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Ketonization of acetic acid on titania-functionalized silica monolith
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Abstract

Titania-functionalized monolith catalysts operated at short contact times are highly selective for the formation of ketones from c
acids. The selectivity of ketonization of acetic acid to form acetone over such catalysts varies little as the conversion is varied from 3
These results demonstrate that ketonization is not a sequential reaction proceeding via a gaseous ketene product. The selectivi
versus ketone formation is determined by the intrinsic chemistry of the catalyst, and cannot be manipulated by contact time or c
variations.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The menu of possible reactions for adsorbed acetic
on metal oxides has been well documented [1]. For insta
decarboxylation produces CO2, dehydration yields ketene
reduction produces acetaldehyde, and ketonization lea
the production of acetone. The selectivity of these reac
channels depends strongly on the nature of the metal o
surface [1,2].

The decarboxylation and the dehydration reactions re
sent unimolecular reaction channels involving bond-scis
processes of individual acetate intermediates on the sur
The availability of oxygen from the metal oxide lattice i
fluences the selectivity of these unimolecular reactions
general, the less reducible the oxide, the higher the d
dration selectivity [1,3]. Libby et al. [4] proposed addition
site requirements for the dehydration of carboxylic acid
form the corresponding ketenes. The most important of th
was that the catalyst should expose cations with single c
dination vacancies to facilitate the formation and unimo
cular reaction of surface carboxylates. It was demonstr
that C2 to C5 carboxylic acids could be catalytically deh
drated to the corresponding ketenes over a packed be
high-surface-area SiO2 above 700 K [4,5]. However, the s
lectivity for ketene synthesis from carboxylic acids appe
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to be limited by series reactions in which the desired prod
(ketene) reacts to form other products [6,7].

Recently, monolith catalysts have received special at
tion for their potential in maximizing selectivities in exothe
mic series and series-parallel reaction systems; such a
cations take advantage of the mass transfer and heat tra
characteristics of monoliths, and the opportunity they p
vide to optimize the contact time from the millisecond ran
upward [8–13]. We have previously demonstrated that s
contact times lead to excellent yields for ketene forma
by unimolecular dehydration reaction of carboxylic ac
on functionalized silica monoliths, by limiting ketene lo
Ketene selectivities from acetic acid increased from< 40
to > 90% when the silica powder catalyst was replaced
a functionalized silica monolith operated at short con
times [6,7]. Moreover, in the short contact time mode, ket
selectivities were nearly constant for acetic acid convers
from 10 to 90% [6,7]. These results are illustrative of the
of short-contact-time catalytic reactors to minimize sequ
tial reactions, even for highly reactive products and/or se
conditions. Commercial processes that exploit short con
times to maximize product yield include methanol oxid
tion to formaldehyde with unsupported silver catalysts,
ammonia oxidation for nitric acid production with Pt–R
gauzes [14]. The present work is aimed in part at dem
strating the use of short-contact-time catalyst/reactor co
urations for mechanistic studies, again taking advantag
the ability to minimize sequential reactions of intermedi
products.

http://www.elsevier.com/locate/jcat
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Ketonization represents an alternative selective reac
channel to ketene formation in the conversion of carbox
acids over metal oxide catalysts. Ketonization is a bim
cular reaction in which two molecules of a carboxylic a
with n carbon atoms are coupled to produce the symme
ketone (with 2n − 1 carbon atoms), liberating CO2 during
the process [1,2,15].

The ketonization of carboxylic acids has been a w
known reaction in organic chemistry for more than a c
tury. For example, classic chemistry textbooks report
either carboxylic acids in the presence of thorium
ide [15] or bulk carboxylate salts of divalent and high
valent cations can be converted to symmetrical ketone
pyrolysis [16]. Thermodynamically, ketonization is mo
favorable than dehydration [2]. For instance, the dehy
tion of the acetic acid to produce ketene has an enth
of reaction of 31.6 kcal/(mol of acetic acid) whereas th
ketonization of acetic acid to produce acetone has an
thalpy of reaction of only 4.4 kcal/(mol of acetic acid). It
is therefore not surprising that the ketonization reactio
well known on polycrystalline oxide samples, and numer
oxides have been found to be active for this reaction. Th
includeγ -Al2O3 [17], ThO2 [18,19], UO2 [18], MgO [20],
Bi2O3 [17,21], Fe3O4 [22], Fe2O3 [22,23], TiO2 [17,23–25],
Cr2O3 [26], ZrO2 [23,27], and PbO2 [17]. Different mech-
anisms for the ketonization of carboxylic acids have b
proposed and debated so far [2]:

1. An acid anhydride intermediate that loses CO2 to pro-
duce the ketone [28,29]. This mechanism has been
posed to explain the production of cyclic ketones fr
dicarboxylic acids [2].

