

  catalysts-13-00242




catalysts-13-00242







Catalysts 2023, 13(2), 242; doi:10.3390/catal13020242




Article



Selective Synthesis of Renewable Bio-Jet Fuel Precursors from Furfural and 2-Butanone via Heterogeneously Catalyzed Aldol Condensation



Atikhun Chottiratanachote 1,2, Manaswee Suttipong 1,3, Umer Rashid 4,*[image: Orcid], Vudhichai Parasuk 5[image: Orcid], Junko Nomura Kondo 6[image: Orcid], Toshiyuki Yokoi 6[image: Orcid], Ali Alsalme 7[image: Orcid] and Chawalit Ngamcharussrivichai 1,2,3,*





1



Department of Chemical Technology, Faculty of Science, Chulalongkorn University, Pathumwan, Bangkok 10330, Thailand






2



Center of Excellence in Catalysis for Bioenergy and Renewable Chemicals (CBRC), Faculty of Science, Chulalongkorn University, Pathumwan, Bangkok 10330, Thailand






3



Center of Excellence on Petrochemical and Materials Technology (PETROMAT), Chulalongkorn University, Pathumwan, Bangkok 10330, Thailand






4



Institute of Nanoscience and Nanotechnology (ION2), University Putra Malaysia, Serdang 43400, Selangor, Malaysia






5



Department of Chemistry, Faculty of Science, Chulalongkorn University, Pathumwan, Bangkok 10330, Thailand






6



Nanospace Catalysis Unit, Institute of Innovative Research, Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku, Yokohama 226-8503, Japan






7



Chemistry Department, College of Science, King Saud University, Riyadh 1145, Saudi Arabia









*



Correspondence: umer.rashid@upm.edu.my or dr.umer.rashid@gmail.com (U.R.); chawalit.ng@chula.ac.th (C.N.); Tel.: +60-39-769-7393 (U.R.); +66-22-187-523 (ext. 7525) (C.N.); Fax: +66-22-555-831 (C.N.)







Academic Editors: Michael Renz and Hwai Chyuan Ong



Received: 27 December 2022 / Revised: 15 January 2023 / Accepted: 16 January 2023 / Published: 20 January 2023



Abstract

:

This study aims to synthesize α,β-unsaturated carbonyl compounds with branched structures via aldol condensation of furfural and 2-butanone using magnesium–aluminum (MgAl) mixed oxides as heterogeneous acid–base catalysts. Regarding the molecular structure of 2-butanone, there are two possible enolate ions generated by subtracting the α-hydrogen atoms at the methyl or methylene groups of 2-butanone. The branched-chain C9 products, derived from the methylene enolate ion, can be applied as bio-jet fuel precursors. The most suitable catalyst, contributing the highest furfural conversion (63%) and selectivity of the branched-chain C9 products (77%), is LDO3, the mixed oxides with 3:1 Mg:Al atomic ratio, with a high surface area and a large number of medium basic sites. The suitable reaction conditions to produce the branched-chain C9 ketones are 1:5 furfural:2-butanone molar ratio, 5 wt.% catalyst loading, 120 °C reaction temperature, and 8 h reaction time. Additionally, this study investigates the adsorption of 2-butanone onto a mixed oxide using in situ Fourier transform infrared spectroscopy; the results of which suggest that the methylene enolate of 2-butanone is the likely dominant surface intermediate at elevated temperatures. Accordingly, the calculation, based on density functional theory, indicates that the methylene enolate ion of 2-butanone is the kinetically favorable intermediate on an MgO(100) as a model oxide surface.
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1. Introduction


As the primary energy demand continues to grow and the global warming problem becomes more severe, alternative energy resources and environmentally friendly processes have been developed as a substitute for fossil fuel consumption. These energy sources are globally used for their efficient conversion and utilization. Lignocellulosic biomass is an abundant and sustainable resource that is used for the production of renewable fuels and bio-based chemicals that has a minimal environmental impact when properly managed [1]. The state-of-the-art processes for the production of biofuels from lignocellulosic biomass include pyrolysis [2], liquefaction [3], catalytic hydrocracking [4], and the catalytic conversion of sugars into aromatic hydrocarbons [5]. However, these processes are operated under high-temperature and high-pressure conditions, and a wide range of fuel components are nonselectively produced. These byproducts require further energy-intensive fractionation prior to a specific use.



Among a variety of platform biochemicals, furfural (or furan-2-carbaldehyde) is promising for biofuel production. It is derived from hemicellulose or other pentose-rich polysaccharides that can be converted into furanic compounds. Subsequently, these converted compounds are upgraded to obtain high-quality fuels, fuel additives, solvents, and monomers [6]. A large number of studies have attempted to synthesize liquid fuels from furfural and acetone via a two-step approach: aldol condensation and hydrodeoxygenation [7,8]. In this aldol condensation system, the α,β-unsaturated carbonyl compounds contain 8 and 13 carbon atoms. Subsequently, the hydrodeoxygenation step removes the polar groups, reduces the volatility of the furan products, and increases the heating value, yielding linear C8 and C13 alkanes [9]. Recently, research has focused on the synthesis of branched alkanes as bio-jet fuel components. Yang et al., synthesized C10–C11 oxygenates with branched structures from the base-catalyzed aldol condensation of furfural and methyl isobutyl ketone (MIBK) [10]. A high yield of branched C10 alkanes was also obtained by using furfural and 3-pentanone as the substrates [11,12].



