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ABSTRACT: Ketonization of the model bio-oil compound acetic acid was performed in a toluene-solvent condensed phase
using five different CeMOx catalysts. The catalysts were characterized using a number of different techniques both before and
after reaction testing to gain understanding of how material traits influence their catalytic performance. A number of potentially
important catalytic properties were found to be of little importance for the respective reaction. For instance, it was discovered
that there was no direct correlation between prereaction surface area with activity for ketonization at high or at low temperatures.
Furthermore, better reducibility of the oxide did not appear to correlate with improved ketonization rates. XRD of postreaction
materials used at different temperatures demonstrated the reaction temperature regime influenced whether the crystal structure
of the fresh mixed oxide was disrupted. The precise temperature regimes were different, depending on composition of the
catalytic material. Catalytic activity was then found to be maximized when metal carboxylate formation and subsequent
decomposition of the carboxylate were appropriately balanced.
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1. INTRODUCTION

In the search for renewable sources of energy, there will
inevitably be a need for liquid fuels. With the existing liquid fuel
infrastructure in the trillions of dollars, it would be highly
desirable to produce a completely compatible renewable
substitute. Fast pyrolysis, involving the thermal breakdown of
biomass in the absence of oxygen, has been examined as a
potential starting point for the production of liquid fuels.1−3

Unfortunately, the resulting liquid product from fast pyrolysis,
bio-oil, has a low energy density due to a large number of highly
oxygenated compounds and a pH of 2−3 due primarily to
many small organic acids, making upgrading necessary.1

Moreover, it would be preferable to perform this upgrading
process in the condensed phase as many of the components of
bio-oil are thermally unstable.
One reaction that would appear to be attractive for this

upgrading application is ketonization, which involves coupling
two carboxylic acids to form a ketone, CO2, and H2O. This
reaction has already been probed in a number of manuscripts
related to renewable fuel applications.4−7 Biomass-related
applications of ketonization are not new as the reaction was

actually used to produce acetone industrially in the early 20th
century from the decomposition of calcium acetate made
through the mixing of lime and wood distillates.
A large number of metal oxide catalysts have been explored

and found to be active for ketonization.8 However, ceria-based
catalysts are commonly believed to be among the best for the
reaction.9,10 Recently, mixed ceria−zirconia materials have
found promising application as ketonization catalysts in the
upgrading of biomass-derived intermediates to fuels.11−13 While
this mixed metal oxide is clearly effective in the reaction, there
is little basis for determining why it would be uniquely better as
a catalyst for ketonization relative to other potential mixed
metal oxides. In fact, it is known that a number of CeMOx

catalysts are active for the reaction. For instance, Nagashima et
al. investigated many CeMOx oxides containing 10 mol % of
the respective additional metal in the vapor phase ketonization
of propanoic acid at 350 °C.16 Catalysts containing Mn, Mg, or
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Cu were found to be more active than pure ceria, with CeMnOx
being the most active. Through further investigation of the
CeMnOx catalysts, it was reported that increasing the Mn
content to ∼60% resulted in greater acid conversions.14 Despite
reports of mixed oxides being superior catalysts, there does not
appear to be an understanding of why the activity enhancement
occurs.
The mixing of ceria with various oxides is known to

significantly alter the material properties of the oxide. For
example, it has been found that the addition of zirconia to ceria
allows for reduction of the bulk oxide to occur at lower
temperatures.15 A mixed ceria−alumina catalyst was found to
have redox properties similar to those of mixed ceria-zirconia
catalysts in that the bulk ceria was more easily reduced.16

Properties like these may potentially be of importance in
ketonization as it has been suggested that catalyst redox
characteristics may play a role in the reaction mechanism.14,17

Alternatively, recent work from our lab on ceria catalysts
suggested that the ketonization reaction could proceed through
the formation and subsequent decomposition of metal
carboxylates.18−20 If this was the case, ceria-based mixed oxides
might be expected to have different activities due to the ease of
formation and decomposition of a metal carboxylate
intermediate.
Given these considerations, the current work focused on

examining the performance of Ce-containing mixed metal oxide
catalysts for the ketonization reaction in the condensed phase.
The goal of the work was to identify what characteristics of the
materials yielded the most active catalysts. Four CeMOx
catalysts were prepared and characterized relative to CeO2.
All of the materials were used in the condensed-phase
ketonization of the model bio-oil compound, acetic acid.
Importantly, post-eaction characterization of all five catalysts
was performed, and explanations for the differences in reaction
performance for the various materials were proposed.