2. A β-keto acid intermediate formed from two mo
odentate carboxylates viaα-hydrogen abstraction [30
This mechanism does not explain the formation of
tones from acids that do not possess anyα-hydrogen
atoms [2].

3. A concerted mechanism involving two monodentate
boxylates [31]. It has been claimed that this mechan
is restricted to the ketonization of aromatic acids [2].

4. An intermediate formed from two adsorbed molecu
of carboxylic acid [32]. Isotopic labeling studies show
that molecular acetic acid adsorbed on the surface is
directly involved in ketonization [2,24].

5. A ketene intermediate that reacts with a carboxylat
produce the ketone [17,23,25,33]. However, ketene
termediates have not been observed during XPS
mass spectrometry studies in the course of keton
tion [2].

6. A bimolecular coupling of two carboxylates bound
the same cation [1,3,24,34].
According to Rajadurai [2], the bimolecular interacti
between either two adsorbed acetate ions or one adsorbe
etate and one adsorbed acyl carbonium ion should be res
sible for ketonization of acetic acid. However, it is difficult
distinguish between an acyl carbonium ion and a carboxy
because an acyl carbonium can be converted to a carb
late by nucleophilic addition of lattice oxygen. In surfa
science experiments, the ketonization reaction was no
ported before 1990. Only after this date have experim
on titania single-crystal surfaces provided clear insights
this classic reaction [1]. To date, carboxylate ketoniza
has been reported only on the TiO2 (001)–{114} faceted
surface [3,24,35], which is characterized by the presenc
surface cations with two coordination vacancies. Its acti
has been ascribed to these sites on which a pair of carb
lates bound to a common cation couple together [1]:

Recently Dooley and co-workers [36,37] reported
tensive studies, including isotopic labeling experiments
the cross-ketonization of acetic acid with decanoic acid
cyclopentane carboxylic acid on supported ceria cataly
Their results provide strong support for a “ketene me
anism” of ketonization via asurface ketene intermediate
Although this mechanism is not inconsistent with the c
clusion from surface science experiments that the reac
involves a complex in which both species to be coup
must be bound to a common cation, much remains to
determined about the structure of this complex and of
transition state for the ketonization reaction.

Given the observation that ketene is generated a
volatile product in temperature-programmed reaction
acetic acid on TiO2 powders and single crystals, and th
ketene can be produced with high yield with functionaliz
monolith catalysts operated at short contact times, one m
also consider the possibility that ketonization is a sequ
tial reaction involving an intermediate ketene product t
is consumed by subsequent coupling. Therefore we inv
gated the reactions of acetic acid over titania-functionali
monoliths at short contact times. Titania-functionaliz
monoliths were chosen over bulk titania, as at high tem
atures titania sinters easily and it is difficult to obtain tita
through extrusion [38]. Previous results for the depositio
titania on silica gel by the hydrolysis of TiCl4 showed that
this is feasible because the growth proceeds through fo
tion of TiOx aggregates formed at silanol groups [38]. T
work reports results for the steady-state reaction of ac
acid on a titania-functionalized silica monolith prepared
hydrolysis of titanium isopropoxide over a plain silica mon
lith. As will be shown, the ability to vary contact time an
conversion over a wide range by this approach provides
tools for distinguishing between various proposed reac
mechanisms.
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2. Experimental