Catalysis is a major factor affecting the conversion of furfural and the selectivity to a specific range of unsaturated carbonyl compounds. To date, several solid catalysts with prominently acidic [13,14,15] or basic [16,17,18] functions and acid–base bifunctional catalysts [18,19,20,21] have been developed for the selective conversion of a furfural–ketone mixture into different long-chain unsaturated products. Magnesium–aluminum-layered double hydroxide (MgAl-LDH)-derived oxides are a class of mixed metal oxide catalysts with the most pronounced acid–base properties compared to other LDH-based mixed oxides, and so have a promising application in the aldol condensation of various carbonyl substrates [19,21]. According to the surface mechanism proposed for the furfural–acetone condensation, the Lewis basic sites are the catalytically active centers for the formation of the enolate ions in the aldolization step; this is conducted by subtracting a proton at the β-carbon. However, the dehydration of the resulting β-hydroxy ketones to the α,β-unsaturated carbonyl compounds is promoted by their Lewis acidity [14,18,22,23]. The presence of this synergistic acid–base function renders MgAl mixed oxides that are capable of operating under relatively mild reaction conditions [22,23] and providing better product selectivity than the single basic oxides [24].



This study aims to synthesize α,β-unsaturated carbonyl compounds with branched structures via the aldol condensation of furfural with 2-butanone (or methyl ethyl ketone) using a MgAl-LDH-derived mixed oxide as a solid catalyst. As an effective and common solvent that is utilized in multiple industries, approximately 700,000 t of 2-butanone is produced per year from the dehydrogenation of 2-butanol, which is derived from 2-butene, over transition metal catalysts [25,26]. An alternative route for 2-butanone production is the microbial fermentation of glucose [26]. Recently, it was demonstrated that 2-butanone can also be synthesized from levulinic acid, a sugar-platform molecule, via a chemocatalytic route [27]. Regarding the molecular structure of 2-butanone, there are two possible enolate ions generated by subtracting the β-hydrogen atoms at the methyl or methylene groups of 2-butanone. Liang et al., reported that the formation of linear or branched aldol products in the condensation of furfural and levulinic acid, a keto acid with two possible enolate forms, was controlled by the acid–base character of solid catalysts [28]. Therefore, this study hypothesizes that by optimizing the Mg:Al atomic ratio, or the acid–base properties of the mixed metal oxide catalysts and the reaction conditions, the selective synthesis of branched-chain carbonyl compounds can be accomplished from the condensation of furfural and 2-butanone. The resulting branched-chain C9 products could be applied as a bio-jet fuel precursor and as a green solvent.




2. Results and Discussion


2.1. Catalyst Characterization


Figure 1 compares the XRD patterns of the as-synthesized and calcined MgAl-LDHs. All of the as-synthesized LDH samples possessed a pure hydrotalcite-like phase (PDF: 01-089-5434). A higher diffraction intensity was exhibited by LDH2 than by LDH3 and LDH4, because of its higher net positive charge of metal hydroxide sheets that enhanced its layered structure stacking [29]. After calcination, all LDH samples were transformed into the corresponding MgAl mixed oxides, of which the XRD patterns revealed the formation of a periclase MgO phase (PDF: 01-01-1176). The characteristic peaks of Al2O3 were not observed because of its amorphous nature [30,31].



However, a shift of the MgO peak to higher 2θ positions (in range of 0.4°–0.7°), compared with pure MgO [19,24], suggests that the MgO lattice was partially substituted by Al3+, as they have smaller ionic radii [32,33]. The crystallite size of the oxide phases was not significantly different when the Mg:Al atomic ratio varied (see the comparison in the Supplementary Information (SI) Table S1. According to the elemental analysis by WDS (SI: Table S1), the as-synthesized LDHs had the bulk Mg:Al atomic ratios close to the theoretical values. Fornasari et al., demonstrated that LDH-derived mixed oxides exhibited Mg-rich surfaces because of the growth of MgO crystals [33].



In this study, the BET surface area, total pore volume, and average pore size were ranked in the following descending order: LDO3 > LDO4 > LDO2 (Table 1). This result was in accord to the findings from Hora et al. [23]; they reported that the calcined hydrotalcite with a 3:1 Mg:Al atomic ratio had superior textural properties to those with the Mg:Al ratios of 2 and 4.



The CO2-TPD profiles indicated the presence of at least three types of basic sites (Figure 2A [34]. The desorption of CO2 in the temperature range of 50 °C–200 °C was related to the metal hydroxides with weak basicity, whereas the peaks observed between 200 °C and 300 °C corresponded to the CO2 desorbed from the metal–oxygen ion pairs (Mg2+–O2−–Mg2+ and Mg2+–O2−–Al3+) with medium basic strength. The strong basic species, as coordinatively unsaturated oxygen ions (O2−), contributed to the CO2 desorption at temperatures above 300 °C.



