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Abstract:



Mixed metal oxides are promising heterogeneous catalysts for biofuel production from lipids via alcoholysis, however, the impact of solid acidity and/or basicity on reactivity is comparatively poorly understood. Two systematically related families of MgO–ZrO2 mixed oxide catalysts were therefore prepared by different synthetic routes to elucidate the impact of surface acid-base properties on catalytic performance in the transesterification of tributyrin with methanol. The resulting materials were characterized by TGA-MS, ICP-OES, N2 porosimetry, XRD, TEM, XPS, DRIFTS, and CO2-temperature-programmed desorption (TPD). MgO–ZrO2 catalysts prepared by both non-aqueous impregnation and citric acid-mediated sol–gel routes exhibit excellent activity and stability. The citrate routes favor highly dispersed MgO and concomitant Lewis acid-base pair formation at the interface with zirconia. However, for both the citrate and impregnation routes, tributyrin transesterification occurs over a common, strongly basic MgO active site.
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1. Introduction


Mixed metal oxides are of significant academic and industrial interest due to their tunable acid-base and redox properties. Mixed alkaline earth and transition metal oxides are of particular interest due to their low production costs, and constitute the largest family of such heterogeneous catalysts [1]. Zirconium oxide (ZrO2) is one such prominent metal oxide with amphoteric character [2,3,4], but which in pure form is catalytically inactive for transesterification under mild conditions [5] due to its weak basicity. Efforts to improve the base strength of ZrO2 have focused on its modification by alkaline earth metals such as calcium [6,7,8] and magnesium [5,9,10,11,12,13,14]. Such doped zirconias often exhibit a higher surface area, base strength, and stability relative to the parent individual metal oxide components, with Mg–Zr mixed oxides being promising candidates for reactions including Knoevenagel condensation [9,13], furfural–acetone aldol condensation [12], transesterification [5,15], and reduction of carbonyl compounds [16]. In the case of aldol condensation, Sádaba et al. [12] defined two distinct active sites for MgO-rich Mg–Zr mixed oxides: Mg–O–Mg and Mg–O–Zr sites, with the latter being more reactive.



One application where alkaline earth metal oxides have shown much recent promise is the production of fatty acid methyl esters [17] (colloquially termed biodiesel) by the transesterification of triglycerides from plant or algal bio-oils [18]. This reaction is particularly efficient over solid base catalysts such as MgO, which are well suited to high-purity oils which possess a low free fatty acid content. Unfortunately, real bio-oils typically contain a wide, and ill-defined distributions of triglycerides spanning C16–C20 with varying degrees of saturation [19,20,21], and so are difficult feedstocks with which to benchmark catalysts and establish quantitative structure-function relationships. However, few pure triglycerides are commercially available, and the direct analysis of long-chain representatives (i.e., without derivitization) by gas chromatography requires a programmable on-column injector. As a consequence, tributyrin (C4 unsaturated) has emerged as a simple model triglyceride, whose catalytic conversion, and the formation of di- and monoglyceride intermediates and final methyl butyrate product (Scheme 1), are amenable to conventional gas chromatographic analysis. In this context, Kozlowski et al. examined tributyrin transesterification with methanol over Mg–Zr mixed oxides, and attributed the activity to a synergy between MgO base sites and ZrO2 amphoteric sites resulting in a new active site at the interface between the two oxides [5]. Secondary ion mass spectrometry [16] indicates preferential segregation of MgO in MgO–ZrO2 catalysts. MgO has been widely studied for application in biodiesel production [22,23,24,25,26,27,28]. However, there are few reports on the application of Mg–Zr mixed oxides to triacyl glyceride transesterification, and the nature of active catalytic species in such systems is poorly established.



