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Abstract

:

A sustainable route to ketones is described where stearone is produced via ketonic decarboxylation of stearic acid mediated by solid base catalysts in yields of up to 97%, at 250 °C. A range of Mg/Al layered double hydroxide (LDH) and mixed metal oxide (MMO) solid base catalysts were prepared with Mg/Al ratios of between 2 and 6 via two synthetic routes, co-precipitation and co-hydration, with each material tested for their catalytic performance. For a given Mg/Al ratio, the LDH and MMO materials showed similar reactivity, with no correlation to the method of preparation. The presence of co-produced oxide phases in the co-hydration catalysts had negligible impact on reactivity.






Keywords:


base catalysis; mixed metal oxide; layered double hydroxide; liquid phase; ketonisation; biorefinery; fatty acid












1. Introduction


Crude oil is a finite feedstock and attempts are being made to extend the shelf life of infrastructure and chemical processes that rely on its use by producing sustainable bio-derived fuels and chemicals [1,2]. For example, certain seeds, plants, and algae can be processed to afford oils, where the majority of the non-polar oil components are in the form of triacyl glycerides (TAGs), consisting of an ester of glycerol bearing three saturated or unsaturated fatty acid residues [3]. These TAGs can be readily hydrolysed to form glycerol, itself a potential source of fuels and chemicals, and free fatty acids (FFA) [4]. The resulting FFAs can be treated in a number of ways to afford a range of valuable chemical products such as diesel-like fuels, lubricants and gasoline [5,6]. A particularly important derivatisation pathway is ketonic decarboxylation (or ketonisation), whereby two carboxylic acid molecules react to form a ketone with loss of water and carbon dioxide. Depending on the nature of the starting carboxylic acids, the resulting FFA-derived ketones are potentially useful, environmentally-sustainable feedstocks for use in diesel fuels, lubricants, as surfactant precursors, or as substrates for further functionalisation, for example, via cracking or hydrotreatment to afford hydrocarbons and hydroxyalkylenes [7,8]. A simple example of a ketonic decarboxylation reaction and a proposed mechanism is presented in Figure 1. Here, a solid ceria catalyst was used to convert acetic acid (used as a model FFA) to acetone [9].



Despite the potential of the ketonisation reaction, today long chain ketone production is still mainly achieved via oxidation of fossil-derived hydrocarbons, something that is unsustainable [10]. Consequently, several underpinning studies have probed the use of heterogeneous catalysts for the preparation of ketones from FFAs and model FFAs using a ketonic decarboxylation approach. For example, Deng et al. explored catalytic ketonic decarboxylation of acetic acid using a range of weakly basic metal oxides on different support materials, finding ceria and manganate supported on silica as being particularly efficient, with conversions close to 100% [11]. In a related study, Nagashima et al. successfully demonstrated ketonic decarboxylation of propanoic acid using CeOx-based composite oxides [12]. Shutilov and co-workers researched the production of 5-nonanone from pentanoic acid using different zirconium catalysts and found that CeO2-ZrO2 yielded maximum conversion and selectivity of 93.2% and 78.7%, respectively [13]. A comprehensive study of ketonic decarboxylation from hexanoic acid mediated by weakly basic ceria/zirconia catalysts was undertaken by Gaertner and colleagues [14]. Here, the activation energy (132 kJ·mol−1) was identified as being significantly higher than that for the esterification reaction (40 kJ·mol−1), such that the irreversible ketonic decarboxylation was favoured at temperatures above 300 °C.



As already indicated, studies around ketonic decarboxylation have been undertaken using acetic acid as the substrate since this acid is representative of low molecular weight acids found in complex biomass-derived oil mixtures. However, these studies have clearly exemplified that the nature (e.g., chemical composition, method of preparation, process conditions, etc.) of the catalyst employed have a very pronounced impact on the ketonisation process. For example, Deng et al. obtained a conversion of 97.3% of acetic acid using a CeO2 catalyst supported on silica after 96 h at 450 °C [11]. In contrast, Snell and Shanks [9] reported full conversion of acetic acid over a ceria catalyst with reaction temperatures over 300 °C, whereas Yamada et al. [15] working also with a ceria-based catalyst achieved a conversion of 51.3% at 350 °C. In a related study targeting the synthesis of a specific asymmetric ketone fragrance compound, 2-undecanone, Jackson and Cermak successfully ketonised oil from the plant Cuphea sp. with acetic acid using a mixed oxide based on Fe/Ce/Al, achieving a 91% yield with reaction temperatures in excess of 300 °C [16].



Mechanistic studies have demonstrated that the ketonic decarboxylation reaction occurs only when an acidic hydrogen is present in the α-position to the carboxylate group, something required to generate the necessary enolate species (see Figure 1) [17,18,19,20,21]. In an attempt to understand the reactivity of carboxylic acids at zirconia surfaces, and the enolization of carboxylates (the mechanism and energy required for the α-hydrogen abstraction and to determine whether enolization is part of the ketonisation mechanism), Ignatchenko undertook density functional theory electronic structure simulations of this process [22]. This study demonstrated that, with zirconia, the most important intermediate in the carboxylic acid ketonisation mechanism is indeed the enolate. This originates following surface-mediated α-hydrogen abstraction and subsequent enolization—a process that is shown to have different energies depending on the specific site at zirconia to which the acid is bound initially and involves formation of a surface ketene intermediate. In a follow-on study, Ignatchenko and Kozliak carried out experimental isotopic labelling studies to probe the mechanism of both symmetric and cross-coupled ketonic decarboxylation reactions, to determine whether enolization is related with the rate-limiting step and what other factors could govern the mechanism of the reaction [23]. Based on their detailed kinetic analysis, the rate-limiting step occurs after the enol component activation and corresponds to the decarboxylation process.



Support for Ignatchenko’s proposed surface ketene mechanism, which resembles the enolization of carboxylates, has also been proposed by Randery et al. [24]. In contrast, Pham and co-workers, working on the ketonic decarboxylation of acetic acid, did not observe a ketene intermediate and hence concluded that no such intermediate species was formed during the ketonisation reaction [25]. However, studies by both Corma et al. [18] and Pulido et al. [26] showed that a β-ketoacid mechanism involving α-hydrogens is kinetically favoured over all other pathways. Despite this mechanism’s general acceptance, the β-ketoacid decomposes rapidly, something that hinders its observation during the ketonisation reaction [19]. Together, these studies highlight the complexity of oxide surface-mediated ketonisation processes and emphasise the intimate role the catalyst plays in such reactions.



Whereas much of the prior research to date has focussed on the effect of the substrate on the reaction, the role of the catalyst base site strength has been less well studied. As described, various metal oxides mediate catalytic ketonic decarboxylation [27], and depending on the specific oxide being employed, studies have shown that catalytic ketonisation performance can be enhanced by increasing the basicity of poorly basic surface sites (e.g., using an appropriately-prepared Al2O3 catalyst) [11] or by increasing the number of surface basic sites (employing either ceria-zirconia or zirconia oxide systems) [14]. Here, we present an investigation of the use of medium-strong solid base catalysts, in the form of layered double hydroxides and their calcined mixed metal oxide products, for the liquid phase ketonic decarboxylation of a long chain fatty acid, stearic acid.