As is shown in Figure 2B, the NH3-TPD profiles indicated that the LDO samples possessed mainly weak and medium acidity, corresponding to the NH3 desorbed in the temperature range of 50 °C–200 °C and 200 °C–300 °C, respectively. This desorption was assigned to the aluminum hydroxides and the mixed oxides (Mg2+–O2−–Al3+ and Al3+–O2−–Al3+), respectively. The strong acid species, as coordinatively unsaturated metal ions, such as Al3+ and Mg2+, contributed to the desorption of NH3 at temperatures above 300 °C. Table 1 summarizes the acid–base properties of the LDO samples. The trend of total basicity and acidity followed the textural properties. The highest amount of both basic and acidic sites was on LDO3, which also had the highest surface area, suggesting its better dispersion of the metal oxide phases.




2.2. Aldol Condensation of Furfural and 2-Butanone Optimization


2.2.1. Product Identification


The product mixture obtained from the aldol condensation of furfural and 2-butanone was analyzed via GC-MS. Figure S1 (SI) shows the representative chromatogram of the reaction mixture, and Table S2 (SI) summarizes the products identified. At least nine organic species were detected and classified into four groups according to the number of carbon atoms (C9, C13, C14, and C18). Moreover, the C9 products were further classified on the basis of their molecular configurations of straight- and branched-chain α,β-unsaturated ketones (C9S and C9B, respectively). It was related to the fact that 2-butanone has two α-carbon centers with hydrogen atoms (i.e., the methyl and methylene groups) for the generation of enolate ions on the basic sites (Figure 3). According to Zaitsev’s rule [35], the methylene enolate with a more substituted α-carbon center is thermodynamically more stable than the enolate ion derived from the methyl group. However, the generation of the former carbanion ion requires a higher activation energy and more severe conditions than the latter [36]. Therefore, the β-hydroxy ketone obtained from the methylene enolate ion could be considered a thermodynamic product and that formed by the methyl enolate of 2-butanone could be considered a kinetic product.




2.2.2. Influence of Mg:Al Molar Ratios of LDO Catalysts


Figure 4 shows the furfural conversion and product selectivity obtained over the LDO catalysts with different Mg:Al molar ratios. The results suggest that the reaction was more selective to the branched C9 compounds than the straight ones, indicating that the formation of the methylene enolate ion was more preferential than the methyl enolate ion on the MgAl mixed oxides. The enolate formation in the presence of a base begins with subtracting the α-hydrogen of the ketones. This step, however, is determined by the acidity of the α-hydrogen and the basic strength of the catalyst. The α-hydrogen atoms at the methylene moieties of 2-butanone are less acidic than those of the methyl group because of an inductive effect [36]. However, on a metal oxide surface with both acidic and basic sites, an interaction of the ketone carbonyl group on the acidic sites can enhance the acidity of the α-hydrogen atoms [22,28], thus facilitating the enolate ion formation promoted by the basic sites. Nevertheless, this study’s result was inconsistent with the aldol condensation of furfural and MIBK using both MgAl mixed oxide and CaO catalysts, on which the C11 product generated from the methyl enolate of MIBK was obtained at >95% selectivity [10]. This is explained by the relatively bulky isobutyl group of MIBK that hindered the generation of the enolate ions from the methylene moieties. Consequently, the reaction occurred before the formation of the kinetically favored product.



As shown in Figure 4, LDO3 exhibited the highest furfural conversion (55%) and total selectivity (up to 82%) to the branched C9 products (C9B-OH and C9B). It was demonstrated that the selectivity of branched or linear products in the aqueous-phase aldol condensation of furfural and levulinic acid strongly depended on the acid–base properties of the solid catalysts [28]. Faba et al. [22] found that metal–oxygen ion pairs (Mg2+–O2−–Mg2+ and Mg2+–O2−–Al3+) with medium basicity were catalytically active sites for the aldol condensation of furfural with acetone over LDH-derived MgAl mixed oxides, which supported our finding that LDO3 with the highest content of medium basic sites gave the best result. The formation of C14 on the LDO3 and LDO4 catalysts was attributed to a high fraction of medium-to-strong basic sites (1.48, 3.01 and 2.92, respectively), which promoted the further condensation of the C9 products with furfural. Additionally, LDO3 was only the catalyst that gave C9B as a product. This was likely due to its high acidity, both in terms of amount and strength (Table 1), which was essential for the dehydration step [23]. Hereafter, LDO3 can be used as the catalyst to study the effect of the reaction parameters on the synthesis of branched-chain C9 compounds, paving the way to selective control of the distribution of products with different carbon contents.




2.2.3. Influence of Reaction Time


To investigate the effects of reaction time, the aldol condensation of furfural and 2-butanone was studied over LDO3 for 24 h (Figure 5). The furfural conversion was increased with the reaction time, and for up to 8 h, the total selectivity of the C9 products was above 97%. Increasing the reaction time above 8 h promoted the condensation of the C9 products with furfural to form C14. Note that the amount of C9S decreased, and the furfural conversion did not significantly increase during the generation of C14. It should be explained by an interconversion between the kinetic and thermodynamic aldol products [37]. Moreover, a fast dehydration of the straight-chain hydroxy ketone (C9S-OH) to C9S retarded its reversible nature. This result indicated that C14 was generated from C9S rather than C9B. Additionally, C9B-OH was converted back to furfural and 2-butanone via the retro-aldol reaction; this increased the availability of furfural and altered the selectivity of C9B-OH and C9B at prolonged reaction times. This result indicates that the suitable reaction time, for which a high yield of C9B products was achieved, was 8 h.