Mg–Zr mixed oxides are most commonly prepared by co-precipitation [5,9,10,11,12,13], although alkoxide sol–gel [5,14] and wet impregnation methods [29] are also employed. The resulting mixed oxides usually exhibit large and inhomogeneous particle sizes, characterized by the presence of pure MgO and tetragonal ZrO2 phases [5]. Such syntheses also require handling of hazardous alkoxide precursors and corrosive alkali reagents, and hence research has shifted to the development of greener preparative methods utilizing more environmentally benign chemicals. Citric acid [30] can be considered a biomass-derived carbohydrate and hence a more sustainable reagent for use as a chelating agent in sol–gel chemistry to prepare binary, ternary, and quaternary metal oxides with high degrees of homogeneity [31]. Citrate sol–gels employing metal nitrate precursors are also considered energy efficient syntheses wherein the nitrate acts as an oxidant and the citrate as fuel during the subsequent combustion [31].



Here we report the influence of the preparation method on the physicochemical and catalytic properties of Mg–Zr mixed oxides for tributyrin transesterification with methanol under mild conditions. Two families of Mg–Zr mixed oxides, containing similar MgO contents, were prepared via non-aqueous impregnation or citrate-mediated sol–gel processing.




2. Results and Discussion


2.1. Thermal Analysis


The thermal stability of dried Mg-Zr mixed oxides (MZ) precursors from both synthetic routes was explored by thermal analysis prior to calcination. Thermal gravimetric and differential thermal gravimetry (TGA/DTG) profiles for the 16.2 MZ precursor prepared by non-aqueous impregnation of Zr(OH)4 by Mg(OCH3)2 (Figure S1a) show three mass losses: (i) A slow loss of 13 wt % spanning from room temperature to 290 °C; (ii) a subsequent rapid and large loss of 10 wt % centered around 320 °C; and (iii) a final slow loss of ~3% that reaches a plateau beyond 700 °C. All these losses coincide with exothermic processes (Figure S1b), with mass spectrometry (MS) identifying that ≤290 °C as associated with loosely bound water molecules (Figure S1c), and a species with m/z = 30 (which reaches maximum desorption at 180 °C) likely associated with CH2O fragments from the methoxide precursor. The rapid mass loss is accompanied by H2O, CH2O, CO2, and HCOOH desorption, and coincides with the temperature for Zr(OH)4 decomposition to H2O and ZrO2 [32]. The total mass loss of 25.5% is slightly higher than that expected for the decomposition of pure Zr(OH)4 into zirconia as expected because of the concomitant decomposition of Mg(OCH3)2 into MgO. The analogous 14.3 MZ precursor prepared by a citrate-mediated sol–gel undergoes a more significant mass loss (Figure S2a), losing 63% of its original mass by 560 °C, in three exothermic stages akin to the impregnated precursor (Figure S2b). Similar gas phase decomposition products were observed (Figure S2c), albeit over a wider temperature range extending up to 650 °C. In both synthetic routes, the formation of MgOx and ZrOx species appears to occur simultaneously, although citrate exhibits a higher thermal stability than methoxide/hydroxide.




2.2. Catalyst Characteristics


Structure and Composition


Inductively coupled plasma atomic emission spectroscopy (ICP-OES) and XPS analyses were employed to quantify the bulk and surface MgO content of MZ materials, respectively (Table S1). The surface Mg:Zr atomic ratio was higher than the corresponding bulk value in all cases, consistent with Mg surface segregation.



Figure 1a shows XRD patterns for pure zirconia (ZrO2–HD) and xMZ–HD mixed oxide materials prepared by impregnation, where x is the MgO mass loading. ZrO2–HD exhibited reflections corresponding to predominantly monoclinic (m-) ZrO2 (JCPDS 86-1451 [33]), a minority tetragonal (t-) ZrO2 phase (JCPDS 88-1007 [34]). In contrast, xMZ–HD only contained t-ZrO2 crystallites for all MgO loadings (x = 2.1–18.2 wt %). Weak reflections characteristic of cubic (c-) MgO (labeled as ↓) were only observed for MgO loadings ≥6.34 wt %. Table 1 shows that t-ZrO2 crystallites had smaller volume-averaged sizes (7.1–7.6 nm) than that observed for m-ZrO2 (15.4 nm) in the pure ZrO2–HD catalyst. Unlike ZrO2–HD, the corresponding pure zirconia (ZrO2-CT) analogue prepared by a citrate-mediated sol–gel route comprised predominantly t-ZrO2. However, XRD patterns of the xMZ–CT analogues were qualitatively similar to those of the impregnated xMZ–HD family, containing only t-ZrO2 crystallites and with c-MgO reflections emerging for loadings >8.7%. Average zirconia crystallite sizes for the xMZ–CT materials (4.5–6.5 nm) were likewise smaller than those observed for pure ZrO2–CT (8.8 nm). The emergence of MgO features occurred at a slightly higher loading following the citrate-mediated synthesis, indicating that this route stabilizes more highly dispersed particles.