1.1. An Introduction to Layered Double Hydroxides


Layered double hydroxides (LDHs) are a versatile class of host–guest material consisting of positively-charged metal hydroxide layers charge-balanced by anions that reside, along with water, in the interlayer (Figure 2) [28,29]. LDHs are sometimes called anionic clays, as they share similar intercalation chemistry with the ubiquitous cationic clays (e.g., montmorillonite). LDHs have the general composition of [M2+1−xM3+x(OH)2]x+(A−)x/n·mH2O, with one of the most commonly used forms of synthetic LDH being structurally similar to the naturally occurring mineral hydrotalcite (Mg6Al2(OH)16CO3·4H2O). Various methods for the synthesis of LDH materials have been described and reviewed in recent years [28,29,30,31]. The most common strategies for the preparation of such materials include co-precipitation [32], urea hydrolysis [33], precipitation from organic acid salts [34] and, more recently, co-hydration of suitable metal oxides or hydroxides [35,36].




1.2. Layered Double Hydroxides as Catalysts and Catalyst Precursors


LDHs have been observed to promote a variety of different catalytic reactions. Their versatility has been ascribed both to the presence of different catalytically-active species within their structure (e.g., M–OH, M–O− in different coordination states in the lattice, as well as OH− and other charge-balancing ions) and to their ability to perform as both solid acids and/or solid bases [37,38]. The basicity of LDHs is influenced by the M2+/M3+ ratio as well as by the anion that is located within the interlayer [39]. For example, catalytic ester hydrolysis has been proposed to take place through reactions occurring at specific LDH lateral crystal faces, whilst trans-esterification catalysis is regarded as being less specific, proceeding at a multitude of sites spread across the whole outer LDH crystal surface [40]. The way in which the various LDH materials are activated offers scope to tune these types of system for different catalytic transformations, with calcination and subsequent (partial) rehydration of the resultant to mixed metal oxides (MMOs) having been shown to be an effective method for achieving different basic properties, a topic reviewed by Figueras et al. [41].



In the broader context of heterogeneous catalysis, an important application of LDHs is their use as precursors to MMOs, prepared via calcination. When calcined, LDHs lose the carbonate (or other) interlayer species and undergo dehydroxylation, generating a material that can have a large specific surface area and high porosity, as well as increased basicity, depending on the thermal treatment applied [42,43]. MMOs and rehydrated MMOs have been used as heterogeneous base catalysts in numerous reactions including condensation [44], trans-esterification (e.g., for biodiesel production) [45], Michael addition [46], and ketonic decarboxylation [47]. Notably, the rehydrated MMO materials often demonstrate improved catalytic performance compared with that of their LDH precursors [48]. This has been attributed to the MMOs/rehydrated MMOs possessing sites of low (OH−), medium (O2−–Mn+), and high (O2−) basicity [31], together with a regular distribution of the two different metal cations within an oxide matrix [49,50]. For example, Constantino and Pinnavaia studied the relative efficacy of carbonate-containing LDHs compared to partially- (150 °C) and fully-calcined (890 °C) LDHs for the conversion of 2-methyl-3-butyn-2-ol (MBOH) to acetone and ethyne [51]. This study found that LDHs heated at 150 °C, which have lost their intra-pore water, but that still retain interlayer water and carbonate, exhibited greater reactivity (at lower temperature) than materials that had been calcined previously at 890 °C. According to the authors, although calcination increased the surface area of the compound, intrinsic reactivity was lost.



Importantly, it is now well-established that the exact method of LDH preparation has a significant effect on their performance as catalysts [52]. For example, catalytic efficiency of various different LDH materials has been shown to be enhanced when they are prepared using co-precipitation methods, something proposed to result from the small, high lateral surface area crystals produced under such conditions [29,53]. However, caution is required since it has been clearly demonstrated that residual Na+/K+ ions from the necessary base employed during co-precipitation can be retained within the ensuing LDH material, which can significantly affect reactivity, behaving as both homo- and heterogeneous catalysts in their own right [31,52]. In contrast to the high lateral surface area achieved by co-precipitation, high aspect ratio LDHs with high basal surface area may be prepared via hydrothermal synthesis methods, something of particular relevance for applications in composite material preparation [54].



Of particular relevance to the use of LDH materials in catalytic applications is the observation that the strength of the basic sites of both LDHs and post-calcination MMOs can be controlled through variation of the M2+/M3+ ratio within the two-dimensional sheet structures; this ratio is denoted as the R-value. In studies of ketonic decarboxylation reactions by Parida and Das, which used both LDH materials with various R-values and the corresponding MMOs, it was established that an Mg/Al LDH with R-value of 4 gave the best conversion of acetic acid to acetone, and that upon its calcination at 450 °C to the corresponding MMO, the catalytic conversion increased further [47]. This enhanced performance of the MMO over that of its parent LDH has been attributed to an increase in the number of strongly basic (O2−) sites post-calcination, something accompanied by an overall reduction in the total number of basic sites, with the lattice Al3+ centres providing dual acid-base (amphoteric) character [55]. A study by Xie et al. showed that the greatest basicity (assessed qualitatively using Hammett base indicators [56]) was found with Mg/Al LDH materials having Mg/Al = 3, and that calcination of this material at 464 °C, lead to the optimal performing catalyst for solid base trans-esterification [57]. This correlates with other studies where calcined LDHs have been shown to have greater numbers of strongly basic sites than even MgO, a well-established solid base catalyst, though this conflicts with an earlier study where the number and strength of basic sites was reported as greater for MgO than for calcined LDHs [58,59]. However, these reported differences may be attributed to a number of experimental factors that differed between the two studies including synthetic and purification methods (leading to different morphologies and particle sizes).



In summary, it has been reported previously that LDHs and MMOs both perform as effective solid catalysts in a variety of organic transformations, including ketonic decarboxylation. However, to date the bulk of the research effort for this particular transformation has focussed on the use of weakly basic metal-based oxide catalysts. In this paper, we investigate the use of a range of Mg/Al LDHs, and their corresponding MMOs, for the low temperature (250 °C) conversion of stearic acid to stearone via ketonic decarboxylation. The LDHs were prepared by an environmentally friendly co-hydration synthetic route [36], according to well-established green chemical principles, as well as by a more conventional co-precipitation route. One of the advantages of the co-hydration preparation method is that it eliminates the need for strong aqueous alkaline bases essential in traditional co-precipitation methodologies, which remains as waste at the end of the process and which can also initiate catalytic reactions. Furthermore, co-hydration tends to lead to catalysts with high aspect ratio crystals, quite distinct to those achieved via co-precipitation [36].





