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This study investigated the hydrodeoxygenation of palm oil by different oxide nanocatalysts of transition metals α -Fe2O3, NiO, and NiFe2O4, which were synthesized by hot injection. All nanomaterials were characterized by X-ray diffraction, Fourier transform infrared spectroscopy, and dynamic light dispersion. The catalytic evaluation was performed in a Parr-type reactor at 350°C, 3.5 MPa of H2 pressure, and 3 h of reaction. The liquid product obtained was analyzed by ultraviolet-visible light spectroscopy to identify the n-C16 generated during the reaction. The activity in the deoxygenation of fatty acids to produce n-C16 hydrocarbons has the following order: α-Fe2O3 < NiFe2O4 < NiO.
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1 INTRODUCTION
Deriving green diesel from the deoxygenation of vegetable oils has attracted attention due to the high increment of sulfur, nitrogen, oxygen, and metal heterocompounds in oil reserves, the high demand for fossil fuels, and the environmental problems they generate (Demirbas, 2004; Demirbas and Dincer, 2008). Therefore, it has become necessary to develop a green and renewable alternative that can be a substitute for petroleum-derived fuels. A wide variety of vegetable oils, such as soja, sunflower, jatropha, and palm (Guzman et al., 2010; Gong et al., 2012; Kim et al., 2013), have been used as feedstock for the production of this green diesel (Guzman et al., 2010; Gong et al., 2012; Kim et al., 2013). In particular, the molecular composition of palm oil contains mostly fatty acids such as C16 and C18, making it a promising feedstock (Srifa et al., 2014) because it contains relatively low concentrations of oxygen, which makes it very desirable for the production of hydrocarbons in the conventional diesel range. In addition, the fatty acid or triglyceride contents in certain oils (not edible) could be an alternative for producing clean n-C16. Green diesel has gained increased interest due to it being considered superior to fossil diesel and biodiesel. One of its most important attributes is a higher cetane index (ignition capacity in a certain period of time) because it does not contain oxygen in its molecules and has a high calorific value (Vonortas and Papayannakos, 2014). It is obtained by deoxygenation, hydrodeoxygenation (HDO), decarbonylation (DCO), and the decarboxylation (DCO2) of oil in the presence of hydrogen, high temperature (300°C–360 °C), H2 pressure (>3 MPa), and catalysts, which efficiently promote such reactions (Kovács et al., 2011; Morgan et al., 2012; Kubička et al., 2014; Srifa et al., 2015a; Srifa et al., 2015b). Therefore, the main objective of this research was to synthesize α-Fe2O3, NiFe2O4, and NiO nanocatalysts using the hot injection process, with only oleylamine as a surfactant, solvent, and reducing agent, as well as the catalytic evaluation of the deoxygenation of palm oil for the production of molecules in the diesel range.
2 MATERIALS AND METHODS
2.1 Materials
Iron acetylacetonate (III) (Fe(C5H7O2)3, 97%), nickel acetylacetonate (II) (Ni(C5H7O2)2, 95%), oleylamine (C18H37N, technical grade, 70%) as reductor agent during the synthesis, ethanol (C2H6O, 99.9%) acquired in Sigma-Aldrich as the chemical solvent to remove organic residues from synthesis, heptane (n-C7, 99%) (Sigma-Aldrich), and toluene (C6H5CH3, 99.5%) acquired in Fermont were used as solvents in catalytic tests. Hexadecane (n-C16, 99%) (Sigma-Aldrich) was used as standard performance calibration for product analysis.
2.2 Methods
2.2.1 Preparation of catalysts
The nanomaterials were synthesized using hot injection. This method consisted of preheating the solvent oleylamine below its boiling point with a heating ramp of 20 °C/min and then adding the organometallic precursors. In general, for α -Fe2O3 catalysts, 2 mmol of the precursor Fe(acac)3 was added to the previously heated solvent, and the solution was kept under continuous agitation for 2 h. Next, for the NiO particles, 2 mmol of the precursor Ni(acac)2 was used in oleylamine with a reaction time of 2 h.
