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Crystal Phase Effects on the Gas-Phase Ketonization of
Small Carboxylic Acids over TiO2 Catalysts
Egor V. Fufachev,[a] Bert M. Weckhuysen,[a] and Pieter C. A. Bruijnincx*[a, b]

The choice of TiO2 crystal phase (i. e., anatase, rutile, or brookite)
greatly influences catalyst performance in the gas-phase
ketonization of small volatile fatty acids, such as acetic acid and
propionic acid. Rutile TiO2 was found to perform best,
combining superior activity, as exemplified by an exceptional
reaction rate of 141.8 mmolh� 1gcat

� 1 (at 425 °C and 24 h� 1) with
excellent ketone selectivity when propionic acid was used.
Brookite, to the best of our knowledge never reported before as
a viable ketonization catalyst, was found to outperform the
well-studied anatase phase, but not rutile. Operando Fourier-
transform IR spectroscopy measurements combined with on-

line mass spectrometry showed that bidentate carboxylates
were the most abundant surface species on the rutile and
brookite surfaces, while on anatase both monodentate and
bidentate carboxylates co-existed. The bidendate carboxylates
were thought to be precursors to the active ketonization
species, likely monodentate intermediates more prone to C� C
coupling. Ketonization activity did not directly correlate with
acidity; the observed, strong crystal phase effect did suggest
that ketonization activity is influenced strongly by geometrical
factors that determine the ease of formation of the relevant
surface intermediates.

Introduction

The ketonization reaction couples two carboxylic acids into a
ketone, carbon dioxide, and water. This reaction has received
much interest recently as an important means for the
production of transportation fuels and chemicals from biobased
feedstock, such as bio-oils[1] or, from other circular feedstock,
such as fermented wastewater streams.[2,3] Indeed, the ketone
products are versatile precursor molecules that can be further
upgraded to various value-added products, for example, to fuel
components, lubricants,[4–6] or alkylated aromatics.[7,8] Ampho-
teric metal oxides, such as TiO2,

[9–13] ZrO2,
[13,14] CeO2,

[15–18] or
CexZr(1-x)O2,

[19,20] have been heavily studied for this process as a
result of their high ketonization activity and selectivity. The
mechanism of the reaction is still a matter of debate,
however.[21–23]

It is generally accepted that the ketonization reaction
requires a pair of adjacent coordinatively unsaturated metal
cations together with metal cation/oxygen anion pairs.
Brønsted basic sites are necessary for the α-H abstraction and
carboxylic acid coordination, while Lewis acid sites are also

responsible for carboxylate stabilization and activation of the
second carboxylic acid.[21] Surface defects, such as oxygen
vacancies and/or reduced metal centers (e.g., Ti3+), have been
suggested to be very beneficial for the ketonization
reaction.[21,24] A density functional theory (DFT) study[24] on
reduced ZrO2 suggested that oxygen vacancies stabilize the
reaction product and strongly reduce the activation energy,
while reduced Zr3+ centers were found to be crucial to stabilize
the acyl intermediate. Several reaction mechanisms have been
proposed in the literature, with the one involving a β-ketoacid
intermediate with C� C bond formation as the rate-limiting step
being most widely assumed.[9,10,21–26] C� C coupling was pro-
posed to proceed between different surface species: (a)
bidentate carboxylate and acylium intermediates;[24,25] (b) a
monodentate carboxylate and enolate anion;[10,26] or (c) a
bidentate carboxylate and enolate anion.[22,27]

The proposed reaction cycles[10,25] are illustrated in Figure 1.
The primary step is the dissociative adsorption of acids with the
formation of either a bridging bidentate (step A) or mono-
dentate (step F) carboxylate. α-Hydrogen abstraction from the
bidentate surface species then leads to the formation of the
dianion enolate (step B). Dehydroxylation of a second acid
molecule (step D) yields an acylium intermediate that can be
attacked by the enolate dianion forming the β-ketoacid
intermediate (step E). Decarboxylation of the β-ketoacid then
finally gives the ketone and carbon dioxide products.[28]

Alternatively, the following mechanism was suggested:[10,26,29]

the 1-hydroxy enolate anion formed upon α-hydrogen abstrac-
tion (step G) attacks an adjacent monodentate carboxylate (or
molecularly adsorbed acid) producing α-hydroxy γ-carboxy
alkoxide that dehydrates to the common β-ketoacid (step I),
followed by decarboxylation to a ketone.

