2O2 [29,30,31,32,33,34,35]. Niobium(V)-containing mesoporous silica catalysts in epoxidation reactions, indeed, comply with the main guidelines of Green and Sustainable Chemistry: they do not require hazardous corrosive reactants, avoiding the use of peroxoacids; they circumvent tedious separation and recovery techniques, thanks to their heterogeneous nature, and, by exploiting the oxidizing properties of hydrogen peroxide, only water and dioxygen, in the case of its decomposition, are formed [36,37,38]. Moreover, niobium-silica catalysts displaying a network of mesopores, either ordered or non-ordered, proved to be suitable solid catalysts where the epoxidation of bulky vegetable oil FAMEs can be carried out, thanks to the easy steric accessibility of their mesoporous channels to substrate molecules [39,40,41,42,43].



Therefore, the present report aims at investigating the performance of a conceptually simple, but unexplored niobium oxide on silica catalyst, NbOx-SiO2, obtained from cheap and viable precursors, via a novel deposition procedure, that follows a similar experimental approach previously adopted for copper-oxide catalysts [44]. The niobium-silica catalyst was then tested in the liquid-phase epoxidation with aqueous hydrogen peroxide, not only of methyl oleate (Me-OLE), as a model substrate, but also of the mixture of fatty acid methyl esters obtained by transesterification of karanja tree oil. This novel catalyst was thus tested in the transformation of a FAME mixture derived from a scarcely studied vegetable raw material.




2. Results and Discussion


2.1. Preparation and Characterization of Karanja Oil FAME Mixture


Karanja FAME mixture was obtained by esterification with sodium methoxide and subsequent distillation under vacuum, according to an approach previously used with vegetable oils of different origin [45]. Thanks to the limited free acidity of the crude karanja oil (4.36 mg KOH g−1) with respect to most of non-edible oils from vegetable origin, a methoxide-mediated transesterification could be used instead of an acid-catalyzed one [46]. The raw FAME mixture then underwent distillation under vacuum in order to remove most of the non-lipidic compounds, such as gums, volatile or heavy/odorous components, that might be present and negatively affect the catalytic reactivity, by catalyst fouling.



Karanja FAME mixture contained a remarkable fraction of unsaturated esters: 51.6, 17.7, 0.7, 0.8 mol% for C18:1, C18:2 and C20:1 and C22:1, respectively (Table 1). These C=C bonds accounted for a total iodine value of 99.8, which is fully comparable to the values reported in previous reports [18,47]. The FAME mixture was also characterized by 1H and 13C NMR spectroscopy (Figure S1 and S2).




2.2. Preparation of the NbOx-SiO2 Catalyst


The NbOx-SiO2 catalyst was prepared by dissolving the desired amount of NH4Nb(C2O4)2·H2O precursor in water, at alkaline pH, in the presence of fructose, as a stabilizer. A niobium to fructose molar ratio of 1:5 allowed us to have a proper dissolution of the precursor, avoiding the parallel undesired precipitation of oxo-hydroxo species of niobium(V), that occurs when the sugar is not present. Even if it was not possible to get a clear evidence of the formation of a niobium-fructose complex and of its possible composition, we could reasonably draw a parallel with some monosaccharide-metal adducts that were already synthesized in the presence vanadium precursors and monosaccharides as chelating agents [48,49]. The addition of the high surface area silica support and the dropwise addition of water promote the deposition of the Nb species onto silica. After a thorough filtration, that removes the excess of fructose-niobium adduct that was not strongly bound to the oxidic support, the calcination step in air gave rise to the final white NbOx-SiO2 solid.



It is worth highlighting that such a preparation approach is conceptually simpler and more affordable, in terms of economic resources, than other synthesis routes reported so far [31,32,50]. Indeed, the preparation steps required no operations under inert or controlled atmosphere, no costly and/or hazardous precursors and no organic solvents (cf. the different synthesis procedure, described in Section 3.2, for a benchmark Nb-MCM-41 catalyst, here used for comparison).