2. Results


2.1. Structure of Prepared Mixed Metal Oxide Materials


Often when comparing catalytic reactions mediated by LDHs/MMOs it can be difficult to separate the effect of differing variables between studies. For example, it is well established that a host of parameters can impact considerably on the physicochemical properties of such materials: LDH synthesis method, which can significantly alter product crystallinity/purity; calcination temperatures/conditions; and post calcination treatment. Before undertaking any catalysis studies, the composition and structure of the various Mg/Al LDH materials formed via co-precipitation and co-hydration, together with those of their corresponding mixed metal oxides, were examined. To this end, the catalyst samples are described according to: (i) the method of preparation, CoP = co-precipitation and CoH = co-hydration; (ii) whether LDH or MMO; and (iii) the starting Mg/Al stoichiometry or R-value. For example, using this notation a mixed metal oxide prepared via a co-precipitation route with Mg/Al ratio of 4 would be denoted CoP-MMO-4.



2.1.1. Structure and Basicity of Layered Double Hydroxides Prepared by Co-Precipitation


The powder X-ray diffraction (PXRD) patterns obtained for the various LDH materials prepared through co-precipitation (CoP-LDH-2 to CoP-LDH-6) are shown in Figure 3a; a summary of the PXRD data for the CoP-LDH samples is given in Table 1. For each of the materials, the PXRD patterns obtained are characteristic of LDH materials [60,61]. ICP-OES analyses of each of the CoP-LDH materials was used to determine the R-values (Table 1). These R-values correlated well with the percentage of aluminium present in each LDH phase as determined from the distinct d110 LDH reflection, which systematically varies as a function of Al substitution, based on the line of best fit equation proposed by Kaneyoshi and Jones for carbonate and nitrate LDHs [62]. Thermal analysis via thermogravimetric analysis (TGA) of the CoP-LDHs showed the expected distinct mass losses associated with evolution of water, initially from loss of intercalated interlayer water and then from dehydroxylation of the hydroxide layers, and later from carbon dioxide arising from interlayer carbonate decomposition upon calcination from room temperature to 500 °C [63].



To assess the potential catalytic performance of each of the prepared LDHs in ketonic decarboxylation, although not easy to achieve in practice, a qualitative investigation of the relative basicity of each of the materials was undertaken. To this end, we attempted to determine the basicity of the various materials using an FTIR probe molecule adsorption/desorption approach, but this proved inappropriate for these very weakly basic materials (see Supplementary Materials). Consequently, an alternative previously-reported methodology was employed, whereby the various LDH and MMO materials were treated with dry methanolic solutions of standard Hammett base indicators (Table 1) [57]. However, it should be noted that, owing to the bulky nature of the molecules used as Hammett indicators, this approach does not probe the interlayer; instead it provides an estimation of external surface basicity of the layered materials prepared [64]. Qualitatively, the surface basicity of materials CoP-LDH-2, and CoP-LDH-4–CoP-LDH-6 was found to lie in the range pH 9.0–10.0, while that for CoP-LDH-3 was slightly lower, lying in the range pH 7.6–9.0.



A representative SEM image of CoP-LDH-3 is shown in Figure 4a, alongside an LDH prepared by co-hydration (CoH-LDH-2, Figure 4b), both of which display the typical anisotropic layered morphology for an LDH, with the co-hydrated sample visually having a high aspect ratio, as exemplified by the average crystal sizes in the a and c directions (Table 1). Surface area analyses data were obtained using N2 adsorption methods and are reported in Table 1. It was found that the surface area of the various materials decreased with decreasing aluminium content for CoP-LDH-2 (91 m2·g−1) to CoP-LDH-3 (82 m2·g−1), values that are in line with the typical 100 m2·g−1 cited for hydrotalcites [31]. In contrast, the surface areas for the related materials CoP-LDH-4 to CoP-LDH-6 were significantly lower (17–39 m2·g−1), with a slight increase in surface area being found with decreasing Al-content. A similar trend of increasing surface area with increasing Mg–Al ratio has been described previously [65]. The average pore sizes were found to generally increase with decreasing Al-content over the range from ~3 to ~21 nm, although the N2 adsorption technique used here does not probe the interlayer, but instead relates to inter-particle voids [66]. The pore volume was greatest for CoP-LDH-3 at 0.42 cm3·g−1.




2.1.2. Structure and Basicity of Mixed Metal Oxides Prepared from Co-Precipitated Layered Double Hydroxides


The PXRD patterns obtained for the CoP-MMOs are shown in Figure 3b and highlight the distinct structural changes that take place upon calcination of these LDH materials. The CoP-MMO structures show some evidence of rehydration for materials with R-values of 4 and 5, as nascent low angle peaks are observed. The reflections arising from the MMO materials are increasingly sharp as the R-value increases, indicating the presence of increased amounts of brucite in the original LDH materials [36]. Following calcination to the MMOs, a qualitative assessment of the surface basicity of these new materials was also undertaken using dry methanol solutions of Hammett basicity indicators (Table 2). This study showed that the basicities of the MMOs, CoP-MMO-1, CoP-MMO-3, CoP-MMO-4 and CoP-MMO-5, lie in the same range as those for their parent LDH materials. In contrast, the apparent basicity decreased for CoP-MMO-2 and CoP-MMO-6 to pH 7.6–9.0, relative to their corresponding LDH precursors.



Surface area analysis showed that for all LDH samples, their conversion to the corresponding MMO materials resulted in an increase in surface area, with a commensurate increase in total pore volume, but with a reduction in average pore volume/inter-particle voids (Table 2). The associated increase in surface area and pore volume is believed to occur due to fine pores forming perpendicular to the crystal surface during calcination, through which gases formed during the dehydroxylation process leave the crystal structure (i.e., water vapour and CO2) [67,68,69].




2.1.3. Structure and Basicity of Layered Double Hydroxides Prepared by Co-Hydration


The XRD data for the CoH-LDHs (Figure 3c) are characteristic of those from traditionally-prepared LDH materials, however it is clear that the new materials showed varying levels of impurity, as initially reported by Greenwell et al. [36], with significant quantities of brucite being detected for materials with R-values > 2. In addition, MgO phases are present in CoH-LDH-2 and CoH-LDH-4. As expected from LDHs containing adipate as the charge-balancing interlayer anion, PXRD analysis showed expanded phases (at 2-θ = 6°) for CoH-LDH-2 and CoH-LDH-3, where the adipate anion is perpendicular to the plane of the LDH sheet, and also the presence of collapsed phases (at 2-θ = 12°) for CoH-LDH-4 to CoH-LDH-6, where the adipate anion is parallel to the plane of the LDH sheet [59]. Unlike the CoP-LDHs, for the CoH-LDHs, the d110 LDH reflection was not distinct enough for correlation with the percentage of Al present in each LDH phase.