The adsorption geometry of carboxylic acids on titanium
dioxide, as one of the most commonly used ketonization
catalysts, has been thoroughly investigated both experimentally
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and computationally. Acids adsorb on the metal oxide surface
molecularly or dissociatively, forming monodentate or biden-
tate (chelating and bridging) carboxylates (Figure 2a). Coordina-
tion as a bidentate chelate is unlikely as it would lead to
unstable hepta-coordinated TiIV.[30–32] On all the most stable
faces of TiO2 phases [anatase (101), rutile (110) and brookite
(210)] two different kinds of Ti atoms, both 5- and 6-fold-
coordinated (Ti5C, Ti6C) are present, together with 2- and 3-fold-
coordinated O atoms (O2C, O3C). However, different distances
between two closest cation atoms lead to various acid
adsorption modes on these polymorphs. Studying the adsorp-
tion and photo-induced decomposition of acetone and acetic
acid on thin-films of anatase, rutile, and brookite, Mattsson and
Österlund[33] observed that the adsorbate-surface interactions
increase in the order anatase < brookite < rutile, with the
bidentate anion formation being favored on rutile and brookite
surfaces, while acetic acid adsorbed molecularly on anatase.

The difference in adsorption geometries on TiO2 polymorphs ia
ruled by the distance between two coordinatively unsaturated
Ti cations.[32] The shorter Ti� Ti distance on rutile (i. e., 2.99[10] or
2.96 Å[30,32,34]) and brookite (i. e., 3.56 Å[35]) promote dissociative
adsorption into bridging bidentates, while the longer Ti� Ti
distances on anatase (i. e., 3.71,[32] 3.78,[30,35] 3.81,[34] or 3.83 Å[10])
lead to molecular adsorption. The formation of bridging
bidentates on rutile was observed experimentally [infrared (IR)
spectroscopy,[10,30,33,36] near-edge X-ray absorption fine structure
(NEXAFS),[37] and scanning tunneling microscopy (STM)[38]] and is
supported by theoretical studies.[10,31,34,36,39] Bidentates were also
observed experimentally (IR)[33] and suggested theoretically[35]

for the brookite surface. However, there is contradictory
theoretical and experimental evidence for the adsorption of
acids on anatase. Some theoretical studies reported that
molecular adsorption is favored on the anatase (101)
surface,[32,35,39] while other studies suggest dissociative adsorp-
tion forming monodentate[10] or bridging bidentate
carboxylates.[34,40] The latter were also observed experimentally
by STM.[41] Using temperature programmed desorption (TPD),
Kim and Barteau[42] observed molecularly and dissociatively
adsorbed species to co-exist at room temperature on an
anatase surface during the adsorption of formic, acetic, or
propionic acids. Similarly, both molecularly adsorbed acid and
bidentate acetate were observed by Fourier-transform (FT)IR
spectroscopy on TiO2 P25 (i. e., a 80 :20 mixture of anatase and
rutile).[12,43,44] The presence of water was furthermore reported
to affect the adsorption mode on anatase, favoring the
formation of bidentates from initially monodentate molecular
carboxylic acid.[32,44]

A number of these adsorbed species have been implicated
in catalysis. Several authors claimed bridging-bidentates (Fig-
ure 1, step A) to be the active surface species in acetic acid

Figure 1. Reaction steps involved in acetic acid ketonization via the C� C coupling of an acylium intermediate and bidentate carboxylate (A); enolate and
monodentate carboxylate(B).

Figure 2. (a) Different adsorption configurations of acetic acid on a catalyst
surface. (b) Equilibrium of surface carboxylates and ketenes on a catalyst
surface during acetic acid ketonization.
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ketonization on TiO2,
[9–12,27,45] ZrO2,

[25,27,46] CeO2,
[12,17,27,47] and ZnO-

Cr2O3
[48] and supported these observations by DFT studies.[24,25]

Alternatively, studying structure requirements for ketonization
reaction on single crystal TiO2 (001) surface, Kim and Barteau[49]