A reticulated foam silica monolith (Vesuvius Hi-Tech C
ramics, Inc) 20 mm in diameter× 10 mm in height and 45
pores per linear inch was used. Prior to the titania deposi
the silica monolith was placed in boiling distilled and deio
ized water for 8 h and dried in air at 393 K for 2 h. The cle
monolith was immersed in a beaker containing 10 mL of t
nium(IV) isopropoxide (Aldrich, 99.999%) and stirred. Th
2.0 mL of distilled and deionized water was added. Stirr
was continued until the titanium(IV) isopropoxide reac
(the solution becomes a white suspension in less than 2 m
then the stirring was stopped and the monolith was lef
the slurry for 3 h. The functionalized monolith was dried
403 K for 5 h. Finally the monolith was pretreated in the
actor with 125 sccm of oxygen (grade 4) at 573 K for 12
Prior to experiments, the catalyst was inserted in the rea
and heated in flowing helium (125 sccm) at 573 K for 5 h

The reactor was a quartz tube (length= 48 cm, interna
diameter= 22 mm) in which the cylindrical foam monolit
was placed using a small amount of quartz wool between
monolith and the quartz tube to hold it in place. Two MD
Kwik-Flange® disconnect adapters were located at the e
of the quartz tube to permit coupling of the quartz tube
the ¼-in. stainless-steel tubing. The reactor was placed
cylindrical furnace (length of heating zone= 40 cm) where
the temperature was controlled with a PID controller. T
monolith was located 12 cm from the downstream end of
reactor. Temperature was measured with a type K the
couple located at the downstream face of the monolith.
lines that carried reactants and products were constru
of 316 stainless steel and were heated by electrical h
ing tape to avoid carboxylic acid and water condensat
A schematic of the apparatus has been given previously

High-purity He (grade 5) was used as a carrier gas.
flow was controlled by a mass flow controller (Broo
5850E). The carrier gas at atmospheric pressure pa
through a glass bubbler containing the glacial acetic
(Fisher). The temperature of the bubbler was controlled
an automatic water bath (RM 20, Lauda); the tempera
of the bubbler was typically maintained at 298 K, achi
ing a vapor pressure of around 12 Torr. A quadrupole m
spectrometer (UTI 100C) with a differentially pumped U
atmospheric pressure sampling module (APSM) was u
to monitor product and feed compositions. The APSM c
sisted of a zone enclosed by two gold-plated orifice pl
(orifice diameter 0.0457 mm) pumped to an intermed
pressure of around 10−2 Torr with a Welch Duo-Seal 140
vacuum pump. The mass spectrometer was computer
trolled and multiplexed to monitor different masses. The
probe was kept at approximately 395 K with an exter
heating mantle. The base pressure in the probe was a
4× 10−8 Torr and increased to approximately 8× 10−7 Torr
during sampling. A Bayard–Alpert-type ionization gau
tube driven by a Varian Model 843 vacuum ionization ga
controller measured the pressure at the mass spectr
,

-

d

-

t

-

ter probe. An Edwards Diffstak Model 100-300M diffusi
pump with Santovac 5 oil maintained the low pressure
the mass spectrometer probe and was backed by a rou
pump (Welch Model 1402).

The steady-state experiments were performed in t
consecutive steps. Initially, helium bypassed the bubbler
reactor for at least 5 min and the mass spectrometer b
ground signals were determined for all fragments. Next,
lium was passed through the bubbler while bypassing
reactor; this permitted determination of the relative acid c
centration in the feed as well as the reactant fragmenta
pattern. For acetic acid, the vapor phase was saturated
the acid in approximately 10–15 min. Finally, the flow w
directed through the reactor. Reactant signals and pro
signals were monitored continuously with the mass sp
trometer. Steady state was typically reached in less
10 min and the activity was monitored for 1–10 h.

Deconvolution analysis of the overlapping mass sp
trometer fragmentation patterns for the various reactants
products and the quantification of the products using se
tivity factors have been described previously [4]. The car
balance was carried out by measuring the intensity decr
for the acid during the reaction step and comparing it w
the sum of the product signals. The carbon content of
products computed in this fashion was within 10% of
carbon provided by the feed. Deviations reflect the accu
limit of the computed mass spectrometer sensitivity fact