2.2.4. Influence of the Furfural:2-Butanone Molar Ratio


A previous study reported that the selectivity of unsaturated C8 versus C13 ketone compounds in the aldol condensation of furfural and acetone can be tuned by varying the substrate ratio [22]. A levulinic acid:furfural molar ratio was also found to alter the furfural conversion and the selectivity of branched carbonyl products in the aldol condensation over MgO [28]. Figure 6 shows the effects of the furfural:2-butanone molar ratio on the furfural conversion and the product distribution using LDO3 as the catalyst. When the reactant ratio was increased from 1:1 to 1:5, the furfural conversion and the total selectivity of the C9 products were enhanced. A dilution effect reduced the furfural concentration and the further condensation of C9 products with furfural to C14 [10]. The reactant ratio also affected the C9 distribution, in which an increased fraction of 2-butanone promoted the formation of the methylene enolate ion and the branched-chain C9 compounds. However, likely, the effect of the reactant ratio was not applicable in the aldol condensation of furfural with MIBK [10] because of the structural effect derived from the ketone molecule (as mentioned previously). This study chose the furfural:2-butanone ratio of 1:5 as the most suitable reactant composition by which the highest selectivity of the branched-chain C9 products (77%) was obtained (at 63% furfural conversion).




2.2.5. Influence of the Catalyst Loading Level


When the catalyst loading level was increased from 5 to 10 wt.%, the furfural conversion was promoted to near completion (Figure 7). Increasing the catalyst amount from 5 to 8 wt.% increased the selectivity of C9S and C14, whereas the total selectivity of C9B products (C9B-OH and C9B) decreased. This suggests that the reaction between furfural and 2-butanone was driven via the route of methyl enolate formation.



Moreover, the dehydration of C9B-OH to C9B was enhanced. At 10 wt.% catalyst loading, other large, condensed products (C13, C18SB, and C18SS) were generated in the reaction. These results were ascribed to an increased amount of acidic and basic sites that enhanced the reaction rate and further condensation of the primary C9 products to larger ketones. The results also indicate that C14 formed more easily than C13, since furfural is a more reactive molecule than 2-butanone in the aldol condensation. This result was similar to the furfural–acetone system, in which the primary C8 product favorably reacted with furfural rather than acetone in the consecutive condensation [22,23,24]. Additionally, the cross condensation between C9S and C9B, yielding C18SB, was more selective than their self-condensation; this finding was in accordance with the recent study on the density functional theory (DFT) calculation [18,38]. Since the branched-chain C9 compounds were the desired products, the suitable catalyst loading level was 5 wt.%.




2.2.6. Influence of the Reaction Temperature


The effects of the reaction temperature on the furfural conversion and the product distribution were investigated in the range of 40 °C–160 °C (Figure 8). It was demonstrated using the reaction test [19,23] and via in situ FTIR study [39] that the aldol condensation of the simple aldehydes and ketones occurred even at room temperature, despite a low conversion rate. Due to the endothermic nature of the reaction, the furfural conversion increased along with the reaction temperature. By elevating the temperature from 40 °C to 120 °C, the total C9 selectivity was maintained above 97%; however, there was a significant change in the selectivity among the C9 products. An increased temperature provided the reactant molecules with more energy to travel across the activation barrier. Consequently, the dehydration of the ketone alcohol to the unsaturated carbonyl compound, converting C9B-OH to C9B, was promoted [36]. Above 140 °C, the furfural conversion was driven nearly to completion, and the product distribution was shifted to larger condensed molecules. Note that no C9S, only C9B, was observed at these high temperatures. Again, this result is explained by the competitive formation between the methyl and methylene enolate ions derived from the C9 compounds. A high temperature favored the generation of the C9S methylene enolate ion via the thermodynamically stable route [35]; therefore, C9S was mostly consumed in the secondary condensation reaction to produce C18 compounds. Thus, the reaction temperature of 120 °C was the most suitable to achieve the highest selectivity of the branched-chain C9 ketones.




2.2.7. Proposed Reaction Pathway


Scheme 1 shows the plausible reaction pathways for the furfural–2-butanone aldol condensation and the products obtained. First, furfural and 2-butanone underwent aldolization, and three species of C9 products were obtained. A ketone alcohol with a branched chain, C9B-OH, was the primary aldol product derived from the methylene enolate ion of 2-butanone, which was then dehydrated to C9B. As is shown in Figure S2 (SI), a representative 1H nuclear magnetic resonance spectrum of mixed C9 products, separated from the reaction mixture, confirmed the presence of both branched-chain C9 ketone species. Conversely, the reaction caused by the 2-butanone-derived methyl enolate generated a straight-chain C9S product. The presence of C9B-OH, but not C9S-OH, suggested that the methyl group at the β-carbon atom of the ketone alcohol somehow hindered its dehydration on the metal oxide surface to the corresponding unsaturated carbonyl compound. This result was in accordance with the findings of Ponnuru et al. [36]; they observed a difficulty in the dehydration of the methyl-substituted α-carbon ketone alcohol over the organosulfonic acid-functionalized SBA-15. Both C9B and C9S were further condensed with furfural to form C14. Moreover, the reaction between C9B or C9S and 2-butanone yielded three possible C13 products (C13BB, C13BS, and C13SB) depending on the type of enolate ions. The largest products observed in this system were the C18 ketone compounds, resulting from the condensation of the C9 species. The reaction of C9B with the C9S methyl enolate ion produced C18BS, and the self-condensation of C9S generated C18SS. Additionally, the self-condensation of 2-butanone was carried out under the same conditions, in which a small number of products was observed. However, these products were not detected in the cross-condensation of furfural and 2-butanone. It is similar to the case of furfural–acetone reaction, in which the self-condensation of acetone was negligible [23].





