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Abstract

:

The modification of fatty substrates using heterogeneous catalysts have extensive industrial application and has an emphatic position in a sustainable context. Herein ruthenium, nickel, cobalt and copper-doped ruthenium, supported on hypercrosslinked polystyrene (HPS) catalysts were prepared by wet impregnation, characterized and applied on the modification of canola fatty acid methyl esters (FAME). The characterization showed a dispersive effect of doping metals over the ruthenium particles, the presence of acid sites and overall surface morphology, which allows targeting potential applications. The chosen modifications consisted of hydrogenation, hydroformylation, oxidative cleavage and deoxygenation, resulting in superb catalytic activities of over 99% conversions for hydrogenation and deoxygenation. The simplicity of the canola FAME composition allows the understanding of the catalytic processes and allows the upscale of more complex FAME matrixes. Finally, the obtained data stimulates further optimization studies for each application with a variation on the catalysts and the usage of residual fatty substrates, greatly enhancing the sustainability profile of the systems.
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1. Introduction


Heterogeneous catalysis plays a prominent role due to its great advantages compared to homogeneous ones, because they are usually easy to regenerate and reuse, exhibiting thermal, chemical and structural stability in addition to being low cost. However, some disadvantages must be considered, such as the complexity of active sites, leaching and limited surface-substrate contact [1,2,3].



One area in which the use of heterogeneous catalysts has emerged is that of functionalization of fatty substrates, mainly by their simple operation, requiring less unitary operations for product isolation, and results in products exhibiting high purity with increased value, which may be characterized as a circular economy and biorefinery application [4,5,6].



The unsaturations in fatty acids chains are active sites for a large range of reactions, which could be employed to modify biodiesel characteristics such as the cold-flow properties, besides making it possible to prepare value-added derivatives with a wide range of applications such as additives, plasticizers, lubricants, detergents, surfactants, polymer precursors, etc. In addition, since allylic hydrogens are susceptible to radical attack and consequent oxidative degradation, the removal of unsaturations permits to improve the product’s oxidative stability.



Some modifications plausible for fatty substrates (Scheme 1) include, among others, hydrogenations (A), hydroformylations (B), oxidative cleavages (C), deoxygenations (D), metathesis (E) and ethenolysis (F) [7,8,9,10]. The hydrogenation process is still used for the production of hydrogenated fats using nickel Raney, but can also be accomplished using, bimetallic ruthenium-nickel supported over molecular sieves and others [11,12,13]. The hydroformylation processes normally occur by homogeneous catalysis but may proceed using rhodium or ruthenium heterogenized over MOFs, functionalized silica and others [14,15]. The oxidative cleavage process uses ozonolysis, but may also be accomplished using ruthenium catalysts and composites of ruthenium-vanadium heterogenized and others [16,17,18]. The deoxygenation of fatty compounds is an efficient route for green diesel production using heterogenized catalysts supported on zeolites and others [19,20,21].



Hypercrosslinked polystyrenes (HPS), or functionalized polystyrenes (such as amine-functionalized), are useful in the stabilization of metallic nanoparticles and clusters [22,23,24,25]. The stabilization of nanoparticles is vital for the production of ruthenium mono and bimetallic catalysts applicable in biorefinery processes, such as the oxidation and hydrogenation of glucose, the hydrogenolysis of cellulose, on Suzuki cross-coupling and on the lactic acid hydrogenation [26,27,28].



In this work, the synthesis and characterization data of the ruthenium, and doped ruthenium/HPS (5%Ru/HPS and 3%Ru-0.1%Me/HPS; Me = Co, Ni and Cu) catalysts allow focus on the modification of canola fatty acid methyl ester (FAME), a mixture containing 60–70% of oleic, 17–20% of linoleic and 6–10% of linolenic methyl esters [29]. In this way, 5%Ru/HPS catalyst was tested on hydroformylation, the 3%Ru-0.1%Ni/HPS on hydrogenation, the 3%Ru-0.1%Co/HPS on hydroformylation and deoxygenation, and the 3%Ru-0.1%Cu/HPS on oxidative cleavage.