3. Results

The main reaction of acetic acid on TiO2-functionalized
silica monoliths at temperatures between 533 and 680
ketonization. Fig. 1 illustrates an example of a steady-s
experiment for the reaction of acetic acid at 633 K with a
lium flow of 250 sccm. The uncorrected MS profiles in Fig
are divided into three different regions corresponding to
experiment sequence given above. The signal form/q = 60
was used to monitor the reactant signal. In the second
gion the reactant came to a steady-state concentration
approximately 10 min. During this time, the correspond
intensities of the mass/charge(m/q) ratios corresponding t
the cracking pattern of acetic acid increased. In the third
gion, the reactant-helium flow was diverted to the reac
As can be seen in the lowest trace of Fig. 1, the inten
of the acetic acid signal(m/q = 60) decreased substa
tially on contact with the TiO2-functionalized silica mono
lith. There was a net increase in the signal form/q = 18
(water), 44 (CO2), and 58 (acetone). To correct the pro
uct signals for contributions from acetic acid cracking in
mass spectrometer, baseline corrections were made a
scribed previously [4]. For all the experiments carried
with titania-functionalized silica monoliths, the selective d
hydration to ketene as well as the production of volatile
drocarbon products from the nonselective decarboxyla
reaction appeared to be negligible. For example, the pro
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Fig. 1. Reaction of acetic acid on titania-functionalized silica monolith. C
rier flow rate= 250 sccm. Monolith temperature= 633 K. Region I shows
the MS signals for the background. Region II shows the MS signals o
acetic acid. Region III shows the MS signals of the product stream. Pa
pressure of acetic acid= 12 Torr.

tion of ketene was monitored usingm/q = 42. In the third
region, the intensity of the signal form/q = 42 was fully ac-
counted for by the contributions of acetic acid and acet
cracking. Likewise no evidence was seen for the prod
tion of possible higher-molecular-weight coupling produ
of ketene (e.g., acetic anhydride) or of acetone (e.g., me
oxide). However, it is important to note that carbon depo
tion on the titania-functionalized silica monolith was mo
apparent than in the case of ketene synthesis with si
functionalized monoliths [6]. It was also observed that
catalyst activity decreased by about 15% after 8 h of ste
state operation, presumably due to carbon deposition.
accumulated carbon was removed by heating the cat
in an oxygen flow at 703 K for 8 h. After this regene
ation procedure, the catalyst performance was restore
its original level. In fact, all of the data reported in th
study were obtained after cycles of reaction and regen
tion.

Fig. 2 shows acetic acid conversion on a titania-functio
lized silica monolith as a function of temperature and
lium flow rate. For a carrier gas flow rate of 125 scc
the conversion was negligible below 533 K but approac
100% at 680 K. Increasing the helium flow rate caused
conversion–temperature profile to shift to higher tempe
tures, as expected. Fig. 3 illustrates acetone carbon s
tivity as a function of helium flow rate and temperatu
Acetone carbon selectivity is the number of moles of car
contained in the acetone produced, divided by the num
of moles of carbon in the acetic acid consumed, as
t

-

Fig. 2. Acetic acid conversion as a function of helium flow rate and tem
ature on a titania-functionalized silica monolith.

Fig. 3. Acetone carbon selectivity for the reaction of acetic acid o
TiO2-functionalized silica monolith as a function of temperature and
lium flow rate.

culated from the corrected mass spectrometer signals
these two compounds. Although Fig. 3 shows a small
increase in the acetone selectivity in the temperature ra
533 to 630 K, there are several important issues to n
First, acetone carbon selectivity is not enhanced by u
shorter contact times. Further, considering the accuracy
of the computed mass spectrometer sensitivities, we can
that acetone carbon selectivity remains practically cons
for the different helium flow rates and temperatures.
example, for the results in Figs. 2 and 3 at 533 K, r
resenting acid conversions of 3 to 5%, an absolute e
of 0.2% in the measured conversions (i.e., a relative
ror of ∼5%) would be sufficient to produce the observ
deviation from the ideal maximum acetone carbon se
tivity (75%). Within this level of uncertainty the aceton
carbon selectivity for all results shown in Fig. 3 is at t
maximum value that can be obtained if only ketonization
curs.
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4. Discussion

The TiO2-functionalized silica monolith is an active ca
alyst for the ketonization reaction of acetic acid within
temperature range 533–680 K. As we have shown pr
ously [6], at temperatures near 680 K, silica-functionali
monoliths are very selective for the production of kete
However, we did not observe any significant product
of ketene on the TiO2-functionalized silica monolith be
low 700 K. These results therefore demonstrate that the
nia surface is responsible for the high selectivity toward
ketonization reaction of acetic acid. These observations
port previous results on polycrystalline TiO2 [16,23,25] and
on faceted TiO2(001)–{114} single-crystal surfaces [24,35
This surface promotes the formation of ketones with 2n − 1
carbon atoms from carboxylates withn carbons by coupling
a pair of ligands bound to the same surface Ti4+ cation [1].
These results lead to the conclusion that the preparation
nique used in this study produces a significant populatio
four-coordinate surface cations.

