Ketonisation of acetic acid on metal oxides: catalyst activity, stability and mechanistic insights
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Abstract
Ketonisation of acetic acid to acetone was studied in the gas phase using γ-Al2O3, TiO2, ZrO2 and CeO2 as the catalysts in the temperature range of 180-350 oC and ambient pressure. Catalyst activity was found to increase in the order Al2O3 << TiO2 < ZrO2 < CeO2. CO2-TPD showed that relatively weak base sites on oxide surfaces are essential for the ketonisation activity, whereas no relation between oxide acidity and catalytic activity was observed. Catalyst resistance to deactivation increased in the order CeO2 << ZrO2 < TiO2 in parallel with the amount of coke formed. TiO2 (Degussa P25) and ZrO2 were found to exhibit the best performance as represented by their activity and stability to deactivation. CeO2 and ZrO2 could be regenerated by air calcination to regain their activity. DRIFTS studies of acetic acid adsorption on oxide surfaces found facile exchange between adsorbed bidentate bridging acetate species and gas-phase acetic acid at 130 oC, well below temperature threshold of acid ketonisation, indicating fast equilibration of different forms of surface acetate species in the ketonisation system. At higher temperatures typical for acid ketonisation, in the absence of gas-phase acetic acid, the adsorbed bidentate bridging acetate-d3 species were found to undergo H/D exchange with proton sites on oxide surfaces. This provides experimental evidence supporting the intermediacy of enolate species in acid ketonisation.  
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1. Introduction
Carboxylic acids are readily available from renewable natural resources and can be used for the production of value-added chemicals and carbon-neutral bio-fuels [1,2]. For fuel applications, carboxylic acids require an increase in their caloric value which can be achieved by reduction in their oxygen content. Much current research is focussed on the deoxygenation of carboxylic acids, primarily using heterogeneous catalysis [3-7]. 
Ketonisation (Eq. (1)) is a chemical reaction which converts two molecules of a carboxylic acid into a ketone, carbon dioxide and water [8,9], thus making a new C-C bond and removing three oxygen atoms. Ketonisation reaction occurs with carboxylic acids possessing α-hydrogen atoms at least in one of the reacting acid molecules. In contrast to catalytic hydrodeoxygenation, no hydrogen is required for the ketonisation of carboxylic acids. 
2 CH3COOH  →   (CH3)2CO + CO2 + H2O    					 (1)
Ketonisation has long been employed as a clean method for the synthesis of ketones ([8,9] and references therein). Currently, this reaction attracts significant interest for the upgrading of biomass-derived oxygenates, for example, bio-oil produced by fast pyrolysis of biomass. Bio-oil, among other oxygenated compounds, contains lower C1-C4 carboxylic acids, which make the oil unstable and corrosive. Ketonisation can eliminate the adverse effects of carboxylic acids by converting them to non-corrosive ketone products with higher caloric value. The ketones thus produced can be further subjected to aldol condensation to increase the carbon chain length to the gasoline/diesel range [1,2,9]. 
Ketonisation of carboxylic acids has been extensively studied both in gas phase and liquid phase ([8,9] and references therein). In the gas phase, the reaction is catalysed by many metal oxides in the temperature range of 200-500 oC [8-19]. The best catalytic activity have amphoteric oxides such as CeO2, MnO2, ZrO2, TiO2, etc., with CeO2 showing particularly high activity [8,9, 17]. It is suggested that the high activity of the amphoteric metal oxides results from bifunctional catalysis by surface acid-base pairs M-O involving a Lewis acid site (low-coordinate metal cation) and the neighbouring oxygen anion as the base side [16, 17]. However, despite numerous research efforts, reaction mechanism and the nature of catalytically active sites and intermediates is still under debate [8,9,16-19]. Besides, catalyst deactivation remains a serious problem in the commercialisation of catalytic ketonisation of carboxylic acids. Therefore, the understanding of reaction mechanism and the causes of catalyst deactivation as well as the improvement of catalyst stability remain a challenge [9].
In this work, we study the performance of four typical metal oxide catalysts, namely γ-Al2O3, TiO2, ZrO2 and CeO2, in the ketonisation of acetic acid to acetone (Eq. (1)), primarily focussing on their activity and stability to deactivation. We also aim to provide new insights into ketonisation mechanism and site requirements on oxide surfaces through kinetic studies, characterisation of catalyst acid and base sites and, in particular, IR spectroscopic investigation of reaction intermediates.

2. Experimental 
2.1. Chemicals and catalysts
Acetic acid CH3COOH (>99%), CD3COOD (99% D) and CH3COOD (99% D) were purchased from Sigma-Aldrich. γ-Al2O3 catalyst was Aluminiumoxide C from Degussa; it was washed with distilled water, calcined at 400 oC and (5 oC min-1 temperature ramp) for 2 h and ground to a powder of 53-180 μm particle size. Degussa P25 titanium dioxide was used as received without further modification. ZrO2 and CeO2 were prepared in-house by the literature procedures [20,21] and calcined in air, ZrO2 at 400 oC for 5 h and CeO2 at 500 oC for 3 h (5 oC min-1 ramp rate), then ground to a powder of 45-180 μm particle size.