Figure 1. XRD patterns for: (a) xMZ–HD; and (b) xMZ–CT mixed oxides and corresponding pure zirconias.
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Table 1. Physicochemical properties of xMZ–HD and xMZ–CT mixed oxides and corresponding pure zirconias.





	Sample
	SBETa/m2 g−1
	Crystallite Size b/nm
	Basicity c/μmol·g−1





	ZrO2-HD
	59
	15.4
	11.7



	2.1MZ–HD
	152
	7.2
	32.7



	6.3MZ–HD
	190
	7.3
	44.0



	7.9MZ–HD
	129
	7.6
	47.8



	10.9MZ–HD
	137
	7.5
	69.8



	16.2MZ–HD
	149
	7.4
	72.9



	18.2MZ–HD
	140
	7.1
	94.8



	ZrO2-CT
	50
	8.8
	4.9



	1.9MZ–CT
	87
	6.5
	7.3



	3.7MZ–CT
	114
	4.8
	9.8



	5.7MZ–CT
	125
	4.4
	13.9



	8.7MZ–CT
	107
	4.4
	23.8



	10.2MZ–CT
	105
	4.4
	37.6



	14.3MZ–CT
	117
	4.6
	35.0







a N2 porosimetry; b ZrO2 determined by Scherer equation; c CO2-temperature-programmed desorption (TPD) analysis.








Transmission electron microscopy (TEM) images of the 7.9MZ–HD, 18.2MZ–HD, 8.7MZ–CT and 14.3MZ–CT samples are shown in Figure 2. All materials exhibited spherical morphologies with average particle diameters ranging from 5 to 10 nm (Figure 2e,h inset) in accordance with XRD, and (101) and (002) facets of t-ZrO2 (Figure 2f–i). Brunauer-Emmett-Teller (BET) surface areas of xMZ–CT materials were systematically smaller than those of their xMZ–HD counterparts. Since the MZ–CT catalysts all exhibited smaller crystallite sizes than their MZ–HD counterparts (Table 1), the lower areas of the former must therefore be linked to a loss of interparticle voids (formation of larger agglomerates) which in turn restricts the accessible area that can be titrated by nitrogen. This hypothesis is supported by TEM which shows that 8.7MZ–CT (Figure 2a) formed denser agglomerates than 7.9MZ–HD (Figure 2g), and likewise for 14.3 MZ–CT (Figure 2k) versus 18.2MZ–HD (Figure 2e).


Figure 2. TEM and HRTEM images for: (a–c) 7.9MZ–HD; (d–f),18.2MZ–HD; (g–i) 8.7MZ–CT; and (j–l) 14.3MZ–CT catalysts, with particle size distributions inset for 18.21MZ–HD and 8.71MZ–CT.
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The surface chemical environment of both mixed oxide families was subsequently explored by X-ray photoelectron spectroscopy (XPS) (Figures S3–S5). Mg 2s XP spectra for xMZ–HD and xMZ–CT samples exhibited a single feature with a binding energy of approximately 88.3 eV in all cases indicative of a common MgO chemical environment [35]. Corresponding Zr 3d XP spectra also evidenced a common zirconium chemical environment for all MgO loadings (Figure 3 and Figure S4). O 1s XP spectra were qualitatively similar for xMZ–HD and xMZ–CT families (Figure S5) evidencing two surface oxygen environments assigned to lattice oxygen (~529 eV) and hydroxyl and/or COx species (~531 eV). In both families, lattice oxygen appeared at a lower binding energy than observed for pure zirconia indicating a higher electron density and hence basicity [36].