2. RESULTS AND DISCUSSION

2.1. Catalyst Prereaction Characterization. The copre-
cipitation synthesis of the four different mixed oxides and pure
ceria resulted in materials that were subsequently named
CeZrOx, CeAlOx, CeMnOx, and CeFeOx, and CeO2. As given
in Table S1 (Supporting Information), the surface areas of
CeZrOx, CeFeOx, and CeAlOx were all larger than those with
pure CeO2. The surface area of the CeZrOx synthesized in this
study (145 m2/g) was slightly greater than that reported by
Serrano-Ruiz (115 m2/g) using a very similar synthesis
technique.21 Also provided in Table S1 (Supporting Informa-
tion) are the XRF results for the materials that gave Ce/M
molar ratios of about 1, which were close to the target values
based on precursor addition.
XRD analysis of the materials only showed peaks related to

the cubic cerium oxide phase (Figure 1). As can be observed in
Figure 1, the mixed oxide materials had smaller crystallite sizes
than the pure ceria catalysts as evidenced by the broadening of
the diffraction peaks. Incorporation of the additional smaller
cation into the ceria cubic lattice was also observed through
shifting of the peak locations to higher 2θ values for the
CeMnOx and CeZrOx materials, which has been reported
previously for these types of materials.21−24 SEM of the
particles showed that the precipitated materials consisted of
nonuniformly shaped particles (Figure S1, Supporting
Information).

TPR of the five catalysts showed significant differences in
how easily the material could be reduced and whether these
redox properties were maintained through at least two
reduction cycles. As demonstrated in Figure 2, CeO2 had

both low and high temperature reduction steps, which has
commonly been reported to be due to surface and bulk oxygen
removal, respectively.25 Addition of other cations to CeO2
clearly had significant impact on this reduction profile.
Consistent with earlier reports, CeZrOx no longer gave a
two-step reduction sequence, but instead, it appeared that the
bulk and surface were reduced at the same time resulting in one
large peak at ∼450 °C.15 CeAlOx, CeZrOx, and CeO2 all
seemed to maintain consistent reduction responses through at
least two cycles, while CeFeOx and CeMnOx did not consume

Figure 1. XRD profiles of the fresh mixed metal oxide catalysts.

Figure 2. TPR of the CeMOx materials. The testing began with a
reduction step up to 450 °C (- - -) followed by oxidation and a second
reduction ().
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as much H2 during the second reduction event. CeMnOx
reduction was similar to that reported by Chen et al. in that
two peaks at ∼250 and 350 °C occurred.23 For both the
manganese and the iron containing oxides, it must be kept in
mind that significant reduction of Mn and Fe was likely
occurring along with the Ce4+ → Ce3+ transition. For instance,
the two-peak reduction with the CeMnOx sample may be due
to consecutive reductions from a high oxidation state of Mn to
one more reduced .26

XPS has been used for determining the cerium oxidation
state present at the surface.27 Nomenclature for the Ce 3d
spectra as used here followed that proposed by Burroughs et al.,
which has now become standard.28 The u‴ peak at a binding
energy of 916.5 eV has been attributed to Ce4+ and is therefore
used for calculation of the amount of this cerium oxidation
state.13 Shyu et al. found that the area % of this peak in relation
to the entire Ce 3d spectra area followed a linear correlation
with the % Ce4+ in the sample.29 As can be seen in Figure 3, the

Ce 3d spectra for the five materials showed different levels of
cerium reduction in the fresh materials. It was particularly
evident for the CeZrOx material that the u‴ peak was
decreased, while the v′ and u′ values increased significantly.
This result was consistent with expectations as it is known that
the addition of zirconia to ceria promotes vacancies charge
balanced by the presence of Ce3+.30 The O1s spectra of the five
materials are shown in Figure S2 (Supporting Information).
While all of the materials gave peaks with broad shoulders at
higher binding energies, the CeAlOx spectrum was unique in
that at least two large distinct peaks were evident. While not
observed in the XRD analysis, this two-peak result could likely
be due to the separation of ceria and alumina phases. Therefore,
the peak at the higher binding energy would be attributed to
alumina with the remaining peaks due to oxygen present in
ceria-aluminate and/or pure ceria.31