Finally, to synthesize the NiFe2O4 nanocatalysts, the same method was used slightly differently. The precursors were added in a 2:1 M ratio of Fe(acac)3 and Ni(acac)2 to the solvent to form a mixture and were kept under agitation for 3 h. The resulting solution from each reaction was removed from the heat source and allowed to cool to room temperature before any additional steps. Finally, the product was divided into three equal parts and deposited in 50-mL centrifuge tubes. Ethanol was added to each sample and centrifuged at 6,000 rpm for 25 min. At the end of centrifugation, the precipitate was collected and repeatedly washed with solvent to remove the residues from the reaction. Final samples were calcinated from room temperature to 673 K at 20 K/min over 2 h.
2.2.2 Characterization methods
The crystal structure of the synthesized materials was obtained by X-ray diffraction (XRD) with a Bruker D8 Advance diffractometer under the following experimental conditions: CuKα radiation, 40 kV, and 30 mA, in a range of 2θ between 10° and 70°. The identification of the phase and crystal structure of each sample was determined using X’Highscore Plus software, version 3.0.5. Using the Debye–Scherrer equation, the crystal size for all synthesized samples was determined. Information was obtained on the functional groups present and the interactions between the bonds of the stabilizing molecules and the nanoparticles by FTIR spectroscopy in a Perkin Elmer spectrophotometer, Spectrum 100 model. The analyses were carried out in the mid-infrared region (4,000–500 cm−1). In addition, the distribution of the average size of the suspended particles was determined using the dynamic light dispersion technique with Anton Paar Litesizer 500 equipment and software. For this technique, the samples were prepared at a concentration of 0.1 mg/mL. JEOL, STEM J-7600 equipment was used to analyze the morphologic and particle size in the samples.
2.2.3 Catalytic deoxygenation tests
Catalytic deoxygenation tests were conducted in a batch reactor type Parr model 4,577. Each experiment was carried out with 26 mL of palm oil, 80 mL of n-heptane, and 1,000 ppm of the three different catalysts. The reactor was purged for 10 min with nitrogen to remove the air and then pressurized with hydrogen. The reaction conditions were 350 °C for 3 h and 3.5 MPa of H2 pressure. The agitation remained constant at 250 rpm to ensure the total dispersion of the nanocatalysts in the oil. A calibration curve was used to identify the n-C16 hydrocarbon generated during the reaction. A 1,000 mg·L−1 quantity of n-C16 stock solution had been previously prepared in toluene and dissolved in different concentrations. Changes in concentration were determined with the UV-vis spectrophotometer, Model Agilent Technologies-Carry-60. The initial concentrations for the calibration curve were solutions from 10 mg·L−1 to 60 mg·L−1. In brief, 1 μL of the sample was diluted in 100 mL of toluene, and the measurements were conducted to determine the n-alkane (n-C16) generated during the reaction.
3 RESULTS AND DISCUSSIONS
3.1 X-ray diffraction
The diffractogram of the materials synthesized from Fe(acac)3 is shown in Figure 1. The diffraction pattern indicates a rhombohedral structure (space group R-3, number 148). The peaks in 2θ = 24.125°, 33.115°, 35.612°, 40.836°, 49.417°, 54.005°, 62.385°, and 63.966° assigned to the planes (012), (104), (110), (113), (024), (116), (214), and (300) are characteristic of hematite phase α-Fe2O3 (PDF# 00-024-0072). By mixing the previous precursors of Fe(acac)3 and Ni(acac)2 in a 2:1 ratio, a cubic structure belonging to the space group Fd3m, number 227, was obtained. According to the diffraction peaks located in the plane, 2θ = 30.29°, 35.68°, 43.36°, 53.81°, 57.37°, and 63°, corresponding to the planes (220), (311), (400), (422), (511), and (440), are characteristic of the NiFe2O4 trevorite phase [PDF# 00-04, ISCD# 01-073-1523]. In both cases, the results were consistent with previous investigations (Belaïd et al., 2013; Kurtan et al., 2016; Babu and Reddy, 2020; Dippong et al., 2021). Figure 2 shows the diffractogram of the nanocatalysts synthesized from the organometallic precursor Ni(acac)2. The diffraction pattern indicates a cube structure centered on the faces (fcc) (space group Fm-3m, number 225). The peaks in 2θ = 37.22°, 43.25°, 62.83°, 75.35°, and 79.34° assigned to the planes (111), (200), (220), (311), and (222) correspond to NiO (ISCD# 01-073-1523). The same structure was reported in Gutierrez et al. (2013).