Figure 3. (a) Zr 3d; and (b) Mg 2s XP binding energies for xMZ–HD and xMZ–CT mixed oxides and corresponding pure zirconias.
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Figure 4 compares diffuse reflectance infrared Fourier transform (DRIFT) spectra for both families following subtraction of their associated parent zirconia (uncorrected spectra are shown in Figure S6). Seven bands are observed for xMZ–HD materials at 1100, 1255, 1420, 1509, 1700, 3673, and 3720 cm−1. The bands at 1255 and 1700 cm−1 are assigned to surface bicarbonate (species I in Scheme 2) [37], formed by atmospheric CO2 interaction with surface hydroxyls. The bands at 1420 and 1509 cm−1 are assigned to ν3OCO vibrations of surface carbonate [38,39], whose splitting value (∆ν3) is indicative of the nature of base sites: ∆ν3 ~ 100 cm−1 is representative of monodentate carbonate; chelating bidentate carbonate exhibit ∆ν3 < 250 cm−1; and bridged bidentate carbonate typically exhibit ∆ν3 > 250 cm−1 [38]. This band splitting is also proposed to be a function of the surface partial charge in metal oxides, with smaller ∆ν3 associated with stronger basic adsorption sites [39]. Accordingly, the present ∆ν3 value of 89 cm−1 is consistent with monodentate carbonate (species II in Scheme 2) [40]. Since the relative intensity of hydroxyl bands gradually increases with MgO content, the band at 3700 cm−1 is most likely due to OH groups on MgO [39], whereas the band at 3673 cm−1 may arise from bridging hydroxyls (Zr–OH–Mg). Corresponding DRIFT spectra for xMZ–CT samples are shown in Figure 4b (uncorrected spectra are shown in Figure S6b) and exhibit a similar set of carbonate bands at 1088, 1195, 1385, 1537, and 1660 cm−1. The middle set of bands with a ∆ν3 splitting of 152 cm−1 are indicative of chelating bidentate carbonate (species III, Scheme 2) [38]. This splitting decreases with increasing MgO loading, suggesting either the formation of strong basic sites, likely associated with phase separated MgO particles observed by XRD, or a switch to monodentate carbonate. Only one hydroxyl band was observed for all xMZ–CT samples, shifting from 3620 cm−1 to 3668 cm−1 with increasing MgO, again consistent with the emergence of strongly basic pure MgO characteristics. Monodentate carbonate is favored over electron-rich surface oxides [41,42], whereas, chelating and bridging bidentate carbonates are favored by exposed Mn+-O2− pairs of medium base strength [41,42,43]. Accordingly, DRIFTS suggest that the xMZ–HD samples are strong bases, while xMZ–CT samples are moderately basic at low MgO loading, becoming stronger bases due to MgO particle growth ≥8.71 wt % MgO.


Figure 4. DRIFT spectra of: (a) xMZ–HD; and (b) xMZ–CT mixed oxides following subtraction of corresponding pure zirconia spectra.
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Base strength was also assessed through CO2-temperature-programmed desorption (TPD) measurements, with the resulting desorption profiles shown in Figure 5 and total basic site loadings presented in Table 1. All xMZ–HD samples exhibited an intense low temperature desorption with a maximum at ~100 °C attributed to CO2 coordination to weak base sites such as hydroxyls, and a higher temperature desorption with a maximum at ~356 °C accompanied by a weaker shoulder at ~280 °C. The intensity of the high temperature features increased with MgO loading, being dominant for loadings ≥6.3 wt %, consistent with carbonate formation over strongly basic MgO crystallites. xMZ–CT samples show a qualitatively similar evolution of desorption spectra with MgO loading, being dominated by weak base sites (associated with a low temperature of ~100 °C desorption) for loadings <8.1 wt % wherein Mg is highly dispersed across zirconia, and strong base sites (associated with the 280–330 °C desorption) emerging at higher loadings due to MgO particle growth in accordance with DRIFTS.