2.3. Characterization of the NbOx-SiO2 Catalyst


The niobium content in the NbOx-SiO2 catalyst was checked by digestion plus ICP-AES elemental analysis. A metal loading of 0.95 wt.% was recorded, although the expected Nb content, according to the starting synthesis mixture, was ca. 3 wt.%. Such difference suggests that the deposition procedure was not quantitative and approximately two thirds of the Nb species contained in the precursor salt were filtered out from the solid support during the filtration step. Nevertheless, since a uniform dispersion of the catalytically active Nb(V) sites over the silica is a sought-after feature for this kind of heterogeneous oxidation catalysts, the dispersion of the metal centers and the chemical environment surrounding the Nb(V) atoms were studied by diffuse reflectance UV-vis spectroscopy, DRS UV-vis, (Figure 1), X-ray diffraction (Figure S3) and HAADF-STEM microscopy with Energy Dispersive X-ray Spectrometry, EDS, mapping across the grains (Figure 2).



The NbOx-SiO2 catalyst showed a rather narrow UV absorption band centered around 225–235 nm, due to the ligand to metal charge-transfer transitions between oxygen atoms and Nb(V) sites in tetrahedral coordination [31]. This means that most of the metal Nb(V) centers were isolated and evenly dispersed on the silica surface. Actually, the absence of absorption features at wavelength values higher than 300–310 nm suggests that no Nb centers in isolated penta- or hexa-coordinated geometry were present [41,51]. The occurrence of larger niobia-like domains can be excluded as well [52]. In fact, by comparing the spectrum of the NbOx-SiO2 sample and the one of a bulk reference Nb2O5 solid, no bands were detected between 300 and 400 nm for the former, whereas a broad absorption was evident for the latter (Figure 1, spectrum b vs. spectrum a).



NbOx-SiO2 was also studied by XRD spectroscopy (Figure S3). The silica support is fully amorphous and only a very broad absorption band is observed around 20–25° 2theta values. No specific XRD peaks of crystalline phases of Nb2O5 (or niobia-like domains) were detected. Typically, Nb2O5 nanoparticles with orthorhombic symmetry display reflections around 22.7°, 28.6° and 36.9° [53]. The absence of this kind of peaks is fully consistent with the DRS-UV-vis investigation (Figure 1), where the presence of Nb2O5 crystalline aggregates would have been evidenced by such very sensitive technique.



High resolution transmission electron micrographs excluded the presence of segregated NbOx phases (Figure S4), in agreement with the data reported above. EDS element mapping on a representative HAADF-STEM micrograph revealed a high dispersion of niobium atoms over the catalyst grains (Figure 2). The Nb loading calculated from the resulting EDS spectrum (Figure S5, Nb = 0.91 wt.%) resulted very similar to the one revealed by ICP-AES analysis (Nb = 0.95 wt.%).



The textural analysis of the NbOx-SiO2 catalyst showed that the deposition of the niobium species did not remarkably affect the original pore structure of the support (Table 2 and Figure S6). A small decrease in specific surface area and total pore volume were observed with respect to the pristine silica, thus confirming that no large oxidic aggregates plugged or blocked the pore network, in full agreement with the DR-UV, XRD and HAADF-STEM investigations. All experimental techniques showed that the sugar-assisted deposition approach led to a uniform dispersion of Nb sites over the silica support, with a very low surface density of Nb species, of ca. 0.15 Nb atoms per square nanometer. Such surface metal density is consistent with previous reports in which NbOx-SiO2 catalysts, although obtained via more complicated synthesis pathways or sensitive precursors [27,32,41], displayed a good performance in the epoxidation of alkenes.



Since the epoxidation of alkenes over niobium-silica catalysts generally takes place on Nb(V) sites that promote the oxygen transfer from the oxidant to the C=C bond [29,54,55], the acidity of NbOx-SiO2 was investigated by means of pyridine adsorption/desorption tests. The corresponding spectra showed the presence of bands in the range of 1400–1700 cm−1 (Figure 3). Physisorbed pyridine with a very weak interaction with the surface resulted in a band at 1440–1445 cm−1 and a second one at 1580–1600 cm−1 which rapidly decreased with the temperature until a complete disappearance at 100 °C. On the other hand, pyridine lying on Lewis acid sites accounted for bands around 1450 cm−1 and 1610 cm−1 that were resistant to outgassing and could be still detected at 250 °C, even with a reduced intensity. Brønsted acid sites generally give rise to an absorption at 1550 cm−1, followed by a peak near 1640 cm−1, but, in this case, they were totally absent. The NbOx-SiO2 catalyst thus showed only a Lewis acid character, whereas no Brønsted sites were clearly detected.