As shown in Figure 4, Raman spectra of the fresh materials all
showed peaks at ∼450−470 cm−1, which is known to be due to
the F2g Raman active mode common for ceria.21,32,33 From

Figure 4, it can be seen that the CeO2 and CeAlOx peaks had
similar Raman shifts, while the CeZrOx peak appeared to shift
to the right. This blue-shift for CeZrOx has been reported
elsewhere.33,34 The red-shift seen for CeMnOx and CeFeOx
may be due to heating of the sample by the higher laser powers
used.32 However, it is also known that red-shifts could be
related to longer M-O bonds.35

2.2. Ketonization Reactions of Acetic Acid. Ketoniza-
tion reactions of acetic acid resulting in the production of
acetone, carbon dioxide, and water were performed in the
condensed phase using stainless steel batch reactors. Initial
reaction testing was performed at 230 °C using 0.2 g of
catalysts. A catalyst was found to be necessary for the reaction
to proceed, since a control run in the absence of any catalysts
resulted in acetone molar yields under 0.1%. The catalyst runs
were performed in duplicate with the results given in Figure 5.

CeO2 and CeZrOx were the most active catalysts giving similar
acetone yields after ∼23 h of reaction. CeAlOx gave an
intermediate acetone yield, and CeMnOx and CeFeOx were the
least active catalysts giving only ∼4% yields at ∼23 h.
Acetic acid ketonization was also performed at a higher

temperature of 300 °C using a lower acid/catalyst weight ratio
of 10. As shown in Figure 6, the results were quite different
from those found at 230 °C. At the higher temperature,
CeMnOx and CeFeOx were found to be the most active
catalysts. Additional reactions were performed using a longer
time of 45 min and a higher catalyst loading (acid/catalyst = 5).
Under these conditions, CeMnOx and CeFeOx catalysts were
the most active (Table S2, Supporting Information), in
complete agreement with the reaction conditions used for
Figure 6. Ceria-manganese oxide catalysts have been reported
by Nagashima et al. to be more active than other mixed oxides

Figure 3. Ce 3d XPS spectra of the fresh materials, where u‴, v‴, u″,
v″, u, and v peaks are attributed to Ce4+, while the u′ and v′ peaks are
related to Ce3+.13

Figure 4. Raman spectra of the mixed metal oxide matierals with a
laser power of 2.5 mW (CeO2, CeZrOx, and CeAlOx) or 25 mW
(CeMnOx and CeFeOx).

Figure 5. Acetic acid ketonization at 230 °C promoted by the CeMOx
catalysts (0.2 g of catalyst and 1.0 g of acetic acid). Error bars are
standard deviations from duplicate runs.
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when tested in the vapor phase ketonization of propanoic acid
at 350 °C.14

To explore whether conversion could be achieved at even
lower temperatures in the condensed phase, reaction testing
was performed at 150 °C. Very little activity was observed for
any of the materials with CeO2 giving the greatest acetone yield
of 1.2% after 24 h. However, there were differences in the
amount of acetic acid lost during the reaction as the CeMnOx
and CeFeOx materials were found to have acid loss of greater
than 10%, while the other three materials all had acid
disappearance at or below 6%.
2.3. Postreaction Catalyst Characterization. Character-

ization of the catalysts after reaction testing at 230 °C showed a
number of interesting changes relative to the fresh materials.
The SEM images revealed that during the course of reaction all
of the materials other than CeMnOx formed a large number of
whisker- or rod-shaped particles (Figure S3, Supporting
Information), which demonstrated that significant particle
restructuring occurred during the reaction. XPS of the five
postreaction catalysts also showed significant reduction of the
surface cerium for all of the catalysts (Figure 7). However, it
was evident that CeO2 was the least reduced with CeFeOx and
CeAlOx having the most Ce3+ present. There have been reports