2.3. In Situ FTIR Study of Acetone and 2-Butanone Adsorption onto a MgAl Mixed Oxide


An in situ FTIR spectroscopy technique was used to study the adsorption of 2-butanone onto LDO3 surface at elevated temperatures. In this study, acetone was used as a probe molecule for comparison to obtain useful information regarding the structural effect of the ketone compounds on the nature of the adsorbed species. Acetone has two equivalent β-carbon atoms, both of which are methyl groups, for generating the methyl enolate ions, whereas 2-butanone is an asymmetric ketone consisting of two inequivalent β-carbon centers of methyl and ethyl groups. This study hypothesized that if the activation of 2-butanone adsorbed onto the mixed oxide surface preferentially, via the formation of the methyl enolate ion, its adsorption behavior should be similar to that of acetone.



Figure 9 compares the FTIR spectra of a representative LDO3 after the adsorption of acetone and 2-butanone at ambient temperature (25 °C), followed by degassing at 50 °C, 100 °C, and 150 °C. Table S3 (SI) summarizes the assignment of the FTIR bands in the wavenumber regions of 3800–2800 cm−1 and 1800–1200 cm−1. The C=O stretching mode of the free ketones was observed at approximately 1735 cm−1. Once they were adsorbed onto the oxide surface, this band was shifted to 1708–1700 cm−1 because of the C=O coordination with the metal ion centers and acidic hydroxyl groups [40]. In the case of acetone adsorption, the bands at 1425 and 1370 cm−1 were attributed to the C–H bending modes of the methyl groups, whereas the C–C stretching vibration was observed at 1237 cm−1 [41]. The adsorbed 2-butanone showed the characteristic bands of both methyl and methylene groups at 1463, 1420, and 1375 cm−1 [40]. The presence of the ketone probes that were adsorbed on the surface of the mixed oxide was confirmed by the negative signals between 3760 and 3720 cm−1, corresponding to the hydroxyl groups of the metal oxides. This occurred simultaneously with the generation of a broad band in the range of 3650–3500 cm−1. The result suggests that the surface hydroxyl groups aid the adsorption process.



At room temperature, the bands at 1650, 1630, and 1310 cm−1 were ascribed to the stretching mode of OCO in the adsorbed carbonate species derived from the acetone [42], as is illustrated in Figure S3 (SI). Similarly, the carbonate species of 2-butanone was detected per the bands at 1648, 1637, and 1305 cm−1. The enol-like intermediates that formed on the oxide surface were deduced from the bands at approximately 1600 cm−1 and 3010–3070 cm−1, respectively, corresponding to the C=C and C–H stretching modes of C=C–H in the enol molecules [41]. Note that the adsorbed 2-butanone was not preferentially enolized at room temperature, unlike the enol intermediate derived from the acetone (Figure S3: SI). An increased temperature promoted the formation of the adsorbed enol-like intermediate and the bidentate carbonate of 2-butanone, whereas only the carbonate species was detected in the acetone adsorption at elevated temperatures. This result suggests a different configuration of the enol-like intermediates derived from acetone and 2-butanone adsorbed on the mixed oxide surface. Although the α-hydrogen atoms in the methyl groups are more acidic than those in the methylene groups, and they are kinetically favored for enolization, the C=O coordination to the Lewis-type acidic sites enhances the acidity of the α-hydrogen atoms in the methylene groups [22,28], facilitating the formation of the enolate ion on the basic sites. Moreover, the adsorbed enol-like intermediate can be stabilized on the surface of the mixed oxides, likely altering the activation energy required for the generation of both the kinetic and thermodynamic enolate ions. The overall findings indicate that the methylene enolate of 2-butanone was likely the dominant species in the aldolization with furfural at elevated temperatures, coinciding with the reaction result shown in Figure 7.




2.4. DFT Calculation for the Favorable Structure of the Adsorbed 2-Butanone Molecule


According to the reaction results, the branched-chain C9 compounds were the main products formed in the aldol condensation reaction of furfural and 2-butanone over the MgAl-LDH-derived mixed oxide catalysts. Additionally, the in situ FTIR study suggested that the adsorption of the ketone compounds (acetone versus 2-butanone) onto the oxide surface, and therefore, the configuration of the adsorbed enol-like intermediates, was dependent on the molecular structure of the ketones themselves. Although Zaitsev’s rule reveals that the more substituted β-carbon center forms an enolate ion that is more thermodynamically stable than the methyl group [35], it is generally applied to a homogeneous catalysis system. An adsorptive interaction of the substrate molecules on a metal oxide surface via various forces should alter their electronic structure and reaction pathway. Therefore, whether the 2-butanone molecule adsorbed on the active oxide surface was thermodynamically stable or the more kinetically favorable structure is worth analyzing. The results could explain the formation of the branched-chain C9 products, generated via the methylene enolate ion, as the dominant species.



