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Figure S1. Schematic illustration of the gas-phase plant and the analytical system used to carry out the catalytic tests. 
Symbols: PI = pressure indicator, FC = mass flow controller, TIC-E1 = temperature controller and heating device (for car-
rier gas), TI = temperature indicator (catalytic bed), TIC-E2 = temperature controller and furnace, R1 = reactor, E3 = ice 
bath (to cool down the liquid product sampler), F = bubble flow meter. 

Chapter S1: Detailed characterisation of the catalytic materials 

S.1.1. Crystal structures and Phosphorus/Metal atomic ratios  

Powder X-ray diffraction analyses were carried out to determine catalysts crystal structure and  phase-purity. Commer-
cial SiO2 possesses the highest SSA (544 m2/g) among the materials investigated, is amorphous, and its XRD powder 
pattern, shown in Figure S2a, is characterized by only one broad peak, centred at 2θ = 23° and 20 degrees wide. Commer-
cial Al2O3 (Figure S3a) shows the presence of a pure cubic γ-phase; this material is poorly crystalline due to the intrinsic 
defectivity of its spinel structure and possess a relatively high SSA of 159 m2/g.  

La2O3 (Figure S4a) consists of a pure hexagonal phase, is highly crystalline, and possess a relatively low SSA of 26 m2/g 
due to the high calcination temperature of 750 °C required to de-compose the lanthanum carbonate precursor.  

t-ZrO2-PR possesses the highest value of SSA among the zirconium oxides investigated (123 m2/g) and its diffractogram 
is characterized by the typical reflections of the tetragonal polymorph (Figure S5a); however, a shoulder at 2θ = 28° sug-
gests the presence of a small impurity of the monoclinic phase. Similarly, m-ZrO2-PR diffractogram shows typical pat-
tern of the monoclinic phase (Figure S6a), plus a very weak peak centred around 2θ = 30°, which is attributable to the 



strongest reflection of a small impurity of the tetragonal polymorph. The diffraction pattern of m-ZrO2-HT (Figure S7a) 
is less defined in respect to that of m-ZrO2-PR, suggesting a lower degree of crystallinity and a higher defectivity, in 
agreement with its higher SSA (117 m2/g instead of 36 m2/g). Moreover, no reflection attributable to an impurity of the 
tetragonal phase are present; therefore, the hydrothermal synthesis with urea allows to obtain a monoclinic ZrO2 with a 
much higher SSA and more phase-pure in respect to the conventional precipitation technique with NH3.  

Among the metal phosphates, La/P/O is the only one displaying a relatively well-defined diffraction pattern. Its diffrac-
togram is characterized by broad reflections, attributable to a monoclinic LaPO4 (monazite) phase (Figure S8a). How-
ever, the experimental P/La atomic ratio of 0.89 calculated from XRF spectra for this catalyst indicates that it is not stoi-
chiometric and may explain its low crystallinity.  

Al/P/O (Figure S9a), in agreement with the literature [1], is amorphous and its diffractogram is very similar to the one of 
SiO2 because these two materials possess analogous structures. In this case the experimental P/Al atomic ratio (0.99) is in 
good agreement with the stoichiometry of AlPO4 and no reflection attributable to the segregation of Al2O3 were found.  

Zr/P/O is amorphous too; its diffraction pattern (Figure S10a) is characterized by a broad diffraction peak at around 2θ = 
20° and matches very well those reported previously by some authors [2, 3]. The experimental P/Zr atomic ratio = 1.46 
for this sample matches quite well the one measured by Sushkevich et al [1] and is intermediate between the value of 
1.34 expected from Zr3(PO4)4 and the value of 2 expected from ZrP2O7 and the layered hydrogen phosphate phases α-
Zr(HPO4)2*H2O and γ-Zr(H2PO4)(PO4)*2H2O. This fact suggests that Zr/P/O is probably a mixture of different poly-
morphs, and that P is likely to be present not only as PO43-, but also as HPO42-, as H2PO4- and perhaps as P2O74-. 

S.1.1. Surface acid/base properties  

The densities of acidic sites and basic sites reported in Table 1 were measured by means of NH3 and CO2-TPD respec-
tively and are expressed as μmol/m2 to allow an easy comparison of the intrinsic acidity and basicity of materials with 
very different SSA. 

Despite its very high SSA of 544 m2/g, the TPD characterization (Figure S2b) indicates that commercial SiO2 does not 
interact strongly with neither CO2 nor NH3. The mild acidity displayed by this materials (the desorbed NH3 was 0.2 
μmol/m2, in good agreement with previous literature [4] is of the Brønsted type and arises from the presence of pending 
silanol groups (Si-OH) [5].  

Al2O3 is a well-known amphoteric oxide possessing strong acidity (mainly of the  Lewis type [6]) and weak basicity [7]. 
The TPD characterization confirmed that the commercial Al2O3 sample possesses a low density of basic sites (0.7 
μmol/m2) and a much larger density of acidic sites (5.2 μmol/m2): these values are in good agreement with those reported 
previously by other authors [8, 9]. The NH3-TPD profile (Figure S3b) for this material displays a broad desorption band 
that extends from 150 to 600 °C; the maximum of desorption is centred at 270 °C, with a significant shoulder around 215 
°C. However, NH3 desorbs in small amounts up to 600 °C therefore the material possesses a small fraction of strong 
acidic sites even though weak and medium-strength sites are predominant.   