stated that ketonization requires two acetates coordinated to
the same Ti4+ cation, which necessitates monodentate adsorp-
tion. IR spectroscopy measurements investigating the acetate
bonding mode [using transmission FTIR,[11,12] diffuse reflectance
infrared Fourier transform (DRIFT),[27,48] reflection absorption
infrared spectroscopy (RAIRS)[47]] suggested that bridging
bidentates are the main species present on a ketonization
catalyst surface. However, most of these IR studies were done
on surfaces with the acid pre-adsorbed and, more importantly,
under conditions far removed from a practical ketonization
catalyst application. Recent studies by Wang and Iglesia[10] also
suggest, based on DFT and detailed kinetic studies, that
molecularly adsorbed acid or monodentate carboxylate species
are the reactive species on the TiO2 catalyst and transform upon
the α-hydrogen abstraction to 1-hydroxy enolates (Figure 1,
step G), which undergo C� C coupling with a co-adsorbed acid
(Figure 1, step I). The bidentate carboxylates were concluded to
be stable spectator species, unreactive towards ketonization
and proposed to be in equilibrium with the ketene by-product
(Figure 2b), which could be scavenged by hydrogenation. By in-
situ transmission FTIR spectroscopy of the ketonization reaction
of acetic acid, unreactive bidentates were seen to prevail on the
rutile surface, while on anatase reactive monodentates were
detected. Similarly, Shylesh et al.[26] observed only molecularly
adsorbed acid on highly active isolated Zr centers supported on
SiO2, while bidentate species were detected on less active
clustered Zr on silica. However, these FTIR studies[10,26] were
performed at 200–250 °C, which is lower than the reported
temperature necessary for the reaction to occur (275 °C).[50] The
combined TPD and FTIR studies of pre-adsorbed acetic acid[11,43]

reveal that the acid adsorption mode is temperature dependent
with both bidentate and monodentate carboxylates being
observed at <300 °C, while only bidentates were observed at
>300 °C. Therefore, insight into the actual reactive surface
species during ketonization and correlating them with the
physicochemical properties of a catalyst (such as crystal phase)
or reaction temperature remains a challenge. Moreover, the
number of studies comparing the TiO2 polymorphs in terms of
ketonization activity is limited[10,51] and a comparison of anatase,
rutile, and brookite is missing.

Here, we report on the effect of the TiO2 crystal phase on
the catalytic performance in the gas-phase ketonization reac-
tion of propionic acid and compare the results were insightful
with acetic acid. Commercial pure-phase anatase, rutile, and
brookite titania catalysts were studied as a function of
increasing time on stream. Rutile TiO2 was found to possess
superior ketonization activity and selectivity, followed by
brookite and finally anatase. To the best of our knowledge,
brookite TiO2 has not yet been reported as a catalyst for
ketonization, but is found to outperform anatase, the typical
phase of titania used. The effect on the mode of acid adsorption
was studied by operando transmission FTIR spectroscopy
coupled with on-line mass spectrometry (MS) under catalytically

relevant temperatures (250–425 °C), showing that bidentate
carboxylates are the dominant species on rutile and brookite
polymorphs, while on anatase both monodentate and biden-
tate species co-exist.

Results and Discussion

Catalyst characterization

Table 1 summarizes the Brunauer-Emmett-Teller (BET) surface
areas, pore volumes, and crystallite size of the TiO2 catalysts.
The adsorption isotherms are given in Figure 3. The H3
hysteresis type shown by all polymorphs indicated that the
materials consist of aggregates of plate-like particles.[52] The low
specific surface area of anatase TiO2 (AN, 9 m2g� 1) can be
ascribed to the interspace between dense non-porous particles.
The rutile (RU) and brookite (BR) samples showed similar values
of 29 and 35 m2g� 1, respectively. The average pore size of AN
(80 nm) and RU (65 nm) are in the macropore range, while for
BR the value of 24 nm lies in the mesopore range.[52]

The mean crystallite size (Table 1) was calculated from the
X-ray diffraction (XRD) patterns (Figure 3c) using the Scherrer
equation on the (101), (110), and (121) Bragg reflections of AN,
RU, and BR, respectively. The crystallite sizes of RU and BR are
comparable, while for AN the size is about three to four times
bigger. Importantly, the XRD patterns also confirmed that the
AN, RU, and BR materials are phase-pure, with no other
crystalline phases detected (Figure 3c). This was further corro-
borated by Raman spectroscopy, a sensitive tool for studying
phase purity of TiO2 because all three polymorphs have highly
characteristic bands (Table S1).[33,50,53] The Raman spectra pre-
sented in Figure 3d indeed only show the bands corresponding
to phase-pure anatase, rutile, and brookite.

The acidity of the materials was determined by TPD of
ammonia (Table 1). Here, the acid site density followed the
order: BR>RU>AN, with all TPD profiles (Figure 4a) showing
two distinct peaks: the low-temperature (LT) peak around
200 °C for weak acid sites and a high-temperature (HT) one at
approximately 350 °C corresponding to strong acid sites. The HT
peak intensity decreased in the order BR>RU>AN, with the
latter, however, showing the highest desorption temperature.
Weak acid sites prevailed on the AN surface, whereas the RU
and BR surfaces contained mainly strong acid sites. FTIR
spectroscopy analysis after pyridine adsorption showed that all

Table 1. Physicochemical properties of the TiO2 catalyst materials under
study.