Thermogravimetric analysis of the CoH-LDH materials showed distinct mass losses associated with loss of water from intercalated water and layer hydroxyls, and carbon dioxide from interlayer adipate upon calcination to 500 °C (Supplementary materials). Expected and obtained Mg/Al ratios from ICP-OES for CoH-LDHs are shown in Table 1. The metal ion ratios determined by ICP analysis generally increased with expected R-value, however CoH-LDH-5 (3.2) has a lower ratio than CoH-LDH-4 (3.7), something that has been attributed to the presence of impurities/heterogeneity.



Nitrogen adsorption/desorption experiments for CoH-LDHs all exhibited type IV isotherms characteristic of mesoporous materials [70]. In each case, the hysteresis loop was narrow, with almost parallel adsorption and desorption branches, something that is indicative of pores with regular geometry, while the steep desorption behaviour indicated that the pore size distribution was narrow (Sing et al., 1985) [70], centred at within 10–13 nm pore radius. The surface area for CoH-LDH-2 was 33 m2·g−1, considerably lower than that for the CoP-LDH-2 (91 m2·g−1). The surface areas of materials CoH-LDH-3 to CoH-LDH-6 are identical within error as a function of R-value (spanning values 42–46 m2·g−1) in contrast to the variation observed for their analogues prepared via co-precipitation. The average pore size was highest for CoH-LDH-5 (13 nm) and lowest for CoH-LDH-2 (9 nm and 10 nm, respectively).



A qualitative assessment of the surface basicity of each of the CoH-LDHs was determined (using the Hammett indicator method) and is shown in Table 1. The highest basicity was found for CoH-LDH-5 and CoH-LDH-6, lying in the range pH 7.6–9.0. The materials CoH-LDH-2 to CoH-LDH-4 were found to have estimated surface basicities lying in the range pH 6.0–7.6. Clearly, the basicity of the various CoP-LDH and CoH-LDH materials varies as a function of R-value, but also with the method used for their preparation. It is presumed this latter dependency arises as a consequence of differing morphologies that impact directly on the extents of surface edge/layer edges, which in turn alters the accessibility of surface basic sites.




2.1.4. Mixed Metal Oxides Prepared from Co-Hydration Layered Double Hydroxides


The PXRD data for the CoH-MMOs are shown in Figure 3d, and reveal that significant structural reorganisation takes place during the calcination process, with loss of the characteristic low angle basal LDH peaks in the PXRD patterns [71]. For each material, very sharp peaks were observed, something consistent with the presence of moderately crystalline MgO, although with some asymmetry, possibly due to an underlying partially substituted MgO-like material [59].



A qualitative assessment of the surface basicity for the CoH-MMOs is reported in Table 2. Following calcination, the basicity of the resulting MMOs has increased up to the pH 7.6–9.0 window, relative to the parent LDH, for the CoH-MMO-2 through to CoH-MMO-4 materials, but remained unchanged (pH 7.6–9.0) for CoH-MMO-5 and CoH-MMO-6. These results are distinct from those from the corresponding CoP-MMO materials, where at R-values of ≥4 no increase in surface basicity was observed. Post-calcination, increased surface basicity is generally attributed to the presence of remaining medium-strong Lewis basic O2−–Mn+ pairs along with strong basic sites relating to increased concentrations of O2− species [31].





2.2. Analysis of Catalytic Ketonic Decarboxylation Reactions


Ketonic Decarboxylation of Stearic Acid


The catalytic performance of the as-prepared LDH and MMO materials was assessed for the ketonic decarboxylation of stearic acid, as described in Section 4.3 (250 °C, 17 bar, 24 h, dodecane solvent). Post-reaction, a soluble fraction and a wax-like fraction were both obtained in all cases. Initial analysis of the wax-like solid directly by ASAP+ mass spectrometry identified the presence of stearone (18-pentatriacontanone), along with unreacted stearic acid (Figure 5). As a result, the waxy residues were rigorously extracted from the LDH/MMO catalyst under Soxhlet conditions using ethanol. The resulting organic phase was analysed using GC, as described in Section 4.4, and found to contain only unreacted acid and ketone product, in varying ratios (see Figure 6 for conversions of stearic acid to stearone). A control reaction with no LDH or MMO catalyst present was also run; no waxy material was observed to form under these conditions.






3. Discussion


3.1. Structure of Mixed Metal Oxide and Layered Double Hydroxide Catalysts


On the basis of the results from PXRD, TGA, and SEM analyses, all the CoH-LDH and CoP-LDH samples comprised typical LDH materials as the main phase. The co-hydrated adipate LDH samples showed similar structures to those reported previously by Greenwell et al. [36], while the co-precipitated samples showed characteristic structures for similarly-prepared materials reported in the literature [32]. For all of the LDH materials synthesised here, calcination resulted in loss of the typical layered LDH structure, affording a low order mixed-metal oxide phase. Nitrogen adsorption/desorption isotherms indicated that narrower pore size distributions were achieved using the co-hydration method, with CoH-LDHs exhibiting very narrow hysteresis with similar pore size distributions. The surface areas and pore volumes of the various materials increased greatly on calcining from LDH to MMO, with all surface areas being greater than 153 m2·g−1. The average pore diameters were found to increase for CoP-MMO-1 to CoP-MMO-3, however CoP-MMO-4 to CoP-MMO-6 and all CoH-MMO samples were found to decrease in pore volume compared to their LDH precursors, although their pore dimensions remained in the mesoporous range. During the calcination step, loss of water and interlayer anions was found to occur, as shown by TGA–mass spectrometry, confirming the transition from LDHs to MMOs (see Figure S1).




3.2. Ketonic Decarboxylation Reactions


The reaction showed good conversion of stearic acid to stearone via ketonic decarboxylation in the presence of each of the mixed-metal (both MMO and LDH) materials prepared. No other products were observed via GC analyses of the soluble reaction products or by ASAP-MS analysis of the waxy solid materials consistent with complete selectivity towards the ketone.



To understand the reactivity of the different catalysts, a range of structural and chemical characterisation methods were applied to the materials used. MMOs have unique structural differences relative to LDHs that can be observed with PXRD. The PXRD analysis of the MMO materials generated from LDHs synthesised via co-hydration (CoH-MMOs) were noted to contain crystalline MgO co-phases, although these were not observed to impact on the degree of conversion of stearic acid. The CoP-MMOs with broader (FWHM) MgO peaks, indicating less ordered crystal structure and smaller particle size, are equally as active (within experimental error) as the CoH-MMOs, for the catalysis of stearic acid to stearone showing the presence of impurity in the more environmentally friendly CoH material preparation does not adversely impact reactivity (See Figure 7).



Since control reactions using stearic acid undertaken with identical reaction conditions, but in the absence of catalyst, showed no ketone product, thermal activation pathways for the formation of stearone have been ruled out. It is therefore proposed that one of the roles of the LDH/MMO mineral catalyst used within this study is to organise the reactant stearic acid molecules favourably at its surface, as proposed computationally by Ignatchenko [22]. Assuming that in the mineral surface-mediated ketonic decarboxylation reaction the product reflects the original reactant carboxylic acid molecule alignment, a head-to-head arrangement would be favourable for ketonic decarboxylation. Indeed, previously, the organisation of carboxylate groups at LDH surfaces has been shown to control the outcome of photochemical cycloaddition reactions of both cinnamate [72,73] and stilbene carboxylates [74]. Moreover, other studies using transition metal oxides have also shown the role of surface promotion in ketonic decarboxylation [23], as well as in decarboxylation [75]. Ketonic decarboxylation has previously been shown to involve Lewis acid and Brønsted basic sites on metal oxides [19], with a possible similar mechanism occurring here involving base site abstraction of an α-proton and formation of a β-keto acid intermediate.



