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a b s t r a c t

Vapor phase condensation reactions of propanal were investigated over CexZr1−xO2 mixed oxides as a
model reaction to produce gasoline range molecules from short aldehydes found in bio-oil mixtures.
Several operating parameters were investigated. These included the type of carrier gas used (H2 or He)
and the incorporation of acids and water in the feed. Propanal is converted to higher carbon chain oxy-
genates on CexZr1−xO2 by two pathways, aldol condensation and ketonization. The major products of these
condensation reactions include 3-pentanone, 2-methyl-2-pentenal, 2-methylpentanal, 3-heptanone and
4-methyl-3-heptanone. It is proposed that the primary intermediate for the ketonization path is a surface
carboxylate. The presence of acids in the feed inhibits the aldol condensation pathway by competitive
adsorption that reduces the aldehyde conversion. Water also promotes ketonization and inhibits aldol
condensation by increasing the concentration of surface hydroxyl groups that enhance the formation of
eria
irconia
ropanal
ixed oxides
PS

surface carboxylates with the aldehyde. Hydrogen enhances cracking and production of light oxygenates
and hydrocarbons. The light oxygenates may in turn be reincorporated into the reaction path, giving
secondary products. However, the hydrocarbons do not react further. Analysis of the fresh and spent
catalysts by XPS showed varying degrees of reduction of the oxide under different operating conditions
that were consistent with the reaction results. Changing the proportion of the parent oxides showed that

ation
e acid
increased Zr favored form
shifting the balance of th

. Introduction

The production of fungible fuels from biomass offers a possi-
le contribution to meet growing energy demands and to reduce
heir environmental impact. The conversion of solid biomass can
e achieved through biochemical or thermochemical processes
1]. Biochemical processes involve fermentation of the biomass
eedstock with a biological organism to produce ethanol or other
roducts. Pyrolysis is a high temperature process that produces a

iquid product that is commonly referred to as “bio-oil” [1]. Bio-oil
s a complex mixture of a wide range of oxygenated compounds
hat include aldehydes, ketones, alcohols and carboxylic acids [2].

he catalytic conversion of glycerol that is obtained as a byprod-
ct from the production of biodiesel also produces short aldehydes
nd acids [3]. The oxygenates found in bio-oil and from the conver-
ion of glycerol can be converted to more suitable molecular weight

∗ Corresponding authors at: University of Oklahoma, Chemical Engineering, 100
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of aldol products while increased Ce favored ketonization. This occurs by
–base properties of the active sites.

© 2010 Elsevier B.V. All rights reserved.

components as they possess reactive carbonyl moieties that can be
used to carry out carbon–carbon bond forming reactions, thereby
moving to the transportation fuel range while reducing the oxygen
content of the oxygenate stream.

Ketonization and aldol condensation reactions are important
routes in which aldehydes (or carbonyl containing species) can
be converted into longer chain molecules. While ketonization pro-
duces higher ketones from aldehydes with the evolution of CO2 and
water, aldol condensation produces dimers and trimers of the cor-
responding aldehydes with the evolution of water. Previous studies
on ketonization of oxygenates have been carried out on a vari-
ety of metal oxide catalysts that include CeO2, ZnO, TiO2, ZrO2,
CeO2/Mn2O3, CeO2/ZrO2 and CeO2/Fe2O3 [4–13,21–23,26–32].

It has been reported that ceria-based catalysts are active for
ketonization of aldehydes, in which the aldehyde is oxidized to a
carboxylate type species on the surface that then couples to pro-
duce the ketone [11,21,22,28–30,32]. Cerium oxide is known to
possess a very high oxygen exchange capacity, due to its ability to
alternate between Ce3+ and Ce4+ under reducing and oxidizing con-
ditions, respectively [12,16–19,39]. The oxygen storage capacity of

ceria has enabled its use as an oxygen carrier, but deactivation of
ceria at high temperatures has led to the formulation of a new range
of mixed oxides that have improved stability and redox properties
[15,16]. The incorporation of ZrO2 into the lattice of CeO2 signifi-
cantly changes the reducibility and oxygen storage capacity of the