Property Anatase Rutile Brookite

surface area[a] [m2g
� 1] 9 29 35

pore volume[a] [cm3g� 1] 0.06 0.24 0.35
mean crystallite size[b] [nm] 71 31 20
number of acid sites[c] [μmolg� 1] 17 71 122
number of acid sites[c] [μmolm� 2] 1.9 2.4 3.5

[a] Calculated by the BET method. [b] Calculated by Scherrer’s equation
from XRD diffractogram. [c] Measured by TPD-NH3.
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acid sites correspond to Lewis acid sites (Figure 4b). No
Brønsted acid sites were observed, except for a small broad
band at 1550 cm� 1 observed for BR. The acidity order is the
same as the one found by TPD (Figure 4c).

Catalyst testing

The catalytic performance of the three TiO2 polymorphs (i. e.,
AN, RU, and BR) was studied in the gas-phase ketonization of
propionic acid for the same weight of catalyst at different
temperatures (i. e., 325, 375, and 425 °C). The influence of any
mass transfer limitations was checked using the Weiss-Prater
method,[54] with the criterion found to be <0.3 for all reactions,
indicating pore diffusion limitations were absent.

At 325 °C (Figure 5), both RU and BR showed comparable
activity with ketone formation rates of 1.3 and
1.4 mmolh� 1gcat

� 1, respectively, and with high selectivity to-
wards the ketone (>90%), while AN was not active
(0.2 mmolh� 1gcat

� 1). 3-pentanone is the main product of the

reaction with some paraffins/olefins being detected as a minor
product. Higher ketonization rate were seen at 375 °C (Figure 5),
with RU now outperforming (92% conversion and
17.9 mmolh� 1gcat

� 1) both moderately active BR (56% and
10.7 mmolh� 1gcat

� 1) and poorly performing AN (10% and
1.7 mmolh� 1gcat

� 1). Both RU and BR show comparably high
selectivity towards 3-pentanone (�95%), while for AN also the
selectivity was found to be significantly lower (�77%).

The results of the ketonization at 425 °C are also presented
in Figure 5. The reaction proceeded at full conversion over RU
and BR catalysts at the set weight hourly space velocity (WHSV)
and is accompanied by the formation of a mixture of pentene
isomers as a side reaction. The olefins are formed due to the
secondary reduction reaction of the ketone to alcohol, followed
by subsequent dehydration to olefin.[55] The hydrogen source
for this reduction is suggested to come from cyclization of the
ketone condensation product. The selectivity shifts over time
towards the ketone, as also reported elsewhere, suggesting
gradual deactivation of the sites involved in H2 evolution and
ketone reduction/dehydration.[55] The increase in propionic acid
conversion over AN was accompanied by a considerable drop
in the selectivity (from 77 to 60%).

For a reliable comparison of the catalytic performance of
the polymorphs, the WHSV value was increased as not to
operate at full conversion (Figure 5). Surprisingly, a WHSV
increase of no less than 7.5 times (from 3.24 to 24 h� 1) was
required to achieve less than full propionic acid conversion,
being 95% for RU under these conditions, still with an excellent

Figure 3. Physicochemical properties of the three TiO2 catalyst materials
under study. (a) N2 adsorption and desorption isotherms. (b) Barrett-Joyner-
Halenda (BJH) pore diameters. (c) XRD patterns. d) Raman spectra.

Figure 4. (a) TPD profiles after NH3 probe molecule adsorption. (b) FTIR
spectra of the TiO2 catalysts with adsorbed pyridine. (c) Evolution of the
pyridine adsorbed on Lewis acid sites as a function of evacuation temper-
ature.
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3-pentanone selectivity of around 95% and an exceptionally
high ketone formation rate of 141.8 mmolh� 1gcat

� 1. The con-
version over BR was around 60% (75 mmolh� 1gcat

� 1) at this
high space velocity; however, in this case, the selectivity
decreased to 80%. AN showed again the lowest activity and
selectivity, 20 and 50%, respectively, the rate being
13.7 mmolh� 1gcat

� 1 in this case. Importantly, no olefins were
observed at the higher space velocity, indicating that aldol
condensation/cyclization/hydrogen transfer and reduction/de-
hydration reactions of ketones are consecutive and favored at
lower WHSV.