To further probe the LDH-/MMO-mediated ketonic decarboxylation of stearic acid, an alternative reaction was undertaken using CP5 Al2O3 as the catalyst under identical process conditions (Figure 6). In the presence of both calcined and as-received CP5 Al2O3, no reactivity was observed after 24 h. This suggests that ketonic decarboxylation requires more than just physisorption at a mineral surface for substrate pre-organisation, with the chemical nature of the surface also playing a controlling factor. Acidic/neutral Al2O3 was not found to promote ketonic decarboxylation under the reaction conditions employed herein, suggesting the reaction occurs through basic sites and proton abstraction, consistent with previous studies (vide supra).



In the conversion of stearic acid via ketonic decarboxylation to stearone, all the LDHs and MMOs prepared here exhibited sufficient base catalytic sites, with no discernible differences between them. Consequently, in order to probe stearone formation in greater detail, reactions of stearic acid were undertaken with calcined and as received MgO as a catalyst. As-received MgO resulted in 0.5% conversion of stearic acid to stearone (at 250 °C), whereas MgO calcined at 500 °C led to 90.0% conversion. This latter observation is consistent with a previous report that demonstrated ketonic decarboxylation of lauric acid catalysed by solid MgO, but at much higher reaction temperatures (>400 °C) than those we report here [76]. Previous studies of the calcination of MgO have shown that basic, non-hydrogen-bonded surface OH groups are formed at the surface of the MgO [77]. In the context of the current study, it is interesting that MgO is activated by calcination, leading to a higher conversion of stearic acid to stearone relative to that achieved with the uncalcined precursor. It might be expected that the MMOs with high Mg content would behave more akin to the MgO phase, which, as discussed, is known to be active in these reactions. Thus, in this present study, the conversion of stearic acid to stearone by MgO may be attributed to reaction occurring at weakly basic OH groups on the oxides’ surface. In summary, these results show that a mineral surface containing basic active sites is needed for efficient decarboxylation, again consistent with previous metal oxide-mediated ketonisation reactions.



Direct decarboxylation of stearic acid to n-heptadecane in dodecane solution was not found to occur, with any of the catalysts employed in this present study for reactions undertaken at 250 °C. This lack of direct decarboxylation is in agreement with a previous study by Na et al. who found that, with similar mixed metal oxides to those employed here, full decarboxylation of oleic acid only occurred at temperatures above 350 °C [78]. This prior study also reported minimal acid conversion was achieved below 350 °C, and that the formation of a waxy solid substance occurred, which the authors attributed to formation of a Mg-oleate saponification product. However, in our study this waxy material has unequivocally been identified as stearone.



From our studies of various different CoP-LDH catalysts it can be seen that there is a relationship between average pore size and conversion of stearic acid to stearone (Figure 7). Converting two molecules of stearic acid, with an 18-carbon backbone chain, into stearone, with a 35-carbon backbone chain may be sterically hindered with the catalysts that exhibit small pore size. The data presented in Figure 6 show that, for CoP-LDH-2 to CoP-LDH-6, conversion to stearone was between 88% and 97%, for pore sizes of 14 nm and above, suggesting there is a lowest optimum pore size for this reaction. With the reaction converting two long chain fatty acid molecules into similarly long chain ketone product molecules, accessibility to catalytic sites may be sterically hindered by the small average pore size of CoP-LDH-2 (9 nm). Similar trends were not observed for tests carried out using the materials CoH-LDHs, CoP-MMOs or CoH-MMOs.



Other authors have also studied ketonic decarboxylation with heterogeneous base catalysts. For example, although Das and Parida found that using a ZnAl-MMO material with R-value 3 led to a good yield of acetone (>89%) from acetic acid, a much higher reaction temperature of 425 °C was required compared to that employed in our study, 250 °C [47]. The ZnAl-MMO material used by Das and Parida had a lower surface area (103.5 m2·g−1) even compared to the smallest surface area measured for the CoP-MMOs used here (155 m2·g−1 for CoP-MMO-3)—something that could contribute to the lower reactivity of the ZnAl-based material.



Other oxides such as ceria have also been used as catalysts in ketonic decarboxylation reactions. For example, Nagashima et al. found that use of a CeO2-Mn2O3 material led to 73.9% conversion of propanoic acid to propanone with 97.4% selectivity at 350 °C, whereas CeO2-MgO had a lower (66.8%) conversion, but with similarly high selectivity [12]. The authors speculated the reaction mechanism involved adsorption of carboxylates, followed by abstraction of an α-proton to create a radical, which formed a β-keto acid with a second carboxylate, followed by decarboxylation to the ketone. When using mixed acid feedstocks with ceria-zirconia catalysts, the cross-ketonic decarboxylation was found to proceed at a faster rate than homo-ketonic decarboxylation [79]. However, such a redox driven process is not feasible in the MgAl systems employed in the current study.




3.3. Comparison of Ketonic Decarboxylation by Mixed Metal Oxides versus Layered Double Hydroxides


In the study presented here, all MMO and LDH materials brought about the same degree of stearic acid conversion to stearone within error (Figure 6). This suggests that in this transformation the MMO and LDH catalysts are of similar reactivity, something supported qualitatively by the qualitative Hammett indicator-based assessment of basicity (vide supra). Furthermore, since during ketonic decarboxylation, water and carbon dioxide are both lost from the reacting carboxylic acid molecules, it may be reasonable to suggest that this may lead to partial reconstruction of the MMO materials back to LDH-like systems (a well-established phenomenon [49]), something that is likely to be most prevalent at the surfaces of the oxides rendering the materials essentially identical. Conversely, at a reaction temperature of 250 °C, TGA analysis clearly identified that the LDH catalysts undergo partial dehydroxylation to form MMO phases. As such, under the test conditions employed in the ketonisation reactions described herein, the reactive surfaces of the LDH and corresponding MMO materials are likely to have similar structure and reactivity, though it is notable that the increased surface area of the MMO materials over the LDHs does not seem to have an effect on performance. At present, no attempt has been made within this initial study to assess the reaction kinetics, and it is possible that the 24 h reaction period results in equilibrium being reached for both sets of catalyst. Work is ongoing to investigate the effect of both reaction time and temperature.