dx.doi.org/10.1016/j.apcata.2010.06.048
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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xide [16–19]. This has been attributed to changes to the fluorite
tructure of ceria and the creation of defects that increase oxygen
obility through the lattice [16–19]. In addition, the ceria–zirconia
ixed oxides exhibit acid and base properties that can be utilized

or both aldol condensation and ketonization reactions.
In this study, the ketonization and aldol condensation reactions

f a representative short aldehyde, propanal, are carried out over a
e0.5Zr0.5O2 mixed oxide catalyst. The effects of different operating
onditions have been tested, including changing the type of carrier
as used (H2 or He) and incorporating short organic acids or water
n the feed. A reaction pathway for the conversion of propanal is
roposed and related to the structural properties of the catalyst.

n addition, for comparison, changes in the ratio of the component
xides were studied.

. Experimental

.1. Catalyst preparation

CexZr1−xO2 mixed oxide catalysts were prepared by a co-
recipitation method with aqueous solutions of cerium (IV)
mmonium nitrate and zirconium nitrate as described in the
tudies by Hori et al. [18] and Noronha et al. [19]. Cerium (IV)
mmonium nitrate and zirconium nitrate were dissolved in water
n appropriate concentrations to have the required Ce/Zr ratio.
hen the ceria and zirconia hydroxides were co-precipitated by
ncreasing the pH through the controlled addition of ammonium
ydroxide. The resulting solids were washed with deionized water,
ried overnight in an oven and calcined at 773 K for 1 h. Pure CeO2
nd ZrO2 were also prepared using the same method for com-
arison. �-Alumina was purchased from Alfa Aesar and used as
eceived.

.2. Catalyst characterization

The catalysts were characterized by X-ray diffraction and
emperature-programmed reduction (TPR).

The phase structure of the CexZr1−xO2 catalyst was investigated
y X-ray diffraction (XRD) using a Rigaku Automatic diffractometer
Model D-MAX A) with a curved crystal monochromator and sys-
em setting of 40 kV and 35 mA. Data were collected in the angle
ange of 5–70◦ with a step size of 0.05◦ and a count time of 1.0 s.
he samples were finely ground and placed on a glass slide using a
mear mount technique.

TPR experiments were carried out in a gas mixture of 5% H2
n Ar (25 ml/min) over a 30 mg catalyst sample. The temperature

as increased from 303 K to 1223 K at 10 K/min. The effluent gases
ere analyzed using an online SRI 110 thermal conductivity detec-

or (TCD). Prior to each TPR experiment, the sample was pretreated
n 2% O2 in He (30 ml/min) at 550 ◦C for 1 h.

.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy data were recorded on a
hysical Electronics PHI 5800 ESCA system with monochromatic
l K� X-rays (1486.6 eV) operated at 100 W and 15 kV in a cham-
er pumped down to a pressure of approximately 1.0 × 10−8 Torr.
∼0.64 mm2 spot size and 58.7 eV pass energy were typically used

or the analysis. The electron takeoff angle was 45◦ with respect to
he sample surface. The reduction and reaction of the samples were

arried out in a fixed bed reactor with sealing valves at the top and
ottom of the reactor. After each reaction experiment, the valves
ere closed and the reactor with the sample was transferred to a

love bag that was then purged with He to avoid any exposure to
he atmosphere. The samples were removed from the reactor and
is A: General 385 (2010) 80–91 81

placed on a stainless steel holder and into an ex situ vacuum cham-
ber within the bag and then kept in the vacuum chamber for the
analysis. The XPS data from the regions related to C (1s), O (1s),
Ce (3d) and Zr (3d) were recorded for each sample. The binding
energies were corrected with reference to carbon at 284.8 eV. The
reducibility of CexZr1−xO2 catalysts were evaluated by calculating
the fraction of Ce4+ and Ce3+ in the samples by measuring the ratio
of the area of the peak at 916.5 eV to the total area of the Ce (3d)
spectrum, following a previously reported method [19,46,47].