Figure 5. CO2-temperature-programmed desorption (TPD) profiles of: (a) xMZ–HD; and (b) xMZ–CT mixed oxides.
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2.3. Tributyrin Transesterification


The impact of Mg incorporation on zirconia through the two synthetic routes on tributyrin transesterification with methanol is shown in Figure 6 and Figure 7. Pure zirconia prepared by both routes was essentially inert, consistent with the low base site loadings in Table 1, and previous report of Kozlowski et al. [5]. Tributyrin conversion was significantly enhanced over both mixed oxide families, and proportional to the MgO content (Figure 6a and Figure 7a), mirroring the total base site loading, and reached 85% and 75% over the 18.2MZ–HD and 14.3MZ–CT catalysts, respectively, after 24 h reaction at 63 °C. Methyl butyrate yields followed these trends (Figure 6b and Figure 7b). Mass-normalized initial rates for the xMZ–HD catalysts rose linearly with MgO content (Figure 6c) to a maximum of ~10 mmol·gcat−1·h−1, resulting in a constant turnover frequency (TOF, molecules of tributyrin converted per total base site per hour) of ~100 h−1 in excellent agreement with Kozlowski et al. [5] The latter observation is indicative of a common, strong base MgO active site and consistent with DRIFTS which showed little variation in surface functionality across the family. Indeed, TOFs calculated per MgO strong base site for the MZ–HD family are quantitatively similar to those derived per total base site (Figure S7). Corresponding initial rates for the xMZ–CT catalysts are of comparable magnitude, and also show a linear increase with increasing MgO content. TOFs for the xMZ–CT family were approximately independent of MgO, and almost identical to those of xMZ–HD catalysts. Methyl butyrate selectivity at 20% iso-conversion was approximately independent of preparation route or MgO loading (Figure S8), further evidencing a common strongly basic MgO active site in all catalysts.


Figure 6. Tributyrin transesterification with methanol over xMZ–HD catalysts: (a) conversion; (b) methyl butyrate yield; and (c) mass-normalized initial rates and turnover frequency (TOF) per base site.
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Figure 7. Tributyrin transesterification with methanol over xMZ–CT catalysts: (a) conversion; (b) methyl butyrate yield; and (c) mass-normalized initial rates and TOF per base site.
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The reusability of the highest MgO loading 18.2MZ–HD and 1.43MZ–CT catalysts were subsequently studied over four consecutive reactions (three recycles). In both cases, monotonic decreases in both tributyrin conversion and selectivity to methyl butyrate of between 10% and 20% were observed (Figure 8). For the impregnated catalyst, this appears to correlate almost quantitatively with the homogeneous contribution identified through hot filtration due to MgO leaching (Table S2) during the first 1.5 h of reaction (Figure S9). The 14.3MZ–CT catalyst exhibited significant leaching (accounting for approximately one third of the observed tributyrin conversion in the first 24 h of the reaction), whereas the 18.2MZ–HD catalyst only underwent modest leaching, with a heterogeneous contribution of ~70% to the overall 86% tributyrin conversion after 24 h. In both cases, trace soluble Mg(OCH3)2 was also observed in the filtrate by IR spectroscopy (Figure S10). However, the (mid-loading) 8.7MZ–CT catalyst exhibited negligible leaching (Figure S11), with heterogeneous catalysis accounting for all of the observed 55% tributyrin conversion over 24 h. Note that both homogeneous and solid magnesium methoxide are reported to rapidly deactivate during this transesterification due to precipitation of butyric acid salts, resulting in low Turnover Numbers per Mg2+ [44]. Large MgO nanoparticles introduced either through the citrate-mediated route, or wet-impregnation thus contain a significant proportion of soluble Mg that leaches during transesterification. The wet-impregnated 18.2MZ–HD catalyst appears to reach steady state values of ~70% conversion and 55% selectivity to methyl butyrate after three consecutive reactions. In contrast, small MgO nanoparticles formed at lower loadings by the citrate route appear strongly coordinated to zirconia and/or possess higher MgO lattice enthalpies, and hence are extremely stable (and active) under our reaction conditions. After four consecutive reactions, the 14.3MZ–CT catalyst achieved 50% tributyrin conversion and ~40% selectivity to methyl butyrate, mirroring the (stable) performance of the lower loading 8.7MZ–CT sample, and hence, we suggest that irrespective of initial MgO loading, citrate prepared catalysts converge to a common steady state.