The above-described results clearly show that the ketoniza-
tion activity under these reaction conditions by catalyst weight
followed the order RU>BR>AN, with the latter catalyst
showing the lowest selectivity as well. As surface area varied
significantly, the results were also compared in terms of moles
of ketone produced/acid converted per m2 of catalyst (Figure 6).
At low temperature, RU and BR then show comparable perform-
ance, superior to AN, while at higher temperature RU again
performed best. All TiO2 polymorphs exhibited no obvious
deactivation over the tested time on stream. There also seems
to be no simple correlation between catalyst acidity and
performance, suggesting they are sufficiently acidic and that
other (e.g., geometric) characteristics play a more important
role. In a recent study, Almutairi et al.[27] compared various
metal oxides (i. e., TiO2, ZrO2, CeO2, and Al2O3) in the gas-phase

ketonization of acetic acid, also finding no correlation between
the acidity of the metal oxides and their ketonization activity.

The number of studies comparing the ketonization activities
of TiO2 polymorphs is rather limited. Aranda-Pérez et al.[51]

studied the liquid-phase ketonization of acetic acid over 5 wt%
Ru on anatase, rutile, and the anatase/rutile mixture (i. e., the
P25 TiO2), finding the ketonization rates for rutile to be nearly
two times faster than anatase. The difference in activity was
attributed to the shorter Ti� Ti distances on rutile leading to
shorter intermolecular distances between two adsorbed carbox-
ylate fragments, thus easing the formation of coupling product.
On the contrary, Wang and Iglesia[10] reported fivefold higher
initial ketonization rates over anatase compared to rutile. Here,
the shorter Ti� Ti distances of the majority low-index planes of
rutile were instead thought to induce the formation of
unreactive bridging bidentate, leading to lower reactivity. The
low ketonization activity of rutile was then attributed to residual
anatase surfaces. In our case, the characterization data shows
RU to be phase-pure, precluding any attribution of activity to
residual anatase. Given these contrasting observations, we have
decided to investigate the mode of adsorption of the acid
substrate on the titania catalysts with FTIR spectroscopy under
operando conditions.

Figure 5. Gas-phase ketonization of propionic acid (HPr) as a function of time on stream and at different temperatures and space velocities over the TiO2

catalysts.
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Operando IR spectroscopy

As discussed above, carboxylic acids can adsorb on metal oxide
surfaces molecularly or dissociatively forming monodentate and
bidentate carboxylates. All these surface species can, in
principle, be distinguished by the characteristic FTIR bands of
their carboxylic (� COOH) or carboxylate groups (� COO� ), as
summarized in Table S2. We observed crystal phase-dependent
surface coverage and correlate these with catalytic perform-
ance, as monitored by FTIR spectroscopy and on-line MS,
respectively. Acetic acid, for spectral simplicity and to allow MS
monitoring (see below), was studied in addition to propionic
acid and spectra were recorded during ketonization of these
acids over TiO2 catalysts at different temperatures 250–425 °C.

The operando FTIR spectra obtained during acetic acid
ketonization at 325 °C are shown in Figure 7. Gaseous acetic
acid showed the characteristic C� O stretching band at 1375
and at 1282 cm� 1 caused by C� O vibrations coupled with δOH
and strong bands at 1798, 1777, and 1734 cm� 1 corresponding
to C=O stretching of monomeric and dimeric acetic acid,
respectively.[10–12,33,43,56] On the AN surface, acetic acid adsorbed
both molecularly and dissociatively, forming monodentate and

bidentate carboxylates. While distinct FTIR peaks can be
detected, though, the overall signal was rather weak, also in
comparison to recent literature,[10] due to the low surface area
of TiO2 anatase (9 vs. 240 m2g� 1). It should be noted, as well,
that most studies instead used mixtures of TiO2 phases[11,12] or
TiO2 of unknown phase-purity,[10] while the materials used in
this study are demonstrated above to be phase-pure. The band
at 1660 cm� 1 is assigned to ν C=O vibrations of acetic acid
molecularly adsorbed at a Lewis acid site (Ti4+) through the
lone-pair electrons of the carbonyl group.[10,12,43] The FTIR bands
at 1376 and 1547 cm� 1 correspond to asymmetric and symmet-
ric COO stretching vibrations of monodentate acetate.[10]

However, it should be noted that the νsym COO vibrations of
monodentate carboxylates do overlap with the broad νCO/
δOH band of gaseous acetic acid. Nevertheless, after removal of
HAc from the gas phase, as indicated by the disappearance of
the strong C=O bands around 1700 cm� 1, the 1375 and
1547 cm� 1 bands remained, supporting the presence of mono-
dentate species. The FTIR bands at 1434 and 1530 cm� 1 are
assigned to COO vibrations of bidentate acetate.[10] The νsym
COO vibration intensities of the carboxylates suggest that both
species are present in similar amounts on anatase. The spectral
evolution upon outgassing is illustrated in Figure 8, showing
the adsorbed carboxylates to be stable and remain on the
anatase surface after 25 min; notably, the bidentate carbox-
ylates desorbed more slowly than the monodentate ones.

