
����������
�������

Citation: De Maron, J.; Bellotti, L.;

Baldelli, A.; Fasolini, A.; Schiaroli, N.;

Lucarelli, C.; Cavani, F.; Tabanelli, T.

Evaluation of the Catalytic Activity

of Metal Phosphates and Related

Oxides in the Ketonization of

Propionic Acid. Sustain. Chem. 2022,

3, 58–75. https://doi.org/10.3390/

suschem3010005

Academic Editor: Matthew Jones

Received: 15 December 2021

Accepted: 26 January 2022

Published: 1 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Evaluation of the Catalytic Activity of Metal Phosphates and
Related Oxides in the Ketonization of Propionic Acid
Jacopo De Maron 1,*, Luca Bellotti 1, Alessio Baldelli 1, Andrea Fasolini 1 , Nicola Schiaroli 2 , Carlo Lucarelli 2 ,
Fabrizio Cavani 1 and Tommaso Tabanelli 1,*

1 Dipartimento di Chimica Industriale “Toso Montanari”, Alma Mater Studiorum Università di Bologna,
Viale Risorgimento 4, 40136 Bologna, Italy; luca.bellotti@studio.unibo.it (L.B.);
alessio.baldelli@studio.unibo.it (A.B.); andrea.fasolini2@unibo.it (A.F.); fabrizio.cavani@unibo.it (F.C.)

2 Dipartimento di Scienza e Alta Tecnologia, Università degli Studi dell’Insubria, Via Valleggio 9,
22100 Como, Italy; nicola.schiaroli@uninsubria.it (N.S.); carlo.lucarelli@uninsubria.it (C.L.)

* Correspondence: jacopo.demaron2@unibo.it (J.D.M.); tommaso.tabanelli@unibo.it (T.T.)

Abstract: In recent years, the upgrading of lignocellulose bio-oils from fast-pyrolysis by means of
ketonization has emerged as a frontier research domain to produce a new generation of biofuels.
Propionic acid (PA) ketonization is extensively investigated as a model reaction over metal oxides,
but the activity of other materials, such as metal phosphates, is mostly unknown. Therefore, PA
ketonization was preliminarily investigated in the gas phase over both phosphates and oxides of Al,
Zr, and La. Their catalytic activity was correlated to the physicochemical properties of the materials
characterized by means of XRD, XRF, BET N2 porosimetry, and CO2- and NH3-TPD. Noteworthy,
monoclinic ZrO2 proved to be the most promising candidate for the target reaction, leading to a
3-pentanone productivity as high as 5.6 h−1 in the optimized conditions. This value is higher than
most of those reported for the same reaction in both the academic and patent literature.
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1. Introduction

The progressive shift from traditional fossil fuels towards renewable biofuels for
energy production and transports is considered an attractive strategy to reduce greenhouse
gas emissions and contribute to climate change mitigation [1]. However, to achieve these
goals without adversely affecting the environment or social sustainability, biofuels must
be produced in a sustainable way, i.e., their production must not rely on edible crops and
should not result in either direct or indirect land use change [2,3].

Keeping this in mind, the flash-pyrolysis of lignocellulosic biomasses (e.g., non-edible
crops that do not create an additional demand for land such as agricultural and forestry
residues and industrial wastes from food or the pulp and paper industry) [1], stands out
among other synthetic strategies aimed at biofuel production thanks to the large availability
of raw materials and process robustness, which permits to treat almost any type of biomass,
thus allowing to valorize raw materials otherwise considered as a waste [4].

State-of-art fast pyrolysis technologies can convert biomass into a liquid oil with
yields as high as 70–80 wt.% [5]. However, this product is a complex mixture of oxy-
genated compounds (e.g., carboxylic acids, phenolics, furanics, and other small, oxygenated
molecules) [4] and cannot be used as fuel due to its very high oxygen content (up to 50 wt.%,
including water) and its high acidity [6]. Moreover, its hydrophilicity prevents its use in
blends with traditional fuels [4]. Consequently, the use of bio-oil as fuel requires its up-
grading via chemical processes capable of reducing its oxygen (and water) content and
removing its acidity, resulting in an enhanced liquid fuel with increased calorific power,
higher hydrophobicity, and higher miscibility with traditional fuels.
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The most investigated upgrading processes involve the removal of oxygen from crude
bio-oil by means of hydrodeoxygenation reactions, which are catalyzed by noble metals
in the presence of molecular hydrogen (H2) at high pressure and coproduce water [7].
This leads to the recurring formation of two phases at the end of the treatment: a hy-
drophilic oxygen-rich phase and an upgraded, hydrophobic organic phase. As a result
of the hydrogenation of low molecular weight oxygenates, a gaseous stream consisting
of light alkanes and olefins is also obtained. As an example, in analogy with the well-
established hydrodesulfurization (HDS) process of fossil oils, the hydrodeoxygenation
(HDO) of bio-oils can be carried out in a continuous-flow system in the pressure range of
80–300 bar and temperature range of 300–400 ◦C [8], with HDS catalysts (Co-MoS2/Al2O3,
Ni-MoS2/Al2O3) or supported noble metals catalysts (Pd/C, Ru/C) [9]. These processes,
however, are extremely hydrogen-demanding due to the high oxygen content in crude
bio-oils, and, on top of that, the low molecular weight oxygenates that represent a signif-
icant fraction of bio-oils are lost as gases upon hydrogenation [10]. The sustainability of
HDO of bio-oils could be greatly improved by developing a gas-phase catalytic transfer
hydrogenation (CHT) process at atmospheric pressure, to be carried out using light renew-
ables alcohols (e.g., MeOH and EtOH) instead of H2 [11]. Despite that, an intermediate
upgrading process capable of reducing the alcohol or H2-consumption of the subsequent
HDO process, to be carried out during (e.g., catalytic fast-pyrolysis with zeolites) [12] or
right after the fast-pyrolysis (e.g., direct vapor-phase upgrading with metal oxides) [13],
is highly desirable and has inspired the industrial and academic research over the past
two decades.