[image: Figure 1]FIGURE 1 | X-ray-diffractogram pattern of α-Fe2O3 and NiFe2O4 nanocatalysts.
[image: Figure 2]FIGURE 2 | X-ray-diffractogram pattern of the NiO nanocatalyst.
Using the Debye–Scherrer equation, the size of the crystal was determined for all the synthesized samples (Cullity and Stock, 2013). It was obtained from the maximum half-height width (FWHM) of the plane (104) α-Fe2O3, (200) NiO, and (311) NiFe2O4. For hematite and trevorite samples, the crystal size is equivalent to the particle size, suggesting a minimal form as a monocrystalline material. NiO catalysts are composed of 5.5 nm nanocrystals and have an average particle size of 146 nm, so it can be determined that it is a polycrystalline material. The summary of the DRX results is shown in Table 1.
TABLE 1 | Crystalline phases from X-ray diffraction of the synthesized nanocatalysts.
[image: Table 1]3.2 Dynamic light dispersion
The particle size distribution of the α-Fe2O3, NiO, and NiFe2O4 catalysts obtained by dynamic light dispersion is shown in Figure 3. The pink histogram shows particle sizes for hematite between 8 and 15 nm, with an average size of 11.74 nm. Trevorite catalysts have similar particle sizes of 8–17 nm and an average size of 12.28 nm, as can be seen on the blue histogram. NiO catalysts, unlike the previous two materials, have sizes between 100 and 280 nm caused by their possible agglomeration. This behavior was reported previously by Lam et al. (2020).
[image: Figure 3]FIGURE 3 | Particle size distribution for (A) α-Fe2O3, (B) NiFe2O4, and (C) NiO nanomaterials.
3.3 Transmission electronic microscopy
Figure 4 shows the micrographs of NiO, Fe2O3, and NiFe2O4 nanocatalysts. In general, the three micrographed materials exhibit particle sizes less than 50 nm; however, in two materials containing nickel, the presence of particles larger than 70–80 nm can be observed, attributed to agglomerations of smaller particles (Maity et al., 2009; Pan et al., 2014; Lam et al., 2020). Similar results were reported in DLS analyses, with smaller sizes and large particle size (>100 nm) attributable to the agglomeration of small particles. These differences were attributed to the precursors and reagents used in the synthesis. Furthermore, the micrographs for Fe2O3 and NiFe2O4 show the presence of nanoparticles less than 20 nm.
[image: Figure 4]FIGURE 4 | TEM micrographs of (A) NiO, (B) α-Fe2O3, and (C) NiFe2O4 nanomaterials.
3.4 IR spectroscopy
The nanomaterials were analyzed by IR spectroscopy to determine the functional groups present on the surface. Figure 5 shows the spectra of the nanocatalysts of α-Fe2O3, NiO, and NiFe2O4 in the range of 4,000 to 400 cm-1. All the samples analyzed exhibit bands between 2,922 cm−1 and 2,854 cm−1 that correspond to the symmetrical (vs.) and asymmetric (vas) stretching vibrations of the groups (C–H) (Mourdikoudis and Liz-Marzán, 2013). These assignments are attributed to the oleylamine used in the synthesis of the material, indicating the presence of amino groups on the surface of the catalysts, which provide stability and prevent them from agglomerating (Zhai et al., 2012). The bands between 500 and 400 cm−1 correspond to the strong vibrations of the metal–oxygen bonds (Maity et al., 2009; Pan et al., 2014; Lam et al., 2020).