2.2. Catalyst characterisation techniques
The texture of catalysts was characterised by nitrogen physisorption using Brunauer-Emmett-Teller (BET) method to determine catalyst surface area, pore diameter and pore volume (Micromeritics ASAP 2010 instrument). Prior to measurement, the catalysts were pre-treated at 240 °C in vacuum for 2 h. Powder X-ray diffraction (XRD) patterns of catalysts were recorded on a PANalytical Xpert diffractometer with a monochromatic CuKα radiation (λ = 1.542 Å). Temperature programmed desorption of CO2 (CO2-TPD) was measured on a Micromeritics TPD/TPR 2900 instrument in He flow (60 mL min-1). The oxide catalysts (0.1-0.4 g) were pre-treated at 450 oC in He flow for 1 h, then pure CO2 was adsorbed at 100 oC followed by sample heating to 450 oC at a rate of 10 oC min-1.
DRIFT (diffuse reflectance infrared Fourier transform) spectra of pyridine adsorbed on oxide catalysts were taken on a Nicolet Nexus FTIR spectrometer. Catalyst samples were pre-treated at 150 oC/1 Pa for 1 h. The samples were then exposed to pyridine vapour at room temperature for 1 h, followed by pumping out at 150 oC/1 Pa for 1 h to remove physisorbed pyridine. The DRIFT spectra of adsorbed pyridine were recorded at room temperature by averaging 254 scans in the 4000-500 cm-1 range with a resolution of 4 cm-1 against pure oxide background. The same instrument was used to record DRIFT spectra of acetic acid adsorbed on oxide catalysts. Unless stated otherwise, the catalysts were pre-treated at 130 oC/1 Pa for 1 h. Acetic acid was then adsorbed at room temperature followed by evacuation at 130 oC/1 Pa for 1 h to remove physisorbed acid. After that the DRIFT spectra were recorded at room temperature against pure oxide background as described above. CH3COOH/CD3COOD exchange on oxide catalysts was monitored by DRIFT spectroscopy as follows. First, CH3COOH was adsorbed on a catalyst sample and the DRIFT spectrum was taken as above. Then this sample was exposed to CD3COOD vapour at ca. 1 kPa partial pressure and a specified temperature (130-270 oC) for 0.5 h followed by evacuation at 130-270 oC/1 Pa for 1 h and the DRIFT spectrum was taken again. FTIR spectra of CH3COOH and CD3COOD in the gas phase were recorded using a gas cell of 10 cm path length at acetic acid partial pressure of ca. 1 kPa in N2.
The heat and the amount of ammonia adsorption on oxide catalysts were measured using a Setaram TG-DSC 111 differential scanning calorimeter by a pulse method in a flow system as described previously [20]. Catalyst samples (10–70 mg) were placed in the calorimeter and pre-treated under nitrogen flow (30 mL min-1) at 300 oC for 1 h. Then the temperature was lowered to 150 oC and, after sample weight stabilisation (about 1 h), the measurement was performed at 150 oC by successive 2 mL pulses of pure ammonia into the N2 flow using a loop fitted in a 6-port valve. Sufficient time was allowed after each pulse for adsorption equilibrium to be reached (about 30 min). Weight gain due to NH3 adsorption and the corresponding heat of adsorption were recorded, from which the enthalpy of NH3 adsorption (∆H) and the total amount of NH3 adsorbed were determined as a measure of acid site strength and acid site density of catalysts, respectively. The ammonia pulses applied (2 mL) were large enough to ensure the accurate measurement of the amount of ammonia adsorbed. Such a pulse corresponded to a 30-40% of surface coverage of oxide catalysts. A representative example of TG-DSC analysis for ammonia adsorption on ZrO2 is shown in the Supporting Information (Fig. S1 and S2).
The amount of carbon deposited on post-reactor catalysts was measured by combustion elemental analysis.
2.3. Catalyst testing
The ketonisation of acetic acid was carried out in the gas phase at 180-350 oC and atmospheric pressure in a vertical down-flow fixed-bed Pyrex reactor (9 mm internal diameter) with on-line gas chromatographic (GC) analysis (Varian Star 3400 CX instrument with a 30 m x 0.32 mm x 0.5 μm CP-WAX capillary column and a flame ionisation detector), as described elsewhere [15]. The temperature in the reactor was controlled by a Eurotherm controller using a thermocouple placed at the top of the catalyst bed. Acetic acid was fed by passing N2 carrier gas flow controlled by a Brooks mass flow controller through a stainless steel saturator which held the liquid acid at an appropriate temperature to maintain the chosen reactant concentration in the gas flow. Typically, the reaction was carried out at an acetic acid partial pressure of 3.35 kPa and an N2 flow rate of 20 mL min-1 unless stated otherwise. The downstream gas lines and valves were heated to 150oC to prevent substrate and product condensation. The reactor was loaded with 0.10-0.20 g of catalyst powder (45-180 μm particle size). Prior to reaction, the catalysts were heated at the reaction temperature in N2 flow for 1 h.  Once reaction started, the downstream gas flow was analysed by the on-line GC to obtain reactant conversion and product selectivity. The product selectivity was defined as moles of product formed per one mole of acetic acid converted and quoted in mole per cent; thus 100% acetone selectivity would mean 1 mol of acetic acid converted to form 0.5 mol of acetone. CO2 formed in the reaction (Eq. (1)) was not quantified and not included in reaction selectivities. The mean absolute percentage error in conversion and selectivity was ≤ 5%. The molar balance between acetic acid and the reaction products (acetone and isobutene) was maintained within 95%. Reaction rates (R) were determined as R = XF/W (in mol gcat-1h-1), where X is the fractional conversion of acetic acid, F is the molar flow rate of acetic acid (in mol h-1), W is the catalyst weight (in grams) and W/F is the contact time (gcat h mol-1). For rate measurements, the reaction was carried out for 4 h time on stream (TOS) at differential conditions (X ≤ 0.1), where X is directly proportional to the reaction rate. All oxide catalysts, except TiO2, suffered from deactivation in the initial stage of reaction, reaching a steadier conversion after ca. 1.5 h TOS (Sect. 3.2.). To minimise the effect of catalyst deactivation, the reaction rates were calculated from average acetic acid conversion over a TOS period of 1.5 – 4 h.