This study used MgO(100) as the model oxide surface to investigate the enolization of 2-butanone via the DFT calculation with the M06-2X/6-31G basis set. To the authors’ knowledge, no literature exists on the DFT study of the adsorption of asymmetric ketone compounds (i.e., 2-butanone) onto a metal oxide surface. Figure 10 illustrates the plot of the activation energy barrier versus the reaction coordinates for the 2-butanone enolization, and the corresponding geometries. The energy barrier for the formation of the methyl enolate ion (black line) was calculated to be 153.73 kcal/mol, whereas that of the methylene enolate ion (red line) was 52.95 kcal/mol. This is in accordance with the distance between the α-hydrogen atoms and the lattice oxygen of MgO: 4.3 and 2.7 Å for the 2-butanone molecules adsorbed via the methyl and methylene groups, respectively. However, the final energy (S2) of these two enolate species was not much different (4.82 kcal/mol). This result indicates that the formation of the methylene enolate ion of 2-butanone on the metal oxide surface was the kinetically favorable route and explains the effect of the reaction conditions on the selectivity of the C9 products (noted previously). Additionally, this study revealed a discrepancy once Zaitsev’s rule was applied to the aldol condensation proceeding via heterogeneous catalysis.





3. Materials and Methods


3.1. Chemical Reagents


Magnesium nitrate hexahydrate (Mg[NO3]2·6H2O, 99%), sodium hydroxide (NaOH, 99%), and sodium carbonate (Na2CO3, 99%) were purchased from QRëC. Aluminum nitrate nonahydrate (Al[NO3]3·9H2O, 99%), furfural (99%), methyl undecanoate (C12H24O2, 99%), and N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA; C6H12SiF3NO, ≥98.5%) were bought from Sigma-Aldrich. 2-Butanone (≥99%) was obtained from Merck, and 1,4-dioxane (C4H8O2, ≥99%) was purchased from Fisher Scientific. All chemicals were used without further purification.




3.2. Catalyst Preparation


The MgAl-LDH precursors were prepared via the coprecipitation method. Typically, an aqueous solution of metal precursors was obtained by dissolving Mg(NO3)2·6H2O and Al(NO3)3·9H2O in 40 mL of deionized water. The amount of metal nitrates was varied to attain the Mg:Al atomic ratios of 2:1, 3:1, and 4:1. In another solution, NaOH and Na2CO3 were dissolved in 100 mL of deionized water to obtain the base solution with an OH−:CO32− molar ratio of 1.5:1. These two solutions were simultaneously dropped in a beaker containing 20 mL of deionized water under vigorous stirring. The pH of the mixed solution was maintained at 10 ± 0.5 by adjusting the amount of the base solution. Then, the white slurry was aged, under stirring, at 65 °C for 22 h. The solid product was recovered via filtration, followed by washing with deionized water to obtain a neutral pH, and drying at 120 °C for 24 h. The resulting MgAl-LDHs were denoted as LDHx, where x represented their Mg:Al atomic ratio. Before being used as catalysts that same day, the dried LDHs were calcined at 500 °C for 5 h in a muffle furnace and cooled to room temperature in a desiccator. The materials obtained after calcination were designated as LDOx, where x represented their Mg/Al atomic ratio.




3.3. Catalyst Characterization


The MgAl-LDH precursors and the mixed oxides were determined for their crystalline structure via power X-ray diffraction (XRD) in which a Bruker D8 ADVANCE diffractometer with a Cu Kα radiation (λ = 1.504 Å), operating at 40 kV voltage and 40 mA current, was used. The XRD patterns were recorded over the 2θ range of 5°–80° at a scanning rate of 0.02°/s. Wavelength dispersive X-ray fluorescence spectrometry (WDS) was applied to the elemental analysis using a Bruker S8 Tiger X-ray fluorescence spectrometer. A Micromeritics ASAP 2020 surface area and porosity analyzer was used to measure the textural properties of the MgAl mixed oxides by means of a nitrogen (N2) adsorption–desorption technique. After degassing the sample at 300 °C for 2 h, the N2 physisorption was carried out at −196 °C. The adsorption data were used to calculate the specific surface area according to the Brunauer–Emmett–Teller (BET) equation.



The basicity and acidity of the calcined MgAl-LDHs were examined via the temperature-programmed desorption (TPD) of carbon dioxide (CO2-TPD) and ammonia (NH3-TPD), respectively, using a Micromeritics AutoChemII 2920 chemisorption analyzer. The sample powder was pretreated at 500 °C for 1 h under 50 mL/min of helium (He) flow, and the adsorption of the probe molecules (10 vol% NH3 in He gas or 10 vol% CO2 in He gas) was performed at 50 °C using a probe flow rate of 10 mL/min. Subsequently, the sample was heated from 50 °C to 500 °C at a ramp rate of 10 °C/min under a 50 mL/min He flow to desorb the probe molecules. The TPD profiles obtained were deconvoluted to Gaussian-shaped components using the OriginPro 8.5 software. The fitting parameters of each deconvolution peak are summarized in Table S4 (SI). Subsequently, the amount of basic and acid sites in the mixed oxides was calculated.