of cerium reduction during the course of the ketonization
reaction.13,19,36

XRD analysis of the catalysts after their exposure to the
reaction at 150 °C, 230 °C, and 300 °C showed that depending
on the material and on the reaction temperature the catalyst
crystal structures had been modified. As shown in Figure S4
(Supporting Information), after 24 h of exposure to acetic acid
at 150 °C both the CeMnOx and CeFeOx catalysts were
significantly transformed from their original state, while the
CeO2, CeZrOx, and CeAlOx catalysts all maintained their
original fluorite structure. For the intermediate reaction
temperature of 230 °C, all five of the catalysts were significantly
altered with very little of the original crystallinity maintained
(Figure 8). Reaction testing at 300 °C again resulted in a

difference between the catalysts as seen in Figure 9. With this
higher temperature reaction, only CeMnOx and CeFeOx were
transformed, while the other oxides had XRD patterns similar
to those before use in the ketonization reaction.

2.4. Discussion. The metal oxides, Al2O3,
37 MnO2,

8

Fe2O3,
38 and ZrOx

39 have all been reported to be active
ketonization catalysts by themselves, and as shown here, the
addition of the respective metal into ceria altered a number of
catalyst properties measured on the fresh materials. However,
postreaction characterization suggested that many of these
material characteristics could be eliminated as being of
importance in the ketonization reaction under the conditions
used in the current work. As shown in Table S1 (Supporting
Information), the BET surface area was significantly different
for the five catalysts, but the higher surface area values clearly
did not correlate to greater acetone yields in reaction testing.
This result implied that the ketonization was either not taking
place solely on the surface of the materials or that significant

Figure 6. CeMOx activity in acetic acid ketonization at 300 °C (0.1 g
of catalyst and 1.0 g of acetic acid).

Figure 7. XPS of CeMOx catalysts after acetic acid ketonization at 230
°C for ∼23 h.

Figure 8. XRD of postreaction catalysts (230 °C, 23 h, 0.2 g of
catalyst, and 1.0 g of acetic acid).

Figure 9. XRD of the postreaction catalysts (300 °C, 30 min, 0.1 g of
catalyst, and 1.0 g of acetic acid).
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surface area was being lost during the course of the reaction due
to reaction-induced restructuring.
TPR studies showed that addition of another cation into

ceria created significant alterations in the reduction profile of
the resulting material. Again, the TPR results examined in
context of the reaction testing results did not show any clear
trend between the ease of reduction and ketonization activity.
Therefore, enhanced redox abilities could not be used to
explain why mixed oxide catalysts were more active than pure
ceria in some cases. The surface oxidation state of cerium in the
fresh material did not have a significant correlation with
catalytic activity. As shown in Figure 3, initially the mixed
oxides contained different ratios of Ce3+/Ce4+. CeMnOx and
CeAlOx appeared to have more Ce4+ than did CeZrOx, and
while CeZrOx was more active than both at 230 °C, CeMnOx
was only more active at 300 °C.
XRD results for the materials after acetic acid ketonization

displayed important differences between the materials as well as
temperature-dependent results. At 150 °C, CeMnOx and
CeFeOx underwent bulk restructuring, while CeO2, CeAlOx,
and CeZrOx did not. This restructuring was likely due to a
reaction of the acetic acid with the mixed metal oxide resulting
in the formation of a mixed metal oxyacetate. The bulk
carboxylate formation phenomenon has been reported
previously for a number of different metal oxides.37,40,41 In
contrast, different interactions of the materials with the acetic
acid reactant were observed after use at the intermediate
reaction temperature of 230 °C. Here, the exposure to the acid
resulted in the formation of bulk acetate for all five of the
materials. Higher temperature reaction testing at 300 °C again
showed that CeFeOx and CeMnOx preferred carboxylate
formation, while CeO2 and CeZrOx remained in the original
oxide phase.
To our knowledge, this is the first finding of mixed metal

oxides with cerium where bulk carboxylates were found to form
during the ketonization of organic acids. There could be a
number of reasons for bulk carboxylates not being reported
previously. One is that mixed metal oxides have not been
thoroughly examined after exposure to reaction conditions
similar to those used in the current study. Importantly, the
ketonization temperatures used here were lower than the 300−
450 °C typically used for this reaction.42 Alternatively, it is
possible that the metal carboxylate formation was related to the
use of a condensed phase during the ketonization reaction
rather than the more typically examined vapor phase
conditions. However, it is worth noting that our recent work
with acetic acid ketonization using only ceria showed that bulk
carboxylate formation was related to the reaction temperature
rather than the phase in which the reaction was being
performed.19