3. Results and discussion
3.1.   Catalyst characterisation
Information about the catalysts studied is given in Table 1. This includes catalyst surface area and porosity as well as acid properties. The latter include the total density of acid sites (Brønsted and Lewis), the ratio of numbers of Brønsted and Lewis acid sites (B/L) and the enthalpy of ammonia adsorption as a measure of acid site strength. As can be seen, all oxides possess predominantly Lewis acidity, in agreement with the literature [22-25]. The number of Brønsted acid sites is negligible (B/L ≈ 0), except for ZrO2 having a B/L value of 0.1, in agreement with a previous IR study [25]. This was determined by infrared spectroscopy of adsorbed pyridine (Fig. 1, Fig. S3) assuming equal integral extinction coefficients for infrared bands of Brønsted (1540-1550 cm-1) and Lewis (1450-1460 cm-1) acid sites [22-24]. From the enthalpies of ammonia adsorption, the acid strength of oxides decreases in the order: ZrO2 > Al2O3 > TiO2 ≥ CeO2. The total acid site density of ZrO2 (0.23 mmol g-1) measured at 150 oC is in agreement with the literature value of 0.27 mmol g-1 obtained from microcalorimetry of NH3 adsorption at 80 oC [26]. In contrast, CeO2 had the lowest acid site density and the weakest acid strength among these oxides (Table 1). This is also in agreement with data [26], which shows a much weaker acidity of CeO2 compared to ZrO2 [26].
Comparing these results with the literature, it should be taken into account that the acid strength of oxides depends on their preparation and pre-treatment [23,24]. The heat of ammonia adsorption on solid acid catalysts depends on ammonia surface coverage, decreasing with increasing the NH3 coverage [27]. Therefore, our ΔH values obtained at an NH3 coverage of 30% will differ from those extrapolated to zero NH3 coverage. An IR study of pyridine adsorption [25] has reported TiO2 having the strongest Lewis acidity in the same series of oxides based on the shift of νCC(N) vibration band for H-bonded pyridine observed at 1600-1633 cm-1 (not shown in Fig. 1 and Fig. S3). However, it has been demonstrated that this band is sensitive to the nature and coordination number of the metal centre and cannot be used for comparison of acid strength of different metal centres [22-24].
Powder XRD was recorded for γ-Al2O3 Degussa catalyst, TiO2 Degussa P25 catalyst, as well as for ZrO2 and CeO2 samples prepared in-house (Fig. 2). The XRD patterns obtained are in agreement with the literature [21,28,29]. From these data, ZrO2 contained tetragonal and monoclinic zirconia in a weight ratio of 1.9:1. The TiO2 catalyst contained anatase and rutile in a 2.4:1 weight ratio. These weight ratios were calculated as described elsewhere [28,29].
3.2. Ketonisation of acetic acid over oxide catalysts
3.2.1. Comparison of catalyst activity and stability to deactivation
	Table 2 compares the catalytic activity of Al2O3, TiO2, ZrO2 and CeO2 in the ketonisation of acetic acid to acetone at 300 oC, a contact time W/F = 120 g h mol-1 and 4 h time on stream (TOS). As seen, the activity increases in the order Al2O3 << TiO2 < ZrO2 < CeO2. In all cases, the selectivity to acetone based on the converted acetic acid was ≥ 99 mol%, with traces of isobutene also found. Acetone condensation to form isobutene on metal oxides has been reported previously [30].
Fig. 3 compares a longer-term performance of the more active TiO2, ZrO2 and CeO2 catalysts (24 h TOS) at a comparable conversion of 50-70%, revealing a different stability of these oxides to deactivation. It can be seen that the resistance to deactivation increases in the order CeO2 << ZrO2 < TiO2, with TiO2 exhibiting practically no deactivation and ZrO2 only a small deactivation after reaching steady state. Based on their high activity and strong resistance to deactivation, TiO2 (Degussa P25) and ZrO2 exhibited the best catalytic performance in acid ketonisation among the oxides studied, in agreement with the literature [9]. 
The spent CeO2 catalyst was notably darker than TiO2 and ZrO2, which indicates catalyst coking. Table 3 gives the carbon content in spent catalysts after the reactions shown in Fig. 3. Regarding the amount of coke formed, CeO2 clearly stands out with its 5.6% carbon content. Usually, coking of solid acid catalysts is the result of acid catalysed oligomerisation of organic molecules present in the reaction system [31]. This appears to be unlikely for CeO2 because its acidity is weaker than that of the other oxides (Table 1). An IR study [25] of acetone condensation on the same oxide series suggests that strong Lewis base sites found on the CeO2 surface have a great capacity toward adsorption of condensation products and thus can be responsible for the profound deactivation of CeO2 in acetone condensation. However, in acid ketonisation reaction, strong base sites could be poisoned by CO2 formed as the reaction by-product. As CeO2 is a relatively strong one-electron oxidant, its intense coking might also result from a radical polymerisation initiated by the Ce(IV)/Ce(III) redox couple, however there is no proof of this as yet. The observed deactivation of oxide catalysts could therefore be primarily attributed to the catalyst coking, i.e., the most coked CeO2 was the fastest to deactivate, whereas the least coked TiO2 and ZrO2 were more resistant to deactivation. Degussa P25 TiO2, produced by flame hydrolysis of TiCl4 with a moderate surface area of 44 m2g-1, was the most stable toward deactivation. 
Previously, phase-pure anatase and rutile TiO2 possessing larger surface areas (240 and 160 m2g-1, respectively) have been found to suffer from deactivation [16]. Addition of Cu/SiO2 to the phase-pure TiO2 and ZrO2 by physical mixing and co-feeding H2 have been reported to reduce catalyst deactivation [16]. However, our attempt to decrease the deactivation of ZrO2 by adding Cu/SiO2 and H2 had no effect; in the case of CeO2, this even exacerbated the deactivation, which may be due to reduction of CeO2 [32,33].
We found that CeO2 could be successfully regenerated by calcination of spent catalyst in air at 500 oC for 3 h (5 oC min-1 temperature ramp rate). Fig. 4 shows two successive ketonisation runs on CeO2 with catalyst regeneration after each run. As seen, almost full recovery of catalyst activity and selectivity was achieved. The catalyst, black after reaction, regained its initial light yellow colour after regeneration. Some reduction in the catalyst surface area was observed, though, from 85 m2g-1 for fresh CeO2 catalyst to 73 m2g-1 after regeneration. Similar air calcination procedure (400 oC/5 h) was also successful for regeneration of ZrO2.
3.2.2. Kinetic results  
Our kinetic studies included the measurement of apparent activation energies, specific reaction rates and CH3COOH/CH3COOD kinetic isotope effects. We also looked at the effect of acetic acid pressure on the reaction rate. Recently, a thorough kinetic investigation of the ketonisation of C2-C4 carboxylic acids over phase-pure TiO2 and ZrO2 oxides complemented by DFT calculations has been published [16]. Kinetics of C2-C4 acid ketonisation over Ru/TiO2 catalyst has also been reported [34].
