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Crude pyrolysis bio-oil contains significant quantities of carboxylic acids which limit its utility as a biofuel. Vapour phase
ketonisation of organic acids contained within biomass fast-pyrolysis vapours offers a potential pre-treatment to improve
the stability and energy content of resulting bio-oils formed upon condensation. Zirconia is a promising catalyst for such
reactions, however little is known regarding the impact of thermal processing on the physicochemical properties of
zirconia in the context of their corresponding reactivity for the vapour phase ketonisation of acetic acid. Here we show
that calcination progressively transforms amorphous Zr(OH)4 into small tetragonal ZrO2 crystallites at 400 °C, and
subsequently larger monoclinic crystallites >600 °C. These phase transitions are accompanied by an increase in the density
of Lewis acid sites, and concomitant decrease in their acid strength, attributed to surface dehydroxylation and anion
vacancy formation. Weak Lewis acid sites (and/or resulting acid-base pairs) are identified as the active species responsible
for acetic acid ketonisation to acetone at 350 °C and 400 °C, with stronger Lewis acid sites favouring competing unselective
reactions and carbon laydown. Acetone selectivity is independent of acid strength.
13

Introduction
Concerns over energy security and demand, and the
parallel impact of CO2 emissions from fossil fuels on global
warming are driving a quest to find sustainable low carbon
energy sources.1, 2 Waste lignocellulosic (non-edible) biomass
is the only sustainable hydrocarbon source that can provide an
immediate environmentally-benign replacement for nonrenewable liquid transportation fuels.2 However, such
biomass-derived fuels are currently incompatible with existing
distribution infrastructure and vehicle engines, and require
catalytic upgrading to improve their physicochemical
properties prior to implementation.3, 4
Bio-oil production by fast pyrolysis5, 6, hydrothermal
liquefaction,7, 8 or gasification9 and subsequent Fischer–
Tropsch synthesis,10,11 are the main thermochemical
technologies to convert lignocellulosic biomass into liquid
hydrocarbons. Fast pyrolysis bio-oils are complex mixtures of
oxygenated compounds comprising phenolics, furanics,
carboxylic acids and other small oxygenates, the composition
of which depends on biomass source and processing
conditions.6, 12, 13 The high oxygen content of crude bio-oil
results in a heating value half that of petroleum-derived fuels,
while the presence of carboxylic acids and small reactive
oxygenates (e.g. unsaturated aldehydes) renders the oils

3

corrosive (pH 2-3) and chemically unstable. Crude bio-oils
must therefore be upgraded to remove corrosive components
and stabilise them prior to any final hydrodeoxygenation step
to enhance their calorific value.
14-16
Ketonisation,
involving the condensation of two acid
molecules to form a ketone, CO2 and H2O (Scheme 1), and
17-19
esterification
involving the reaction of carboxylic acids with
alcohols (already present or from external addition), are
promising routes to lower the acidity of crude bio-oil.
Ketonisation is advantageous since it can be conducted in the
vapor phase without additional reactants, thereby enabling a
catalyst bed close-coupled to the fast pyrolysis unit to remove
acids from pyrolysis vapour prior to condensation as a bio16, 20
oil.
In addition to reducing acidity, ketonisation also results
in bio-oil deoxygenation and concomitant hydrocarbon chain
21
growth.

Scheme 1. Acetic acid ketonisation.