2. Results and Discussion


2.1. Catalyst Characterization


The compiled thermogravimetry for the catalysts 3%Ru/HPS and 3%Ru-0.1%Me/HPS; Me = Co, Ni and Cu is presented in Figure 1. The first weight loss between 35–105 °C is attributed to water chemically and physically adsorbed on the catalyst’s surfaces. The second weight loss between 400–500 °C is attributed to the decomposition of the polymeric matrix. However, on every sample, it was possible to verify a subtle onset of weight loss from 250 °C and, therefore, this temperature was chosen as the limit temperature for the catalytic tests.



The catalysts’ FT-IR spectrums are compiled in Figure 2. It is possible to verify a similar profile for every sample, with bands between 3100–2900 cm−1 and 1600–1400 cm−1 typical of bond stretching for sp3 C-H and C-C, as well as vibration and folding for C-H bonds, all of which are associated with the polymeric matrix of HPS.



To investigate the nature and the amount (mmol g−1) of the acid sites present in these materials, they were analyzed by infrared spectroscopy using pyridine as a probe molecule. Furthermore, the acid strength of the sites was investigated following the thermal stability of the interaction pyridine-acid sites by the acquisition of infrared spectra at 100, 200 and 300 °C [30,31].



The results (Table 1) point out just the presence of a low amount of Lewis acid sites (LAS) in the case of 3%Ru-0.1%Ni/HPS, 3%Ru-0.1%Cu and 3%Ru-0.1%Zn. Bronsted acid sites (BAS) were not detected for any catalysts and no LAS were observed for 3%Ru/HPS and 3%Ru-0.1%Co/HPS; however, it is not possible to ignore the presence of this type of site in very low amounts as they may not be detectable for the analytical strategy employed. It is important to note that even submitted to 300 °C, the detectable acid sites still remain in the material’s structure, showing the temperature resistance of the catalysts.



The X-ray diffraction patterns of the materials are presented in Figure 3 and just two diffraction bands at 38.35° and 44.50° are observed which can be associated with planes (010) and (011) of metallic ruthenium [32]. The traces of copper, nickel and cobalt present on doped ruthenium catalysts were not present due to their low abundance over the catalysts’ surface and equipment detection limit.



Nitrogen physisorption results for the catalysts (Figure 4 and Table 2) show a slight tendency to decrease on specific surface area and pore volume, in comparison with monometallic 5%Ru/HPS, maybe due to deposition of metallic species in the material walls. All isotherms are of type I, as shown in Figure 4, which are associated with the presence of the hysteresis loop of type H4, indicating mainly the presence of micropores. This observation is confirmed by pore diameter distribution and DBJH values, shown in Figure 5.



Previous studies involving 5%Ru/HPS and 3%Ru-0.1%Co/HPS have revealed that for 5%Ru/HPS material hydrated ruthenium (IV) oxide was the predominant form of Ru on the catalyst surface (about 69% of all the ruthenium-containing compounds) and Ru-containing particles are located non-uniformly, mainly closer to the outer surface of the polymer granule. In the case of 3%Ru-0.1%Co/HPS, no products of chemical interaction of cobalt and ruthenium were detected and cobalt is present as Co(OH)2 [28,33].



The dispersion parameters observed in previous studies were obtained, as shown on the SEM compilation in Figure 6. The introduction of cobalt, nickel and copper changes the distribution of ruthenium-containing particles, increasing their uniformity. Copper promoted the greatest dispersion followed by nickel and cobalt. Other SEM images in different zooms are available in the supporting information, Supplementary Material Figures S1–S16.