Table 4 summarises the apparent activation energies (Ea) obtained for acetic acid ketonisation over Al2O3, TiO2, ZrO2 and CeO2 oxides. The corresponding Arrhenius plots are shown in Fig. S4. Due to the large difference in activity of oxides (Table 2), these measurements had to be carried out in different temperature ranges in order to stay within the differential conditions (fractional conversion X < 0.1). The Ea values thus obtained can be used for extrapolation of reaction rates, but may not be quite comparable across the oxide series studied. As seen, the Ea values vary from 106 to 115 kJ mol-1 for Al2O3, TiO2, ZrO2; these high Ea values indicate no diffusion limitations in the reaction with these oxides [35]. For the most active catalyst CeO2, a lower activation energy was obtained, Ea = 58 kJ/mol. This might be thought to point to internal diffusion limitations [35] for the reaction with CeO2. However, the Weisz-Prater criterion [36] calculated for CeO2, CWP = 2·10-3 << 1, indicates no internal diffusion limitations for this catalyst either (see the Supporting Information). The low Ea value for CeO2 may be explained by the high reactivity of base sites on CeO2 surface compared to the Al, Ti and Zr oxides, as suggested by the IR study of acetone condensation on these oxides [25]. It should be noted that the apparent activation energies Ea include enthalpy contributions from all reaction steps preceding the rate-limiting step. These steps include formation of surface acetate and enolate species, which involves interaction with the surface base sites (Scheme 3), hence the importance of oxide base sites for acid ketonisation (see below).
Table 4 also shows the reaction rates extrapolated to 260 oC using the Arrhenius equation, which allow to compare the catalytic activity of different oxides based on unit catalyst weight and surface area. This shows that the specific catalyst activity (105 mol m-2h-1) decreases in the order: CeO2 (3.4) > ZrO2 (1.7) > TiO2 (1.1) >> Al2O3 (0.047). 
The reaction rate (R) was found to increase with increasing the partial pressure of acetic acid (PHOAc), tending to level off at high partial pressures, as shown in Fig. 5 for the reaction with Al2O3, TiO2 and ZrO2. The reaction with CeO2 also had a close trend (not shown), although the kinetic data was less accurate due to strong catalyst deactivation.  Similar kinetics have been reported for C2-C4 acid ketonisation over phase-pure TiO2 and ZrO2 catalysts [16]. These kinetics indicate saturation of catalyst surface with adsorbed acetic acid molecules as PHOAc increases [16,34]. Rate equations assuming a mechanism involving fast adsorption of two molecules of acetic acid followed by a rate-limiting step leading to the formation of acetone have been derived elsewhere [16,34]. 
Kinetic isotope effect (KIE) was measured for the ketonisation of CH3COOH and CH3COOD catalysed by Al2O3, TiO2, ZrO2 and CeO2. The reactions were carried out under differential conditions (fractional conversion X < 0.1); the details are shown in Table S1. Both acids CH3COOH and CH3COOD were found to react with the same rate, i.e., no H/D KIE was observed for all oxide catalysts studied: 0.98 ± 0.02 (Al2O3), 1.03 ± 0.02 (TiO2), 1.03 ± 0.02 (ZrO2) and 1.0±0.2 (CeO2). These results are in agreement with the previous report [16], which has found no KIE (acetic acid d0/d4) for the phase-pure TiO2 and ZrO2. The lack of acetic acid d0/d1 and d0/d4 KIE shows that dissociation of the O-H and C-H bonds of acetic acid is not the rate limiting step of ketonisation reaction [16].
3.2.3. Effect of catalyst acidity and basicity
Comparison of reaction rates (Table 4) with acid strengths and densities of Brønsted and Lewis acid sites of the oxide catalysts (Table 1) shows that there is no direct relation between the ketonisation activity and the acid properties of oxide catalysts studied.
In order to gain an insight into the effect of catalyst basicity on ketonisation reaction, we examined base sites in the metal oxides using CO2-TPD. As CO2 is one of the reaction products (Eq. (1)), it will poison strong base sites in oxide catalysts to make them unavailable for ketonisation reaction. Therefore, it was interesting to find out if there were relatively mild base sites in the oxide catalysts that would desorb CO2 within the reaction temperature range to become available for the reaction. On the other hand, stronger base sites that desorb CO2 at higher temperatures could hardly participate in the ketonisation. CO2-TPD has been reported for these oxides [37-39], however, to our knowledge, it has not been used for correlation with ketonisation activity in this series of oxide catalysts.
Fig. 6 shows CO2 desorption from CeO2, ZrO2, TiO2 and Al2O3 within the temperature range of 100-450 oC, which covers the temperature range of ketonisation reaction on these oxides. The oxides were pre-treated at 450 oC then saturated with pure CO2 at 100 oC and after that the CO2-TPD was measured. It should be noted that such pre-treatment would not release strong base sites with CO2 desorption temperatures above 450 oC. The CO2-TPD results obtained are in agreement with the literature data [37-39]. As seen, the most active oxides, CeO2, ZrO2 and TiO2, show a CO2 desorption peak in the temperature range 160-200 oC (at 168, 176 and 191 oC, respectively), corresponding to relatively weak base sites, with the base strength increasing in that order. In contrast, Al2O3 shows a large peak with an onset at 320 oC centred at ca. 420 oC, which corresponds to stronger base sites. There is also a small peak in CO2-TPD of Al2O3 centred at 150 oC corresponding to very weak base sites, which are probably too weak to be active in the ketonisation reaction. It should be noted that an IR study [25] suggests very strong base sites on CeO2 surface, as compared to ZrO2, TiO2 and γ-Al2O3. This does not contradict our results as we probed only the mild base sites that were released upon pre-treatment of these oxides at 450 oC. Unfortunately, our CO2-TPD data are not accurate enough to quantify the number of base sites for these oxides. Nevertheless these results indicate that the relatively weak catalyst basicity is important for the ketonisation reaction over metal oxides. It can be seen that there is an inverse correlation between the ketonisation activity (Table 4) and the strength of base sites of oxide catalysts. In the presence of CO2 in the reaction system, poisoning catalyst base sites, the stronger the catalyst basicity, the higher the temperature required to release the base sites for the reaction. From the CO2-TPD (Fig. 6), the CO2 desorption temperature increases in the order CeO2 < ZrO2 < TiO2 << γ-Al2O3. This order is in line with the catalytic activity of these oxides in acetic acid ketonisation (Table 4). Ce(IV), Zr(IV) and Ti(IV) oxides, due to the presence of relatively weak base sites on their surfaces, are the more active ketonisation catalysts operating at relatively low temperatures above their CO2 desorption temperatures (Table 4). In contrast, the more basic γ-Al2O3 requires a higher temperature for the reaction to occur due to the stronger CO2 adsorption. 
3.2.4. Infrared spectroscopy of reaction intermediates
	Infrared spectroscopy has been widely used for studying carboxylic acid adsorption on metal oxides such as TiO2, Al2O3, CeO2, SnO2 and MgO [16,17,40-44]. It is well documented that carboxylic acids adsorb dissociatively on the neighbouring surface Lewis acid and base sites M-O-M to form a metal carboxylate in monodentate, bidentate chelate or bidentate bridging bonding mode, with the bidentate bridging acetate more likely to form [40-44] (Eq. (2), charges omitted for simplicity). Different surface acetate species have been suggested as possible intermediates for ketonisation of carboxylic acids, including monodentate [16] and bridging bidentate [17-19,34] acetates. 