The adsorption of acetone and 2-butanone onto LDO3 surface was investigated by in situ Fourier transform infrared spectroscopy (FTIR) using a Nicolet iS10 FTIR spectrometer. Typically, 30 mg of fresh LDO3 powder was pressed into a 2-cm diameter self-supported wafer, and then placed in a quartz cell sealed with calcium fluoride windows. The sample cell was then pretreated at 500 °C for 1 h under evacuation. The adsorption of ketone compounds was carried out at room temperature for 30 min, followed by degassing at 50 °C, 100 °C, and 150 °C for 15 min. At each temperature, the FTIR spectra were recorded in transmission mode over the wavenumber range of 400–4000 cm−1 for 96 scans.




3.4. Aldol Condensation Procedure


The aldol condensation of furfural with 2-butanone was performed in an 80 mL stainless-steel autoclave equipped with a magnetic stirrer under N2 atmosphere of 10 bar. The total weight of the liquid mixture was maintained at 30 g, and only the freshly calcined catalysts were utilized. A silicone oil bath connected to a thermocouple was used to control the reaction temperature. Typically, the reaction conditions were as follows: furfural:2-butanone molar ratio, 1:5; catalyst loading (with respect to the weight of furfural), 5 wt.%; reaction temperature, 120 °C; and reaction time, 8 h. After the reaction course, the autoclave was cooled to room temperature in an ice bath. The reaction mixture was recovered via centrifugation at 5500 rpm for 30 min and via filtration using a 0.2 μm pore size syringe filter.



The chemical structures of the products generated in the reaction were confirmed via gas chromatography–mass spectrometry (GC-MS) using an Agilent 7890A gas chromatograph equipped with a 30 m HP-5ht capillary column. The furfural conversion and the selectivity of the products were determined via an on-column mode GC analysis using a gas chromatograph (Agilent 7890A, Agilent Technologies, Inc. Wilmington, DE, USA) equipped with a 15-m DB-5ht capillary column. The reaction mixture was diluted five times with 1,4-dioxane. Subsequently, MSTFA was added as a derivatizing agent to convert the hydroxyl groups of the products into the corresponding nonpolar trimethylsilyl groups. The remaining furfural was quantified by the internal standardization method, in which methyl undecanoate was a reference standard. The furfural conversion was calculated according to Equation (1):


  F u r f u r a l   c o n v e r s i o n     m o l %   =   f u r f u r a  l  i n i t i a l   − f u r f u r a  l  r e m a i n i n g     f u r f u r a  l  i n i t i a l     × 100  



(1)







Since there were no commercially available standard chemicals for the reaction products, the effective carbon number (ECN) concept was applied to determine the amount of each product formed in the reaction using methyl undecanoate as a reference standard. According to Scanlon and Donald [43], the ECN method was related to two equations, in which Equation (2) was used to determine the relative response factor (F(R − molar)), and the weight of each product was obtained from Equation (3). The product selectivity was calculated according to Equation (4):


  F   R − m o l a r   =   M  W  p r o d u c t   × E C  N  r e f e r e n c e     M  W  r e f e r e n c e   × E C  N  p r o d u c t      



(2)






  F   R − m o l a r   =   a r e a   c o u n t  s  r e f e r e n c e   × w e i g h  t  p r o d u c t         a r e a   c o u n t  s  p r o d u c t   × w e i g h t     r e f e r e n c e        



(3)






  P r o d u c t   s e l e c t i v i t y     m o l %   =   m o l  e  p r o d u c t       t o t a l   m o l e   o f   p r o d u c t s     × 100  



(4)







The MgAl-LDH precursors and the mixed oxides were determined for their crystalline structure via power X-ray diffraction (XRD), in which a Bruker D8 ADVANCE diffractometer with a Cu Kα radiation (λ = 1.504 Å), operating at 40 kV voltage and 40 mA current, was used. The XRD patterns were recorded over the 2θ range of 5°–80° at a scanning rate of 0.02°/s.




3.5. Computational Details


The DFT calculations were performed using the Gaussian 09 software in conjunction with GaussView. The M06-2X functional with 6-31G basis set was employed for the geometry optimization and the vibrational frequency analysis. The mechanism of 2-butanone enolization to generate methylene and methyl enolates was examined over the MgO(100) surface. The stoichiometric two-layer clusters Mg35O35 were used to represent the MgO(100). Examples of input can be found in Tables S5 and S6 (SI). All thermodynamic parameters of the reaction were calculated at 298 K and 1 atm. The adsorption energy (  Δ  E  a d s    ) of methylene enolate or methyl enolate adsorbed on the MgO(100) can be obtained as follows:


  Δ  E  a d s   =  E  c o m p l e x   −  E  M g O   −  E  2 − b u t a n o n e    



(5)




where    E  c o m p l e x    ,    E  M g O     and    E  2 − b u t a n o n e     represent the total energies of the adsorption of 2-butanone onto MgO(100), the unoccupied MgO(100) and the isolated 2-butanone molecule, respectively.