2.4. Catalytic Performance in the Liquid-Phase Epoxidation Methyl Oleate


The NbOx-SiO2 catalyst was first tested in the liquid-phase selective epoxidation of pure methyl oleate, which is the main component of karanja FAME mixture (Table 1).



No epoxides were observed throughout the reaction in the absence of the NbOx-SiO2 catalyst. A maximum conversion of 8–10% was recorded after 24 h, due to the unselective production of undefined oxidised by-products linked to the action of hydrogen peroxide. However, no specific formation of epoxidised derivatives was detected.



NbOx-SiO2 showed a promising performance in terms of conversion of methyl oleate (up to 75%) and selectivity to the related epoxide, i.e., methyl epoxystearate (up to 82%) (Figure 4). These data are consistent with those previously recorded over similar Nb(V) grafted over mesoporous silicates, with an ordered or non-ordered array of pores [40,41]. A direct comparison, under the same experimental conditions, was carried out here, by testing a benchmark catalyst, i.e., an ordered mesoporous Nb-MCM-41 catalyst, obtained by depositing niobocene dichloride under controlled atmosphere, with a comparable niobium content (1.0 wt.% Nb) [31]. This catalyst is obtained via liquid-phase grafting of the organometallic precursor onto a high specific surface area MCM-41 support under anhydrous conditions in dry chloroform. Such synthesis procedure leads to evenly dispersed Nb(V) sites on the surface of MCM-41 (cf. DRS-UV-vis spectrum of Nb-MCM-41 in Figure S7) and to good performances in the epoxidation of unsaturated FAMEs, especially in terms of specific activity [41]. For these reasons, Nb-MCM-41 has been chosen here as a benchmark catalyst for this kind of comparison. In terms of conversion profile, NbOx-SiO2 was less active than Nb-MCM-41, especially in the initial hours of reaction, where the former showed a specific activity 40% lower than the latter (32 h−1 vs. 52 h−1, expressed as moles of converted C=C bond per moles of Nb site per unit of time, under the conditions reported in Figure 4). Such difference in activity can be attributed to a better dispersion of the Nb(V) centres for Nb-MCM-41 than for NbOx-SiO2, hence leading to a higher availability of catalytically active sites and higher specific activity. The difference between the two catalysts, however, was narrower at longer reaction times (89% vs. 75% of methyl oleate conversion, after 24 h). On the contrary, in terms of selectivity to methyl epoxystearate, the two catalysts showed rather similar values. Such result suggests that, even if the Nb sites are deposited on silica supports with different morphologies, this feature does not affect the overall behavior of the catalyst, the main product being methyl epoxystearate. Taking into account that most of the activity was displayed by the catalyst in the first hours of reaction and that the increase in the conversion profile was far less marked in the remaining time, the following studies were carried out in a time range of 4 h maximum.



The influence of the substrate to oxidant ratio on the catalytic performance was then considered (Figure 5). The best results were obtained at a methyl oleate to hydrogen peroxide ratio of 1:3. At molar ratios lower than 1:3, lower conversion and epoxide yield values were attained. For a 1:2 ratio, in fact, the oxidant became a limiting agent. This was confirmed by iodometric assays at the end of 4 h reaction, which revealed that virtually no oxidant was left in the final reaction mixture (no formation of brownish triiodide species was observed after addition of potassium iodide). On the contrary, for higher oxidant ratios (from 1:3 to 1:10), hydrogen peroxide was always in excess and the reaction was therefore not limited by the consumption of the oxidant. However, for very high amounts of H2O2, a gradual decrease in epoxide selectivity was observed, likely due to the concurrent, increasing formation of undesired oxidation by-products, obtained via free-radical reaction pathways. This led to lower final epoxide yields (Figure 5). For these reasons, a molar ratio of 1:3 was chosen for further studies.