In this context, since bio-oil is characterized by the presence of light carboxylic acids
such as acetic acid (AA) and propionic acid (PA) up to 10 mol % [14], their continuous gas-
phase ketonization is considered a promising upgrading alternative, when carried out right
after the pyrolysis and before the condensation of the resulting bio-oil, which also avoids
unnecessary expense for re-vaporization. As depicted in Scheme 1, the ketonization reaction
results in the removal of the acid moieties from crude bio-oils, while at the same time the
oxygen content in the liquid is reduced, and the coupling of light acids produces heavier
ketones that are less likely to be degraded into light gases during the subsequent HDO
step [10]. Moreover, ketones can be further coupled with each other via aldol condensation,
leading to the formation of longer chain molecules, further enhancing the calorimetric
properties of the final mixture [15,16]. It is worth noticing that, during such upgrading
process, several reactions in addition to ketonization can lead to the formation of CO2
(e.g., direct decarboxylation of carboxylic acids or aquathermolysis reactions occurring on
the heavier components of the bio-oil [17–19]).
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The gas-phase ketonization of acids and/or esters [20] may occur following two
distinct mechanisms:

• “Bulk” mechanism [21]: metal oxides with low lattice energy and/or very high ba-
sicity such as alkali earth oxides (e.g., MgO, CaO, BaO) [22] and rare earth oxides
(e.g., La2O3, Pr6O11, Nd2O3) [23] react with carboxylic acids vapors producing car-
boxylate salts and water. When the reaction temperature is high enough to trigger the
thermal decomposition of carboxylate salts, the recombination of the resulting radical
fragments produces a ketone and a metal carbonate (or an oxycarbonate depending
on the nature of the metal cation). Finally, a catalytic cycle is established when the
reaction temperature is high enough to decompose the most stable metal carbonate (or
oxycarbonate), producing CO2 and regenerating the pristine metal oxide.

• “Surface” mechanism: metal oxides possessing high lattice energy (e.g., ZrO2, TiO2,
MnO2, CeO2) and zeolites do not react with carboxylic acids vapors to produce bulk
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carboxylate salts. Nonetheless, acids are strongly chemisorbed, and the reaction
remains confined over the catalyst surface. Unlike the bulk mechanism, the surface
mechanism is not of the radical type, and to occur, it strictly requires the presence of
an acidic hydrogen in α-position with respect to the carboxylic group in at least one of
the two acids that take part in the reaction [10].

Despite the large number of studies focusing on surface ketonization published over
the last three decades, both experimentally [21,22,24,25] and computationally [26,27], a
general agreement on how the α-hydrogen is involved is still the subject of debate, and
several mechanisms involving the participation of different intermediates have been pro-
posed (e.g., via the direct concerted coupling of carboxylates [28], via ketene [29], via
β-ketoacid [30], via carboxylic anhydride [31], or via a dianion interaction with a cata-
lyst surface with a negatively charged α-carbon and a bidentate carboxylate group [21]).
Nonetheless, several experimental evidence, carefully reviewed by Pham and co-workers [10]
and by Sels and co-workers [32], suggest that the mechanism involving the formation of a
β-ketoacid is the most probable one over the transition metal oxides.

The ketonization of AA [33] and PA [34] have been investigated as model reactions
over a variety of metal oxides supported on SiO2, Al2O3 and TiO2 by Glinski and co-
workers. Despite AA and PA, ketonization occurred to a certain extent over all the catalysts
investigated, and the most active oxides were found to be those of U, Th, Mn, Ce, La,
and Zr. Following these two systematic screenings, an increasing number of authors and
inventors focused their attention on catalytic materials consisting of amphoteric and/or
reducible metal oxides such as TiO2 [35], ZrO2 [36–39], CeO2 and MnO2 [24], La2O3, and
other rare-earth oxides [40]. Mixed metal oxides, such as Ce/Zr/O [41], Ce/Zr/Mn/O [42],
Mn/Ce/O [24,43], Ce/Fe/O [44], Mn/Zn-chromite [45], and Mg/Al/Ce/O [46] and sup-
ported catalysts such as MnO2/Al2O3 [37], TiO2/C [47] and Ru/TiO2 [25] have been
claimed to be active as well.

It has been demonstrated that both basic and acidic sites are involved in ketoniza-
tion [48], and it is largely accepted that the most active sites consist of strong, adjacent Lewis
acid-base pairs [10,32]. Lewis acidic sites (e.g., coordinatively unsaturated metal cations)
can interact with the oxygens of the carboxylic group as shown in Scheme 2a, enhancing the
acidity of both the carboxylic proton and the α-proton, thus favoring their abstraction by
adjacent basic sites (e.g., oxygen anions). On the other hand, once the carboxylic proton and
the α-proton are abstracted by vicinal oxygen atoms (Scheme 2, reactions b and c), acidic
sites are needed to coordinate and stabilize the resulting nucleophilic species (e.g., dianions
or 1-hydroxy-enolates, as shown in Scheme 2, reactions c and d, respectively) long enough
to allow them to react with another carboxylate anion producing the β-ketoacid interme-
diate (Scheme 2, reaction e). At the temperatures at which ketonization usually occurs,
β-ketoacids are unstable and immediately undergo a decarboxylation via a six-membered
cyclic transition state, leading to an enol that readily tautomerize to the corresponding
ketone (Scheme 2, reaction f).

In addition to a strong amphoteric character, the presence of Lewis acid-base pairs has
been linked to the presence of surface defects such as oxygen vacancies and coordinatively
unsaturated metal cations [10,25,50]. Such defects can be formed by the partial reduction
of the surface of the metal oxide upon interaction with the reactant and, not surprisingly,
readily reducible metal oxides that often display high ketonization activity.

For these reasons, catalyst reduction with molecular hydrogen prior or during ke-
tonization has been investigated as a mean to enhance catalyst activity. As an example,
using H2 instead of N2 as a carrier significantly increases the activity of ZrO2, CeO2,
and Ce/Zr/O mixed oxides for valeric acid ketonization [51]. This behavior was ex-
plained by the formation of surface oxygen vacancies and Zr3+ and Ce3+ coordinatively
unsaturated cations.

Despite a wide literature regarding ketonization over metal oxides being available,
the activity of metal phosphates and how their properties (e.g., nature of the cation Mn+,
stoichiometry between P and M, polymorph, acid-base, morphological properties, and
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so on) influence their catalytic activity are mostly unknown. Moreover, even if excellent
catalyst screenings are available for metal oxides [33,34], these works’ lack an equally
thorough characterization of catalyst acid-base properties, redox capacity, and structure
activity relationships.
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Scheme 2. (a) AA carbonyl group interaction with surface Lewis Acid (LA) leading to the weakening
of both the carboxyl O-H bond and the α-carbon C-H bond, thus enhancing the acidity of both the
protons; (b) AA chemisorption over metal oxides to form a monodentate carboxylate anion (bidentate
and bridging configuration are also possible [49]); (c) α-proton abstraction from a carboxylate anion
to form a dianion or (d) enolization of the carboxylate anion to form a 1-hydroxylate enolate anion; €
coupling between an electrophilic carboxylate anion and a nucleophilic 1-hydroxy enolate anion to
form a β-ketoacid and water; (f) β-ketoacid decarboxylation to yield the ketone.

Therefore, here we present an in-depth investigation of the continuous-flow, gas-
phase ketonization reaction of PA to produce 3-pentanone (3-P) over a series of metal
phosphates (Al/P/O, Zr/P/O and La/P/O) and a comprehensive comparison, through
both catalytic tests and characterization, with the corresponding metal oxides (γ-Al2O3,
ZrO2, and La2O3).