2.4. Catalytic activity

The catalytic reactions were carried out in a 6 mm quartz tube
reactor at atmospheric pressure at 400 ◦C. Prior to the reaction, the
catalyst was reduced in situ in flowing H2 (30 ml/min) at 400 ◦C. The
feeds were propanal (from Aldrich), with, in some cases, propionic
acid (from Aldrich) that were injected from a syringe pump into
a heated port with a stream of flowing carrier gas (He or H2). To
test the effect of water addition with the feed, deionized water was
injected with another syringe pump into the reactant line. Typ-
ical catalyst loads were 15–160 mg (40–60 mesh), with the feed
and carrier flow rates adjusted to achieve the desired space time
(W/F). All the lines were heated with heating tapes to keep the reac-
tants and products in the gas phase. The products were analyzed
and identified by online gas chromatography using an HP 5890 GC
equipped with a flame ionization detector and a Shimadzu GC/MS,
respectively. Analysis of the light hydrocarbon products was done
using a Carle series 400 AGC equipped with TCD.

2.5. Temperature-programmed desorption (TPD) of propanal

In each TPD experiment, 50 mg of fresh catalyst sample was ini-
tially pretreated in flowing H2 at 400 ◦C in the same diameter quartz
tube as used in the continuous flow experiments. After pretreat-
ment, the excess H2 was removed by purging with He. 5 �l (liquid)
of propanal was then repeatedly injected over the sample using
a GC syringe (Hamilton 10 �l) at 400 ◦C until reaching saturation,
as indicated by a steady MS signal. Excess propanal was removed
by flowing He. The sample was then cooled down to room tem-
perature in He and heated to 900 ◦C at a heating rate of 10 ◦C/min.
Masses (m/z) of 16, 18, 28, 44 and 58 were monitored continuously
by a Cirrus mass spectrometer (MKS) to determine the evolution of
methane, water, carbon monoxide, carbon dioxide and propanal,
respectively.

3. Results and discussion

3.1. Catalyst characterization

The textural properties of the oxides were characterized using
X-ray diffraction (XRD). It is well known from the literature that
pure CeO2 exhibits a cubic phase while pure ZrO2 shows a mix-
ture of monoclinic and tetragonal phases [16,18–20]. The distinct
peaks obtained for the mixed oxide samples in this study were
consistent with those that have been reported previously in the
literature [16,18–20] and these peaks can be assigned to contribu-
tions from both the CeO2 and ZrO2 phases. Shifts to higher angles
were observed with increasing zirconia content in the sample, and
are indicative of a change in the lattice parameter resulting from
the incorporation of the smaller Zr4+ ion into the lattice of the larger

Ce4+ ion.

The reducibility of the mixed oxides formed was character-
ized using temperature-programmed reduction (TPR) with H2. This
technique has been widely used to characterize the reducibility of
ceria-based materials in several previous studies and the results
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Fig. 1. Reaction of propanal as a function of W/F at 400 ◦C on Ce0.5

btained here are in agreement with those [16–20]. The TPR pro-
le for pure CeO2 showed two distinct regions, a low temperature
egion (300–600 ◦C) with a maximum at around 500 ◦C, attributed
o the surface reduction of the Ce4+ ions and a high temperature
egion (700–900 ◦C), with a maximum at around 900 ◦C, originat-
ng from the reduction of the bulk oxide. The TPR profiles for the

ixed oxides showed a single major reduction peak centered at
emperatures between 500 and 600 ◦C. This result is indicative of
he mixed oxide character of the catalyst and is due to the defects
reated by the insertion of Zr4+ into the lattice of Ce4+, as revealed
y XRD, thus increasing the oxygen mobility through the lattice. As
result, the reduction now involves both the surface and bulk in a

ingle step and also occurs at a much lower temperature compared
o that of pure ceria. It is to be noted that there was no reduction of
ure ZrO2.