Ketonisation is an established reaction in organic
synthesis,20, 22 which can take place over various polycrystalline
oxides including alkali earth metal oxides (e.g. MgO, BaO23, 24),
transition metal oxides (e.g. CeO225, 26, MnO216, 27, 28, TiO229, 30,
Fe3O414, 16, 31 and ZrO232, 33), and actinide oxides (e.g. ThO234).
Mixed oxides of Ni, Co and Cu23 and layered double hydroxides
of Zn/Al and Mg/Al have also been explored for carboxylic acid
ketonisation.35, 36 Promising results have been reported for
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ZrO2, TiO2, and CeO2,
reflecting the presence of cationic
20
and anionic vacancies. ZrO2 catalysed ketonisation may be
+
+
promoted by alkali metal ion (such as K or Na ) to tune their
40
acid/base properties.
Ketonisation proceeds via two distinct pathways depending
on the lattice energy of the metal oxide, with low lattice
energy (strong bases) forming stable carboxylates that
41
thermally decompose at elevated temperature (>420 °C) to
yield ketones, whereas high lattice energy oxides enable a
20
lower temperature surface catalysed route.
Despite
extensive research, mechanistic aspects of heterogeneously
20
catalysed ketonisation are still a matter of debate.
42
Mechanisms based on Eley-Rideal
and Langmuir23, 43
Hinshelwood models
have both been proposed, with the
44
latter more widely accepted. Ketonisation requires that one
acid molecule possesses an α-H-atom relative to the -COOH
group, with subsequent enolate formation occurring through
either α-H abstraction, or α-H migration via keto-enol
tautomerization. The resulting enolate is proposed to attack a
second Lewis acid coordinated, monodentate acetate species
to form a β-keto acid intermediate, which in turn decomposes
14, 45
via CO2 and H2O elimination to yield the ketone product.
Zirconia is an attractive metal oxide for acetic acid
ketonisation, owing to its corrosion resistance, amphoteric
properties, and ability to stabilise undercoordinated cations
40, 46
necessary for carboxylic acid coordination.
The phase and
surface termination of zirconia may also be readily tuned to
optimise its corresponding surface chemistry and catalytic
activity/selectivity. Recent studies suggest that ketonisation
proceeds over zirconia via carboxylic acid adsorption in a
monodentate conformation at coordinatively unsaturated Zr-O
2pairs, with mildly basic O sites promoting α-H abstraction and
enolate formation. Enolates subsequently couple with acetic
4+
20,
acid molecularly chemisorbed at an adjacent Zr Lewis site.
47
Monoclinic ZrO2 exhibits a higher turnover rate (normalised
per acid-base pair) compared to the tetragonal phase,
45
attributed to its enhanced basicity. However, the monoclinic
phase undergoes rapid deactivation, possibly due to facile
deprotonation of carboxylic acids and the attendant formation
47
of inert bidentate carboxylates at Zr-O-Zr sites. Although
2mechanistic studies suggest that the higher basicity of O in
monoclinic zirconia should promote the critical α-H cleavage,
such strong basic sites are also more likely to deactivate onstream under mild reaction conditions (<400 °C) due to
48
adsorption of reactively-formed CO2. Despite these reports,
the relationship between Lewis acidity and ketonisation
activity and selectivity over different ZrO2 polymorphs remains
poorly established.
Herein we report on the relationship between the surface
chemistry of tetragonal and monoclinic zirconia, notably acid
strength and site density, and reactivity for the continuous
vapour phase ketonisation of acetic acid to acetone.