These phosphates and oxides have been carefully chosen with the aim to compare
materials with a wide range of different acid-based properties (e.g., La2O3 is a strong base,
ZrO2 is amphoteric, and γ-Al2O3 is a strong Lewis acid) and assess structure–activity
relationships. SiO2 was also included in the study to complete the range of acid-base
properties of oxides with a mild Brønsted acidity and because it is often used as support
for ketonization catalysts.

After the first screening, the best catalyst (zirconium oxide) was further investigated by
varying the synthetic method: one sample of zirconia with tetragonal crystal structure and
one sample with monoclinic structure were obtained by means of precipitation techniques;
a third sample of zirconia possessing the monoclinic structure but higher specific surface
area, low crystallinity, high defectivity, and enhanced basicity was obtained by means of a
hydrothermal method.

After testing in industrially relevant reaction conditions (e.g., 30 mol % PA in the feed,
350 ◦C, time factor = W/F = 0.1 s g/mL), the hydrothermally synthetized zirconia was
found to be the best catalyst and afforded a 3-P productivity (calculated as the mass of
product obtained in 1 h divided by the mass of the catalyst used) equal to 5.6 h−1, which is,
at the best of our knowledge, better than all the others reported in the literature so far.

2. Materials and Methods
2.1. Catalyst Preparation

Catalysts will be referred to as follows: Al/P/O, Zr/P/O, and La/P/O for Al, Zr, and
La phosphate, respectively; Al2O3 and La2O3 for Al and La oxide, respectively; m-ZrO2-PR,
t-ZrO2-PR, and m-ZrO2-HT for Zr oxides (in this case, the first letter stands for the crystal
structure (m = monoclinic, t = tetragonal), while the last two letters indicate the preparation
method (PR = precipitation, HT = hydrothermal)).
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Al/P/O, Zr/P/O, and La/P/O were synthesized by means of co-precipitation, us-
ing a procedure adapted from the literature [52]. Briefly, the metal precursor AlCl3
(Alfa Aesar, 99%, Haverhill, MA, USA), La(NO3)3·6H2O (Alfa Aesar, 99.9%), or ZrOCl2·8H2O
(Alfa Aesar, 98%) was dissolved in 300 mL of deionized water to obtain a 1 mol/L solu-
tion. Then, 300 mL of aqueous H3PO4 (1 mol/L) was added to the first solution under
continuous stirring, and finally, the pH was risen from 1–1.5 to 7.0 adding aqueous NH3
(Sigma Aldrich, 28–30 wt.%, St. Louis, MO, USA) to promote the precipitation of a metal
phosphate. The suspensions were aged for 3–4 h under stirring, filtered over a Buchner
funnel, and washed with 2 L of distilled water to remove adsorbed chloride, nitrate, and
ammonium ions. Finally, the resulting wet solid was dried overnight at 120 ◦C and calcined
at 550 ◦C for 3 h with a heating rate of 5 ◦C/min.

Al2O3 was a commercial reference material (SASOL Puralox SCFa140, 98%, Sandton,
South Africa) as well as SiO2 (GRACE 360, 98%, Columbia, Maryland, USA); before use, they
were calcined for 3 h with a heating rate of 5 ◦C/min up to 600 ◦C and 650 ◦C, respectively.

La2O3 and m-ZrO2-PR were synthesized modifying the precipitation technique used
for the preparation of the respective phosphates. In this case, La(NO3)3·6H2O or ZrOCl2·8H2O
was dissolved in deionized water to obtain a 0.5 mol/L solution (60 mL for La and
70 mL for Zr); such solutions were slowly added dropwise to aqueous NH3 (2 mol/L,
300 mL for La and 400 mL for Zr) under vigorous stirring. The pH of the basic solution
was maintained constant and equal to 11.5 during the addition by adding concentrated
NH3 (28–30 wt.%). Precipitates were aged for 1–2 h under stirring, filtered over a Buchner
funnel, and washed with 2 L of distilled water for each 3 g of material to remove adsorbed
chloride, nitrate, and ammonium ions. Finally, the resulting wet solid was dried at 120 ◦C
overnight and calcined at 550 ◦C (Zr) or 750 ◦C (La) for 3 h with a heating rate of 5 ◦C/min.

t-ZrO2-PR [53,54] and m-ZrO2-HT [55] were prepared according to methods de-
scribed elsewhere.

Prior to use, catalysts were formed in pellets by compressing the powder into a self-
sustaining disk (≈1 mm in height and 3 cm in diameter); then, the disk was crushed using
appropriate sieves in order to obtain pellets with a granulometry between 30 and 60 mesh.

2.2. Catalyst Characterization

The XRD powder patterns of all materials were acquired using a Philips X’Pert diffrac-
tometer with Bragg-Brentano geometry, equipped with a pulse height analyzer and a
secondary curved graphite-crystal monochromator. The X-ray source that was used emits
the characteristic Cu Kα radiation (λ = 1.54178 Å) filtered by a Ni foil to suppress the Kβ
lines.

The phosphorus/metal (P/M) atomic ratios of the different phosphates were deter-
mined by means of wavelength dispersive X-ray fluorescence, which was carried out with a
PANalytical Axios Advanced WD-XRF spectrometer equipped with a Rh-anode X-ray tube
(maximum power = 4 kW). The analysis was carried out in vacuum on samples shaped
into a 13 mm diameter disk.

The specific surface area (SSA) of catalysts were calculated with the BET method after
acquiring the N2 adsorption/desorption isotherms at −196 ◦C (77 K) using a Micromeritics
ASAP 2020 instrument.

Temperature programmed desorption (TPD) of NH3 and CO2 were carried out with
a Micromeritics Autochem II 2920 instrument coupled with a Cirrus 2 quadrupole mass
spectrometer to measure the total acidity and total basicity of all materials. The quantifi-
cation of effluents was carried out by recording the intensity of the following ion current
signals: NH3 (m/z = 17), CO2 (m/z = 44), and H2O (m/z = 18). In a typical experiment,
0.2 g of material was put in a quartz tube and heated up to calcination temperature at a rate
of 10 ◦C/min in 30 mL/min of pure He flow to clean the catalyst surface from adsorbed
water and carbonates. The final temperature was kept for 60 min. After cooling, NH3
chemisorption was conducted at 100 ◦C for 20 min by flowing 30 mL/min of 10% NH3/He,
while CO2 chemisorption was performed at 40 ◦C for 60 min by flowing 30 mL/min of 10%
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CO2/He. After chemisorption, all samples were flown with 30 mL/min of He for 60 min to
remove the weakly physisorbed probe molecules. Finally, the temperature programmed
desorption (TPD) was carried out by heating the sample up to calcination temperature at
the rate of 10 ◦C/min and keeping the final temperature for 60 min.