The influence of the catalyst loading, expressed with respect to the mass of the methyl oleate substrate present in the reaction mixture, on the catalytic performance was finally examined (Figure 6). The higher the amount of NbOx-SiO2 catalyst, the higher were the conversion of methyl oleate and the yield to methyl epoxystearate. In terms of turn-over numbers (expressed as moles of methyl oleate converted per moles of Nb present in the catalyst), somewhat constant values were obtained, spanning from 51 to 62, the maximum TOF being recorded at 30% of catalyst loading. Nevertheless, a gradual worsening of the selectivity to epoxide was observed, at the same time, for higher catalyst loadings. Clearly, at higher conversion values, the formation of by-products, other than methyl epoxystearate was favored. For these reasons, a catalyst to methyl oleate mass ratio of 30% was chosen as a good compromise in terms of alkene conversion and selectivity to the desired epoxide.




2.5. Catalytic Performance in the Liquid-Phase Epoxidation Karanja Oil FAME Mixture


Once the most suitable reaction conditions were defined, NbOx-SiO2 was then tested on the FAME mixture from karanja oil. The catalytic performance is reported in Figure 7, for NbOx-SiO2 and the reference catalyst Nb-MCM-41. Considering that karanja oil FAME contains a non-negligible fraction of diunsaturated fatty acids (ca. 18% of C18:2; Table 1), an alkene to oxidant ratio of 1:4 was used in these tests, in order to assure a constant excess of hydrogen peroxide along the reaction.



In this case too, Nb-MCM-41 proved to be more active than NbOx-SiO2, in terms of conversion of the unsaturated FAMEs and specific activity (53 h−1 vs. 42 h−1). To our delight, very high conversion values (up to 70% for NbOx-SiO2) were already reached in the first 4 h of reaction, the advancement of the reaction in the following 20 h being very modest. In comparison with the values obtained with pure methyl oleate (cf. Figure 4 vs. 7), lower selectivities and yields to the desired mixture of epoxidized FAMEs were observed here. In fact, a maximum yield in monoepoxides of 45% was recorded for NbOx-SiO2 after 24 h. The presence of diepoxy derivatives in the reaction mixture likely leads to the formation of larger molecular mass by-products, which appear in the chromatograms, especially after long reaction times, and can be attributed to a partial oligomerization of the oxidized primary products. These heavy compounds, poorly defined and characterized, overall give rise to lower selectivity values.



To our best knowledge, this work reports for the first time the use of a heterogeneous catalyst for the epoxidation of the FAMEs mixture derived from Millettia pinnata oil, without the use of UV irradiation or sacrificial reactants [18].



Finally, the possibility to recover and reuse the NbOx-SiO2 catalyst in three further catalytic cycles was investigated (Figure 8). It was necessary to thoroughly rinse the solid with fresh solvent and calcine it again at high temperature, to restore the pristine white color and thus to get rid of the possible heavy by-products stuck onto the catalyst surface.



A slight loss in FAME conversion (from 71%, on the fresh catalyst, to 62%, at the end of the third recycle step) was observed, whereas the selectivity to epoxide was virtually unchanged across the catalytic runs. This behavior shows that the catalyst is quite robust and can be reused, after an appropriate process of calcination and regeneration steps.



The modest decrease in catalytic activity might be attributed to the gradual deactivation of the catalytically active Nb(V) centers by fouling species that cannot be entirely removed by intermediate calcination. However, the elemental C,H,N analysis carried out on the spent catalyst, after rinsing with solvent, but before calcination, gave a low amount of residual organic species on the solid, namely, 0.38 wt.% and 0.04 wt.%, for C and N, respectively. The reason should be rather attributed to a gradual modification of the chemical environment of the Nb(V) sites, as shown by the DR UV-vis spectrum of the recycled NbOx-SiO2 solid, after four catalytic cycles (see Figure 1c). Indeed, the used catalyst showed a marked broadening of the band up to 325–340 nm that is attributed to a gradual aggregation of niobium centers along the catalysis and regeneration steps, by high-temperature calcination.



A surface reorganization of Nb species occurred, with the formation of a remarkable amount of oligomeric metal sites in penta- or hexacoordinated geometry and a diminution of the catalytically active and available coordination sites at the Nb centers [56]. However, this phenomenon has little influence on the activity of the catalyst, as confirmed by the modest loss in activity observed at the end of the third recycling step.