Experimental
Catalyst preparation

Zirconium hydroxide Zr(OH)4 (MEL Chemicals XZO880/01)
was calcined in static air at temperatures between 300-800 °C
for 4 h, with the resulting materials named ZrO2(x), where x is
the calcination temperature.
Catalyst characterisation
Phase identification was evaluated by wide angle XRD using
a Bruker D8 Advance diffractometer and Cu Kα radiation
between range 2θ = 10-80 ° with a step size of 0.04 °. The ratio
between tetragonal and monoclinic phases was calculated
from their principal reflections at 2θ=50.3 ° and 28.3 °
respectively, with crystallite sizes determined by Scherrer
analysis of the same reflections.
Surface areas, pore size distributions and mesopore
volumes were determined by N2 porosimetry using a
Quantasorb Nova 4000e porosimeter using Quantachrome
Novawin 11.0 software. Samples were outgassed in vacuo at
120 °C for 2 h prior to analysis, with specific surface areas
calculated by applying the Brunauer–Emmet–Teller (BET)
model over the range P/P0 = 0.05-0.30 of the isotherm. Pore
size distributions and mesopore volumes were calculated by
applying the Barrett–Joyner–Halenda (BJH) model to the
desorption branch of the isotherm.
XPS measurements were carried out using a Kratos Axis HSi
photoelectron spectrometer equipped with a charge
neutraliser and a Mg Kα X-ray source (hν = 1253.6 eV). Spectra
were recorded using an analyser pass energy of 20 eV and Xray power of 225 W at a normal emission. Valence band
spectra were recorded on a Kratos Supra employing a
monchromated Al Kα X-ray source (hν = 1486.7 eV). Spectral
fitting was performed using CasaXPS version 2.3.14, with
binding energies corrected to the C 1s peak at 284.6 eV, and
high-resolution C 1s, O 1s and Zr 3d XP spectra fitted using a
common Gaussian/Lorentzian line shape. Spectra were Shirley
background-subtracted and surface compositions quantified
by application of element and instrument specific response
factors. Errors in surface composition were estimated by
varying the background subtraction procedure across
reasonable limits and re-calculating fits.
The carbon content of spent catalysts was measured using
a Thermo Scientific Flash 2000 organic elemental analyser
calibrated to sulfanilamide, fitted with a Cu/CuO CHNS quartz
tube and a TCD. Samples were prepared by adding ~10 mg
catalyst and ~2 mg V2O5 to tin crucibles.
Acid site loadings and strength were determined via npropylamine (Sigma Aldrich, ≥99 %) temperature programmed
reaction using a Mettler Toledo TGA/DSC 2 STARe system
connected to a Pfeiffer Vacuum ThermoStar GSD 301 T3
Benchtop Mass Spectrometer (MS). Propylamine adsorption
was performed by dosing liquid n-propylamine onto preweighed samples (1 ml/20 mg) in the TGA crucible cell. Excess
physisorbed propylamine was removed by drying in a vacuum
oven at 30 °C prior to sample loading in the TGA. Samples were
heated in the TGA furnace from 40 °C to 800 °C at a ramp rate
-1
-1
of 10 °C.min under flowing N2 (40 ml.min ), with evolved
gases analysed by MS to monitor the appearance of reactively
formed propene over the acid sites.
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DRIFT measurements of pyridine adsorption were carried
out by impregnation of the diluted samples (10 wt% in KBr)
with neat pyridine. Excess physisorbed pyridine was removed
in a vacuum oven at 30 °C overnight prior to sample loading in
the environmental cell. DRIFT spectra of the pyridine-saturated
samples were recorded at room temperature under vacuum
using a Nicolet Avatar 370 MCT with Smart Collector accessory,
mid/near infrared source and a mercury cadmium telluride
(MCT-A) photon detector at -196 °C.

Published on 18 January 2018. Downloaded by Aston University on 19/01/2018 11:19:27.

Catalytic ketonisation

Ketonisation of acetic acid was performed in a continuous
flow packed-bed reactor with online GC analysis. The reactor
comprised a 1 cm o.d. quartz tube, within which the catalyst
bed was placed centrally and retained by quartz wool plugs. A
constant catalyst bed volume of 4 cm3 was used in all
experiments, comprised of 200 mg of catalyst diluted with
fused silica granules. The reactor tube was positioned in a
temperature-programmable furnace with a thermocouple
placed in contact with the catalyst bed. Acetic acid (SigmaAldrich, ACS reagent, ≥ 99.7 %) was fed in a down-flow fashion
into the reactor using an Agilent 1260 Infinity Isocratic Pump
and N2 as the carrier gas (50 ml.min-1). All reactor lines were
heated to 130 °C to prevent condensation, and a 1 cm
diameter metal tube packed with fused silica granules was
used to ensure acetic acid vaporisation before the reactor. For
product stream analysis, a Varian 3800 GC with a heated gassampling valve, equipped with a BR-Q PLOT column (30 m x
0.53 mm i.d.), was employed. Acetone and acetic acid were
detected by flame ionisation detector (FID). The online GC was
calibrated for acetic acid and acetone by injecting 50 µl of
standard solutions through a switching valve. Each injection
was repeated 10 times and an average peak area taken.
Acetic acid conversion, and acetone yield and selectivity,
were calculated according to Equations 1-3.