2.2. Catalyst Activity Tests


The canola FAME mixture was chosen as substrate due to its major composition of 70% methyl oleate [29], which is less expensive if compared to pure oleic acid which is obtained by fraction, facilitating the application of this catalytic system on greater scales. The usage of FAME mixtures is therefore friendly to circular economic applications while contributing to green chemistry, enhancing the sustainability of a process. On the other hand, the methyl oleate has also only one unsaturation per fatty chain which facilitates the interpretation of activity data [4,34,35].



The FT-IR of both canola oil and canola FAME shows only the shifting of carbonyl stretch from 1743 cm−1 on oil to 1743 cm−1 on FAME, as demonstrated in Supplementary Material Figure S17. The 1H NMR for the canola FAME (Supplementary Material Figure S18) demonstrates the disappearance of internal hydrogens of glycerol over 4.40 and 4.15 ppm, while also showing the appearance of a methyl peak at 3.67 ppm, indicating almost total conversion of oil into FAME. The GC-MS chromatogram of canola FAME and main component list are also available in Supplementary Material Figure S19 and Table S1.



The hydrogenation methodology chosen, Scheme 2, was typical of heterogenized nickel catalytic systems. On the heating ramp, over 175 °C, it was possible to verify a 10 bar fall, indicative of activity at temperatures lower than the selected and also effectivity at the oxidative addition step, considered the limiting catalytic step for hydrogenations. The obtained white and solid product was extracted with petroleum ether to avoid HPS solubilization [36].



The hydrogenation of canola FAME with 3%Ru@0.1%Ni/HPS showed an outstanding result with the apparent total conversion of starting unsaturations, using 50 bar of H2, at 250 °C and 500 rpm, during 180 min. The FT-IR spectrum of the hydrogenated canola FAME product, Figure 7, shows the disappearance of the C-H sp2 stretch band, while the 1H NMR spectrum, Figure 8, allows the conversion calculation at 99%. The calculation of selectivity and yield was not possible due to the superposition of fatty chain hydrogens. The GC-MS chromatogram and main component list, Supplementary Material Figure S20 and Table S2, corroborate the full conversion of canola FAME into saturated fatty chains. The high activity justification is due to synergic effects between nickel and ruthenium allowing a greater dispersion of particles over the catalyst surface, as shown on the SEM and greater acid stability at high temperatures if compared to 5%Ru/HPS.



An example from the literature points out that ruthenium supported over carbon was studied on hydrogenation of soybean oil (2 bar of H2 at 165 °C) resulting in moderate non-selective yields (18.8% of linoleic (C18:2), 53.3% of oleic (C18:1) and 14.4% of stearic (C18:0) fatty chains) [37]. In another study, the hydrogenation of glicerol trioleate (1.60 mmol of the double bond) was described in the presence of ruthenium nanoparticles supported over ion exchange resin DOWEX-300 using water:heptane at 30 °C, 10 bar of H2 and 1000 rpm, during 120 min, yielding 45% of unsaturations conversion [38]. Nanocatalysts containing nickel, paladium and ruthenium were also applied on the selective hydrogenation of canola oil attaining 75.3% of cis-C18:1 and 2.46% of C18:0, at 100 °C, 10 bar of H2 and 500 rpm, during 60 min [39].



The first hydroformylation followed a classical heterogenized ruthenium methodology with syn-gas (1:1), toluene and 5%Ru/HPS as catalyst, under 150 °C for 48 h. In contrast with the hydrogenation, no pressure fall was detected, indicating no intense activity. The obtained product 1H NMR (Figure 9) allows the calculations of conversion and selectivity for aldehyde and yield, 44.23%, 1.8% and 0.8% respectively. As there were no signs of alcohol, most of the conversions were into hydrogenated products, while the mild temperature of 150 °C might not be enough for the oxidative addition step, stimulating the selection of another methodology.



The second hydroformylation test, Scheme 3, followed a slightly more drastic methodology with syn-gas (1:1), no solvent, 3%Ru@0.1%Co/HPS as catalyst, under 250 °C for 4 h. The cobalt-doped ruthenium catalyst was chosen due to the famous cobalt synergic effect over ruthenium aiming for higher activities. Indeed, as expected, a pressure fall was verified and the obtained product was partially solidified.