.2. Product distribution as a function of W/F at 400 ◦C in helium

Fig. 1(a) shows the conversion and yields of products at dif-
erent W/F from the conversion of propanal over the Ce0.5Zr0.5O2
atalyst under He flow. The products obtained include a mix-
ure of aldehydes (2-methylpropanal, 2-methyl-2-pentenal, and
-methylpentanal), ketones (2-butanone, 3-methyl-2-butanone,
-methyl-3-pentanone, 3-pentanone, 3-heptanone, 4-methyl-3-
eptanone, 4-methyl-3-heptenone and other higher ketones),
ydrocarbons (methane, ethane, ethylene, propane, and propy-

ene) and other light gases (CO and CO2). Here, 2-methylpropanal,
-butanone, 3-methyl-2-butanone and the hydrocarbons are
eported as lights while 3-heptanone, 4-methyl-3-heptanone, 4-
ethyl-3-heptenone and other heavier ketones are reported as

6–C9+ coupling products.
From Fig. 1(a), it can be observed that 3-pentanone, 2-methyl-

-pentenal and the C6–C9+ coupling products are the dominant
roducts from the reaction. At low conversions (W/F < 0.2), the
ields of 3-pentanone and 2-methyl-2-pentenal are comparable, as
bserved from the slope of the curves. As the conversion increases,
he yields of 3-pentanone, C6–C9+ products and 2-methylpentanal
ncrease, while the yields of 2-methyl-2-pentenal and lights reach
maximum and start to decrease, as shown in Fig. 1(a), suggesting
hat these are primary products. This can be seen more clearly in
he plot of selectivity as a function of W/F, Fig. 1(b). A maximum
n selectivity to the lights and 2-methyl-2-pentenal is reached at
round W/F of 0.1 and with a further increase in W/F, they decrease.
t can also be seen that the selectivity to 3-pentanone reaches a
2 in He. (a) Conversion and product yield. (b) Product selectivities.

maximum at W/F of 0.1 and gradually decreases to a constant value
with increasing W/F. The decreases in the yields and selectivities of
3-pentanone, 2-methyl-2-pentanal and lights with increasing W/F
indicate further reactions of these compounds to yield secondary
products.

The formation of 3-pentanone on ceria-based catalysts has been
reported previously in the literature [21,22,28,29,36]. Kamimura
et al. [21,36] have proposed that the pathway to 3-pentanone
from propanal is via an aldol addition intermediate, 3-hydroxy-
2-methylpentanal, on CeO2–MgO and CeO2–Fe2O3 catalysts. They
have reported that CO and CO2 were evolved, consistent with a pro-
posed oxidative decarboxylation of 3-hydroxy-2-methylpentanal
on CeO2–Fe2O3 and deformylation on CeO2–MgO to give 3-
pentanone. They also speculated that the extra oxygen necessary
for the decarboxylation step comes from either water or an oxy-
gen impurity in the carrier gas. However, Claridge et al. [22]
have proposed that the extra oxygen in the ketonization to
form 3-pentanone from propanal comes from the surface of the
catalyst. Lietti et al. [23,26] have studied the reactions of C3 oxy-
genates (1-propanol, propanal and propanoic acid), 3-pentanone
and 2-butanone over ZnCrOx and K2O–ZnCrOx catalysts using
temperature-programmed reactions and flow experiments. A prod-
uct distribution similar to the one obtained in this study was
reported and a general reaction network was also proposed
for the transformation of oxygenates over the ZnCrOx catalyst
that included hydrogenation-dehydrogenation, aldol condensa-
tion, ketonization, dehydration, decarboxylation and cracking
reactions to yield the observed products [23,26].

Those previous studies have shown that propanal can either
oxidize to a carboxylate type species on the surface and undergo
further coupling to give 3-pentanone, or undergo aldol conden-
sation to form the hydrated dimer (3-hydroxy-2-methylpentanal)
that can decompose to give 3-pentanone. The former case requires
lattice oxygen for the propanal to form a surface propionate species
that then couples to give the ketone. Neither the hydrated dimer
nor propionic acid was observed in the gas-phase as intermedi-
ate products over the ceria–zirconia catalyst in our study. CO2
was the major gaseous product observed, while CO was seen
only in trace amounts. Also, a steady decline in catalytic activ-