Finally, the presence of soluble niobium species leached out from the catalyst was excluded by performing a heterogeneity (“hot filtration”) test (Figure S8). The catalyst was removed from the warm reaction mixture by thorough centrifugation after 1 h and the resulting solution was checked for further reaction [57]. The reaction did not proceed and, in particular, no formation of new epoxidised compounds was recorded. No leaching of homogeneously-active species was thus revealed in liquid phase.





3. Materials and Methods


3.1. Materials and Reactants


NH4Nb(C2O4)2·H2O was received from Companhia Brasileira de Metallurgia e Mineração, CBMM, and used without further pretreatment. Bulk hexagonal-phase Nb2O5 (Sigma-Aldrich, Milan, Italy 99.99%) was used as reference for the catalytic comparison. A commercial mesoporous non-ordered silica gel (Fluka, Milan, Italy, code 60741, high purity grade, pore size 60 Å, 70–230 mesh, 63–200 µm) was used as a support, without further pretreatment. D-(-)-fructose (Sigma-Aldrich, Milan, Italy >99%), ammonia (Fluka), bis(cyclopentadienyl)niobium(IV) dichloride (Aldrich, 95%), sodium lumps (Carlo Erba, Milan, Italy, purum), methyl oleate (Sigma-Aldrich, Italy, 99%), acetonitrile (Sigma-Aldrich, Italy, HPLC grade), methanol (Sigma-Aldrich, Italy, HPLC grade), aqueous hydrogen peroxide (Aldrich, 50% or 30%) and mesitylene (Fluka, puriss., 99%) were all purchased and used as received.




3.2. Catalyst Preparation


The NbOx-SiO2 catalyst was prepared as follows: 0.5 g of NH4Nb(C2O4)2·H2O and 1.5 g of fructose were dissolved in 20 mL of deionised water, then an aqueous solution of ammonia (28%) was added dropwise until pH = 9 and 5.0 g of SiO2 were added. After 20 min under stirring, the slurry, held in an ice bath at 0 °C, was diluted with 3 L of water. The solid was separated by filtration with a Büchner funnel, washed with water, dried overnight at 120 °C, and calcined in air at 350 °C for 4 h. One batch of reference Nb-MCM-41 catalyst (Nb content 1.0 wt.%) was prepared via liquid-phase deposition of bis(cyclopentadienyl)niobium(IV) dichloride, Cp2NbCl2, onto a pure-silica MCM-41 support (specific surface area: 1079 m2 g−1), by adapting the synthesis procedure described in Ref. [58] for titanocene dichloride. In detail, the MCM-41 support was prepared according to the procedure described in previous literature [59]. Then, pure silica MCM-41 was heated in air at 500 °C for 1 h and then in vacuo at the same temperature for 6 h. Cp2NbCl2 was dissolved in anhydrous CHCl3 under argon. The resulting solution was added to the dried MCM-41 and stirred for 30 min at room temperature. Freshly distilled triethylamine was then added to the suspension and left under stirring overnight. The solid was filtered on a Büchner funnel, washed with fresh CHCl3 and dried for 3 h. It was calcined at 550 °C in flowing oxygen (80 mL min−1) for 6 h.




3.3. Preparation of Karanja Oil FAME Mixture


In a 1 L, two-necked, flame-dried flask equipped with a magnetic stirrer, a dropping funnel and an Allihn condenser with a flow control adapter on the top, anhydrous methanol (500 mL) was stirred under a gentle stream of anhydrous nitrogen, while sodium in small pieces was added. After complete dissolution of the solid, karanja oil (200 mL) was added drop-wise (in 10 min). The resulting two-phases mixture, which became homogeneous after about 10 min, was then heated at reflux (oil bath 75 °C) under stirring for 2.5 h. The mixture was then cooled to 35–40 °C, transferred into a 1 L one-necked flask and the solvent distilled under reduced pressure (rotary evaporator, 40 °C). After cooling at 5–10 °C, the crude was quenched with water (200 mL), acidified to pH 6 with glacial acetic acid and extracted with petroleum ether (40–60 fraction, 3 × 200 mL). The combined organic layers were then washed with brine (2 × 100 mL), dried over anhydrous Na2SO4 and filtered. Petroleum ether was removed by rotary evaporator and, finally, vacuum pump (2 h at 0.01 Torr). The resulting light-brown oil (174 g) was distilled under vacuum using an oil diffusive pump, obtaining three distillation fractions. The fraction 152–153 °C/0.08 Torr was used for the catalytic tests.