The formation of bulk carboxylates has been proposed to be
of possible importance in the ketonization of carboxylic
acids.37,41,43 Yakerson et al. examined vapor phase ketonization
of acetic acid with TiO2, CeO2, SnO2, ZrO2, and BeO and
suggested that these materials did not undergo bulk carboxylate
formation unlike groups I and II carbonates or oxide catalysts.43

To reconcile these differences, the authors proposed that
ketonization proceeded through different mechanisms depend-
ing on the strength of the metal−oxygen bonds.43 Pestman et
al. reached a similar conclusion as they proposed oxides with
weak M-O bonds promoted the reaction through a bulk
decomposition mechanism, while oxides with strong M-O
bonds catalyzed ketonization through a surface reaction.37

Mekhemer et al. recently performed studies on the vapor phase
ketonization of acetic acid using MgO catalysts and concluded
that the basicity of the materials as well as the lattice energy
influenced the formation of bulk acetates.41 In this work, it was
proposed that the reaction temperature played a role in
determining if the reaction proceeded via bulk decomposition
of a magnesium carboxylate or through surface-catalyzed
mechanisms whereby at temperatures of >300 °C surface
reactions began to become important, but at lower temper-
atures, the ketone produced resulted from bulk decomposi-
tion.41

In the current work, the results suggested that similar
temperature-regime-dependent behavior was important. How-
ever, for the CeMOx materials examined there seemed to be
different behaviors based on low, middle, and high temperature
use rather than just the two regimes reported for MgO. The
selection of the metal used for the CeMOx material dictated
what temperature was required to access the various regimes.
Comparison of the responses of the different materials
suggested that at low temperatures with CeO2, CeAlOx, and
CeZrOx there was no sufficient energy to break the M-O bonds
and form carboxylates, whereas for CeMnOx and CeFeOx,
there was. At intermediate temperatures, there was an adequate
amount of energy for carboxylate formation to overcome this
barrier for all of the materials, and as such, the resulting metal
acetate was stable, leading to transformation of the bulk oxide.
At the higher temperature of 300 °C, there was sufficient
energy to both form metal acetates and for them to decompose.
These results were consistent with previously reported work
that demonstrated cerium acetate decomposes at temperatures
of about 300 °C with concomitant release of acetone.44 Since
the metal acetate can form and decompose at the higher
temperature, the crystal structures of the materials remained
intact. For the CeMnOx and CeFeOx materials, the carboxylate
appeared to readily form at lower temperatures and then was
stable at higher temperatures.
For all materials that were used at 230 °C for ∼23 h, their

recalcination at 450 °C in air resulted in the reformation of
their respective oxide crystal lattices as determined from XRD
except for the CeFeOx material. For this material, there was an
appearance of a new peak near a 2θ value of 36°. The location
of the new peak was consistent with the formation of a second
Fe2O3 phase upon recalcination. Therefore, the disruption of
the mixed metal oxide crystal structure due to the formation of
metal acetates could lead to irreversible bulk transformations
leading to the phase segregation of constitutive metal oxides.
Phase separation would expect to alter the properties of the
catalytic material and could result in decreased performance at
the desired reaction conditions.
To examine metal carboxylate formation and decomposition

in more detail, TGA of the spent catalysts was performed
(Figure 10). Decomposition of the 230 °C spent catalysts
showed that CeMnOx and CeFeOx lost the most weight with
CeZrOx and CeO2 losing the least. These results suggested that
the two former catalysts had greater acetate formation than did
the two latter materials. Therefore, both the TGA and XRD
results were consistent with the CeMnOx and CeFeOx more
readily forming metal acetates, which were more stable, than for
CeZrOx and CeO2. The Raman spectroscopy results as shown
in Figure 4 also helped support this supposition as the CeZrOx
had its F2g peak shifted to larger wavenumbers in comparison
to those of CeO2, while CeMnOx and CeFeOx had smaller
Raman shifts. This may be the result of stronger M-O bonds in
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the CeZrOx catalyst with weaker M-O bonding for CeMnOx
and CeFeOx. These weaker M-O bonds allow the materials to
react more easily to the organic acid resulting in more facile
formation of metal carboxylates.
Additionally, the SEM and XPS results showed changes in