In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) of ad-
sorbed pyridine, followed by desorption at increasing temperature, was carried out to
characterize the distribution of Lewis and Brønsted acidic sites of the most active catalyst
(m-ZrO2-HT). DRIFTS spectra were acquired with a Bruker Vertex 70 instrument equipped
with a Pike DiffusIR cell attachment and a MCT detector. Spectra were recorded carrying
out 128 scans in the spectral region of 4000–600 cm−1 with a resolution of 4 cm−1. The
spectra were recorded as follows: first, KBr was loaded in the DRIFTS cell and pre-treated at
450 ◦C under a flow of He (10 mL/min) for 45 min in order to remove adsorbed molecules.
Then, the cell was cooled down to 50 ◦C, and the background spectra were acquired at
different temperatures (with steps of 50 ◦C up to 450 ◦C). Then, m-ZrO2-HT was loaded
in the DRIFTS cell and was subjected to the same procedure carried out over KBr (e.g.,
pre-treatment at 450 ◦C in He flow for 45 min, cooling to 50 ◦C, and recording of spectra
at 50, 100, 150, 200, 250, 300, 350, 400, and 450 ◦C). Next, the adsorption of pyridine was
carried out after cooling down to 50 ◦C by injecting a pulse (2 µL) of this molecular probe
in the He flow. The adsorption process was monitored by recording a spectrum every
minute until the intensity of the bands of pyridine in the spectra remained constant. Finally,
spectra of pyridine adsorbed over m-ZrO2-HT were recorded at increasing temperatures
up to 450 ◦C, with steps of 50 ◦C.

2.3. Catalytic Tests

All catalytic tests were carried out using the gas-phase rig shown in the electronic
supporting information (ESI, Figure S1) and performed at atmospheric pressure using a
conventional fixed bed down-flow quartz reactor; all catalysts were charged in the form of
pellets with particle size between 30 and 60 mesh. The liquid reactant PA (Alfa Aesar, 99%)
was injected with a KD Scientific Legacy 100 volumetric pump in a stainless-steel line
(1/16 inches) and directly driven ≈ 5 cm above the catalytic bed with 12 mL/min of N2.
Another stainless-steel line (1/8 inches) drove a second flux of pre-heated N2 (210 ◦C) to
the top of the reactor to obtain the desired total N2 flux.

Usually, the catalyst was heated up to reaction temperature at 10 ◦C/min under
nitrogen flow (the same flow that will be used to carry out the catalytic test) and then was
kept at this temperature for 30 min before starting to feed the reactant.

The effluent from the reactor was bubbled through two cold traps in series filled with
acetonitrile (AcCN, Sigma-Aldrich, 99.8%) and kept at 0 ◦C by means of an ice bath to
absorb the condensable products. The so-obtained reaction mixtures were transferred
into a 100 mL flask from the cold traps at regular intervals of time, and 1 g of dodecane
(Sigma-Aldrich, 99%) solution (4 × 10−5 mol/g) was added as the internal standard.

Gaseous products exiting the cold trap were driven to an online GC equipped with
two sample/injection loops in series. Both the liquid reaction mixtures and gases exiting
from the cold trap were analyzed by means of gas chromatography with a Hewlett Packard
5890 Series II GC instrument, equipped with FID and TCD detectors. The quantification of
the condensed products was carried out offline with an Agilent J and W DB-1701 capillary
column (25 m × 530 µm × 1.05 µm) connected to the FID detector. The quantification of
the gaseous products was carried out online using an Agilent CP-Molsieve 5A capillary
column (25 m × 530 µm × 50 µm, to elute H2, O2, and N2) and an Agilent CP-SilicaPLOT
capillary column (30 m × 530 µm × 6 µm, to elute CO, CO2, CH4, and ethylene).

An Agilent Technologies 6890 gas-chromatographer equipped with an Agilent HP-5
capillary column (30 m × 250 µm × 1.05 µm) and coupled with an Agilent Technologies
5973 mass analyzer (GC-MS) were used to identify unknown products (Agilent Technolo-
gies, Santa Clara, CA, USA); moreover, the retention times of unknown products were
compared with those of pure reference standards.
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The following equations were used to calculate PA conversion (XPA), yields (Yi),
selectivity (Si), sum of yields (Yield Sum), and molar balance (Yield Sum/XMP).

XPA = [(molPA IN − molPA OUT)/(molPA IN)] · 100, (1)

Yi = νι · (moli out/molPA IN) · 100, (2)

ν: stoichiometric factor (e.g., ν3-P = 2) (3)

Si = (Yi/XPA) · 100 (4)

Yield Sum = Σi Yi (5)

Molar Balance = Yield Sum/XPA = (Σi Yi)/XMP · 100 (6)

3. Results and Discussion
3.1. Catalyst Characterization

The main physicochemical features of the catalysts (specific surface area, P/M atomic
ratio, density of acidic sites, and density of basic sites) are summarized in Table 1. Powder
X-ray diffraction analyses, as well as NH3 and CO2-TPD profiles, are reported in the
electronic supporting information (ESI, Figures S2–S10). The densities of acidic and basic
sites reported in Table 1 are expressed as µmol/m2 to allow an easier comparison of the
intrinsic acidity and basicity of materials in spite of their very different measured SSA.

Table 1. Physicochemical features of fresh catalysts.

Catalyst BET SSA 1

[m2/g]
P/M

Atomic Ratio 2

Density of Acidic Sites 3

[µmol NH3/m2]
(T des. max.)

Density of Basic Sites 4

[µmol CO2/m2]
(T des. max)

Al/P/O 126 0.99 19.3 (195) 0
La/P/O 85 0.89 10.4 (205) 0
Zr/P/O 49 1.46 13.0 (220) 0

SiO2 544 / 0.2 (190) 0
Al2O3 159 / 5.2 (270) 0.7 (115)
La2O3 26 / 0 6.7 (485)

m-ZrO2-PR 36 / 4.7 (260) 3.5 (130)
t-ZrO2-PR 123 / 4.1 (270) 1.2 (125)

m-ZrO2-HT 117 / 4.3 (285) 5.0 (145)
1 N2 porosimetry. 2 X-Ray fluorescence. 3 Ammonia temperature programmed desorption. 4 Carbon dioxide
temperature programmed desorption.