The hydroformylated canola FAME FT-IR spectrum, Figure 10, shows intensity reduction on the C-H sp2 stretch band, while the 1H NMR spectrum, Figure 11, allows the conversion calculation at 89%, but with no signals of aldehyde or alcohol, indicating the materials hydrogenation. The calculation of selectivity and yield was not possible due to the superposition of fatty chain hydrogens. The GC-MS chromatogram and main component list, Supplementary Material Figure S21 and Table S3, corroborate the conversion of canola FAME into saturated fatty chains. In comparison with the nickel-doped ruthenium/HPS, the lower activity was either due to the addition of carbon monoxide or to the catalyst acid properties, lower than the nickel-doped.



The canola FAME oxidative cleavage methodology, Scheme 4, was adapted from classical heterogenized ruthenium on the oxidation of unsaturations, with sodium periodate as co-oxidant, 3%Ru@0.1Cu/HPS as catalyst and a solvent mixture in a glass flask at room temperature during 48 h. The oxidative cleavage was simpler in comparison with the hydrogenations, requiring no gas pressure and no product extraction. The copper-doped ruthenium catalyst was chosen due to its promoter properties on oxidative cleavage reactions. The oxidized canola FAME FT-IR spectrum, Figure 12, show the total disappearance of the C-H sp2 band stretch and asymmetry on the carbonyl C=O stretch band indicating the formation of other carbonylated species.



The 1H NMR spectrum for the oxidized canola FAME, Figure 13, allows the conversion of 85%. Values for selectivity and yield were not calculated due to the hydrogen labile character on the oxidized major products azelaic acid and pelargonic acid, while the ester variations of such overlap with the starter fatty chain hydrogens. The 1H NMR allowed the identification of an aldehyde triplet at 9.7 ppm, coupled with hydrogens β to the carbonyl position, with calculated selectivity for aldehyde calculated at 17%. The aldehyde presence is explained by a possible water addition during the oxidative cleavage process. The 13C NMR, Figure 14, shows the characteristic peaks of aldehyde at 200 ppm, carboxylic acid at 180 ppm, ester at 172 ppm and unsaturation at 130 ppm, indicating the partial conversion. The corroborative GC-MS chromatogram and main component list are available in Supplementary Material Figure S22 and Table S4. Among the tested catalysts, the copper-doped ruthenium/HPS was the most acidic and presented the greater pore volume and greater dispersion on the support surface and these characteristics explain the elevated activity at room temperature.



Few examples of oxidative cleavage of fatty compounds using supported ruthenium catalysts are available in the literature. A catalytic system based on ruthenium nanoparticles supported on hydroxyapatite was used for the oxidative cleavage of oleic acid and 16% of unsaturation conversion and 84% of pelargonic acid yield were detected, after 12 h at room temperature [40]. In another study, a functionalized carbon black support for the complexation of ruthenium was tested on oxidative cleavage of oleic acid, yielding almost complete conversions to pelargonic and azelaic acids, after 24 h and 1500 rpm at room temperature [41].



The deoxygenation methodology of canola FAME with 3%Ru@0.1%Co/HPS, Scheme 5, was the same as for hydrogenation, but using milder conditions (30 bar of H2, 200 °C and 500 rpm), in the presence of water and longer reaction time. The cobalt-doped ruthenium/HPS catalyst was selected due to the cobalt synergic properties over the ruthenium clusters. The obtained product was a white solid associated with the occurrence of hydrogenation and decarbonylation. The FT-IR of the product, Figure 15, shows the total disappearance of the C-H sp2 band stretch and decreased carbonyl C=O stretch band, indicating the formation of hydrogenated and decarbonylated species.