				(2)
	Fig. 7 shows the DRIFT spectra of acetic acid adsorbed on Al2O3, TiO2, ZrO2 and CeO2, which were measured at room temperature in the absence of acetic acid in the gas phase after evacuation at 130 oC against pure oxide background. All these spectra have similar features and are in agreement with those reported previously [17,40-44]. The small peaks in the region of 1700-1716 cm-1 (C=O stretching) indicate the presence of traces of physisorbed acetic acid. The peaks at 1319-1340 cm-1 can be assigned to C-H deformations (CH3 bending). The bands at 1455-1559 cm-1 for TiO2, ZrO2 and CeO2 can be attributed to symmetric and antisymmetric stretching of the OCO group of surface acetate [16,17,40-44], which indicate the bidentate bridging mode for acetate bonding (Eq. (2)) [16,17,40-44]. For the non-transition metal oxide γ-Al2O3, the bands for OCO group exhibit a blue shift to 1475-1595 cm-1, which is in agreement with data [17].
	The surface bidentate bridging acetates in the absence of acetic acid in the gas phase are known to be very stable, up to 300 oC [41] and even higher temperatures [17]. Based on DFT calculations and in-situ DRITS studies, it has been suggested that the bidentate bridging acetates are inactive, and it is the monodentate surface acetates that are the likely active intermediates in ketonisation of carboxylic acids over phase-pure TiO2 [16]. Conversely, other DFT studies [18,19,45] consider the bidentate bridging acetates the active intermediates in acid ketonisation on ZrO2. Here, we looked at the behaviour of surface bidentate bridging acetates in the absence and in the presence of acetic acid in the gas phase, the latter conditions portraying the ketonisation reaction. Specifically, we looked at a CH3COOH/CD3COOD exchange at the oxide surface and the behaviour of undeuterated and deuterated surface bidentate bridging acetates d0 and d3 using DRIFT spectroscopy.
	Fig. 8 shows the FTIR spectra of CH3COOH and CD3COOD in the gas phase. It can be seen that the vibration bands for CH3 deformation (1426 cm-1) and C-H and C-D stretching (2959 and 2101 cm-1, respectively) [44] can be used to monitor the CH3COOH/CD3COOD exchange. The results for acid exchange on TiO2 are presented in Fig. 9. It shows the DRIFT spectra of CH3COOH (spectrum 1) and CD3COOD (spectrum 2) adsorbed on TiO2 to form the bidentate bridging acetate d0 and d3, respectively. Each acid (~1 kPa) was adsorbed at room temperature followed by evacuation at 130 oC/1 Pa for 1 h to remove the acids from the gas phase, then the spectra were recorded at room temperature against pure oxide background. Notably, spectrum 1 for the adsorbed CH3COOH shows the CH3 deformation band (1319 cm-1) and the C-H stretch (2936 cm-1), whereas spectrum 2 for the adsorbed CD3COOD lacks these bands, but has the C-D stretch (2115 cm-1) in it. Spectrum (3) represents the CH3COOH sample (1) after exposure to CD3COOD vapour (~1 kPa) at 130 oC for 0.5 h followed by pumping out at 130 oC/1 Pa for 1 h as above. This spectrum looks the same as spectrum 2 for the adsorbed CD3COOD, which clearly points to an H/D exchange in the system. Moreover, the exchange occurred already at 130 oC, i.e., well below temperature threshold for the ketonisation reaction on TiO2 (250-300 oC). This process could be repeated several times, each time showing the H/D exchange. Similar results were also obtained for Al2O3 (Fig. 10), ZrO2 (Fig. S5) and CeO2 (Fig. S6), all exhibited the H/D exchange at 130 oC. It is important that no H/D exchange was observed when CD3COOD was adsorbed on fresh oxides. This would rule out the H/D exchange between the deuterated surface acetate and the proton sites present on the oxide surface, but only if the undeuterated Brønsted acid sites still existed after the exposure of the oxide to gaseous CD3COOD. To prove this, the pre-adsorbed CD3COOD on TiO2 was treated with H2O (~1 kPa) at 130 oC for 0.5 h followed by pumping out at 130 oC/1 Pa for 1 h. This treatment would restore the undeuterated Brønsted acid sites on the TiO2 surface. The resulting DRIFT spectrum is shown in Fig. 9 (spectrum 4). As seen, similar to spectrum (2) for the adsorbed CD3COOD, it does not have the vibration band of CH3 group at 1319 cm-1. This rules out the H/D exchange between the deuterated surface acetate and the proton sites present on the oxide surface at 130 oC. It should be noted that there is a small new unidentified peak at 1265 cm-1 in this spectrum, which might be indicative of some partial H/D exchange between the surface acetate-d3 and surface proton sites. This will be addressed below in more detail. Notably, spectrum 4 lacks the carbonyl stretch at 1718 cm-1, hence no trace of physisorbed CD3COOD. This can be due to the water treatment of this sample and extended pumping out. 
	One explanation for these results might be the H/D exchange of the bidentate surface acetate through enolate species (Eq. (3)); the latter has been suggested as an intermediate in acid ketonisation [18,19]. In such a case, the H/D exchange would occur without desorption of bidentate acetate species from the oxide surface and would involve H+ (or D+) surface sites. This would imply that the deuterated bidentate surface acetate-d3 would undergo H/D exchange with proton sites on the oxide surface without the addition of acetic acid-d0. This contradicts the above experimental evidence as no such H/D exchange was observed. Moreover, DFT calculations [18,19] show that the formation of surface enolate requires a high activation energy, which would make it the rate-limiting step in the H/D exchange under the CH3COOH/CD3COOD acid exchange conditions at 130 oC. As a result, the H/D exchange can be expected to depend on the nature of metal oxide. This is not in agreement with experiment either as no such dependence was observed within the time scale of acid exchange. On these bases, the H/D exchange through the surface enolate species can be ruled out at 130 oC.