In contrast to the results for ketene production on si
monoliths, the selectivity of the bimolecular ketonization
action on the titania-functionalized monolith is not affec
by using short contact times, as shown in Fig. 3. The va
of acetone carbon selectivity of approximately 75%, as w
as the acetone molar selectivity, agrees with the theore
values given by the stoichiometry of the ketonization re
tion. The results also show that the decarboxylation reac
does not occur to a substantial extent on this catalyst,
that using different contact times does not change the2
selectivity.

Some authors have proposed that the formation of
tones on oxides is a sequential reaction going throug
“ketene intermediate” [17,23,25,33,36,37]. This mechan
has also been proposed for the formation of acetone b
reaction of acetic acid on alkali-exchanged faujasites [
Grootendorst et al. [33] reported that the partial pressur
ketene started to drop as soon the concentration of ace
started to increase. Therefore they proposed this mecha
to support their results, assuming that ketene and ace
come from the same “ketene intermediate” adsorbed on
surface [33]. While the results of our present and prev
studies [6,24] do not preclude an adsorbed ketene interm
ate in ketonization, they clearly rule out the participation
a gas-phase ketene product in ketone formation. In the
phase it is well known that ketene reacts with acetic a
to form acetic anhydride. We have previously shown t
this secondary reaction of ketene is negligible for a selec
ketene catalyst (a silica-functionalized monolith) operate
short contact times across a wide range of acid convers
If sequential reactions of a reactive ketene product were
nificant, then the ketene selectivity should depend on con
sion. Likewise, the present work demonstrates that a h
conversion-invariant selectivity for acetic acid ketonizat
can be achieved with a titania-functionalized monolith ca
lyst. Again, if the reaction were sequential, one would exp
-

-

l

e

e

-

.

to observe significant selectivities to ketene at low con
sion given our previous demonstration of the ability to p
serve ketene products in short-contact-time operation. T
together, these short-contact-time studies demonstrate
the formation of ketene and formation of ketoneproducts
from carboxylic acids areparallel processes. This conclu
sion is entirely consistent with previous surface science s
ies [24,35], which have shown the formation of both ket
and acetone from adsorbed acetates on TiO2 surfaces. Thes
two pathways may also have in common a surface keten
termediate as well, but direct spectroscopic evidence for
intermediate is lacking to date. While one cannot state de
itively at present whether thesurface reactions leading to ke-
tones or ketenes are strictly parallel or are series-paralle
structure of the reaction network with respect to fluid-ph
reactants and products is clear: ketenes and ketones ar
duced in parallel. Hickman and Schmidt [8] have shown
for parallel reaction systems, the reaction order with res
to the common species (in this case acetic acid) will de
mine the nature and magnitude of the effect of using s
contact times. For the case of both reactions having the s
order, the selectivity is determined only by the rate c
stants; contact time will influence only the conversion. T
results of this investigation indicate that the acetone sele
ity for the reaction of acetic acid on a titania-functionaliz
silica monolith is consistent with this description of the
action network and kinetics.

5. Conclusions

The TiO2-functionalized silica monoliths prepared fro
hydrolysis of titanium(IV) isopropoxide on plain silic
monoliths are highly selective for the production of acet
from acetic acid at temperatures between 533 and 680
this temperature range only two reactions are observed
tonization and coke formation. The use of shorter con
times does not improve the acetone selectivity from the
molecular coupling of acetic acid on TiO2. The formation of
acetone on TiO2 is not a sequential reaction going throu
an intermediate ketene product. In short, variation of c
tact time cannot alter the intrinsic chemistry of the catal
material.
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