The 1H NMR for the deoxygenated product, Figure 16, shows almost the total disappearance of unsaturation and methoxyl peaks. The conversion calculations were possible by normalization based on the chain methyl group, at 0.88 ppm, which was similarly done to the starter FAME 1H NMR. The calculated conversions for unsaturation and methoxyl were 99%. On the 13C NMR, Figure 17, is possible to verify the total disappearance of unsaturations peaks and the presence, although at a very low intensity, of ester at 173 ppm, carboxylic acid at 179 ppm and ether terminal carbon at 64 ppm. The corroborative GC-MS chromatogram and main compoment list are available in Supplementary Material Figure S23 and Table S5.



It is important to mention some examples from the literature. Stearic acid was deoxygenated using hexane, 68 bar of H2 and 50 mg of 10%Co/HPS, at 250 °C for 1 h with total conversion [42]. The deoxygenation of waste cooking oil using water and ruthenium supported over hydroxyapatite catalyst was studied. In this case, conversions over 100% and an yield of 89% of alkane long chain were attained at 180 °C, 20 bar of H2 and 1000 rpm, for 4.5 h. Additionally, the catalyst could be recycled [43]. Deoxygenation of tall oil fatty acids was tested using carbon-supported ruthenium nanoparticles in the presence of aqueous formic acid at 326 °C and 2 h, leading to high conversion (~100%) and selectivity of the 82% to C5–C20 alkane chains [44]. Ruthenium nanoparticles on a porous organic network were employed on the deoxygenation of stearic acid (30 bar of H2, 180 °C, 8 h) with high conversion and selectivity [45]. However, herein, using canola FAME, a not hydrogenated substrate, was possible to hydrogenate and deoxygenate under milder conditions of pressure and temperature, and with fewer metallic sites, all indications of great catalyst activity.



In summary, the applications tested and discussed here, many of them with extremely promising results, demonstrated the potential of catalysts based on ruthenium heterogenized species. From these encouraging results, subsequent optimization works can be carried out, in which distinct catalysts and residual fatty substrates can be studied at several reaction conditions.





3. Materials and Methods


3.1. Materials


The reagents used for the catalyst preparation and characterization were analytical grade and used as received. The canola oil, used for canola FAME synthesis, was food-grade and used as received.




3.2. Catalyst Synthesis


The doped and non-doped ruthenium/HPS catalysts were prepared by wet impregnation methodologies described elsewhere [26,28,33,42]. The simpler non-doped ruthenium catalyst (5%Ru/HPS) was prepared by a wash of the hypercrossed polystyrene (3 g) with water and acetone, followed by impregnation of Ru(OH)Cl3 (on adequate molarity considering wt% of metal) dissolved in tetrahydrofuran, methanol and water (5:1:1). After the impregnation, the mixture was dried at 70 °C for 1 h, refluxed with 21 mL of a 0.1 mol L−1 NaOH solution and strongly agitated with 2 mL of hydrogen peroxide. The impregnated catalyst was washed, dried and reduced with a H2 flux of 100 mL min−1 at 300 °C for 2 h.



Similarly, on the doped ruthenium/HPS (3%Ru-0.1%Me/HPS, Me = Co, Ni and Cu), the appropriate molarities of acetates of cobalt(II), copper(II) and nickel(II) were dissolved with the Ru(OH)Cl3 on the mixture of tetrahydrofuran, methanol and water. The materials were analyzed without previous treatment by the technique described below.




3.3. Catalyst Characterization


Thermogravimetric characterizations were performed using a Shimadzu TGA-50 apparatus under a nitrogen atmosphere in the temperature range from 25 to 1000 °C, at a heating rate of 10 °C/min.



The FTIR spectra were recorded on a Shimadzu IR Prestige 21 spectrometer using the KBr pellet method. The following operational parameters were used: spectral range of 400–4000 cm−1, 65 scans in transmittance mode and a resolution of 4 cm−1. For pyridine (Py)-adsorption infrared spectroscopy tests, a KBr pellet (sample and KBr were weighed) was placed in a closed receptacle containing liquid pyridine (none in direct contact with the pellet) and a vacuum was formed to obtain pyridine vapor. The system remained under this condition for 48 h so that pyridine vapor could interact with the acid sites of the samples. After this procedure, the infrared spectra were acquired at 25 °C and after an increase in temperature of 100, 200 and 300 °C.