 						(3)
	A possible mechanism for the acid exchange on oxide surface at 130 oC is represented in Scheme 1. This mechanism involves desorption of bidentate bridging surface acetates from the oxide surface aided by acetic acid from the gas phase. Here, the bidentate surface acetate A formed initially interacts with the co-adsorbed CD3COOD to form intermediate B, which would lead to acid exchange to give the deuterated acetate C and release CH3COOD into the gas phase (possibly together with CH3COOH due to H/D exchange of CH3COOD with the surface proton sites). Further kinetic studies could reveal the effect of metal oxide nature on the rate of CH3COOH/CD3COOD exchange.


Scheme 1. CH3COOH/CD3COOD exchange on oxide surface at 130 oC.
	Now the question is can the H/D exchange between the surface bidentate acetate A and the oxide Brønsted acid sites occur at higher temperatures typical of those for acid ketonisation? To prove this, the pre-adsorbed CD3COOD on TiO2 was again treated with H2O (~1 kPa) as above, but this time round at 250 oC to restore the undeuterated surface Brønsted acid sites. The resulting DRIFT spectrum is presented in Fig. 11 (spectrum 2). It clearly shows the band for CH3 vibrations, blue-shifted at these conditions to 1340 cm-1, indicating H/D exchange between the bidentate bridging acetate-d3 and Brønsted acid sites on TiO2 surface. Increasing the temperature to 270 oC further enhanced the H/D exchange, as can be seen from the increased intensity of this band (spectrum 3). Even without any water treatment, heating the TiO2-adsorbed CD3COOD at 270 oC caused some H/D exchange, as seen from spectrum 4 in Fig. 11. This means that the relatively weak proton sites on TiO2 surface were not fully deuterated by the adsorbed CD3COOD. Similar results were also obtained for ZrO2 (Fig. 12), which has higher ketonisation activity (Table 4) and higher Brønsted acid site density compared to TiO2 (Table 1). In Fig. 12, spectra 1-3 demonstrate facile CH3COOH/CD3COOD exchange on ZrO2 at 130 oC as in the case of TiO2 (Fig. 9). At 250 oC, without water treatment, the adsorbed CD3COOD did not show any H/D exchange with the surface proton sites possibly due to their deuteration by the CD3COOD, as seen from the absence of CH3 vibration band at ~1330 cm-1 in DRIFT spectrum 4. However, this band clearly showed after the pre-adsorbed CD3COOD was treated with H2O (~1 kPa) at 250 oC to restore the undeuterated Brønsted acid sites on ZrO2 surface, thus supporting the H/D exchange between the bidentate bridging acetate and the surface Brønsted acid sites. The observed H/D exchange can be attributed to the surface enolate species, which have been inferred as the intermediates in acid ketonisation from DFT calculations [18,19]. Therefore, these results provide an important mechanistic insight, giving experimental evidence for the intermediacy of enolate species in ketonisation of carboxylic acids. A plausible reaction pathway for the H/D exchange is represented in Scheme 2. 

Scheme 2. H/D exchange between bidentate bridging acetate and Brønsted acid sites on oxide surface. 										
3.2.5. Ketonisation mechanism
	Several mechanisms have been proposed for acid ketonisation reaction including (i) decomposition of metal carboxylate, (ii) via acid anhydride intermediate, (iii) via ketene intermediate route and (iv) via -ketoacid intermediate (for a review, see [9,45]). More recent theoretical calculations and experimental data favour the β-ketoacid intermediate route with the rate-limiting step of C-C bond formation [9,16,18,19,34,45,46]. Nevertheless, exact reaction mechanism and the requirements for catalytically active sites are still in controversy [16,45]. From DFT analysis, different surface carboxylate species such as monodentate acetate [16] and bidentate bridging acetate [18,19] have been suggested as active intermediates in this reaction. Also different mechanisms of C-C bond formation have been proposed. These include the C-C coupling (i) between a surface carboxylate and ketene [9,45], (ii) between enolate species and co-adsorbed acid [16], (iii) between enolate species and bidentate bridging carboxylate [45,46], (iv) between enolate species and acylium intermediate [18,19] and (v) via a concerted pathway [18]. The C-C coupling involving the enolate and a surface carboxylate or acylium species is currently considered to be the most plausible reaction mechanism [16,18,19,45]. 
	In this work, we made two mechanistically significant observations. First, we found facile exchange between the bidentate bridging acetate and co-adsorbed acetic acid on the oxide surface under mild conditions well below ketonisation temperatures. This result demonstrates the lability of the surface bidentate bridging acetate species in the ketonisation system. This shows that prior to C-C bond formation various types of surface acetate species are equilibrated in the ketonisation system, which makes them kinetically indistinguishable. Secondly, we observed proton exchange between the bidentate bridging acetates and the Brønsted acid sites on oxide surfaces at typical ketonisation temperatures, which supports the intermediacy of enolate species in ketonisation of carboxylic acids. On this basis, the rate-limiting step of ketonisation reaction involving the C-C coupling to form the β-ketoacid intermediate can be represented by interaction between the enolate and a surface acetate species, for example bidentate bridging acetate, as shown in Scheme 3 [45,46]. The latter species, however, is kinetically indistinguishable from other possible surface acetates, e.g., monodentate acetate [16], existing in equilibrium with the bidentate bridging acetate.


Scheme 3. Interaction between enolate and bidentate bridging acetate to form the β-ketoacid intermediate in ketonisation of acetic acid.
	It would be highly desirable to be able to correlate the catalytic activity of oxides to a specific physicochemical property measured on the fresh oxides. There is a concern, however, that such properties of the fresh oxides may not be representative of the properties under reaction conditions, i.e., in the presence of CO2 and water by-products formed in the course of acid ketonisation. In particular, this concerns the acid-base properties and the surface structure of oxide materials. Nevertheless, our study demonstrates a correlation between the reactivity of oxides in the ketonisation of acetic acid and their mild basicity existing in the ketonisation system in the presence of CO2. On the other hand, no such correlation with the acid properties of oxide was observed. This is not unexpected because several reaction steps preceding the rate-limiting step of C-C coupling, namely the formation of surface acetate and enolate species, involve interaction with the catalyst base sites (Scheme 3). Our DRIFTS work provided interesting insights into the reaction mechanism. Further kinetic studies of the H/D exchange complemented by in-situ catalyst characterisation in these systems could give better mechanistic understanding and reactivity differentiation across oxide catalysts.

4. Conclusions   
The ketonisation of acetic acid was studied using γ-alumina, titania, zirconia and ceria oxide catalysts in the gas phase. The reaction gives acetone as the primary reaction product with ≥ 99% selectivity. Catalyst activity was found to increase in the order Al2O3 << TiO2 < ZrO2 < CeO2, with specific reaction rates (105 mol m-2h-1) of 0.047, 1.1, 1.7 and 3.4, respectively, at 260 oC. These catalysts suffered from deactivation, which increased in the order TiO2 < ZrO2 << CeO2, in parallel with the amount of coke formed. TiO2 (Degussa P25) and ZrO2 exhibited the best ketonisation performance regarding the catalyst activity and long-term stability. CeO2 and ZrO2 could be regenerated by air calcination. Two mechanistically significant observations were made from our DRIFTS studies. First, facile exchange was found between the bidentate bridging acetate and co-adsorbed acetic acid on the oxide surfaces under mild conditions well below ketonisation temperatures, which demonstrates the lability of the surface bidentate bridging acetate species in the ketonisation system. This shows that various types of surface acetate species are equilibrated in the ketonisation system, which makes them kinetically indistinguishable. Secondly, we observed proton exchange between the bidentate bridging acetates and the Brønsted acid sites on oxide surfaces at typical ketonisation temperatures, which supports the intermediacy of enolate species in ketonisation of carboxylic acids.  
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Table 1. Information about catalysts.a
	Catalyst
	Surface areab
m2g-1
	Pore volumec
cm3g-1
	Pore diameterd
Å
	Acid site densitye
mmol g-1
	B/Lf
	ΔHg
kJ mol-1