As expected, all the phosphates displayed higher acidity than their relative oxides in
the trend Al > Zr > La without any appreciable basicity, as proved by the absence of any
desorption peak of CO2 (a similar profile was observed also in the case of SiO2). On the
other hand, the density of acidic sites of these materials (19.3, 13.0, and 10.4 µmol/m2 for
Al/P/O, Zr/P/O, and La/P/O, respectively) was two orders of magnitude 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 increased 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)
was Zr/P/O and not Al/P/O. The desorption of NH3 at such a high temperature could
be related to the structure of Zr/P/O; in fact, the P/Zr atomic ratio = 1.46 measured
by means of XRF (in agreement with the one measured by Sushkevich et al. [52]) was
intermediate between the value of 1.34 expected from Zr3(PO4)4 and the value of 2 expected
from the layered hydrogen phosphate phases α-Zr(HPO4)2·H2O, γ-Zr(H2PO4)(PO4)·2H2O,
and from ZrP2O7. This fact suggests that Zr/P/O was probably a mixture of different
polymorphs, possibly containing P as PO4

3−, as HPO4
2− and as H2PO4

3−. These layered
hydrogen phosphate phases (e.g., α-Zr(HPO4)2·H2O) are known for their capacity to bond
NH3 stronger in their interlayers than on their surface [56].
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On the other hand, among oxides, m-ZrO2 showed the best balance between acidic
and basic sites while Al2O3 and La2O3 showed higher acidity and basicity, respectively.
Al2O3 is a well-known Lewis acid, as demonstrated by the DRIFTS characterization of
adsorbed pyridine reported in the literature [57], while La2O3, according to NH3-TPD
results, possesses negligible acidity.

The analysis of the TPD profiles of t-ZrO2-PR, m-ZrO2-PR, and m-ZrO2-HT (shown
in Figures S5b, S6b, and S7b, respectively) showed that 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), and the CO2 adsorption capacity of the monoclinic phase is higher
than the one of tetragonal phase, in agreement with Pokrovski et al. [58].

The ratio between Lewis and Brønsted acidic sites over monoclinic zirconia (m-ZrO2-
HT sample) was assessed by means of DRIFTS characterization of adsorbed pyridine in the
temperature range 50–450 ◦C. The results of this characterization are shown in Figure S11;
all spectra are characterized by the presence of three strong bands centered at 1603 cm−1,
1575 cm−1, and 1443 cm−1, respectively, which are attributable to the presence of pyridine
bonded to Lewis acidic sites [59]. On the other hand, the band attributable to pyridine
bonded as pyridinium ion to strong Brønsted acidic sites (1637 cm−1) is absent, and the
one of pyridine bonded to weak Bronsted sites (1558 cm−1) is extremely weak. Therefore,
it can be concluded that monoclinic zirconia possesses mainly Lewis acidity. Analogous
results are reported in the literature for tetragonal zirconia [53].

The DRIFTS spectra of pyridine desorption at increasing temperature, available in the
literature for Al/P/O [60], Zr/P/O [61], and La/P/O [62], show that, after thermal pre-
treatment, these materials mostly bind pyridine with their Lewis acidic sites, and Brønsted
sites, even if present, are a minority. The amount of Brønsted sites increase in the order
Al > Zr > La. A more detailed and extensive discussion about the characterization of cata-
lysts can be found in the ESI (Chapter S1). To sum up, the TPD characterization of metal ox-
ides 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 density of basic sites follows 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.

These trends in the acid/base properties of oxides and phosphates can be rationalized
to a certain extent considering the percentage of ionic character of the M-O bond involved,
which can be estimated from the difference in electronegativity (χ) between oxygen (χO)
and the metal (χM), according to the following equation:

Ionic Character % =
{

1 − e[−0.25·(χO−χM)2]
}
·100 (7)

Metal oxides are ordered three-dimensional arrays of O2− anions and Mn+ cations; the
former act as strong Lewis bases, while the latter act as Lewis acids. O2− anions share more
electron density with electronegative metal cations; therefore, the more electronegative
the metal cations are, the weaker the nucleophilic/basic character of O2− anions bound to
them will be.

The Si-O bond in SiO2 is characterized by a low ionic character (χSi = 1.9, ionic
character = 44.7%), and, therefore, O2− anions do not behave as Lewis bases. Moreover, Si4+

do not possess Lewis acidity, and this is why SiO2 displays only a weak Brønsted acidity.
On the other hand, the slightly amphoteric character displayed by Al2O3 depends on the
higher ionic character of Al-O bond (χAl = 1.61, ionic character = 56.7%) that makes its O2−

anions weakly basic and on the strong Lewis acidity of aluminum. The even higher basicity
displayed by ZrO2 and La2O3 can be explained as well by the increasing ionic character of
the Zr-O bond (χZr = 1.33, ionic character = 67.1%) and of the La-O bond (χLa = 1.1, ionic
character = 74.6%), and by the Lewis acidity displayed by these two elements.
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In metal phosphates, oxygens are present in the form of PO4
3− (a well-known weak

base) and share their electrons with the highly electronegative P5+ cations (χP = 2.19,
ionic character = 32.3%), which possess a Lewis acidity much stronger than Al3+. As a
result, the introduction of phosphorus totally suppresses the nucleophilicity/basicity of
oxygens in respect to metal oxides. On the other hand, acidity is enhanced because pending
PO4

3− tetrahedra saturate their excess negative charge with H+ ions, therefore the presence
of Brønsted acidic sites (P-OH) on metal phosphates surface should be expected. Moreover,
in metal phosphates, the same metal cation receives less electronic density from its counter
ion (the electron poor oxygens of PO4

3−) than in metal oxides (where counterions are
more electron rich O2− anions). For these reasons, the Lewis acidity of metal cations in
phosphates is likely to be larger than the one of the same metal cations in oxides.

3.2. Catalytic Tests
3.2.1. Catalyst Screening: Oxides and Phosphates

As a preliminary study, the effect of the time on stream on the short-term stability
(e.g., 6 h) was investigated using Al/P/O, the phosphate with the higher density of acidic
sites. Figure 1a shows the outcome of the ketonization of propionic acid (PA) to 3-pentanone
(3-P), carried out in the gas phase at 300 ◦C, with a feed molar percentage of PA in N2
equal to 6%, and a time factor (W/F, calculated by dividing the mass of the catalyst by the
total volumetric flow at reaction temperature) equal to 0.8 s·g/mL. Results of this test are
expressed in terms of conversion of propionic acid (X PA), products yield (Y), and molar
balance (YS/X = sum of yields divided by conversion).
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Figure 1. (a) Catalytic activity of Al/P/O for the ketonization of PA to 3-P as a function
of the time on stream. Reaction conditions: temperature = 300 ◦C, PA = 6 mol % in N2,
time factor = W/F = 0.8 s·g/mL. (b) Catalytic activity of Al/P/O for the ketonization of PA to 3-P as
a function of reaction temperature. Reaction conditions: temperature = variable, PA = 6 mol % in
N2, time factor = W/F = 0.8 s·g/mL. Symbols: propionic acid conversion (X PA, red), sum of yields
(YS, blue), 3-pentanone yield (Y 3-P, light blue); CO2 yield (Y CO2, gray); by-products sum of yields
(Y others, black).