3.4. Characterization of Karanja Oil FAME Mixture


The karanja FAME mixture was characterized by 1H- and 13C-NMR spectrophotometry at room temperature (Bruker UXNMR, 400 MHz). Iodine value was computed from 1H-NMR spectra of the mixture, as described in Ref. [60].




3.5. Catalyst Characterization


Diffuse reflectance UV–Vis, DR UV-Vis, spectra of the powder oxidic materials were recorded in the range from 200 to 500 nm on a Praying—Mantis Diffuse Reflectance Accessory (Harrick Sci, UK) installed on an Evolution 600 spectrophotometer (Thermo). A Spectralon® disc was used as a reference material for calibration background measurement. Spectra were recorded under air, at room temperature, on samples previously calcined at 500 °C under dry air and cooled down to room temperature under dynamic vacuum.



Transmission electron microscopy (TEM) analysis was carried out by a ZEISS LIBRA 200FE microscope equipped with a 200 kV FEG source. Energy-dispersive X-ray spectra (EDS, Oxford, UK INCA Energy TEM 200) and elemental maps were collected along with HAADF-STEM (high angular annular dark field scanning transmission electron microscopy) images. The specimen was finely smashed in an agate mortar, suspended in isopropanol and sonicated, then the suspension was dropped onto a holey carbon-coated copper grid (300 mesh) and the solvent was evaporated.



FT-IR studies by pyridine adsorption and desorption were carried out on an FTS-60 spectrophotometer equipped with a mid-IR MCT detector (BioRad, Segrate, Italy). The experiments were performed on sample disks (8−15 mg) after a simple dehydration treatment (270 °C, 20 min dry air + 20 min under vacuum). One spectrum was collected before probe molecule adsorption, as a blank experiment. Then, pyridine (Py) adsorption was carried out at room temperature and the following desorption steps were run from room temperature to 250 °C. The spectrum of each desorption step was acquired every 50 °C, after cooling the sample.




3.6. Liquid-Phase Epoxidation Tests of Methyl Oleate and Karanja FAME Mixture


The niobium-silica catalysts (100 mg) were pretreated under anhydrous air at 500 °C and cooled to room temperature in vacuo prior to use. The epoxidation tests were carried out using methyl oleate and karanja FAME mixture (1 mmol of C=C unsaturations), in a round-bottom glass batch reactor, in an oil bath at 90 °C equipped with magnetic stirring (ca. 800 rpm) under dry nitrogen atmosphere. Acetonitrile, aqueous hydrogen peroxide (H2O2; aq. 50%) and mesitylene were used as solvent, oxidant and internal standard, respectively. H2O2 was added with a C=C substrate to oxidant molar ratio spanning from 1:2 to 1:10. The final volume of the reaction mixture was 5 mL. Samples were taken at regular intervals and analysed by gas-chromatography (Agilent 6890 Series; HP-5 column, 30 m × 0.25 mm × 0.25 μm; FID detector). Chromatographic peaks were identified by comparison with genuine reference standards and/or by means of GC-MS analysis. Main epoxidised products were: methyl epoxystearate (methyl cis-9,10-epoxyoctadecanoate), methyl epoxyoleate (methyl cis-9,10(12,13)-epoxyoctadec-12(9)-enoate) and methyl diepoxystearate (methyl cis-9,10–12,13-epoxyoctadecanoate), obtained through epoxidation of methyl oleate, one unsaturation of methyl linoleate and two unsaturations of methyl linoleate, respectively.



In the tests for the recovery of the catalyst, the solid was separated by filtration, washed with clean methanol, dried at 110 °C, calcined again at 500 °C under dry air and then used in a new test as described above. After all tests, the presence of residual hydrogen peroxide was checked and confirmed by iodometric assays and titrations.