	Al2O3
	98
	0.56
	227
	0.24±0.01
	~0
	73

	TiO2
	44
	0.10
	90
	0.26±0.01
	~0
	68

	ZrO2
	117
	0.13
	43
	0.23±0.01
	0.1
	94

	CeO2
	85
	0.22
	104
	0.18±0.02
	~0
	66


a For BET analysis, the catalysts were pre-treated for 2 h at 240  oC in vacuum before measuring N2 adsorption. b BET surface area. c Single point total pore volume. d Average BET pore diameter. e Total amount of NH3 adsorbed on Brønsted and Lewis acid sites at 150 oC (from TG-DSC). f The ratio of numbers of Brønsted (B) and Lewis (L) acid sites from DRIFTS of adsorbed pyridine. g Enthalpy of NH3 adsorption (±4 kJ mol-1) at 150 oC and a fractional NH3 surface coverage of 0.30 (from TG-DSC).

Table 2. Comparison of activity of Al2O3, TiO2, ZrO2 and CeO2 oxides in ketonisation of acetic acid.a
	Catalyst
	Al2O3
	TiO2
	ZrO2
	CeO2

	Conversionb (%)
	3.1
	48
	73
	100 


a Reaction conditions: 0.20 g of catalyst, 300 oC, 3.35 kPa HOAc partial pressure, 20 mL min-1 N2 flow rate, 4 h time on stream, contact time W/F = 120 g h mol-1. b Average HOAc conversion between 1.5-4 h time on stream; acetone selectivity ≥ 99 mol% based on acetic acid converted.



Table 3. Carbon content in spent catalysts.a
	Catalyst
	TiO2
	ZrO2
	CeO2

	Carbon content (%)
	1.2
	1.2
	5.6


a From combustion chemical analysis of spent catalysts after reactions shown in Fig. 3.



Table 4. Apparent activation energies (Ea) and reaction rates for acetic acid ketonisation over oxide catalysts.
	Catalyst

	Temperature range
oC
	Ea
 kJ mol-1
	105 Ratea
mol g-1h-1
	105 Ratea
mol m-2h-1

	CeO2
	180-220
	58±10
	290
	3.4

	ZrO2
	230-260
	106±3
	200
	1.7

	TiO2
	270-300
	115±5
	47
	1.1

	Al2O3
	300-350
	110±3
	4.6
	0.047


a At 260 oC, extrapolated using the Arrhenius equation. 
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Fig. 1. DRIFT spectra of pyridine adsorbed on γ-Al2O3 (solid line) and TiO2 (broken line).


Fig. 2. XRD patterns (CuKα radiation) for: (1) γ-Al2O3 Degussa catalyst air calcined at 400 oC for 2 h; (2) TiO2 P25 Degussa catalyst, 2.4:1 w/w anatase/rutile ratio; (3) CeO2 air calcined at 500 oC for 3 h, cubic fluorite structure; and (4) ZrO2 air calcined at 400 oC for 5 h, 1.9:1 w/w tetragonal/monoclinic zirconia ratio. 


Fig. 3. Comparison of catalyst activity and stability in acetic acid ketonisation over ZrO2 (300 oC), TiO2 (300 oC) and CeO2 (250 oC) at W/F = 120 g h mol-1, 3.35 kPa HOAc partial pressure; acetone selectivity in all cases ≥ 99 mol%.


Fig. 4. Effect of regeneration of CeO2 catalyst by air calcination at 500 oC for 3 h: (1) first and (2) second run (250 oC, W/F = 120 g h mol-1, 3.35 kPa HOAc partial pressure; acetone selectivity in both cases ≥ 99 mol%.

Fig. 5. Effect of partial pressure of acetic acid on reaction rate: (1) Al2O3 (0.20 g, 320 °C), (2) ZrO2 (0.10 g, 240 °C) and (3) TiO2 (0.10 g, 270 °C); 20 mL min-1 flow rate in all cases. 


[image: ]
Fig. 6. CO2-TPD in He flow: (1) CeO2 (0.294 g), (2) ZrO2 (0.432 g), (3) TiO2 (0.112 g, scaled up 2-fold), (4) γ-Al2O3 (0.403 g); pre-treatment at 450 oC/1h in He flow, CO2 adsorbed at 100oC, 10 oC min-1 temperature ramp rate.
[image: ]
Fig. 7. DRIFT spectra of acetic acid adsorbed on ZrO2 (1), CeO2 (2), TiO2 (3) and Al2O3 (4) after evacuation at 130 oC/1 Pa against pure oxide background. 
[image: ]
Fig. 8. FTIR spectra of CH3COOH (1) and CD3COOD (2) in gas phase (ca. 1 kPa partial pressure).
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Fig. 9. DRIFT spectra of CH3COOH (1) and CD3COOD (2) adsorbed on TiO2 after evacuation at 130 oC/1 Pa for 1 h. Spectrum (3) represents CH3COOH sample (1) after exposure to CD3COOD vapour at ~1 kPa partial pressure and 130 oC for 0.5 h followed by evacuation at 130 oC/1 Pa for 1 h. Spectrum (4) represents CD3COOD sample (2) treated with H2O (~1 kPa) at 130 oC/0.5 h and evacuated at 130 oC/1 Pa for 1 h. 
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Fig. 10. DRIFT spectra of CD3COOD (1) and CH3COOH (2) adsorbed on γ-Al2O3 (Degussa) after evacuation at 130 oC/1 Pa for 1 h. Spectrum (3) represents sample (2) after exposure to CD3COOD vapour at ca. 1 kPa partial pressure and 130 oC for 0.5 h followed by evacuation at 130 oC/1 Pa for 1 h. 
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Fig. 11. DRIFT spectra of CD3COOD adsorbed on TiO2: (1) CD3COOD evacuated at 250 oC/1 Pa for 1 h, (2), CD3COOD sample (1) treated with H2O (~1 kPa) at 250 oC for 0.5 h and evacuated at 250 oC/1 Pa for 1 h, (3) the same as (2) but treated with H2O and evacuated at 270 oC, (4) CD3COOD evacuated at 270 oC/1 Pa for 1 h in the absence of H2O.
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Fig. 12. DRIFT spectra of CH3COOH (1) and CD3COOD (2) adsorbed on ZrO2 after evacuation at 130 oC/1 Pa for 1 h. Spectrum (3) represents CH3COOH sample (1) after exposure to CD3COOD vapour at ~1 kPa partial pressure and 130 oC for 0.5 h followed by evacuation at 130 oC/1 Pa for 1 h. (4) represents CD3COOD evacuated at 250 oC/1 Pa for 1 h. (5) represents CD3COOD sample (4) treated with H2O (~1 kPa) at 250 oC/0.5 h and evacuated at 250 oC/1 Pa for 1 h.  
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R: TiO2 rutile 
A: TiO2 anatase
R
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Intensity (a.u.)