 



 100

Equation 1

 100

Equation 2

The phase composition of calcined Zr(OH)4 was first
monitored by XRD. No crystalline phases were observed for
calcination temperatures <300 °C (Figure 1), suggesting the
presence of either amorphous zirconia or crystallites <2 nm.
However, calcination at 400 °C resulted in weak reflections at
2θ=24.2 °, 28.3 °, 31.5 °, 34.3 °, 35.5 °, 40.9 °, 49.4 °, 50.2 °,
60.2 °, and 62.9 °, characteristic of the monoclinic phase (mZrO2), and at 2θ=30.5 °, 35.2 °, 50.3 °, and 60 ° characteristic of
50
the tetragonal phase (t-ZrO2).
Higher calcination
temperatures favoured m-ZrO2. Volume-averaged crystallite
sizes revealed t-ZrO2 crystallites present ≤600 °C of 9-10 nm
diameter, whereas m-ZrO2 crystallites grew from 14.5 to 48
nm upon calcination between 400 °C and 800 °C (Table 1).
These temperature-dependent phase changes are consistent
with previous reports,ref and a consequence of the balance
between the lower surface energy of t-ZrO2, and higher
thermodynamic stability of bulk m-ZrO2.51 For low calcination
temperatures, the surface energy contribution dominates due
to the small crystallite size (9 nm), which favours the
tetragonal phase, whereas following higher temperature
treatment the bulk lattice energy of the larger crystallites
present favours the monoclinic phase; crystallite sintering
promotes a phase transition from t-ZrO2→m-ZrO2.







 



!"!#$%&%$'  () &!*+%)
,--

Equation 3

where .#/0 is the initial moles of acetic acid, .#/0 is the
final moles acetic acid and .#!$) ! represents the moles of
produced as acetone.
Acetone was the main product observed over all catalysts
at both 350 and 400 °C. The primary by-product was identified
by GC-MS (Figure S1) as a secondary reaction product of
acetone, 1 2-propanediol 2-acetate.
Other commonly
observed products such as isobutene, acetaldehyde or CH4 (as
49
a primary product of acetic acid decarboxylation) were
detected in trace amounts (< 1 %). Blank reactions showed no
acetic acid conversion without a zirconia catalyst.

Results and Discussion

Figure 1. XRD patterns of Zr(OH)4 as a function of calcination temperature.

Porosimetry (Figure S2a) reveals all ZrO2 samples exhibited
type IV isotherms, characteristic of mesoporous materials,
attributed to the presence of interparticle voids formed during
zirconia precipitation.50 BET surface areas decreased
significantly with increasing calcination temperature,
consistent with ZrO2 sintering into the large monoclinic
crystallites observed by XRD (Table 1). BJH pore size
distributions (Figure S2b) showed a concomitant increase in
the size of interparticle voids.

Catalyst characterisation
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(a)
O 1s XP intensity

Surface analysis (Table 1 and Table S1) revealed a decrease
in the surface O:Zr atomic ratio from 2.3 to 1.6 with increasing
calcination temperature, ascribed to surface dehydroxylation
and the creation of anion vacancies; such vacancies are
essential to impart Lewis acid character to ZrO2 and proposed
15, 44, 45, 52
to play a crucial role in carboxylic acid ketonisation.
High-resolution O 1s spectra (Figure 2a), evidence two surface
species with binding energies of 529.5 and 531.5 eV for the
ZrO2 (300), characteristic of ZrO2 and Zr-OH respectively.
Calcination increase the ratio of surface oxide:hydroxyl,
consistent with surface dehydroxylation at high temperature
53-55
(Figure S3).
The Zr 3d spin-orbit split doublet also
evidenced two distinct chemical environments at 181.8 and
182.3 eV for the Zr 5d5/2 component (Figure 2b), attributed to
4+
Zr species in ZrO2 and Zr-OH respectively, whose relative
intensity increased from 0.8→2 on calcining from 300→400
°C, but was unchanged at higher temperature (again consistent
with dehydroxylation). The ratio of O 1s and Zr 3d oxide
components was independent of calcination temperature
(Table S1), in accordance with the non-reducible character of
56
large zirconia crystallites. Surface dehydroxylation following
calcination is also apparent from DRIFTS (Figure S4), wherein
-1
the 3000-3800 cm bands associated with surface hydroxyls is
partially attenuated >300 °C.
Valence band XP spectra (Figure S5) also evidence a phase
transition from amorphous Zr(OH)4 to crystalline m-ZrO2 after
800°C calcination, apparent as a 0.4 eV increase in the valence
band energy maximum. The ZrO2 valence band is comprised of
hybridised O 2p and Zr 4d states, and its position and width
depends on the symmetry and associated crystal field splitting
57
of the oxide. The increase in valence band energy maximum
is characteristic of oxygen vacancy formation coincident with
m-ZrO2 high temperature crystallisation and oxygen vacancy
58, 59
segregation to grain boundaries,
which open up indirectband transitions. The generation of such vacancies and
accompanying Lewis acid sites is expected to facilitate the
20, 44, 60
adsorption of acetate anions.
The nature of acid sites was subsequently probed as a
function of calcination temperature by pyridine DRIFTS. Figure
S6 shows the resulting DRIFT spectra of all samples exhibit
−1
bands at 1445, 1490, and 1605 cm attributed to pyridine
50
bound to Lewis acid sites. No bands were observed at 1540
-1
-1
cm or 1638 cm , confirming the absence of any Brønsted