La2O3 is expected to be the most basic oxide among those investigated because lanthanides possess an intermediate ba-
sicity between alkali-earth metals and transition metals. Moreover, the very high calcination temperature of 750 °C re-
quired to decompose the lanthanum carbonates [10] formed during the synthesis due to the absorption of atmospheric 
CO2 in the basic solution of the lanthanum hydroxide precursor is a clear indication of its basicity. The TPD characteriza-
tion  (Figure S4b) substantially confirmed these indications: the density of basic sites (6.7 μmol/m2) is roughly ten times 
larger than the one of Al2O3 and the CO2-TPD profile shows two maxima centred at 115 °C (weak basic sites) and at 485 
°C (strong basic sites), the latter being largely pre-vailing. On the other hand, the amount of desorbed NH3 was negligi-
ble, indicating that La2O3 do not possesses significant acidity. The results of both CO2-TPD [11, 12] and NH3-TPD [13] for 
La2O3 are in good agreement with the literature. 

The TPD characterization of t-ZrO2-PR, m-ZrO2-PR and m-ZrO2-HT is shown in Figure S5b, S6b and S7b respectively. 
The density of basic sites for these materials follows the order m-ZrO2-HT (5.0 μmol/m2) > m-ZrO2-PR (3.5 μmol/m2) > t-
ZrO2-PR (1.2 μmol/m2), indicating that the CO2 adsorption capacity of the monoclinic phase is higher than the one of 
tetragonal phase, in agreement with Pokrovski et al [14]. The CO2-TPD profiles of all these three materials display a sin-
gle desorption maximum centred between 120 and 140 °C and related to the presence of weak basic sites. However, the 
samples with the monoclinic crystal habit desorbed a significant amount of CO2 up to 450 °C, while t-ZrO2-PR did not; 
this is a clear indication that the monoclinic phase possesses not only a larger number but also stronger basic sites in 
respect to the tetragonal phase, in line with the results reported by Bachiller-Baeza et al [15]. The densities of acidic sites 
of m-ZrO2-PR, m-ZrO2-HT, and t-ZrO2-PR instead are quite similar between each other (4.7, 4.3 and 4.1 μmol/m2 respec-
tively) and the NH3-TPD profile of all three materials is characterized by a broad desorption peak that extends from 150 



to 450 °C and is centred between 270 and 290 °C, indicating that weak, medium-strength and strong acidic sites are pre-
sent on the surface of all three materials. The results of TPD characterization for m-ZrO2-PR and t-ZrO2-PR are in re-
markably good agreement with those reported by Ding et al [16] and Blair Vasquez et al [17] respectively. On the other 
hand, the basic and acid density measured for m-ZrO2-HT are 2-3 times higher than those reported by Ding et al for the 
same material [18]. Despite that, it is reasonable that the m-ZrO2-HT catalyst, being more defective than m-ZrO2-PR (as 
suggested by its lower crystallinity and its much higher SSA determined by means of XRD and BET characterizations) 
possesses a larger fraction of coordinatively unsaturated O2- anions and basic hydroxyl groups, and therefore a stronger 
basicity. DRIFTS spectra were collected after adsorption of pyridine over m-ZrO2-HT and desorption at increasing tem-
perature in order to characterize the type of acidity (e.g. Lewis or Brønsted) displayed by monoclinic zirconia. These 
results are shown in Figure S11. The spectrum is characterized by the presence of three strong bands centred at 1603 cm-

1, 1575 cm-1 and 1443 cm-1 that are attributable to the presence of pyridine bonded to Lewis acidic sites [19]. The bands 
attributable to pyridine bonded to Brønsted acidic sites instead are absent (1637 cm-1) or extremely weak (1558 cm-1). The 
DRIFTS spectra recorded for tetragonal ZrO2 by Blair Vasquez et al [17] are very similar to those reported in Figure S11 
for monoclinic zirconia; therefore, it can be concluded that the acidity of both monoclinic and tetragonal zirconia is 
mainly of the Lewis type and their Brønsted acidity is very weak. 