ity, to around one third of the initial activity was also observed
(not shown here) over a 4 h reaction period, suggesting possible
oxygen uptake from the surface. These results suggest that the
formation of 3-pentanone over the ceria–zirconia catalyst occurs
through a decarboxylative condensation reaction via a surface
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Fig. 2. Reaction of propanal as a function of W/F at 400 ◦C on Ce0.5

ropionate intermediate, using lattice oxygen. The aldol condensa-
ion pathway to give 2-methyl-2-pentenal proceeds in parallel via
he aldol addition dimer, 3-hydroxy-2-methylpentanal. The pres-
nce of additional products: 4-methyl-3-heptanone (ketonization),
-methylpropanal, 3-heptanone (aldol condensation), 2-methyl-
-pentanone (reverse aldol condensation), 2-butanone and 3-
ethyl-2-butanone (reverse �-addition) and light hydrocarbons,

O and CO2 (cracking, dehydration, and decarboxylation) in this
tudy, are also consistent with the products observed by Lietti et al.
23,26]. To gain further insight into the reaction pathways, and also
o understand the role of hydrogen, a similar series of experiments
t different W/F were performed in a hydrogen atmosphere.

.3. Product distribution as a function of W/F at 400 ◦C in
ydrogen

Hydrogen creates a reduced surface of the oxide, where the coor-
ination environment of the surface cation is altered to give a broad
istribution of cation oxidation states. Hydrogen is adsorbed on
he surfaces of ceria–zirconia as chemisorbed H atoms. These H
toms interact with surface oxygen to form hydroxyl groups on
he surface. These surface hydroxyl groups subsequently interact
ith hydrogen and desorb as H2O, creating an oxygen vacancy and

he reduction of Ce4+ species. FT-IR spectroscopic studies [45] have
hown that there is an increase in the intensity of the OH band up to
he reduction temperature, above which there is a decrease due to
he formation of water and oxygen vacancies on the surface. In the
ame study, results from magnetic balance experiments showed
hat the reduction percentage of ceria was much higher at a lower
emperature for the mixed oxides, compared to the pure oxide [45],
mplying that the mixed oxides are more easily reduced compared
o the pure oxide. The removal of oxygen in this process creates
ewis acidity [45] that might be helpful for ketonization. In addi-
ion, hydrogen can also promote hydrocracking or hydrogenolysis
eactions. Also, if ketones and aldehydes are hydrogenated, dehy-
ration/hydrogenation is an effective deoxygenation path (in this
ase undesirable) that results in generation of light hydrocarbons.

Fig. 2 shows the product distribution obtained at different W/F
ver the Ce0.5Zr0.5O2 catalyst under hydrogen flow. As can be
een from Fig. 2(a), the yield of light hydrocarbons is increased

y a significant amount in the presence of hydrogen. The lights
each a maximum between W/F of 0.2 and 0.4 and then decrease
radually with increasing W/F. As mentioned above, it is easy to
ee that hydrogen can favor formation of light hydrocarbons and
xygenates, through cracking and dehydration but the decrease
2 in H2. (a) Conversion and product yield. (b) Product selectivities.

in the yield of these products at longer W/F suggests that these
compounds may be further converted to secondary products. The
changes in product selectivities as a function of W/F (Fig. 2(b))
further highlight the decrease in lights at higher W/F with a cor-
responding increase in the C6–C9+ coupling products.

The yield of 3-pentanone in H2 is comparable to that obtained
in He. The yield of 2-methylpentanal, that is formed by the hydro-
genation of 2-methyl-2-pentenal, is increased while there is a
significant decrease in the yields of 2-methyl-2-pentenal and the
C6–C9+ ketonization products.

3.4. Proposed reaction network

In order to better understand the possible secondary reactions
that modify the product distribution, some of the possible interme-
diate products and co-products were fed over Ce0.5Zr0.5O2 in He or
H2 flow under similar reaction conditions as those used with the
propanal feed. These results are summarized in Table 1.