the materials occurring over the course of reaction testing in
the intermediate temperature regime. For example, the
formation of whiskers or rods, as seen in Figure S2 (Supporting
Information), demonstrated that the macromorphology of the
materials changed along with the crystal structure during use.
The link between the morphological change and the formation
of metal carboxylates would be consistent with a recent report
by Go and Jacobson who found that during the formation of a
mixed cerium gadolinium carboxylate, in their case a metal
formate, the resulting product consisted of rod-shaped
materials, which looked similar to the morphologies observed
in the current work.45 The reduction of cerium as found by
XPS could be attributed to metal acetate formation as well.
After use, the catalytic materials were dried in air prior to XPS
characterization, which would readily convert Ce3+ present as
Ce2O3 into Ce4+ through oxidation to CeO2. However, the
reduced Ce state persisted through drying, which would be
consistent with the reduced Ce being present as Ce (III)
acetate. While reduced Ce3+ was observed for all five catalysts
tested at 230 °C, it was the most pronounced for CeFeOx,
CeMnOx, and CeAlOx, which were also the materials that had
the greatest weight loss as determined by TGA. Therefore, the
results were consistent with cerium reduction and carboxylate
formation being linked.
Importantly, the activity of the different catalysts was linked

to the different reaction temperature regimes. During
intermediate temperature testing, CeO2 and CeZrOx were
more active than CeFeOx and CeMnOx, while at higher
temperatures, the reverse reactivity order occurred. As was
reported in previous work that only examined CeO2 as the
catalyst,19 the reaction activity results could be rationalized by a
model in which metal carboxylates formed and then were
decomposed to the ketone. In this model, there would then be
a competition between the formation of metal carboxylate and
its subsequent decomposition. The relative rates of the two
events would be related to both metal oxide effects and reaction
temperature. As shown here, bulk carboxylates could form at
temperatures below where ketonization products were
observed for some of the mixed metal oxides suggesting the
energetics of the metal carboxylate formation were favored. At
intermediate temperatures, the ketonization reaction occurred
but was still limited to decomposition, which was why all of the

materials were transformed into bulk carboxylates. In this
temperature regime, catalysts that form less stable metal
carboxylates and have stronger M-O bonds like CeZrOx and
CeO2 would be the most active. At higher temperatures where
decomposition readily occurs, the reaction would be limited by
the formation of the carboxylate so materials with weaker M-O
bonds leading to easier metal acetate formation as was the case
with CeMnOx and CeFeOx would be more active. The different
behavior of the CeAlOx catalyst could be attributed to the
existence of two different phases, one being alumina, which has
been reported to be less active than ceria;10 so this material
would promote the reaction more similarly to a mixture of ceria
and alumina.

3. CONCLUSIONS
A number of different ceria-based mixed metal oxide catalysts
were synthesized and tested in the condensed phase
ketonization reaction of acetic acid, which was chosen due to
its relevance to bio-oil upgrading processes. Extensive
characterization of the properties of the mixed metal oxides
revealed that a number of catalyst properties normally believed
to be of benefit, such as BET surface area and redox behavior,
did not have a large influence on the reaction performance of
the materials. Reaction studies coupled with postreaction
characterization of the catalytic materials demonstrated that
the ketonization reaction was found to proceed differently
depending on which of three temperature regimes was used as
well as which particular metal was introduced into the ceria
framework. Importantly, the performance of the catalytic
materials was correlated to the relative efficacy of forming
metal acetates versus their decomposition to release a ketone.
At intermediate temperatures, metal oxide catalysts such as
CeZrOx and CeO2, which did not as readily form metal
carboxylates were found to be the most active, while at higher
temperatures, the ability to form metal acetate such as with
CeFeOx and CeMnOx was of benefit. Therefore, in the
selection of a catalyst for a particular ketonization reaction
system, it is useful to take into account the ease of formation for
metal carboxylates as well as the temperature at which these
intermediate compounds thermally decompose.
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