The TPD characterizations of La/P/O, Al/P/O and Zr/P/O are reported in Figure S8b, S9b and S10b respectively. The CO2-
TPD profiles of all three metal phosphates consist of a flat line, therefore it can be concluded that their basicity is so weak 
that does not lead to the adsorption of a detectable amount of CO2, as it was for SiO2. On the other hand, the density of 
acidic sites of these material (19.3, 13.0 and 10.4 μmol/m2 for Al/P/O, Zr/P/O and La/P/O respectively) is 2 order of mag-
nitude larger than the one of SiO2 and ≥ 2-fold the one of Al2O3. It seems that the overall density of acidic sites of metal 
phosphates increases with an increase of the electronegativity of the metal cation (e.g. Al > Zr > La) but their strength 
does not follow the same trend. In fact, the material possessing the strongest acid sites (e.g. NH3 desorption temperature 
> 400 °C) is Zr/P/O and not Al/P/O. The desorption of NH3 at such high temperature could be related to the structure of 
Zr/P/O: in fact, the layered hydrogen phosphate phases (e.g. α-Zr(HPO4)2*H2O), are known for their capacity to bond 
NH3 more strongly in their interlayers than on their surface [20]. The DRIFTS spectra of pyridine desorption at increas-
ing temperature available in the literature for Al/P/O [21], Zr/P/O [22] and La/P/O [23] show that after thermal pre-treat-
ment these materials mostly bind pyridine with their Lewis acidic sites and that Brønsted sites, even if present, are a 
minority. The amount of Brønsted sites increase in the order Al > Zr > La. 

To sum up, the TPD characterization of metal oxides and phosphates, in agreement with the literature, showed that the 
total density of acidic sites follows the order Al/P/O > Zr/P/O > La/P/O > Al2O3 > ZrO2 > SiO2 > La2O3, while the total den-
sity of basic sites follow the order La2O3 > ZrO2 > Al2O3 > SiO2 ≈ Al/P/O ≈ Zr/P/O ≈ La/P/O. In respect to metal oxides, the 
presence of phosphorus in metal phosphates reduced the basicity to zero regardless of the cation; on the other hand, 
both the density and the strength of acidic sites increased greatly. The DRIFTS characterization of adsorbed pyridine 
carried out on m-ZrO2 and the literature cited suggest that all catalyst reported in this study possess mainly Lewis acid-
ity with the exception of SiO2 and La2O3 (the former is a very weak Bronsted acid, while the latter possesses negligible 
acidity). 
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Figure S2. (a) X-ray powder diffraction pattern of SiO2; (b) CO2 (grey line) and NH3 (green line) temperature pro-
grammed desorption profiles for SiO2. N.B. the highest value on the y-axis (0.04 μmol/m2) in this case is 1/10 of the one in 
the graph of all the other metal oxides (0.04 μmol/m2). 
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Figure S3. (a) X-ray powder diffraction pattern of Al2O3; (b) CO2 (grey line) and NH3 (green line) temperature pro-
grammed desorption profiles for Al2O3. 
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Figure S4. (a) X-ray powder diffraction pattern of La2O3; (b) CO2 (grey line) and NH3 (green line) temperature pro-
grammed desorption profiles for La2O3. 
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Figure S5. (a) X-ray powder diffraction pattern of t-ZrO2-PR; (b) CO2 (grey line) and NH3 (green line) temperature pro-
grammed desorption profiles for t-ZrO2-PR. 
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Figure S6. (a) X-ray powder diffraction pattern of m-ZrO2-PR; (b) CO2 (grey line) and NH3 (green line) temperature pro-
grammed desorption profiles for m-ZrO2-PR. 
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Figure S7. (a) X-ray powder diffraction pattern of m-ZrO2-HT; (b) CO2 (grey line) and NH3 (green line) temperature pro-
grammed desorption profiles for m-ZrO2-HT. 
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Figure S8. (a) X-ray powder diffraction pattern of La/P/O; (b) CO2 (grey line) and NH3 (green line) temperature pro-
grammed desorption profiles for La/P/O. 
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Figure S9. (a) X-ray powder diffraction pattern of Al/P/O; (b) CO2 (grey line) and NH3 (green line) temperature pro-
grammed desorption profiles for Al/P/O. 
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Figure S10. (a) X-ray powder diffraction pattern of Zr/P/O; (b) CO2 (grey line) and NH3 (green line) temperature pro-
grammed desorption profiles for Zr/P/O. 

 



Figure S11. DRIFTS spectra recorded at increasing temperature after pyridine adsorption over m-ZrO2-HT at 50 °C. The 
bands attributable to pyridine bonded to Lewis acidic sites are centred at 1603 cm-1, 1575 cm-1 and 1443 cm-1. The bands 
attributable to Pyridine bonded to Brønsted acidic sites are centred at 1637 cm-1 and 1558 cm-1. 

 
Figure S12. Blank run as a function of time on stream. Reaction conditions: temperature = 300 °C, PA = 6 mol % in N2, 
time factor = W/F = 0.8 s*g/mL (calculated hypotizing to charge 1.65 g of catalyst pellets). Symbols: Propionic acid con-
version (X PA, red). 

 
Figure S13. Catalytic activity of m-ZrO2-HT for the ketonization of PA to 3-P as a function of the time on stream. Reac-
tion conditions: temperature = 350 °C, PA = 30 mol % in N2, time factor = W/F = 0.1 s*g/mL. Symbols: Propionic acid con-
version (X PA, red), Molar Balance (YS/X, blue), 3-pentanone yield (Y 3-P, light blue); by-products sum of yields (Y Oth-
ers, black). 

 
Figure S14. Powder XRD pattern of t-ZrO2-PR before (black line) and after reaction (red line). Black squares indicate 
reflections attributable to a segregated monoclinic phase. 
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