3.4. Comparison of Ketonic Decarboxylation by Co-hydrated and Co-precipitated Catalysts as a Function of Mg/Al Ratio


For those catalyst materials with an R-value of 2, CoP-LDH-2 was found to catalyse the reaction with a relatively low yield of stearone (65.2%) relative to that observed for CoH-LDH-2, 89.5%. Out of the catalysts tested, CoH-MMO-2 exhibited the greatest conversion 93.6%, and showed a slightly (within error) increased reactivity compared to that achieved using CoP-MMO-2 (85.9%). In contrast, for catalysts with an R-value of 3, the highest conversion was with CoP-LDH-3 (95.2%), followed by CoH-MMO-3 and then CoP-MMO-3. For an R-value of 4, CoH-LDH-4 had greatest reactivity (97.1% stearone), followed by CoP-LDH-4 and CoH-MMO-4. For R = 5 and R = 6 the greatest conversions were with the CoP-MMOs and CoH-MMOs, respectively. The materials CoH-MMO-6 (97.2%), CoH-LDH-4 (97.1%), CoP-LDH-6 (96.8%), CoP-LDH-6 (96%) and CoH-MMO-4 (95.4%) all gave conversions identical within error.



The similarity in catalytic performance determined across the materials makes it somewhat difficult to draw firm conclusions on the effect of preparation method. In part, this is due to variability in the extraction and purification processes. In essence, it may be stated that all LDH/MMO catalysts prepared exhibit similar performance for ketonic decarboxylation. Through examining the effect of reaction time/temperature, further work will seek to determine differences between the catalysts on the basis of reaction kinetics.





4. Materials and Methods


All chemicals and reagents were used as received from commercial sources, without further purification: magnesium nitrate hexahydrate (ACS grade, 99%), sodium bicarbonate (ACS grade, 99.7%), magnesium oxide (ACS grade, 98%), adipic acid (99%), dodecane (98%), and aluminium nitrate nonahydrate (ACS grade, 98%) were obtained from Sigma Aldrich (Sigma-Aldrich Company Ltd., Dorset, UK); NaOH (AR grade) was purchased from Fisher Scientific UK (Loughborough, UK); activated aluminium oxide (CP5) was kindly supplied by BASF (Hannover, Germany); stearone (95%) from TCI (Oxford, UK); and n-heptadecane (99%), stearic acid (97%), pyridine (analytical grade), N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) (98+% and eicosane (99%) from Acros Organics (Loughborough, UK). A C8-C20 alkane GC standard solution was purchased from Fluka (Loughborough, UK).



4.1. Sample Nomenclature


The catalyst samples are described according to: (i) the method of preparation, CoP = co-precipitation and CoH = co-hydration; (ii) whether LDH or MMO; and (iii) the starting Mg/Al stoichiometry or R-value.




4.2. Catalyst Preparation


4.2.1. Preparation of Layered Double Hydroxides by Co-Precipitation


The carbonate LDHs, CoP-LDH-2–CoP-LDH-6 were prepared using a co-precipitation method. A typical preparation is outlined here for CoP-LDH-2, with the quantities used in each of the other preparations given in the Supplementary Materials (Table S1). A solution (100 mL) containing magnesium nitrate hexahydrate (2.312 g, 9.000 mmol) and aluminium nitrate nonahydrate (1.688 g, 4.500 mmol) was added drop-wise into continuously stirred solution of sodium bicarbonate (3.770 g 44.877 mmol) in water (100 mL) held at 65 °C. A constant pH (pH 10) was maintained by the simultaneous addition of an aqueous solution of 1M NaOH. After complete addition of the Mg(NO3)2/Al(NO3)3 solution, the ensuing reaction mixture was aged at 65 °C for 5 h and filtered. The resulting white solid was washed with hot deionised water (1 L) to remove any remaining Na+ ions, and then dried overnight in an oven at 80 °C under air.




4.2.2. Preparation of Layered Double Hydroxides via Co-Hydration


LDHs CoH-LDH-2–CoH-LDH-6 were prepared using a co-hydration method as developed by Greenwell et al. [36] which allows the synthesis of Na+-free, high aspect ratio LDHs, without the need for an inert atmosphere. A representative procedure describing the preparation of CoH-LDH-2 is as follows. CP5 aluminium oxide (1.01 g, 19.8 mmol) was added to water (100 mL), with continuous stirring, at 65 °C. After 10 min adipic acid (AA) was added as a peptising agent (0.6 AA:Al; 11.900 mmol, 1.737 g). After a period of 50 min, solid magnesium oxide (1.49 g, 37.0 mmol) was added to the mix, to give a 1% slurry based on total oxide content. The ensuing reaction mixture was aged at 65 °C for 5 h to afford a white precipitate, which was isolated by filtration and dried overnight in an oven at 80 °C under air. The stoichiometry of the reagents used is given in Table S2.




4.2.3. Mixed Metal Oxide Preparation


The MMO materials (CoH-MMO and CoP-MMO) were prepared immediately prior to use by calcination of the corresponding LDH loose powder in a horizontal crucible at 500 °C under air for 3 h in a quartz tube open at each end. The resulting samples were quickly and carefully transferred from the furnace at 500 °C and placed in a desiccator under vacuum to cool before being weighed and placed in the reaction vessel.





4.3. Material Characterisation


4.3.1. Powder X-ray Diffraction


Solid materials were analysed by powder X-ray diffraction (PXRD) using a Philips X’pert PW3710 diffractometer (Malvern Panalytcial, Worcestershire, UK) with Cu Kα radiation (λ = 1.5418 Å) and scanned in the range 2θ = 3–80° under ambient atmospheric conditions. LDHs were analysed following drying at 80 °C, while MMOs were analysed immediately on cooling to room temperature under vacuum. All samples were manipulated under ambient atmospheric conditions, ground to a fine powder and mounted on thin glass slide sample holders.




4.3.2. Thermal Analysis


Thermogravimetric analyses (TGA) were undertaken using a Perkin Elmer Pyris 1 instrument (Perkin Elmer, Sear Green, UK). Samples were heated from room temperature to 1000 °C under a nitrogen atmosphere at flow rate of 20 mL/min and a heating rate of 10 °C/min and cooled back to room temperature at a rate of 10 °C/min. Mass changes for the various LDH materials were monitored on heating from room temperature to 500 °C and upon subsequent cooling back to room temperature both at a rate of 10 °C/min. Coupled TGA-mass spectrometry was used to study the evolution of CO2 (from pyrolysis of the adipate anions) and of H2O, both as a function of temperature.




4.3.3. Scanning Electron Microscopy (SEM)


A cotton bud was used to sprinkle the sample of finely ground LDH or MMO onto a carbon pad mounted on an aluminium stub. The sample was then coated with 15 nm thick layer of Pt using a Cressington 328 UHR Sputtering system. A Hitachi SU70 analytical Scanning Electron Microscope (SEM) (Hitachi High Technologies, Krefeld, Germany) was then used to produce images of the surface of the various materials employing an accelerating voltage of 5 kV under a vacuum of 3 mbar.