[image: Figure 5]FIGURE 5 | FTIR spectra of α-Fe2O3, NiFe2O4, and NiO nanocatalysts.
3.5 Catalytic tests
The conversion of palm oil consists of several steps. First, the double bonds in the triglycerides of palm oil are hydrogenated by a catalyst to form saturated triglycerides. Then, the C–O bond in saturated triglycerides is disengaged by hydrogenolysis to generate fatty acids and propane (Ruangudomsakul et al., 2022). The catalytic deoxygenation of palmitic acid can be performed in three ways (Figure 6). Hydrodeoxygenation can mainly occur, eliminating oxygen in the form of H2O through the cleavage of the C–O bond in the presence of hydrogen. Similarly, oxygen can be eliminated by the formation of CO and/or CO2 through the disengagement of the C–C bond (Choi et al., 2018). In all three cases, reactions are promoted in the presence of a catalyst; to improve the performance of the reaction, a solvent is used with a lower boiling point than oil to promote better activity (Di Vito Nolfi et al., 2021). In addition, the presence of a solvent also affects the performance of the reaction, allowing a high diffusivity that reduces resistance to the mass transfer of the reagents by facilitating the contact of the H2 and reagents with the catalyst (Lucantonio et al., 2023). The solvent content considerably increased the pressure due to isothermal expansion during the reaction. The used condition reaction (350 °C for 3 h and 3.5 MPa of H2 pressure) promoted the selectivity to n-C16 detected during the reaction.
[image: Figure 6]FIGURE 6 | Possible reaction pathways for green diesel production.
The catalytic evaluation showed that the most active material in the formation of hydrocarbons in the n-C16 range was NiO (the highest yield nearly 56%) due to high activation of hydrogenation and the fragmentation of the side chains of triglycerides. Small nickel particles with particularly active sites such as steps, corners, and defects tend to deoxygenate C–O bonds (Chen et al., 2016; Mortensen et al., 2016; Shafaghat et al., 2016; Wang et al., 2018; KretzschmarOliverSeifert, 2024). The NiFe2O4 nanocatalysts obtain 35% yield, thus promoting action attributed to the synergy of the nickel and iron sites but lower than NiO nanoparticles. Finally, the α-Fe2O3 nanocatalysts showed a decrease compared to the NiO and NiFe2O4 catalysts because iron without a hydrogen activation site does not completely promote hydrogenation. Therefore, the efficiency of the deoxygenation of fatty acids in producing n-C16 hydrocarbons has the following order: α-Fe2O3 < NiFe2O4 < NiO (Figure 7).
[image: Figure 7]FIGURE 7 | Yields to “green diesel” of the n-alkane (n-C16) generated by all the nanocatalysts in the deoxygenation of palm oil. (350 C, 3.5 MPa initial H2 pressure, and 3 h reaction).
4 CONCLUSION
These results demonstrate a viable, fast, economical, and promising route for the synthesis of α-Fe2O3, NiFe2O4, and NiO catalysts at the nanometer scale. Iron can considerably decrease the particle size of Ni, forming a ferrite-type structure; However, this hot injection method promotes the formation of nickel nanoparticles (less than 50 nm) and aggregated particle sizes from 100 to 160 nm. Catalytic evaluation confirmed that a catalyst promoted by Ni facilitates a greater degree of deoxygenation. The reaction conditions are considered appropriate (350 C, 3 h, and 3.5 MPa initial H2 pressure) for generating n-alkanes (n-C16) in the diesel range. In all experimental processes, n-C16 was obtained as the main product, with the presence of other products with a greater added value than the oil source.
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