ZrO2(800)

ZrO2(600)

ZrO2(400)

ZrO2(300)
538

533

528

523

Binding energy / eV

(b)
Zr 3d XP intensity
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Figure 2. a) O 1s and b) Zr 3d spectra of Zr(OH)4 as a function of calcination
temperature
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and 400 °C increased monotonically with calcination
temperature up to 800 °C (Figure 4). The ratio of weak:strong
acid site densities from propylamine TPD mirrors the trend in
reactivity, demonstrating that ketonisation is structuresensitive, and occurs preferentially over weak acid sites (or
4+
245
unsaturated Zr -O acid-base pairs) present in m-ZrO2.
Increasing the reaction temperature from 350 °C to 400 °C
only resulted in a small TOF enhancement, in agreement with
68
previous reports. Lifetime studies at 400 °C evidenced limited
deactivation (<20 %) over 8.5 h on-stream in all cases (Figure
S8). Deactivation may occur through site-blocking by strongly
47
bound bidentate acetate species and/or coke formation.
Element analysis confirmed the presence of significant carbon
post-reaction, whose content was inversely proportional to
calcination temperature (falling from 8 to 1 wt% for ZrO2(300)
and ZrO2(800) respectively), suggesting that strong acid sites
present at the surface of t-ZrO2 were responsible for
unselective oligomerisation reactions. Although all catalysts
exhibited similar decreases in their absolute conversion over
the course of extended reaction, their relative deactivation
was proportional to their carbon content post-reaction (Figure
S9), confirming carbon deposition as responsible for
deactivation. Powder XRD provided no evidence of sintering
during ketonisation (Figure S10).

160

1

ZrO₂(300)

41 amu desorption signal
200

350 °C
400 °C

ZrO₂(400)
ZrO₂(600)

TOF / min-1

ZrO₂(800)

0.8

120
0.6
80
0.4
40
0.2

300 400 500 600 700
Desorption temperature / °C

Figure 3. Reactively-formed propene TPD from propylamine chemisorbed over Zr(OH)4
as a function of calcination temperature (normalised to surface area).

In summary, the phase transition from t- to m-ZrO2 that
accompanies high temperature calcination of zirconia is
accompanied by surface dehydroxylation, anion vacancy
61, 65, 66 67
formation, and the appearance of weak acid sites,
Acetic acid ketonisation
Vapour phase acetic acid ketonisation was subsequently
investigated over calcined Zr(OH)4 in a fixed-bed continuous
flow reactor. Turnover frequencies (TOFs) normalised per acid
site determined at iso-conversion for reactions at both 350 °C

0

0
300

400

600

Weak:strong acid site densities ()
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61

acidity. Corresponding TPD profiles of reactively-formed
propene (arising from propylamine decomposition) shown in
Figure 3 show the acid strength evolves with calcination
temperature. ZrO2(300) exhibited a single propene desorption
~368 °C, associated with strong acid sites, most likely
62
originating from high-index facets or defects.
Higher
temperature calcination resulted in the emergence of a second
desorption peak at 500 °C, indicative of weaker Lewis acid
sites. Acid site loadings and corresponding densities are shown
in Table 1, and reveal that calcination increases the total acid
site density (due to vacancy formation) from 2.5→4.0 µmol.m
2
, associated with the emergence of weak acid sites (Figure
S7). The presence of weak and strong acid sites on ZrO2 has
previously been suggested by NH3-TPD, which shows only a
63
poorly resolved doublet desorption peak, and also by using
61
potentiometric titration. While the strength of the weak acid
sites remains unchanged with calcination temperature, the
stronger acid sites are observed to weaken with progressive
recrystallization of ZrO2, evidenced by an increase in the
desorption temperature of reactively-formed propene. We
4+
postulate that this weakening may reflect coupling of Zr
24+
264
Lewis acid sites to basic O as Zr -O defect pairs. This
hypothesis is supported by CO2 titration (Table S2) which
reveals that calcination also increases the base site density.