In all cases, the number of acid sites was evaluated by integrating the area of the absorption bands related to different acid sites (Bronsted or Lewis) using Equation (1), in which D = pellet diameter (cm), w = mass of the sample (g), and AB,L = integration of the Lewis and Bronsted characteristic bands: approximately 1537 cm−1 for Py-Bronsted site and 1445 cm−1 (Py-Lewis site). The coefficient of extinctions of the Py-Bronsted interaction site and of the Py-Lewis site are 1.67 ± 0.12 cm μmol−1 and 2.22 ± 0.21 cm mol−1, respectively.


    q   B , L   =     A   B , L   · π ·   D   2       4 w ·   E   B , L      



(1)







X-ray diffraction (DRX) measurements on powder samples, were performed on a Rigaku Multiflex instrument equipped with nickel filtered Cu K (0.15418 nm) radiation source and a scintillation counter detector. The data were selected in the range of 2θ from 2 to 80 ° at a goniometer speed of 2°/min and a step of 0.02 ° with a counting time of 1 s at each step. The crystallite sizes were determined by the Scherrer equation (Equation (2)).


    D   h k l   =   K λ   β cos ⁡ ( θ )    



(2)







The nitrogen physisorption isotherms at 77 K were obtained using a Quantachrome Nova 2200e Instrument. The specific surface area was determined by the Brunauer–Emmett–Teller method.



Microscopy images of the samples were obtained using a Hitachi scanning electron microscope (SEM), model S-3400N (all the samples were previously metalized with gold), and an FEI Tecnai G2 Spirit TWIN transmission electron microscope (TEM) (120 kV).




3.4. FAME Synthesis and Activity Tests


This canola FAME mixture was obtained by alkaline transesterification of canola oil following established methodologies [46]. The activity tests for 3%Ru-0.1%Me/HPS, Me = Co, Ni and Cu consisted of modifications of FAME by hydrogenation, hydroformylation, oxidative cleavage and deoxygenation. The obtained products were analyzed by FT-IR and 1H/13C NMR.



The hydrogenation methodology was adapted from the literature [47], using a 100 mL Parr reactor model 4590 HP. Before usage, the Parr reactor was meticulously cleaned with steel wool and tuned for each mixture’s temperature without the catalysts (canola FAME and hydrogen, canola FAME water and hydrogen, etc.), and no pressure fall was observed. To the reactor were added 10 mL of dry canola FAME and 200 mg of catalyst (3%Ru-0.1%Ni/HPS). The reactor was purged and pressurized to 20 bar of N2. After the pressurization, the system was almost totally depressurized and pressurized with H2 to 50 bar. The pressurized system was heated to 250 °C and stirred under 500 RPM for 3 h. Past the reaction time, the system was cooled, quenched by depressurization, the obtained mixture dissolved in petroleum ether, filtered in alumina and the product dried under reduced pressure.



For the hydroformylation, two adapted methodologies were applied. First, [48,49,50], to a 150 mL autoclave reactor, with glass cup and magnetic stirring, was added 1.76 mL of dry canola FAME, 168 mg of catalyst (5%Ru/HPS) and 5 mL of dry toluene. The reactor was purged and pressurized to 20 bar of N2. After the pressurization, the system was almost totally depressurized and pressurized with CO to 25 bar and H2 to 50 bar. The pressurized system was heated to 150 °C and magnetically stirred for 48 h. Past the reaction time, the system was cooled, quenched by depressurization, the obtained mixture dissolved in toluene, filtered in alumina and the product dried under reduced pressure.