Figure 8. Tributyrin conversion and methyl butyrate selectivity as a function of recycle over: (a) 18.2MZ–HD; and (b) 14.3MZ–CT mixed oxide catalysts.
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3. Experimental Details


3.1. Catalyst Synthesis


3.1.1. Non-Aqueous Impregnation


Mg–Zr mixed oxides (MZ), with nominal MgO contents in the range 3–20 wt %, were prepared by non-aqueous impregnation of Zr(OH)4 (MEL Chemicals XZO 880/01) with magnesium methoxide solution (6–10 wt % in methanol, Aldrich 335657). Calculated volumes of the methoxide were added to 30 mL of anhydrous methanol (99.8% pure, Aldrich 322415) to which appropriate amounts of Zr(OH)4 was slowly added. The resulting slurries were stirred at room temperature for 30 min under dry nitrogen, then heated at 65 °C until dry prior to calcination at 550 °C with a ramp rate of 5 °C·min−1 for 3 h in static air. The resulting materials are designated xMZ–HD, where x indicates the wt % MgO, and HD refers to the hydroxide precursor used.




3.1.2. Citrate-Mediated Sol–Gel


A second family of mixed oxide samples were prepared via citrate-mediated sol–gel processing with nominal MgO contents in the range 3–15 wt % according to methods found in the literature [33,45]. Appropriate quantities of zirconium oxychloride (ZrOCl2·9H2O; 99% Research-Lab Fine Chem Industries 0161600100) and magnesium nitrate (Mg(NO3)2·6H2O; 98% Aldrich 237175) were dissolved in 100 mL of deionized water. One hundred mL of an aqueous citric acid (C6H8O7·H2O, 99% Aldrich C83155) solution was added to the mixed metal salt solution, with the citrate concentration equimolar to the total metal content, and the resulting mixture maintained at 85 °C until the solvent was almost fully evaporated. The obtained gel was dried at 200 °C, ground in an agate mortar, and then calcined at 550 °C with a ramp rate of 5 °C·min−1 for 3 h in static air. The resulting materials are designated xMZ–CT, where x indicates the wt % MgO, and CT refers to the citrate-mediated route.





3.2. Catalyst Characterization


Thermal analysis coupled with mass spectrometry was performed under flowing N2:O2 (2:1 volume ratio, 60 cm3·min−1) with a ramp rate of 10 °C min−1 using a Mettler-Toledo TGA/DSC2 thermal analyzer coupled to a Pfeiffer Thermostar mass spectrometer. Elemental analysis was performed using a ThermoScientific iCAP 7000 series analyzer on microwave-digested samples (CEM Discover SP-D microwave). N2 porosimetry was undertaken at −195 °C on samples degassed overnight at 120 °C using a Quantachrome Nova 4200 porosimeter. Powder X-ray diffraction was performed using a Bruker D8 Advance diffractometer equipped with a LynxEye high-speed strip detector and Cu Kα (1.54 Å) radiation with a Ni filter and calibrated against a quartz reference. Crystallite sizes were determined by X-ray line broadening from the Scherrer equation [46]. High resolution transmission electron microscopy (HR-TEM) was carried out on a JEOL 2100F FEG STEM operated at 200 keV on samples dispersed in methanol and drop cast onto a copper grid coated with a holey carbon support film (Agar Scientific Ltd., Essex, UK).



Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectra were measured on a Thermo Scientific Nicolet iS50 FT-IR equipped with Smart Collector accessory, mid/near infrared source and mercury cadmium telluride (MCT) detector. Samples were diluted to 10 wt % in KBr powder, loaded into an environmental cell, and dried in vacuo at 50 °C for 10 min prior to analysis. X-ray photoelectron spectroscopy (XPS) was performed employing a Kratos Axis HSi spectrometer equipped with a charge neutralizer, monochromated Al Kα source (1486.7 eV), and a magnetic focusing lens. Spectra were recorded at normal emission using a pass energy of 40 eV under 1.3 × 10−9 Torr, with binding energies calibrated against adventitious carbon at 284.6 eV. Peak fitting was performed using CasaXPS version 2.3.15. Errors in XPS binding energies reflect the convolution of errors in the fitted peak position and the instrumental resolution of the monochromated Al X-ray source, which in combination give an accuracy of ~±0.2 eV. Temperature-programmed desorption (TPD) of CO2 was undertaken using TGA–MS. Samples were degassed at 200 °C under flowing N2 (10 mL·min−1) overnight, then cooled to room temperature and exposed to flowing CO2 (99.98% BOC) for 1 h. 20 mg (MZ–HD) or 60 mg (MZ–CT) of CO2-saturated samples were then heated (ramp rate 10 °C·min−1) to 900 °C under flowing N2 (30 mL·min−1) and the amount of CO2 desorbed quantified by integration of the m/z = 44 mass channel, calibrated against CaCO3.




3.3. Transesterification Activity


Transesterification was performed under stirred batch conditions at atmospheric pressure in a Radley’s Carousel reaction station. Reactions were conducted using 10 mmol tributyrin (97% pure, Aldrich W222305) in 12.5 mL of methanol (MeOH:acid molar ratio = 30) at 63 °C, and 100 mg catalyst with 1.5 mmol dihexylether (97% pure, Aldrich 261505) as an internal standard. Reaction profiles were obtained via periodic sampling and analysis using a Shimadzu GC-2010 plus equipped with a ZB-50 capillary column (30 m × 0.32 mm × 0.25 μm), with each analysis performed in triplicate. Reactions were performed for 24 h, with initial rates determined from the linear portion of the conversion profile. Turnover frequencies (TOFs) were determined by normalizing initial rates to the total base site density determined from CO2-TPD. Tributyrin conversion and selectivity to methyl butyrate were calculated as follows:
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Catalyst recyclability was evaluated for three consecutive reactions: following 24 h reaction, the used catalyst was recovered by hot filtration, washed with methanol and anhydrous hexane, and added to a fresh reaction solution. Leaching was assessed by hot filtration after 1.5 h of reaction.





4. Conclusions


MgO–ZrO2 mixed oxide catalysts were synthesized by either non-aqueous impregnation or citrate-mediated sol–gel routes. The selection of metal precursor and synthetic route had little impact on the resulting oxide phases formed post-calcination, which yielded c-MgO and t-ZrO2, but influenced the MgO dispersion over the zirconia support; smaller MgO particles were obtained (for similar loadings) by the citrate-mediated sol–gel route. All catalysts exhibited weak Lewis acidity arising from the zirconia substrate, and strong Lewis basicity arising from the dispersed MgO nanoparticles. The initial rates and final conversion for tributyrin transesterification with methanol were directly proportional to the base site density (MgO loading), consistent with a common MgO active site independent of the preparation or loading. High MgO concentrations, associated with large nanoparticles, were prone to partial leaching whether introduced by impregnation or sol–gel routes, however lower MgO loadings exhibited excellent stability. The latter observation suggests that improved transesterification performance requires the creation of high concentrations of small (<3 nm) MgO nanoparticles.
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Scheme 1. Transesterification of glyceryl tributyrate in methanol to methyl butyrate. 
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Scheme 2. Possible structure of surface carbonates. 
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