800

Calcination temperature / °C
Figure 4. Correlation between TOFs (normalised per acid site) for acetic acid
ketonisation at 50 % iso-conversion and weak:strong acid site densities for
Zr(OH)4 as a function of calcination temperature. Reaction conditions: 200 mg
catalyst, 0.1-0.4 ml.min-1 acetic acid, 50 ml.min-1 N2, and ambient pressure.

Acetone selectivity was only weakly-dependent on reaction
temperature at ~32 % of the maximum theoretical value
(Figure S11), however its production was directly proportional
to the weak acid site density as shown in Figure 5 at both
reaction temperatures. The principal by-product from GC-MS
was 1 2-propanediol 2-acetate (Figure S1), with only trace
isobutene detected.
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Figure 5. Acetone productivity from acetic acid ketonisation at 50 % ico-conversion for
Zr(OH)4 as a function of weak acid site density (calcination temperature). Reaction
conditions: 200 mg catalyst, 0.1-0.4 ml.min -1 acetic acid, 50 ml.min-1 N2, and ambient
pressure.

Our observation that weak Lewis acid sites and/or related
acid-base pairs are the active species responsible for acetic
acid ketonisation to acetone in the vapour phase is consistent
69-72
47
with previous experimental
and computational studies.
DFT calculations indicate that acetic acid may adopt several
adsorption modes over zirconia shown in Scheme 2: molecular
acetic acid (I); monodentate acetate (II); or as bridging,
47
bidentate acetate (III).
Recent reports suggest that
ketonisation preferentially proceeds via a reaction between
molecular (I) and monodentate (II) species, bound at adjacent
acid-base pairs. The development of high performance
ketonisation catalysts therefore requires new synthetic routes
to prepare (and stabilise) high area m-ZrO2 nanoparticles,
possessing higher densities of weak Lewis acid sites to enhance
selectivity to acetone at lower reaction temperatures.

Scheme 2. Surface species formed upon adsorption of acetic acid on ZrO2.

Conclusions
The evolution of structural and acidic properties of zirconia
nanocatalysts was therefore investigated as a function of
calcination temperature to elucidate underlying structurereactivity relations in acetic acid ketonisation. Powder XRD
evidenced that calcination of amorphous Zr(OH)4 resulted in
the crystallisation of small (~9 nm) t-ZrO2 particles at 400 °C,
and a subsequent phase transition to larger (15-48 nm)

monoclinic crystallites >600 °C, whose size increases with
temperature. Pyridine titration showed that all zirconias were
pure Lewis acids, however propylamine temperatureprogrammed desorption revealed that zirconia restructuring
was accompanied by an increase in the surface density of
Lewis acid sites, and concomitant decrease in their acid
strength. The emergence of new, weak Lewis acid sites >300 °C
correlates with surface dehydroxylation and anion vacancy
formation observed by photoelectron spectroscopy. Turnover
frequencies for vapour phase acetic acid ketonisation at 350 °C
and 400 °C mirror the evolution of surface acidity, with
acetone productivity directly proportional to the surface
density of weak Lewis acid sites; the latter (or their resulting
acid-base pairs) are therefore identified as the active catalytic
species for ketonisation. Strong Lewis acid sites favour
competing unselective reactions and carbon laydown,
although <20 % deactivation was observed for 8.5 h on-stream
in all cases, evidencing good stability for all calcined zirconias.
Acetic acid ketonisation thus offers an attractive route to
upgrade biomass-derived fast pyrolysis vapours through closecoupling of zirconia catalysts possessing high densities of weak
Lewis acid sites and/or related acid-base pairs to the hot outlet
of a pyrolysis reactor.
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