4.3.4. Inductively Coupled Plasma Optical Emission Spectroscopy


Materials were analysed using a Perkin Elmer Optima 3300RL instrument (Perkin Elmer, Sear Green, UK), which was calibrated with Mg/Al standards (2 ppm, 5 ppm, 10 ppm) made from Romil 1000 ppm stock solutions. Multiple wavelengths (aluminium: 396.193 nm, 308.215 nm, 394.401 nm, and 237.313 nm; and magnesium: 285.213 nm, 279.077 nm, 280.271 nm, and 279.552 nm) were measured to confirm these were interference-/error-free. Standard solutions were analysed every 10 samples to reconfirm instrument calibration.




4.3.5. Surface Area Analysis


Specific surface area, pore volume, and average pore size measurements were performed using an N2 adsorption and desorption method at −196 °C using a Micromeritics ASAP 2020 system (Micromeritics, Hexton, UK). For each sample analysed, 0.5 g of finely ground sample was placed in a pre-weighed analysis tube which was connected with a de-gas port and heated at 80 °C (LDH) or 200 °C (MMO) for 4 h under a vacuum of 200 μm Hg to remove any volatile materials adsorbed on the surface. After this, the sample was cooled to room temperature and then the tube with degassed sample was re-weighed. An isothermal jacket was placed over the tube and it was connected to an analysis port, cooled under liquid N2 and degassed. The sample then underwent nitrogen adsorption/desorption at various pressures. The density of the samples, required for pore size analysis, was determined using an AccuPyc II 1340 Pycnometer (Micromeritics Instrument Corp., Norcross, GA, USA). The error in surface area determined by the N2 adsorption method was estimated to be of the order of 5 m2·g−1.




4.3.6. Estimation of basicity


Attempts were made to estimate qualitatively the basicity of the various solid materials using methods previously described in the literature [31,45]. Thus, qualitative basicity determinations were attempted using dry methanol solutions of the appropriate Hammett base indicators bromothymol blue (pH range 6.0–7.6), m-cresol purple (pH range 7.6–9.2), phenolphthalein (pH range 8.0–10.0) and indigo carmine (pH range 11.5–13.0). The methanol-indicator solutions were added to the solid LDH/MMO samples until there were no further colour changes associated with increasing basicity. Attempts to further quantify basicity were made using FTIR spectroscopy of surface bound pyrrole probe molecules (see Figures S7 and S8) on two of the samples, however the data gave little extra insight than the Hammett indicators and further samples were not run. FTIR spectra were collected using a Thermo iS10 spectrometer (Waltham, MA, USA) equipped with a DTGS detector in the range 6000–1000 cm−1 with the resolution of 4cm−1 and 64 scans in transmission mode. Prior to recording the spectra, the self-supported sample disks (~10 mg/cm2) were heated in a vacuum cell at 30–450 °C (ramp 1°C/min). After a period of 5 h at the selected temperature, the sample was cooled to 30 °C in vacuum and its IR spectrum was collected.





4.4. Stearic Acid Ketonic Decarboxylation Studies


A stirred 100 mL Parr autoclave was charged with stearic acid (0.1 g, 0.35 mmol), dodecane (10 mL) as solvent, and 20 wt % LDH or MMO (0.02 g) and subsequently purged with nitrogen. The vessel was then pressurised using nitrogen gas to 17 bar to allow comparison with a prior study [80], and heated to achieve a final temperature (internal) of 250 °C and the reaction then stirred for a period of 24 h. The vessel was then allowed to cool and the reaction mixture, containing the solid oxide and wax residues, filtered through a sintered glass frit. The filtrate was retained for analysis (described below) and the solid/wax fraction subjected to Soxhlet extraction using ethanol (250 mL) at reflux for a period of 12 h to remove any reactants or wax products from the oxide materials. The resulting ethanolic fraction was analysed as described in the next section.




4.5. Product Analysis


Prior to separation by Soxhlet extraction, waxy solids, observed intermingled with the catalyst, were analysed using a Xevo QToF mass spectrometer (Waters Ltd., Hertfordshire, UK) equipped with an Agilent 7890 GC (Agilent Technologies UK Ltd., Stockport, UK) and an atmospheric solids analysis probe (ASAP) solid handling sample introduction port. Solid samples were introduced into the spectrometer from a heated glass melting point tube (ramp from 100 to 600 °C over several minutes) previously dipped into neat sample. Mass spectrometry data were processed using MassLynx 4.1 (Waters Inc, Milford, MA, USA). Exact mass measurements were recorded using a lock-mass correction to provide <3 mDa precision.



The wax products were also analysed quantitatively, after Soxhlet extraction (to remove any residual Mg/Al oxide/hydroxide) as ethanol solutions, using gas chromatography (HP 5890—Series 2) with a TR-SD capillary column (length 10 m, ID 0.53 mm and film thickness 2.65 μm) with retention times corroborated using standard materials. Data analysis and peak integration were performed using Clarity software (DataApex, Prague, Czech Republic, 2003). The liquid phase of the reaction was also analysed by the HP 5890 Series II GC-FID (Agilent Technologies, Santa Clara, CA, USA), with a representative trace shown in Figure S2. Calibration curves of the mixtures were prepared according to Table S3 and the analysis of these are shown in Figure S3.



To validate the efficiency of the Soxhlet extraction process and analysis, a range of standard concentrations of stearic acid-stearone mixtures (Tables S4 and S5) were extracted and compared to the actual stearic acid-stearone concentrations obtained from the ethanolic solutions (see above paragraph), by GC, with the data shown in Figures S4 and S5. It was found that the validation curves showed higher significance for stearone than for stearic acid, and so these were used for reaction conversion values.





5. Conclusions


Essentially independent of their composition (R-values = 1–6) and method of preparation, cheap, non-toxic, Al/Mg LDHs and MMOs all mediate the ketonic decarboxylation of stearic acid to stearone at moderate temperatures (250 °C) with excellent conversion (~90%). The identical behaviour of each of these mixed metal oxide materials, which only vary slightly in both their surface basicity and structure, indicated that the decarboxylation of the carboxylic acid occurs on the oxides’ surfaces. In part, this is likely to result from the ability of the charged mineral surface to align the carboxylic acids in a preferred head-to-head configuration, as has been suggested from previous computational studies [23]. Little difference in reactivity towards stearic acid was observed between LDH materials prepared by either co-hydration or co-precipitation, indicating contamination from NaOH entrained during synthesis was not responsible for the reactivity (none was added to the co-hydrated materials), and even between LDH and their corresponding MMO counterparts. The similarity in performance of the LDH and MMO materials further suggested that under the reaction conditions the possibility of partial conversion of the LDH materials towards their sibling MMO materials occurring under reaction conditions (onset of LDH dehydroxylation established to commence at 250 °C), and/or by in situ rehydration of MMO materials back towards LDH-type systems caused by water generated during reaction are likely. Consequently, for this ketonic dehydroxylation, the more environmentally preferable co-precipitation clay synthesis is preferable [36], avoiding the production of highly basic supernatants. The requirement of costly and energetic catalytic activation procedures can be eliminated with the LDHs showing comparable efficacy in catalysis as their corresponding MMOs (prepared from the LDHs by calcination), over the 24 h reaction and under batch conditions, enhancing the green principles of the process [81]. Interestingly, although the initial LDHs prepared by co-hydration were not phase pure by PXRD, the Mg(OH)2 impurities did not adversely affect the catalytic reaction. The values of stearone yield reported use the figures obtained from the stearone calibration curve, whereas the extraction process incorporates further error onto this evaluation, so the performance of all the active CoH-LDHs and CoH-MMOs are assumed to be the same within this error.