ZrO2	30.000000000000053	45	60.000000000000107	75.000000000000057	91	105.99999999999994	166.00000000000006	226.00000000000017	287.00000000000011	347.00000000000006	407	467.00000000000011	527	587	647.00000000000011	707	767.00000000000011	826.99999999999989	887.00000000000489	947.00000000000978	1007.0000000000143	1067.0000000000193	1127.0000000000241	1187.0000000000286	1247.0000000000337	1307.0000000000384	1367.0000000000432	78.214946467763568	76.91881624685432	75.214642355396549	75.924266528936428	75.408409636772745	74.305637427614215	74	74.017952718060144	73.991464010826192	74.66600190336483	74.099999999999994	73.995923383132805	74.109175937896879	73.862347116831231	73.16004931500342	73.064561562051622	73	72.202103379392014	71.9583755240062	72.717570751309452	72.171941756890433	72.204215530280706	71.819983099925665	70.5	70	69.482683230904215	69.462695288417322	68.391961839909541	CeO2	15.999999999999943	30.999999999999972	45.999999999999915	62.000000000000021	76.999999999999972	92.000000000000071	108.00000000000001	122.99999999999996	139.00000000000006	154	168.99999999999997	185.00000000000006	200	215.99999999999994	231.00000000000006	293	353.99999999999994	416.00000000000006	478	540.00000000000011	601.99999999999989	664	726	788.00000000000011	851	913.00000000000011	975.00000000000023	1037	1039	1101	1163.0000000000002	1225.0000000000002	1286.0000000000002	1348	68.725990892288578	65.627687478264463	65.315802648424324	63.807768480634614	63.655785038145638	61.900320384276078	61.42403212644227	61.17556097127251	61.040907058282741	61.090269699159919	60.400928013739644	59.566247552533369	59.219175229405344	59.074651701917951	58.707560924181699	57.62667047431686	56.997731790201172	55.810582716930256	55.109434512743789	54.495155053562087	53.764023993957665	52.977316887053938	52.31984196613346	51.487761728076642	50.981541661228071	50.454244025851501	49.154210608880582	48.558080406468136	48.158988851448335	46.825302748220871	46.616441368869523	45.559857517345783	44.657503990683381	43.656402968898078	TiO2	29.999999999999972	45.999999999999915	60.999999999999865	75.999999999999972	90.999999999999915	105.99999999999986	121.99999999999997	136.99999999999991	152.00000000000003	166.99999999999997	183.00000000000006	198.00000000000003	212.99999999999997	228.99999999999991	290	350.99999999999994	410.99999999999989	471.99999999999983	533.00000000000011	594	655	715.99999999999989	777	837.00000000000011	898	959	1019.9999999999999	1079.9999999999998	1141	1201	1262	1321.9999999999998	44.27973432857172	45.690772747782447	46.368098408528859	48.310517718029907	48.354511796197272	47.570294310787418	46.898769703389895	47.909739180707845	47.656620110048017	48.64329774278918	47.996050240393465	48.040590674089238	49.245594837970046	48.561533063531762	48.384411665364283	49.399090031271342	49.233189173173834	49.191091707576035	49.210248532430235	48.792963044386283	49.275150443944696	49.201315480385254	49.834868393579832	48.247818835612243	48.752463098035868	48.317575482274336	49.189360703350658	49.410966586429574	49.741845865987592	49.699419441810129	49.673855259306983	50.32146298080486	Time (min)
Conversion (%)

Conversion	2

14.999999999999947	45.999999999999915	76.999999999999972	107.99999999999986	138.99999999999991	169.99999999999994	201	232.00000000000006	262.99999999999994	293.99999999999983	325.00000000000006	355.99999999999994	71.34816880942688	67.428695847678568	64.850791107550563	64.854496788451954	63.669569963965749	63.50780067009709	61.893484321639725	61.252740759467386	61.05535016040853	60.42700197000655	59.529458843589673	59.429708578979302	Acetone selectivity	0	14.999999999999947	44.999999999999922	75.999999999999972	106.00000000000003	136.99999999999991	166.99999999999997	198.00000000000003	228.00000000000006	258.99999999999994	290	320.00000000000006	350.99999999999994	100	100.00000000000001	100	100	100	100	100	100	100	100	100.00000000000001	99.999999999999986	Conversion	1
15.000000000000027	45.999999999999915	76.999999999999972	108.00000000000001	137.99999999999991	168.99999999999997	200	231.00000000000006	261.99999999999994	293	323.00000000000006	353.99999999999994	74.81774376757204	70.050036466968223	67.887320178490157	68.375956431912186	66.291500192698152	66.043320738613573	64.744231925157592	64.250357496425039	63.360103199055295	63.380426144001603	62.854718190917708	62.05316237677409	Time (min)
Conversion & Selectivity (%)

R=X.F/W	2
0.39	0.68	0.97	1.94	2.56	3.34	4.34	5.57	4.84E-4	5.4699999999999996E-4	5.9100000000000005E-4	6.3599999999999996E-4	7.1500000000000003E-4	8.1700000000000002E-4	8.4000000000000003E-4	7.6300000000000001E-4	3

0.39	0.68	0.97	1.94	2.56	3.35	4.34	5.57	5.4299999999999997E-4	6.5200000000000002E-4	7.0799999999999997E-4	7.0799999999999997E-4	7.9900000000000001E-4	9.4399999999999996E-4	9.1399999999999999E-4	8.7200000000000005E-4	1
0.39	0.39	0.68	0.68	0.97	1.94	2.56	3.35	4.34	5.57	1.94	2.56	3.35	4.34	5.57	3.4200000000000002E-4	3.0400000000000002E-4	3.5500000000000001E-4	3.6600000000000001E-4	4.08E-4	4.46E-4	4.6900000000000002E-4	5.6999999999999998E-4	6.4199999999999999E-4	6.1600000000000001E-4	4.4000000000000002E-4	4.86E-4	5.3600000000000002E-4	5.9999999999999995E-4	6.2699999999999995E-4	PHOAc (kPa)
R (mol h-1 g-1)
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