Second, hydroformylation methodology was applied, adapted from literature [47], using a 100 mL Parr reactor model 4590 HP. To the reactor was added 10 mL of dry canola FAME and 140 mg of catalyst (3%Ru-0.1%Co/HPS). The reactor was purged and pressurized to 20 bar of N2. After the pressurization, the system was almost totally depressurized and pressurized with CO to 25 bar and H2 to 50 bar. The pressurized system was heated to 250 °C and stirred under 500 RPM for 4 h. After the reaction time, the system was cooled, quenched by depressurization, the obtained mixture dissolved in petroleum ether, filtered in alumina and the product dried under reduced pressure.



The oxidative cleavage methodology was adapted from applications for ruthenium complexes methodologies found elsewhere [51]. To a glass flask was added 4 mL of canola FAME, 12 g of sodium periodate, 30 mL of distilled water, 20 mL of acetonitrile, 20 mL of ethyl acetate and 78 mg of catalyst (3%Ru-0.1%Cu/HPS). The mixture was magnetically stirred at room temperature for 48 h. After the reaction time, the products were extracted with petroleum ether, filtered in alumina and dried under reduced pressure.



The deoxygenation methodology was adapted from the literature [52,53] for a 100 mL Parr reactor model 4590 HP. To the reactor was added 0.7 mL of canola FAME, 10 mL of mili-Q water and 150 mg of catalyst (3%Ru-0.1%Co/HPS). The reactor was purged and pressurized to 20 bar of N2. After the pressurization, the system was almost totally depressurized and pressurized with H2 to 30 bar. The pressurized system was heated to 200 °C and stirred under 500 RPM for 8 h. After the reaction time, the system was cooled, quenched by depressurization, the obtained mixture dissolved in petroleum ether, filtered in alumina and the product dried under reduced pressure.



The FT-IR were recorded using a Shimadzu IR Prestige 21 spectrometer with an ATR Miracle cell. The following operational parameters were used: spectral range of 650–4000 cm−1, 32 scans in absorbance mode and a resolution of 4 cm−1. The 1H/ 13C NMR spectra were obtained from a Bruker 600 MHz NMR spectrometer, equipped with a broad-band probe Bruker 5 mm (BBFO). Spectrums were obtained for 1H and 13C on deuterated chloroform, referenced with TMS, using 16 scans for 1H and 2000 scans for 13C and 5 s delay.



The GC-MS chromatograms were obtained using a Shimadzu GC-MS model QP-2020. The samples were eluded through a Zebron Phase 0.5 μm thickness × 0.25 mm diameter × 50 m length. Samples were diluted in hexane (1:10). The column initial temperature was 60 °C, which was maintained for 5 min, and then ramped from 60 °C to 270 °C at 2 °C min−1. At 270 °C, the temperature was maintained for 5 min. The injection temperature was 280 °C, the ion source temperature was 200 °C and the interface temperature was 280 °C. The injected volume was 1 μL with a split of 1:100. The helium analytical grade was used on a flow rate of 0.95 mL min−1.



The activity quantification method was found in the literature, using the integrated areas from 1H NMR [54,55]. The Double Bond Number (DBN) was determined using Equation (3), where B is the unsaturation area over 5.3 ppm and A is the methyl group over 3.6 ppm. The variation of DBN before and after is possible to determine the conversion, as stated in Equation (4).


  D B N =     B   2       A   3      



(3)






  C o n v e r s i o n   %   =     D B N   i   −   D B N   f       D B N   i     × 100  



(4)







The selectivity values for the hydroformylated samples were calculated using Equation (5), where C is the aldehyde hydrogen duplet over 7.1 ppm and A is the methyl group over 3.6 ppm. The yield values for hydroformylated samples were determined using Equation (6).