In their recent study, Wang and Iglesia[10] reported mono-
dentate carboxylates to be the dominant species on anatase,
with bands associated with bidentates only appearing after
removal of acid from the gas-phase. However, these FTIR
studies were performed at 250 °C, which is lower than the
temperatures required and typically used for gas-phase ketoni-
zation (>300 °C).[22,57] Pei and Ponec[11] reported FTIR spectra of
HAc adsorbed on anatase TiO2 at various temperatures,
observing both mono- and bidentate carboxylates on the
catalyst surface at <300 °C. At increasing temperature, the
monodentate bands gradually decreased until they disappeared
entirely above 300 °C. These results further highlight the
dynamics and possible temperature dependence of carboxylate
adsorption. For comparison, FTIR spectra were, therefore, also
recorded with acetic acid at 250 °C (Figure 7). The spectra are
near identical to those observed at 325 °C (Figure 7), showing
similar relative intensities of the relevant carboxylate bands, but
with a higher absolute intensity that allows the peaks to be
more clearly identified. Similar spectra were recorded at
ketonization temperatures of 375 and 425 °C (Figure S1),
suggesting that the adsorption mode does not change over this
temperature range.

The FTIR spectra of the RU and BR catalysts under study are
also shown in Figure 7. These higher surface area polymorphs
showed significantly higher intensity peaks compared to
anatase. On RU, the strong FTIR bands at 1450 and 1527 cm� 1

together with the weak band at 1343 cm� 1 corresponded to the
COO stretching vibrations and CH3 in-plane scissoring of
adsorbed bidentate acetate.[12,27,30,33,43,48] The shoulders at 1382
and 1664 cm� 1 imply the presence of monodentate and
molecularly adsorbed acetic acid, respectively, presented as

Figure 6. Catalyst activity, expressed in yield or conversion for the gas-phase
ketonization of propionic acid over anatase, rutile, and brookite at different
reaction temperatures, normalized by surface area as a function of time on
stream.
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minority species. On the BR surface, however, only bands
corresponding to bidentate species (1527, 1452, and 1344 cm� 1)
were observed (Figure 7).

Furthermore, several new surface species were detected on
BR and RU. The νC=O band at 1640 cm� 1 and the νC=C band at

1590 cm� 1 originated from an α,β-conjugated carbonyl bond,
respectively, bound to weak Lewis acid sites. These bands,
together with the weak bands at 1319 and 1208 cm� 1,
suggested absorbance of the acetone condensation product
mesityl oxide on RU and BR surfaces.[12] Upon outgassing

Figure 7. Operando FTIR spectra in the 1200–2000 cm� 1 region of the different TiO2 materials under study with 1.66 kPa acetic acid.
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(Figure 8) the strong bidentate bands disappeared very slowly,
indicating these species to be rather stable on the surface.

The reaction products were simultaneously followed by on-
line MS during the operando FTIR spectroscopy experiments.
The on-line MS data recorded at 250 and 325 °C (Figure S2)
showed the formation of ketone product (m/z=58) on all TiO2

polymorphs, demonstrating the true operando nature of the
FTIR spectroscopy measurements. Acetone production was
constant over AN, whereas over the RU and BR catalysts, it
increased with increasing time-on-stream. Based on the relative
intensities, the observed trend in ketone yield (RU>BR>AN) is
the same as with propionic acid ketonization at 325 °C (Fig-
ure 5). Ketene was the main by-product observed on all
catalysts. It should be, however, pointed out that the mass
spectrum of acetic acid also shows a signal at m/z=42, the
value for the molecular ion of the ketene. The abundance of the
ketene molecular ion is, however, five-fold higher compared to
acid, allowing ketene formation to be followed as well.
Significant amounts of ketene were observed on the most
active RU and BR catalysts, with the ketene peak exceeding that
of acid. Moreover, the ketene peak mimicked the profile of the
acetone peak, supporting the bidentate-ketene equilibrium that
was suggested elsewhere.[10] The aldol condensation product of
acetone, mesityl oxide (m/z=83) was also detected for RU and
BR, supporting the FTIR spectroscopy observations (Figure 7).