3.4.1. Feeding oxygenates
Experiments using 2-methyl-2-pentenal as the feed, with either

H2 or He as the carrier, showed that the resulting major products
from this dimer were 2-methylpentanal and light hydrocarbons,
with very low yields of the heavier ketones (Table 1). While the
overall conversion of this C6 aldehyde was much higher under H2
than under He for the conditions tested, the products obtained with
H2 and He were comparable to those obtained with propanal. The
higher yields of lights and 2-methylpentanal obtained with H2 are
also comparable to those with propanal as the feed. This result sug-
gests that the majority of the lighter compounds are formed from
2-methyl-2-pentenal and also confirms the reason for the decrease
in the yield and selectivity of 2-methyl-2-pentenal as a function of
W/F in H2 and in He, as shown in Figs. 1 and 2.

An experiment with 3-pentanone as the feed in He showed
that the main reaction products were 2-butanone, 3-methyl-
2-butanone, 2-methyl-3-pentanone, 3-heptanone, 4-methyl-3-
heptanone and other heavier ketones. The conversion of this C5
ketone was much lower than either propanal or 2-methyl-2-
pentenal under the tested conditions, as shown in Table 1. The

ketones in the products from the reaction of 3-pentanone are com-
parable to those obtained from propanal. This exhibits the ability of
3-pentanone to participate in additional condensation reactions to
give the observed products and also explains the gradual decrease
observed in its selectivity as a function of W/F in He (Fig. 1(b)).
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Table 1
Product distribution from the reaction of oxygenates over Ce0.5Zr0.5O2 on a COx and H2O free basis, TOS 15 min.

Feed Carrier gas Temperature, ◦C W/F, h Conversion (%) Products Selectivities (% wt)

2-Methyl-2-pentenal He 400 0.37 42.6 Lightsa 53.2
2-Methylpentanal 24.2
Heavies 22.5

2-Methyl-2-pentenal H2 400 0.37 96.3 Lightsa 69.9
2-Methylpentanal 20.0
Heavies 10.0

3-Pentanone He 400 0.40 13.0 Lightsa 17.5
2-Methyl-3-pentanone 21.5
2-Butanone 9.1

keton

a
i
t
h
p
a
o

w
i
l

a Hydrocarbons and oxygenates.
b 3-Heptanone, 4-methyl-3-heptanone, 4-methyl-3-heptenone and other higher

The results from the experiments with 2-methyl-2-pentenal
nd 3-pentanone as the feeds indicate that the same types of chem-
cal reactions and catalytic functions are operative with each of
he feeds over this catalyst. The presence of significant amounts of
ydrocarbons from the reactions of 3-pentanone and 2-methyl-2-
entenal shows that hydrogenation to the corresponding alcohols
nd subsequent dehydration to give the light hydrocarbons is

ccurring.

Experiments with ethylene and propylene fed to this catalyst
ere conducted to test the reactivity of the light olefins towards

ncorporation into oxygenates. Previous studies have shown that
ight gases like ethane, ethylene, and propylene can convert to

Fig. 3. Proposed reaction pathway of pro
Other coupling ketonesb 51.9

es.

oxygenated compounds on several mixed oxide catalysts by tak-
ing up oxygen by an oxidative dehydrogenation (ODH) reaction
[24]. However, no appreciable conversion was observed under the
conditions tested, further confirming that the light oxygenates (2-
methylpropanal, 2-butanone, and 3-methyl-2-butanone) are the
reacting species.

Based on these results, the reaction network shown in Fig. 3

is proposed to account for the formation of the products observed
experimentally. The network contemplates the contribution of two
major reactions, aldol condensation and ketonization, which in
turn involve various condensation steps. In addition, there are also
several side reactions that can take place in parallel. First, it is

panal conversion over Ce0.5Zr0.5O2.
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nown that aldol condensation can occur on both acid and basic
ites [25]. In the mixed oxides, the exposed cations are Lewis acid
ites while the oxygen anions can act as either Lewis or Bron-
ted base sites. Aldol condensation of aldehydes does not require
ultiple coordination of surface cations, but involves the reaction