4. Conclusions


The MgAl-LDH-derived mixed oxides were promising catalysts in the aldol condensation of furfural and 2-butanone to produce α,β-unsaturated carbonyl compounds as bio-jet fuel precursors. The obtained carbonyl products were in the range of C9–C18. When the bio-jet fuel precursor was focused, the highest furfural conversion and the highest selectivity of the branched-chain C9 products were achieved over the LDO3 catalyst, as it consisted of the largest BET surface area and content of medium basic sites. Moreover, LDO3 was the only mixed oxide catalyst that resulted in C9B via the dehydration of the corresponding ketone alcohol (C9B-OH) because of its highest total acidity. The most suitable conditions, under which the highest selectivity of the branched-chain C9 products (77%) was obtained at the furfural conversion rate of 63% using the LDO3 catalyst, were as follows: furfural:2-butanone molar ratio, 1:5; catalyst loading, 5 wt.%; reaction temperature, 120 °C; reaction time, 8 h; and N2 atmosphere, 10 bar. Additionally, the in situ FTIR study suggested that the methylene enolate of 2-butanone was the dominant species in the aldolization with furfural at elevated temperatures. The formation of the branched-chain C9 carbonyl compounds as the main products were explained via the DFT calculation, which indicated that the methylene enolate ion of 2-butanone was the kinetically favorable intermediate on the metal oxide surface. Additional study on the aldol condensation of different asymmetric ketone substrates, and the DFT calculation of those ketones adsorbed onto the MgAl mixed oxide surface, is required to clarify the discrepancy that occurred once Zaitsev’s rule was applied to the heterogeneously catalyzed reaction system.
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Figure 1. XRD patterns of (A) as-synthesized and (B) calcined LDH samples. 
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Figure 2. (A) CO2-TPD and (B) NH3-TPD profiles of calcined LDH samples. Green, blue and purple lines represent weak, medium and strong base or acid sites, respectively. Black and red lines are respectively the original data and the sum of deconvoluted peaks. 
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Figure 3. Formation of methyl and methylene enolate ions of 2-butonone on medium basic site of metal oxide catalyst. 
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Figure 4. Furfural conversion and product selectivity obtained from aldol condensation of furfural and 2-butanone over LDO catalysts with different Mg/Al atomic ratios. (Reaction conditions: furfural:2-butanone, 1:2; catalyst loading, 5 wt.%; time, 8 h; temperature, 80 °C; N2 pressure, 10 bar). 
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Figure 5. Effect of reaction time on furfural conversion and product selectivity obtained from aldol condensation of furfural and 2-butanone over LDO3 catalyst. (Reaction conditions: furfural:2-butanone, 1:5; catalyst loading, 5 wt.%; temperature, 120 °C; N2 pressure, 10 bar). 
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Figure 6. Effect of reactants molar ratio on furfural conversion and product selectivity obtained from aldol condensation of furfural and 2-butanone over LDO3 catalyst. (Reaction conditions: catalyst loading, 5 wt.%; time, 8 h; temperature, 80 °C; N2 pressure, 10 bar). 
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Figure 7. Effect of catalyst loading on furfural conversion and product selectivity obtained from aldol condensation of furfural and 2-butanone over LDO3 catalyst. (Reaction conditions: furfural:2-butanone, 1:5; time, 8 h; temperature, 120 °C; N2 pressure, 10 bar). 
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Figure 8. Effect of reaction temperature on furfural conversion and product selectivity obtained from aldol condensation of furfural and 2-butanone over LDO3 catalyst. (Reaction conditions: furfural:2-butanone molar ratio, 1:5; catalyst loading, 5 wt.%; time, 8 h; N2 pressure, 10 bar). 
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Scheme 1. Proposed reaction pathway for aldol condensation of furfural and 2-butanone over LDO catalyst. 
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Figure 9. In situ FITR spectra of a representative MgAl mixed oxide after the adsorption of (A) acetone and (B) 2-butanone at room temperature, followed by activation at different temperatures. 
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Figure 10. (A) Energy profile of 2-butanone enolization to generate methylene (red line) and methyl (black line) enolates onto MgO(100) surface, and the stable molecular structures of adsorbed (B) methyl and (C) methylene enolates, obtained from DFT calculation with M06-2X/6-31G basis set. 
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Table 1. Physicochemical properties of the calcined LDH samples.
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Sample a

	
SBET

(m2/g) b

	
Vp

(cm3/g) c

	
Dp

(Å) d

	
Basic Site Amount (μmol/g) e

	
Basic Site Density

(μmol/m2) f

	
Acidic Site Amount (μmol/g) e

	
Acidic Site

Density

(μmol/m2) f




	
Weak

	
Medium

	
Strong

	
Total

	
Weak

	
Medium

	
Strong

	
Total






	
LDO2

	
192

	
0.15

	
65

	
137.5

	
88.3

	
59.6

	
285.4

	
1.5

	
63.9

	
6.4

	
1.7

	
72.1

	
0.38




	
LDO3

	
273

	
0.62

	
96

	
164.0

	
122.6

	
40.7

	
327.3

	
1.2

	
98.4

	
15.4

	
0.9

	
114.7

	
0.42




	
LDO4

	
223

	
0.48

	
79

	
211.7

	
77.2

	
26.4

	
315.4

	
1.4

	
86.3

	
5.7

	
0.0

	
92.0

	
0.41








a The LDH precursors were calcined at 500 °C for 5 h; b BET surface area; c total pore volume; d average pore diameter; e the basic and acidic site amounts were obtained from CO2- and NH3-TPD, respectively; f calculated from total basicity and acidity, divided by BET surface area of the catalysts.
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