FTIR spectra of propionic acid ketonization are shown in
Figure 9. The operando spectra show similar bands as for the
reaction with acetic acid, indicating adsorption of HPr as
bidentate on RU, and as both mono- and bidentates on AN.
These observations are in agreement with NEXAFS results
revealing that bond geometry does not change with increasing

alkyl chain length.[37] On BR, however, a small band correspond-
ing to symmetric COO� stretch of monodentate carboxylate at
1380 cm� 1 was observed in addition to strong bidentate bands
(1513 and 1438 cm� 1), contrary to spectra with adsorbed acetic
acid. Moreover, on RU, the symmetric COO� stretch was higher
than the asymmetric vibration, while the opposite is typically
the case, as was also observed by Wang and Iglesia.[10] The
spectrum recorded upon outgassing showed a strong band
around 1440 cm� 1 that overlapped with νas COO� of the
bidentate carboxylate. This band was also seen during
desorption of pre-adsorbed acid from TiO2 P25 and has been
assigned to bidentate species.[11,12,43,44] However, comparison of
the RU and BR spectra, showed that this band is quite
pronounced on rutile, while it seems to be absent on brookite.
The band can also be seen for the spectra recorded of rutile
with acetic rather than propionic acid; so far, the origin of this
band remains unknown. The other new FTIR band at 1470 cm� 1

was assigned to scissoring C� H vibrations of the propionic acid
alkyl chain. It should be noted that the use of MS was
unfeasible for the propionic acid ketonization reaction as the
m/z values of the various components [propionic acid (m/z=

29), 3-pentanone (m/z=29 and 57), pentene (m/z=57), aldol
dimer product (m/z=29)] overlap.

Comparing the FTIR data and the on-line GC results we can
conclude that bidentate carboxylates prevail on the more active
RU and BR catalysts (Figure 7). Based on DFT calculations and
kinetic studies, Wang and Iglesia[10] concluded bidentates to be
unreactive spectators, however, while monodentate and/or
molecularly adsorbed acid species were considered to be
catalytically active. Pham et al.[21] have also proposed that the
more stable bidentate carboxylates form initially on the surface,

Figure 8. Evolution of the operando FTIR spectra in the 1200–2000 cm� 1 region of the different TiO2 materials under study with 1.66 kPa acetic acid upon
outgassing.
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after which they may transform in the catalytic cycle to a less
restricted monodentate configuration that undergoes C� C
coupling with another species to a ketone. A recent study by
Almutairi et al.[27] observed a facile exchange between bidentate
carboxylate and molecularly adsorbed acids under mild con-
ditions, supporting the assumption that the more stable
bidentate adsorbate transforms to more reactive (e.g., mono-
dentate) species during the reaction. However, since the various
species coexist in equilibrium on the catalyst surface (Fig-
ure 2b), they are kinetically indistinguishable. Based on these
observations, we suggest that bidentate carboxylates are not
merely spectators, but in equilibrium with and real precursors
to the relevant active species, such as monodentate carbox-
ylates. That the Ti–Ti distance in RU is shorter than in BR or AN
would then facilitate adsorption of these bidentate precursors,
contributing to the superior activity and selectivity seen for this
phase.

Conclusions

A comparison of the three polymorphs of TiO2, namely anatase,
rutile, and brookite, in the gas-phase ketonization of propionic
acid showed rutile to be the most active and selective catalyst
over a wide range of temperatures (i. e., 325–425 °C). Contrary
to previous reports, phase-pure anatase was found to perform
very poorly. Catalyst performance did not directly correlate with

the material’s acidity, which suggests that geometrical factors
(i. e., the ease with which certain adsorbates are formed and
react) are more important. Indeed, operando Fourier-transform
FTIR spectroscopy indicated clear differences in surface speci-
ation: while both monodentate and bidentate carboxylates are
present in similar amounts on the anatase surface, bidentate
carboxylates are the most abundant species on the highly
active rutile and brookite surfaces. The adsorption configuration
was found to be independent of the reaction temperature. The
shorter Ti� Ti distances on rutile could facilitate adsorption of
such bidentates. These rather stable bidentate carboxylates are
presumed to be precursors transforming into active species
(e.g., monodentate carboxylates) during the reaction. However,
the presented results do not rule out that bidentate carbox-
ylates may act as active species. The co-existence of various
species in equilibrium on a catalyst surface makes them
kinetically indistinguishable, making it challenging to conclude
on the actual nature of active species by operando FTIR
spectroscopy studies. The detailed characterization of the
catalyst materials together with the operando studies at
catalytically relevant temperatures, thus provide new insight
into the gas-phase ketonization of carboxylic acids.