In these conditions, 3-P and CO2 were the main products, and their yields (light blue
line and gray line in Figure 1a) correlated quite well. Al/P/O required about 3 h on stream
to reach a steady-state performance, which was maintained during the following 3 h.

Anyway, a similar delay in reaching a steady-state conversion of PA was observed
during a blank run (e.g., without catalyst) carried out in the same conditions (Figure S12);
therefore, a deactivation of Al/P/O during the first 3 h of reaction was ruled out.

A series of catalytic tests were then carried out in order to determine the optimal
reaction temperature for PA ketonization over Al/P/O. Figure 1b shows the results of this
temperature screening.
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Despite that PA conversion increased with the temperature and was almost complete
at 400 ◦C, the yield of 3-P reached a plateau at 375 ◦C already and did not exceed 65%
with a further increase of the reaction temperature. This trend was accompanied by a
progressive worsening of the molar balance, which dropped from 90% (300 ◦C) to 73%
(400 ◦C). On the other hand, the yield of CO2 was roughly equal to PA conversion in
all the temperature ranges investigated and correlated well with the yield of 3-P up to
350 ◦C. These results suggest that ketonization was the only reaction consuming PA in the
temperature range 300–350 ◦C. However, starting from 375 ◦C, the resulting 3-P underwent
consecutive reactions (e.g., aldol condensations, polymerizations, coking) that reduced its
yield and the molar balance, without affecting the yield in CO2. It is worth noticing that
the CO2 yield was calculated assuming that it forms only via ketonization (stoichiometric
factor ν = 2) and not via the direct decarboxylation of PA (ν = 1); therefore, if the direct
decarboxylation of PA had occurred extensively, the calculated yield of CO2 would have
exceeded PA conversion. Starting from these results, it was decided to carry out a catalytic
screening of the metal oxides and the metal phosphates at 350 ◦C, which was selected as
the optimal temperature to promote ketonization without compromising 3-P selectivity.

The results of this catalyst screening (T = 350 ◦C, W/F = 0.8 s·g/mL, PA/N2 = 6/94 mol %)
are reported as histograms in Figure 2a. However, since PA conversion was complete (with
similar yields of 3-P) over both m-ZrO2-PR and La2O3, it was necessary to carry out a
different test by charging less catalysts in the reactor, thus reducing the time factor W/F, to
avoid a complete conversion of PA that allows to determine which material was the most
active. The results of these tests (carried out in the same condition but reducing the W/F
from 0.8 to 0.2 s·g/mL) are reported in Figure 2b. The 3-P was the main product of the
reaction over all the catalytic systems investigated, and its yield correlated well with the
one of the CO2 co-produced during the process (Scheme 1).
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Figure 2. (a) Catalytic activity of metal oxides and phosphates for the ketonization of PA to 3-P.
Reaction conditions: temperature = 350 ◦C, PA = 6 mol % in N2, time factor = W/F = 0.8 s·g/mL.
(b) Catalytic activity of m-ZrO2-PR and La2O3 for the ketonization of PA to 3-P. Reaction conditions:
same as (a) but with time factor = W/F = 0.2 s·g/mL. Symbols: propionic acid conversion (X PA, red),
sum of yields (YS, blue), 3-pentanone yield (Y 3-P, light blue); CO2 yield (Y CO2, gray); by-products
sum of yields (Y Others, black). (c,d) Correlation between the desorbed NH3 (green) and CO2 (gray)
and the intrinsic rate of PA ketonization of metal oxides (c) and metal phosphates (d).
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The sum of the yields of unwanted by-products (ethylene, propionic anhydride (PAN),
and unknown compounds) were always very low (<3%) and represented a significant
fraction of the reaction mixture only in the case of La/P/O and SiO2 due to the low PA
conversion obtained over these two materials.

The order of activity of metal oxides (inferred from the intrinsic ketonization rates
listed in Table 2) was m-ZrO2-PR > La2O3 > Al2O3 > SiO2. This outcome matched quite well
the activity orders reported previously in the literature [33,34] and was correlated to the
surface acid-base properties of metal oxides (determined by means of CO2- and NH3-TPD),
as shown in Figure 2c.

Table 2. Catalytic activity of metal oxides and metal phosphates for the ketonization of PA to 3-P in
the reaction condition of Figure 2a.

Catalyst X PA S 3-P Reaction Rate [mmol3-P/(h m2)] 1 Productivity [h−1] 2

m-ZrO2-PR 93.8 * 92.4 * 0.27 * 0.82 *
La2O3 28.7 * 91.0 * 0.11 * 0.24 *

Al/P/O 51.8 85.9 0.0095 0.10
Zr/P/O 18.5 85.5 0.0086 0.036
Al2O3 42.9 90.8 0.0065 0.090

La/P/O 9.7 62.9 0.0019 0.014
SiO2 16.9 86.2 0.00072 0.036

1 Intrinsic reaction rates are calculated by dividing the molar flow of 3-P obtained in 1 h [mmol/h] by the mass
and by the SSA of the catalyst used. 2 Productivity is calculated by dividing the mass flow of 3-P obtained in 1 h
by the mass of catalyst used. * Values calculated in the same reaction condition of Figure 2b.

m-ZrO2-PR was the best catalyst because of its well-balanced amphoteric character; in
fact, it outperformed both Al2O3 and La2O3, although it possesses a lower density of acidic
sites in respect to the former and a lower density of basic sites in respect to the latter.

These results represent another strong evidence that the activation of PA via α-proton
abstraction, according to the mechanism discussed in Section 1 (see Scheme 2), occurs to a
faster rate over catalyst-possessing well-balanced Lewis acid-base pairs due to a cooperative
effect between basic and acidic sites.

On the other hand, the comparison between La2O3 and Al2O3 suggests that basicity
may play a more important role than Lewis acidity. Finally, SiO2, lacking both Lewis acidity
and basicity, was the least active catalyst among oxides.

The correlation between the intrinsic ketonization rates and the acid-base properties of
metal phosphates is shown in Figure 2d; in this case, the activity for ketonization increased
with an increase in catalyst acid sites density (e.g., La/P/O < Zr/P/O < Al/P/O).

As discussed in Section 3.1, one of the consequences of the presence of phosphorus in a
metal phosphate was that the basicity measured by CO2-TPD became negligible in respect
to the corresponding oxide. The intrinsic ketonization rates over Zr/P/O and La/P/O
were found to be lower than the ones of the corresponding oxides m-ZrO2-PR and La2O3 by
more than an order of magnitude, and it is reasonable to ascribe this result to their reduced
basicity. This outcome indicates that basicity plays a major role in determining the activity
of both m-ZrO2-PR and La2O3.

