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11-Molybdo-1-vanadophosphoric acid H4PMo11VO40 supported on ammonia-modified silica as highly active and selective catalyst for oxidation of methacrolein.
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1. Effects of the substitution of H+ with NH4+ on the catalytic performance for the gas-phase oxidation of MAL
Fig. A1 shows activity and selectivity toward MAA for the gas-phase oxidation of MAL over unsupported (NH4)xH4-xPMo11VO40 (x = 0, 1, 2, and 3).  (NH4)2H2PMo11VO40 and (NH4)3HPMo11VO40 were prepared in a similar manner to (NH4)H3PMo11VO40 (NH4+-HPA), but the amount of the aqueous solution of NH4NO3 added was changed.  Among (NH4)xH4-xPMo11VO40 catalysts, (NH4)H3PMo11VO40 (x = 1) exhibited the highest selectivity toward MAA (91%) and activity for the reaction.  Further increase in the substitution of H+ with NH4+ led to decreases in the selectivity and activity. 
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Fig. A1.  Catalytic data for the gas-phase oxidation of methacrolein (MAL) over unsupported (NH4)xH4-xPMo11VO40 (x = 0, 1, 2 and 3).  (() Selectivity toward methacrylic acid (MAA) and (() catalytic activity.  Reaction conditions: MAL:O2:H2O:N2 = 3:6:15:76; temperature = 573 K, and total pressure = 0.1 MPa.  Activity and selectivity were estimated from data obtained below 14% conversion.

2.  Structures of the supported H4PMo11VO40 catalysts before the reaction
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Fig. A2.  XRD patterns for supported HPA catalysts before the reaction. (a) HPA[acetone]/NH3-SiO2, (b) HPA/SiO2, (c) [NH4+-HPA]/SiO2, and (d) HPA[water]/NH3-SiO2.  (() cubic (NH4)xH4-xPMo11VO40 and (() H4PMo11VO40·14H2O.
Fig. A2 shows powder XRD patterns for the supported H4PMo11VO40 catalysts before the reaction.  HPA[acetone]/NH3-SiO2 showed an XRD pattern identical to pure cubic (NH4)xH4-xPMo11VO40 (Fig. A2(a)).1  The crystallite size of the NH4+ salt estimated from the diffraction line at 2θ = 26° using Scherrer’s equation was 39 nm.  On the other hand, HPA/SiO2 showed a diffraction pattern due to H4PMo11VO40·14H2O microcrystallites (Fig. A2(b)).2  For [NH4+-HPA]/SiO2, strong diffraction lines attributed to cubic (NH4)xH4-xPMo11VO40 microcrystallites and weak ones due to H4PMo11VO40·14H2O microcrystallites were observed (Fig. A2(c)).  The XRD pattern for HPA[water]/NH3-SiO2 before the reaction (Fig. A2(d)) was similar to that for [NH4+-HPA]/SiO2.  In other words, the XRD patterns for both cubic (NH4)xH4-xPMo11VO40 and H4PMo11VO40·14H2O were observed, but the diffraction lines due to H4PMo11VO40·14H2O were more intense in the XRD pattern for HPA[water]/NH3-SiO2 than in those for [NH4+-HPA]/SiO2.
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Fig. A3.  31P MAS-NMR specta for supported HPA catalysts before the reaction. (a) HPA[acetone]/NH3-SiO2, (b) HPA/SiO2, (c) [NH4+-HPA]/SiO2, and (d) HPA[water]/NH3-SiO2.
Fig. A3 shows 31P MAS-NMR spectra for the supported catalysts before the reaction.  HPA[acetone]/NH3-SiO2 gave a intense peak at –4.4 ppm and relatively weak one at –3.6 ppm, which were assignable to the NH4+ salt of H4PMo11VO40 and H4PMo11VO40, respectively, in the 31P MAS-NMR spectrum (Fig. A3(a)).  The spectrum indicated that the main species of the heteropolyacid formed on HPA[acetone]/NH3-SiO2 was (NH4)xH4-xPMo11VO40.  On the other hand, only a peak at –3.6 ppm due to H4PMo11VO40 was osereved in the 31P MAS-NMR spectrum for HPA/SiO2 (Fig. A3(b)).  [NH4+-HPA]/SiO2 gave two peaks at –4.4 and –3.6 ppm (Fig. A3(c)), but the relative intensities were quite difference with HPA[acetone]/NH3-SiO2.  The peak at –3.6 ppm due to H4PMo11VO40 was strong comparing with the park at –4.4 ppm due to he NH4+ salt of H4PMo11VO40.  This result consistents well with the XRD pattern of [NH4+-HPA]/SiO2.  The 31P MAS-NMR spectrum of HPA[water]/NH3-SiO2 was very simillar to that of [NH4+-HPA]/SiO2 (Fig. 3A(d)), suggesting that the structure of both catalysts was basically the same. 

Fig. A4.  Raman spectra for the supported catalysts before the reaction. (a) HPA[acetone]/NH3-SiO2, (b) HPA/SiO2, (c) [NH4+-HPA]/SiO2, and (d) HPA[water]/NH3-SiO2.  

Fig. A4 shows Raman spectra of the supported catalysts before the reaction.  All catalysts gave only Raman bands attributable to a Keggin structure.  HPA/SiO2 (Fig. A4(b)) showed bands at 1008, 900, 618, and 242 cm–1, all of which were assigned to the acid-form H4PMo11VO40.  Supported catalysts (HPA[acetone]/NH3-SiO2, [NH4+-HPA]/SiO2, and HPA[water]/NH3-SiO2) showed shoulder bands at 986 and 879 cm–1 in addition to the bands for H4PMo11VO40 (Fig. A4(a), (c), and (d), respectively).  These bands were assigned to the NH4+ salt of H4PMo11VO40 ((NH4)xH4-xPMo11VO40).  The XRD patterns and Raman spectra of the supported catalysts demonstrated that the Keggin structure was present before the reaction.  
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3. Separation of the aqueous NH4+-HPA suspension used for the preparation of [NH4+-HPA]/SiO2 

Powder (NH4)H3PMo11VO40 (0.83 g) was dispersed in 1 mL of water to form a suspension (Fig. A5(a)).  The aqueous suspension was put in a centrifuge at 10000 rpm for 10 min affording a yellow solid and a clear orange solution (Fig. A5(b)).  The yellow solid was dried at 333 K for 2 days.  The clear orange solution was allowed to evaporate to dryness at 333 K in a vacuum for 2 days to obtain an orange solid.  The weight percent of the yellow solid to the orange solid against the initial amount of (NH4)H3PMo11VO40 added were 46 and 54 wt%, respectively.




Fig. A5.  Photographs of an aqueous (NH4)H3PMo11VO40 suspension (a) before and (b) after separation in a centrifuge. 

Both solids were analyzed by using elemental analysis and powder XRD.  The XRD pattern of the yellow solid (Fig. A6(a)) was identical to cubic (NH4)xH4-xPMo11VO40, and the atomic ratio of N to P was 2.0.  Thus, it was concluded that the yellow solid was (NH4)2H2PMo11VO40 crystallites.  On the other hand, the orange solid showed the XRD pattern only for H4PMo11VO40·14H2O crystallites (Fig. A6(b)).  In addition, a tiny amount of NH4+ was present in the orange solid.  Therefore, it was reasonable that the clear orange solution was an aqueous solution of H4PMo11VO40.  


Fig. A6.  XRD patterns of (a) the yellow solid and (b) the orange solid.
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