  Aldehyde   selectivity   %   =     C     A   3         D B N   i   −   D B N   f     × 100  



(5)






  Y i e l d   %   =   Conversion × Selectivity   100    



(6)









4. Conclusions


Different catalysts based on ruthenium and doped ruthenium supported on the surface of hypercrosslinked polystyrene were prepared by wet impregnation. The catalysts were characterized for acidity, morphology, surface area and thermic stability to select possible applications. Canola FAME was chosen as the substrate due to its major composition of oleic acid. The catalysts were highly active for hydrogenation, with a conversion of 99%, and effective on oxidative cleavage reactions, with a conversion of 85%. The catalyst was also extremely active for deoxygenation reactions, on which double behavior was observed, simultaneously deoxidizing and hydrogenating the canola FAME with conversions of 99%. The obtained data stimulates further collaborative studies for optimization using distinct catalysts and residual fatty substrates at several reaction conditions.
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Scheme 1. Products from different modification routes of the methyl oleate: (A) hydrogenation; (B) hydroformylation; (C) oxidative cleavage; (D) deoxygenation; (E) metathesis and (F) ethenolysis. 
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Figure 1. Ruthenium and doped ruthenium/HPS catalysts thermogravimetric profiles. 
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Figure 2. Ruthenium and doped ruthenium/HPS catalysts FT-IR compilation. 
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Figure 3. Ruthenium and doped ruthenium/HPS catalysts XRD compilation. 
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Figure 4. Ruthenium and doped ruthenium/HPS catalysts adsorption–desorption isotherms compilation. 
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Figure 5. Ruthenium and doped ruthenium/HPS catalysts pore volume distribution compilation. 
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Figure 6. SEM 100× magnitude compilation. (A) 5%Ru/HPS; (B) 3%Ru@0.1%Co/HPS; (C) 3%Ru@0.1%Cu/HPS e; (D) 3%Ru@0.1%Ni/HPS. 
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Scheme 2. Hydrogenation of canola FAME. 
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Figure 7. FT-IR spectrum for hydrogenated canola FAME. 
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Figure 8. 1H NMR spectrum for hydrogenated canola FAME. 
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Figure 9. H NMR spectrum for hydroformylated product following the first methodology. 
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Scheme 3. Hydroformylation methodology was chosen for the canola FAME modification. 
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Figure 10. FT-IR spectrum for hydroformylated canola FAME product on the second methodology. 
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Figure 11. 1H NMR spectrum for hydroformylated canola FAME product on the second methodology. 
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Scheme 4. Oxidative cleavage of canola FAME. 
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Figure 12. FT-IR spectrum for oxidized canola FAME product. 
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Figure 13. 1H NMR spectrum for oxidized canola FAME product. 
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Figure 14. 13C NMR spectrum for oxidized canola FAME product. 
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Scheme 5. Deoxygenation of canola FAME. 
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Figure 15. FT-IR spectrum for deoxygenated canola FAME product. 
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Figure 16. 1H NMR spectrum for deoxygenated canola FAME product. 
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Figure 17. 13C NMR spectrum for deoxygenated canola FAME product. 
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Table 1. Lewis acid sites (LAS) at different temperatures obtained from the infrared spectra using pyridine adsorbed on catalysts.
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	T (°C)
	5%Ru/HPS
	3%Ru-0.1%Co/HPS
	3%Ru-0.1%Ni/HPS
	3%Ru-0.1%Cu/HPS





	25
	nd
	nd
	164.2
	258.0



	100
	nd
	nd
	78.8
	140.4



	200
	nd
	nd
	61.4
	132.5



	300
	nd
	nd
	52.9
	127.5







nd = non-detected.
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Table 2. BET specific surface area (SBET), pore volume (V) and average pore diameter (DBJH) for doped and non-doped ruthenium/HPS catalysts.
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	Sample
	SBET (m2 g−1)
	V (cm3 g−1)
	DBJH (Å)





	5% Ru/HPS
	726
	0.125
	32.5



	3% Ru@ 0.1% Co/HPS
	719
	0.121
	32.6



	3% Ru@ 0.1% Cu/HPS
	712
	0.098
	36.0



	3% Ru@ 0.1% Ni/HPS
	672
	0.124
	32.4
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