On the other hand, the same did not apply to the intrinsic rate of ketonization of
Al/P/O, which, surprisingly, was higher than the one of Al2O3 in spite of its lower basicity.
As mentioned earlier, Al3+ cations in Al/P/O are expected to be more electron-poor than
in Al2O3 and to possess, as a consequence, higher Lewis acidity. In fact, oxygen in PO4

3−

anions, being bonded to the highly electronegative P5+ cation, are less prone to delocalize
electronic density towards Al3+ in respect to the more electron-rich O2− anions of the
corresponding oxide. Since Al2O3 possesses strong Lewis acidity but weak basicity, one can
assume that acidity plays a major role with respect to basicity in determining its activity. If
that is true, the higher ketonization rate of Al/P/O with respect to Al2O3 can be explained
supposing that the positive effect of higher Lewis acidity overcomes the negative effect of
lower basicity.
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In conclusion, PA ketonization occurred over all the metal phosphates investigated,
demonstrating that the presence of basic sites (or more precisely oxygen atoms possessing
nucleophilicity/basicity) over catalyst surface, although generally leading to an enhanced
ketonization activity, is not absolutely mandatory for the activation of PA via α-proton
abstraction. The catalytic activity of metal phosphates was found to increase with increasing
acidity (most probably of the Lewis type), and the intrinsic ketonization rate of Al/P/O and
Zr/P/O was found to be higher than the one of Al2O3, which is a quite active ketonization
catalyst, even if not the best. On the other hand, even the most active and selective
metal phosphate (Al/P/O) did not perform as well as ZrO2 and La2O3. In fact, while
these two oxides yielded 3-P with >95% selectivity at complete PA conversion already
at 350 ◦C (W/F = 0.8 s·g/mL), Al/P/O converted only 52% of PA with a 3-P selectivity
of 87% in the same reaction conditions. Almost complete conversion over Al/P/O was
achieved at 400 ◦C, but in these conditions, the selectivity was as low as 65% due to the
occurrence of consecutive reactions that consumed 3-P (Figure 1b).

3.2.2. Zirconium Oxides Screening: Effect of the Synthetic Procedure and Polymorph

At the end of the catalyst screening shown in the previous Section, m-ZrO2-PR was
found to be by far the most active and selective catalyst for PA ketonization compared to
the oxides and phosphates of aluminum and lanthanum.

On the other hand, zirconium oxide is a versatile material, which may crystallize
also with a tetragonal crystal habit, and the sample of monoclinic zirconia used in the
screening (e.g., m-ZrO2-PR) possessed a relatively low SSA (36 m2/g), which may be
increased by changing the synthetic procedure. Therefore, two other zirconium oxides
were synthesized according to different synthetic procedures to obtain materials with
different crystal structure (i.e., tetragonal, t-ZrO2-PR, SSA: 123 m2/g) and/or enhanced SSA
(i.e., m-ZrO2-HT, SSA: 117 m2/g).

The catalytic activity in PA ketonization of these materials was investigated by
feeding an increased concentration of PA in the feed (30 mol % of PA in N2), with a
W/F = 0.1 s·g/mL at 350 ◦C, which are conditions close to those used for industrial opera-
tions during 3-P preparation. These catalytic tests were carried out for at least 10 h, and the
one with m-ZrO2-HT is shown as a function of the time on stream in ESI, Figure S13, by way
of example. Briefly, despite the high concentration of PA in feed, m-ZrO2-HT was stable
up to 10 h on stream, the molar balance was remarkably good (always higher than 90%),
and 3-P was obtained with ≈95% selectivity at ≈35% PA conversion; the behavior of the
other two catalysts (e.g., t-ZrO2-PR and m-ZrO2-HT) was similar in terms of stability and
selectivity towards 3-P, but PA conversions were lower.

The comparison between the results of the catalytic tests over t-ZrO2-PR, m-ZrO2-PR,
and m-ZrO2-HT (average values over 10 h) is reported in the histogram in Figure 3a. Both
m-ZrO2-PR and m-ZrO2-HT were found to be more active than t-ZrO2-PR, despite that the
latter was the material possessing the highest SSA; this fact indicates that the monoclinic
phase is more active for PA ketonization with respect to the tetragonal phase. Moreover,
XRD characterization carried out after the reaction showed that m-ZrO2-PR and m-ZrO2-HT
were stable under the reaction condition, while t-ZrO2-PR partially transformed into the
monoclinic phase (Figure S14).

The comparison between the activity of m-ZrO2 and t-ZrO2 has been reported by
Foraita et al. [63], which, in agreement with our results, claimed that m-ZrO2 is more
active than t-ZrO2 because of its superior adsorption capacity for PA and because it forms
oxygen vacancies more easily. Moreover, given that ketonization occurs to a faster rate over
well-balanced Lewis acid-base pairs, m-ZrO2 is expected to be more active than t-ZrO2
because of CO2- and NH3-TPD characterization, as shown in Section 3.1 (see Table 1).

Figure 3b shows the results of PA ketonization over m-ZrO2-HT as a function of time
on stream, obtained by feeding 20 mol % PA with W/F = 0.1 s·g/mL and at 400 ◦C. These
reaction conditions were found to be the optimal compromise between the different needs
of an industrial process: (i) a complete conversion of PA is required to minimize reactant
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recycle; (ii) an excellent selectivity towards 3-P is highly desired to reduce separation and
purification costs; (iii) a relatively high concentration of PA in the feed and a contact time
as low as possible to increase productivity.
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Complete PA conversion and selectivity towards 3-P > 95% were maintained for
roughly 11 h, then PA conversion slowly decreased, reaching ≈ 80% after 21 h on stream.
Therefore, it should be noted that m-ZrO2-HT lacks the long-term stability required by
industrial operations.

This outcome is not surprising because it is a known fact that alkaline metal doping is
required to prolong the lifetime of the ZrO2 catalyst in continuous reactors [64], and such
doping usually results in a further increase of activity and selectivity [65]. Such a kind
of treatment to enhance m-ZrO2-HT long term stability and activity will be investigated
in the future.

The opportunity to regenerate m-ZrO2-HT in situ was investigated after 21 h of reaction
by interrupting the flow of reactant and by feeding air for 3 h at 450 ◦C.

As a result of this treatment, m-ZrO2-HT recovered the same activity and selectivity
it had at the beginning of the reaction. The results of the catalytic test in Figure 3b (X PA,
Y 3-P, and productivity expressed both in terms of mass and in terms of volume) as well
as the main reaction conditions (contact time τ, time factor W/F, reaction temperature,
and % of PA in the feed) are listed in detail in Table 3 and are compared to the ones of
all the catalytic materials reported in the literature, for which we were able to calculate
the productivity.