Figure 9. Operando FTIR spectra in the 1200–2000 cm� 1 region of TiO2 with 1.66 kPa propionic acid at 325 °C.
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Experimental Section

Catalyst preparation

Anatase (�99%, trace metals basis), rutile (99.5%, trace metals
basis), and brookite (99.99%, trace metals basis) TiO2 materials were
purchased from Sigma-Aldrich. The catalyst materials are denoted
as AN (anatase), RU (rutile), and BR (brookite).

Catalyst characterization

Powder XRD patterns were recorded on a Bruker-AXS D2 Phaser X-
ray diffractometer using Co-Kα1,2 radiation (λ=1.790 Å). Diffraction
patterns were collected between 20 and 90° 2θ with an increment
of 0.03° 2θ per 1 s. N2 physisorption isotherms were recorded to
determine surface areas and pore volumes with a Micromeritics
Tristar 3000 setup operating at 77 K. The samples were outgassed
for 20 h at 573 K under N2 flow prior to the measurements. Surface
areas were determined using the BET theory, while pore volumes
[cm3g� 1] were calculated by the BJH method. Raman spectra were
recorded on a Renishaw InVia Raman microscope, using 532 nm
diode laser excitation through a 50× objective, under 0.24 mW with
an integration time of 10 s. All Raman spectra are shown as
obtained: no smoothing, background correction, or baseline
subtraction was performed. TPD of NH3 as probe molecule was
used to study acidity. Measurements were recorded on Micro-
meritics AutoChem II 2920 for 200 mg of TiO2 catalyst using 10%
NH3/He. Prior to adsorption, the catalyst material was dried in an
inert gas at 425 °C for 1 h. The adsorption of NH3 was performed at
50 °C, with the desorption profile studied at 10 °Cmin� 1 ramp up to
700 °C. The number of acid sites was measured by integrating the
area under the curve of NH3-TPD. FTIR spectroscopy of adsorbed
pyridine was performed with a Thermo Nicolet iS5 FT-IR spectrom-
eter using vacuum cells. About 20 mg of the catalyst material was
pressed into a self-supporting wafer, loaded into a cell, and dried at
425 °C for 1 h in the vacuum of 10� 3 to 10� 5 mbar. Pyridine
adsorption (20 mbar) was carried out at 150 °C with excess pyridine
removed applying vacuum. The call was heated at 10 °C min� 1 to a
550 °C with FTIR spectra recorded at 150, 250, and 350 °C. For each
spectrum, 32 scans were recorded with a resolution of 4 cm� 1.
Operando FTIR spectroscopy data were recorded on a Tensor 27
FTIR spectrometer equipped with an internal room-temperature
DLaTGS detector. A catalyst was pelletized into a wafer (15–25 mg)
and placed into 5 cm3 stainless steel cell with KBr windows
(Figure S3). Prior to the measurements, the catalyst was dried at
425 °C (10 °C min� 1) for 1 h in flowing N2 (5 mLmin� 1). The acid
[acetic acid (HAc), Acros, 99.8%, or propionic acid (HPr), Alfa Aesar,
99%] was injected over the pellet with a vapor pressure of 1.66 kPa.
For each spectrum, 32 scans were recorded with a resolution of
4 cm� 1. On-line MS data was measured on an Omnistar Pfeiffer
Vacuum MS equipped with quadrupole detector. Ion currents
(fragment m/z data obtained from the NIST Chemistry WebBook
database https://webbook.nist.gov) were recorded for the main
products and by-products, using the program Quadstar 32-Bit.

Catalyst testing

The gas-phase ketonization was studied with time on stream in a
fixed bed reactor at different temperatures. The reaction setup is
schematically shown in Figure S3. Propionic acid (HPr, Alfa Aesar,
99%) was pumped by a HPLC pump (LC-20AT, Shimadzu). Mass
flow controllers (F-201CV, Bronkhorst) were used to control the
flow of N2. The borosilicate reactor (i.d. 8 mm) was loaded with a
TiO2 catalyst (particle size of 212–150 μm) mixed with two volumes
of silicon carbide. Prior to the reaction the catalyst bed was kept at

425 °C for 1 h in N2 flow (100 mLmin� 1). The catalytic studies were
performed at atmospheric pressure. The reaction products were
analyzed by on-line GC (Bruker, 430-GC) equipped with flame
ionization detector and a PoraPLOT Q-HT analytical column. Cyclo-
octane (Sigma-Aldrich, �99%) was used as an internal standard.
Acid conversion, ketone yield and selectivity were calculated
according to equations Eq. S1–Eq. S3.
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