4. Conclusions


Three main results were achieved during the present study:

	(1)

	
a conceptually simple, novel niobium-silica catalyst was prepared starting from cheap and easily available precursors and following a synthesis protocol that does not require the use of controlled atmosphere or organic solvents;




	(2)

	
the NbOx-SiO2 catalyst was active in the catalytic epoxidation of unsaturated fatty acid methyl esters in the presence of aqueous hydrogen peroxide, showing a good robustness to repeated recovery and reuse cycles; and




	(3)

	
a solid catalyst was successfully used, for the first time here, in the epoxidation of a mixture of FAMEs directly derived from a real sample of karanja (Millettia pinnata) seed oil, without the need of additional co-reactants or promoters.









The deposition of the precursor niobium species in aqueous phase is therefore a viable approach that can be straightforwardly applied in those working environments where it is not possible to follow synthesis protocols based on sensitive, expensive and/or hazardous reagents. This work was, in addition, an opportunity to put a special emphasis on the growing importance of non-edible vegetable oils as valuable building blocks for biomass-based intermediate chemicals.
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Figure 1. DRS UV-vis pattern of: reference bulk Nb2O5 solid (a); freshly calcined NbOx-SiO2 catalyst (b); and NbOx-SiO2 catalyst after four catalytic cycles and calcination at 500 °C under dry air (c). 
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Figure 2. Representative HAADF-STEM micrograph of a NbOx-SiO2 grain and corresponding EDS element mapping. 
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Figure 3. FT-IR pyridine adsorption and desorption spectra, recorded at different desorption temperatures for NbOx-SiO2. Pyridine adsorption at room temperature. Desorption steps were performed from room temperature to 250 °C. L and B marks show the location of bands attributed to Lewis and Brønsted acid sites, respectively. 
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Figure 4. Conversion of methyl oleate, MO (solid lines) and selectivity to methyl epoxystearate (dashed lines) vs. time over NbOx-SiO2 (black symbols) and Nb-MCM-41 (red symbols). Reaction conditions: glass batch reactor, 100 mg catalyst, 1 mmol MO, 4 mmol aq. H2O2, 90 °C, 300 rpm, 5 mL CH3CN. 
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Figure 5. Influence of the alkene to H2O2 ratio on the epoxidation of pure methyl oleate (MO) over NbOx-SiO2. Conditions: 100 mg catalyst, 1 mmol MO, aq. H2O2, 90 °C, 4 h, 300 rpm, 5 mL CH3CN. 






Figure 5. Influence of the alkene to H2O2 ratio on the epoxidation of pure methyl oleate (MO) over NbOx-SiO2. Conditions: 100 mg catalyst, 1 mmol MO, aq. H2O2, 90 °C, 4 h, 300 rpm, 5 mL CH3CN.



[image: Catalysts 09 00344 g005]







[image: Catalysts 09 00344 g006 550]





Figure 6. Influence of the mass of NbOx-SiO2 catalyst (expressed as wt.% with respect to the mass of methyl oleate) on the epoxidation of pure methyl oleate (MO). Conditions: 1 mmol MO, 3 mmol aq. H2O2, 90 °C, 4 h, 300 rpm, 5 mL CH3CN. TON values (turn-over numbers; gray bars) are expressed as moles of MO converted per moles of Nb in the catalyst (in 4 h). 
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Figure 7. Conversion of C=C double bonds of karanja FAME mixture (solid lines) and selectivity to monoepoxides (dashed lines) vs. time over NbOx-SiO2 (black symbols) and Nb-MCM-41 (red symbols). Reaction conditions: glass batch reactor, 100 mg catalyst, 1 mmol C=C substrate, 4 mmol aq. H2O2, 90 °C, 300 rpm, 5 mL CH3CN. 
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Figure 8. Catalytic performance of the recycled NbOx-SiO2 catalyst in the epoxidation of karanja FAME mixture over. Conditions: 200 mg catalyst (at the 1st catalytic run), 2 mmol C=C substrate, 8 aq. H2O2, 90 °C, 4 h, 300 rpm, 10 mL CH3CN. 
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Table 1. Lipidic composition of the karanja fatty acid methyl esters (FAME) mixture used in the present study.
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	FAME
	Content (mol%)





	C16:0
	11.7



	C18:0
	6.3



	C18:1
	51.6



	C18:2
	17.7



	C20:0
	0.8



	C20:1
	0.7



	C22:0
	10.1 *



	C22:1
	0.8



	other minor
	0.3







* with minor amounts of C18:3.
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