Table 3. Comparison between m-ZrO2-HT-f (=fresh), m-ZrO2-HT-r (=regenerated), and other catalytic
systems reported in patents and academic literature. Symbols: τ = contact time, W/F = time factor,
T = reaction temperature, % PA feed = mol % of propionic acid in the feed, X PA = conversion of
propionic acid, Y 3-P = yield of 3-pentanone, PM = mass productivity, PV = volume productivity.

Catalyst τ

[s] 1
W/F

[s·g/mL] 2 T [◦C] % PA
Feed X PA Y

3-P
PM

[h−1] 3
PV

[h−1] 4 Ref.

m-ZrO2-HT-f
0.07 0.1 400 20

99 98 5.6 9.6
this workm-ZrO2-HT-r 96 93 5.4 9.2

MnO2/Al2O3 4 /
370

85
99 98

/
0.75

[37]ZrO2 350 99 98 0.75
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Table 3. Cont.

Catalyst τ

[s] 1
W/F

[s·g/mL] 2 T [◦C] % PA
Feed X PA Y

3-P
PM

[h−1] 3
PV

[h−1] 4 Ref.

TiO2 7 / 360 60 100 99 0.31 [35]

ZrO2 3.6 3.6 425 68 94.6 90.1 0.47 0.58 [36]

Zr/Ce/Mn/O
/ / 350 / / /

1.91
/ [42]Zr/Ce/O 1.41

MnO2
/ 350 35

71.2 68.6 2.68
/ [24]CeO2 0.29 51 47.8 1.87

Mn/Ce/O 92.8 91 3.55

CeO2/Al2O3

0.32 / 450 10

100 95

/

0.98

[34]
MnO2/Al2O3 100 96 0.97
La2O3/Al2O3 100 95 0.96
ZrO2/Al2O3 100 95 0.96

ZnxMnyCr(3−x−y)O4 17.4 / 350 33 99.8 93.1 / 0.066 [45]

Mg3Al0.9Ce0.1Ox / 0.3 350 34 91 89 3.11 / [46]

Ce0.8Fe0.2O2−δ / 0.3 350 34 88 88 3.02 / [44]

Mn/Ce/O / 0.91 410 83 80 78.4 1.81 / [43]
1 Contact time (τ) is calculated by dividing the volume of catalyst [mL] by the total incoming volumetric flow
[mL/s]. 2 Time factor (W/F = s·g/mL) is calculated by dividing the mass of catalyst [g] by the total incoming
volumetric flow [mL/s]. 3 PM (weight productivity) was calculated by dividing the mass flow of 3-P [g/h] by
the volume of catalyst used [g]. 4 PV (volume productivity) was calculated by dividing the volumetric flow of
3-P [mL/h] by the volume of catalyst used [mL].

To the best of our knowledge, the productivities of 3-P achieved with our m-ZrO2-HT
catalyst are the highest reported (5.6 h−1).

4. Conclusions

For the first time, PA ketonization was investigated in the gas phase over metal
phosphates of Al, Zr, and La, and their activity were compared to the one shown by related
oxides. These materials possess a wide range of different acid-based features, and the
correlation between their activity and their physicochemical properties (characterized
by means of XRD, XRF, BET N2 porosimetry, and CO2- and NH3-TPD) allowed us to
draw a structure–activity relationship and substantially confirm the previous claims of
other authors about the superior activity of catalysts possessing well-balanced Lewis
acid-base pairs.

In fact, the experimental order of activity inferred from intrinsic ketonization rate was
ZrO2 > La2O3 > Al/P/O > Zr/P/O > Al2O3 > La/P/O > SiO2, and ketonization occurred
at a faster rate over the catalyst possessing well-balanced acidic and basic sites (ZrO2). The
DRIFTS characterization of pyridine adsorbed on m-ZrO2-HT carried out in this study,
together with the literature cited, strongly suggested that the most active sites are Lewis
acid-base pairs, such as coordinatively unsaturated cations neighboring oxygen vacancies.
For non-amphoteric materials, basic sites (La2O3) were more active than acidic sites (Al2O3)
in promoting ketonization. SiO2 was the least active catalyst due to its lack of Lewis acidity
and basicity.

On the other hand, despite the absence of basic sites, metal phosphates showed a
peculiar catalytic activity, which increased with the increasing of acid sites density. In par-
ticular, Al/P/O and was found to be more active than γ-Al2O3. The results obtained over
metal phosphates indicated that the absence of basic sites was not essential for ketonization
to occur.

The best catalyst, zirconium oxide, was further investigated to evaluate the effect of
different polymorphs (e.g., tetragonal and monoclinic) and higher surface areas. It was
found that both m-ZrO2-PR (36 m2/g) and m-ZrO2-HT (117 m2/g) were more active than
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t-ZrO2-PR (123 m2/g); therefore, it was concluded that the monoclinic phase is intrinsically
more active than the tetragonal, as suggested by the TPD characterization. Moreover, the
tetragonal phase showed an intrinsic instability, partially transforming into the monoclinic
phase during the reaction.

The higher activity and basicity of m-ZrO2-HT in respect to m-ZrO2-PR was likely to
be related to the presence of a higher number of surface defects on the former material, as
suggested by the coordination number of the surficial ions and its higher SSA.

The most active zirconium oxide catalyst (m-ZrO2-HT) was investigated for PA ke-
tonization in industrially relevant conditions (W/F = 0.1 s·g/mL, 400 ◦C, and feeding
20 mol % PA in N2).

Despite that PA complete conversion and 3-P selectivity >95% were achieved, this
catalyst was not capable of maintaining these performances for more than 11 h, and its
activity decreased significantly after 21 h of reaction. However, after regeneration in situ
with air at 450 ◦C for 3 h, the catalyst recovered most of its initial activity and selectivity. The
calculated values of productivity for m-ZrO2-HT in these optimized conditions (superior
to all the other reported previously in the literature) and the possibility to regenerate the
catalyst with a minimum loss in activity and selectivity, make this material a promising
candidate for the preliminary upgrading of bio-oils by means of ketonization, although
further development will be needed to improve its long-term stability.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/suschem3010005/s1, Chapter S1: Detailed characterization of the catalytic materials; Figure S1:
gas-phase rig and analytical systems used to carry out experiments; Figures S2–S10: catalytic ma-
terial XRD patterns and NH3- and CO2-TPD profiles; Figure S11: DRIFTS spectra of pyridine
adsorbed at various temperature over m-ZrO2-HT; Figure S12: Blank run as a function of time on
stream; Figure S13: Catalytic activity of m-ZrO2-HT for the ketonization of PA to 3-P as a func-
tion of the time on stream. Reaction conditions: temperature = 350 ◦C, PA = 30 mol % in N2,
time factor = W/F = 0.1 s·g/mL; Figure S14: Powder XRD pattern of t-ZrO2-PR before and after
the reaction. References [66–78] are cited in the supplementary materia.
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