In summary, Mg/Al MMO and LDH materials were efficient catalysts for promoting ketonic decarboxylation of stearic acid and offer promise in algal biomass lipid fraction upgrading reactions. Work is presently underway to optimise the reaction conditions in terms of pressure and time. Future studies will explore the effect of carboxylic acid chain length and also reaction temperature will be studied to determine the transition between decarboxylation and ketonic decarboxylation reaction mechanisms. Ketonic decarboxylation holds promise to efficiently provide an alternative, non-petroleum route to ketones, directly from plant and algal oils and without the need of oxidation chemistry.
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Figure 1. Possible ketonisation mechanism for acetic acid over CeO2 catalyst. Modified with permission from Snell and Shanks [9] published by American Chemical Society, 2013. 
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Figure 2. Schematic representation of a carbonate-containing Mg/Al layered double hydroxide super cell showing layered structure and interlayer water. Colour code: Mg = magenta; Al = green; O = red; C = grey; H = white. Dashed lines show periodic cell boundaries. 
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Figure 3. Powder X-ray diffraction patterns for LDH prepared via co-precipitation and their corresponding, thermally-generated MMOs: (a) CoP-LDH; (b) CoP-MMO; (c) CoH-LDH; and (d) CoH-MMO. 
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Figure 4. Scanning electron micrograph of prepared layered double hydroxide materials showing: (a) CoP-LDH-2; and (b) CoH-LDH-2. 
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Figure 5. LDH-/MMO-mediated ketonic decarboxylation of stearic acid to stearone. 
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Figure 6. Conversions of stearic acid to stearone achieved via LDH- and MMO-mediated ketonic decarboxylation reactions, as well as the control reactions employed in this study (an analysis of error is presented in the supporting information). The Al2O3 was Catalyst Precursor (CP) grade. Reaction conditions: 250 °C, 17 bar N2, 24 h, dodecane solvent; acid:catalyst ratio 5:1. 
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Figure 7. Conversion of stearic acid to stearone vs. average pore size for the oxide materials CoP-LDH-2 to CoP-LDH-6. Where pore sizes of 9, 14, 21, 20 and 22 nm correspond to CoP-LDH-2, CoP-LDH-2, CoP-LDH-2, CoP-LDH-2 and CoP-LDH-2, respectively. 
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Table 1. Powder X-ray diffraction, inductively coupled plasma spectroscopy, N2 adsorption surface area analysis and qualitative surface basicity data (assessed use Hammett indicators) for prepared layered double hydroxide materials. Errors, where calculated, are shown in parentheses. The error in surface area determined by the N2 adsorption method was estimated to be of the order of ±5 m2·g−1.
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	Sample
	a/Å
	c/Å
	Average Crystal Size a/nm
	Average Crystal Size c/nm
	PercentageAl %
	Expected Ratio of Mg:Al
	ICP Ratio of Mg:Al
	Surface Area/m2·g−1
	Pore Volume/cm3·g−1
	Average Pore Size/nm
	Surface Basicity/pH





	CoP-LDH-2
	3.05 (0.15)
	22.94 (1.14)
	255

(13)
	221

(11)
	31.9

(1.6)
	2.0
	1.7

(0.03)
	91
	0.32
	9
	9.0–10.0



	CoP-LDH-3
	3.06 (0.15)
	23.42 (1.18)
	198

(10)
	129

(6)
	25.1

(1.3)
	3.0
	2.7

(0.03)
	82
	0.42
	14
	7.6–9.0



	CoP-LDH-4
	3.07 (0.15)
	23.65 (1.18)
	254

(13)
	133

(7)
	20.2

(1.0)
	4.0
	3.3

(0.03)
	17
	0.12
	21
	9.0–10.0



	CoP-LDH-5
	3.08 (0.15)
	23.83 (1.19)
	168

(8)
	114

(6)
	18.3

(0.9)
	5.0
	4.0

(0.03)
	24
	0.17
	20
	9.0–10.0



	CoP-LDH-6
	3.08 (0.15)
	23.82 (1.19)
	161

(8)
	91

(5)
	18.0

(0.9)
	6.0
	5.2

(0.03)
	39
	0.25
	22
	9.0–10.0



	CoH-LDH-2
	3.14

(0.16)
	23.50

(1.18)
	312

(16)
	140

(7)
	-
	2.0
	1.3

(0.03)
	33
	0.05
	10
	6.0–7.6



	CoH-LDH-3
	3.14

(0.16)
	23.93 (1.20)
	301

(15)
	102

(5)
	-
	3.0
	2.3

(0.03)
	42
	0.08
	10
	6.0–7.6



	CoH-LDH-4
	3.14

(0.16)
	24.26

(1.21)
	289

(14)
	138

(7)
	-
	4.0
	3.7

(0.03)
	46
	0.10
	11
	6.0–7.6



	CoH-LDH-5
	3.14

(0.16)
	23.98

(1.20)
	387

(19)
	116

(6)
	-
	5.0
	3.2

(0.03)
	42
	0.09
	13
	7.6–9.0



	CoH-LDH-6
	3.14

(0.16)
	23.86

(1.19)
	337

(17)
	189

(9)
	-
	6.0
	5.0

(0.03)
	43
	0.10
	11
	7.6–9.0
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Table 2. Surface area (N2 adsorption) and qualitative surface basicity (assessed use Hammett indicators) data for prepared mixed metal oxides. The error in surface area determined by the N2 adsorption method was estimated to be of the order of ±5 m2·g−1.
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	Sample
	Surface Area/m2·g−1
	Pore Volume/cm3·g−1
	Average Pore Size/nm
	Surface Basicity (pH)





	CoP-MMO-2
	163
	0.53
	10
	7.6–9.0



	CoP-MMO-3
	155
	0.61
	15
	7.6–9.0



	CoP-MMO-4
	190
	0.40
	6
	9.0–10.0



	CoP-MMO-5
	199
	0.49
	7
	9.0–10.0



	CoP-MMO-6
	160
	0.49
	9
	7.6–9.0



	CoH-MMO-2
	231
	0.32
	5
	7.6–9.0



	CoH-MMO-3
	213
	0.39
	6
	7.6–9.0



	CoH-MMO-4
	184
	0.37
	6
	7.6–9.0



	CoH-MMO-5
	156
	0.37
	8
	7.6–9.0



	CoH-MMO-6
	198
	0.39
	6
	7.6–9.0
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