f an adsorbed conjugate base anion with an adsorbed molecule
ion-molecule reaction) to form a �-hydroxyaldehyde that subse-
uently dehydrates to give the higher aldehydes or ketones [12].
he aldol condensation of propanal via the hydrated dimer (3-
ydroxy-2-methylpentanal), produces 2-methyl-2-pentenal that

s subsequently hydrogenated to 2-methyl-pentanal and may
lso crack to give some lighter compounds. The aldol condensa-
ion can proceed further to give the cyclic trimers of propanal
hat include mesitylene, 2,4,6-trimethylphenol and 2-ethyl-3,5-
imethylcyclopent-2-en-1-one. However, the trimers are only
inor products and are included here for completeness.
In addition to producing the dimers and trimers of propanal,

ldol condensation can also give rise to several other products
bserved here. Studies over a ZnCrOx catalyst [23,26] with C3–C4
xygenates as the feed have reported a wide range of aldehydes
nd ketones as the products. It was also shown in that study that
ome of the short aldehydes and ketones produced could react fur-
her to give longer chain products. They have also classified the
eactivities of these short carbonyl species based on their molec-
lar structure and have considered them either as electrophilic or
ucleophilic reactants. Hence, as also included in Fig. 3, the source
f the formation of some of the observed products can be explained
s follows: 3-heptanone from propanal + 2-butanone, 4-methyl-
-heptanone from propanal + 3-pentanone, 3-methyl-2-butanone
rom formaldehyde + 2-butanone, 2-methyl-3-pentanone from 3-
entanone + formaldehyde. It is to be noted that in the above
eactions, ketones act as the nucleophilic species. The formation
f 2-butanone and formaldehyde will be discussed later.

It is proposed that the ketonization pathway proceeds with oxi-
ation of propanal on the surface to give a propionate intermediate,
hich then couples to give the symmetric ketone (3-pentanone).
xidation reactions are common on the surfaces of oxides [25,27].
he oxide anions, which are Lewis or Bronsted bases, can trans-
orm the adsorbed carbonyl groups to the corresponding surface
arboxylates by nucleophilic attack at the carbonyl carbon of the
ubstrate by surface oxygen according to the following:

R1–CHO + R2–CHO + 2O2−(s)

→ R1–COO−(s) + R2–COO−(s) + 2Hads + 2e−

Further reaction of these adsorbed carboxylates to form the cou-
led ketones occurs by:

1–COO−(s) + R2–COO−(s) + 2Hads→ R1(C O)R2+CO2+H2O+2e−

The above reaction is highly dependent on the availability of
otential reaction partners, which in turn is dependent on the coor-
ination environment of the surface cation and the redox properties
f the oxide. Ceria has the highest surface oxygen mobility com-
ared to other single oxides and the incorporation of zirconia into
he lattice of ceria enhances this surface oxygen mobility and thus
he reducibility of the mixed oxide [16,18,19].

Therefore, with the improvement in the oxygen storage capac-
ty of the mixed oxide, the tendency to form surface carboxylates to
ive coupled ketones on Ce0.5Zr0.5O2 is greater than that expected
or a pure oxide. The oxygen vacancy created after decarboxyla-
ive ketonization is replenished by the transport of oxygen from

he bulk, according to the Mars Van Krevelen mechanism. This
roperty of the mixed oxide is also believed to play an important
ole in catalyzing the reactions to the higher ketones. Plint et al.
27] have proposed such a carboxylate mechanism for forming 4-
eptanone from 1-butanol over a CeO2/MgO catalyst. They have
Fig. 4. Evolution of products from pre-adsorbed propanal over Ce0.5Zr0.5O2 as a
function of temperature, using He as carrier gas.

shown that the pathway to 4-heptanone involves the oxidation of
the alcohol to the aldehyde and subsequently to the acid, which
in turn forms surface carboxylates that couple to give the ketone.
These authors also reported that the oxygen required for the oxi-
dation steps comes from ceria. In addition, Kobune et al. [28] have
reported the formation of 3-pentanone and the higher coupled
ketones on CeO2 and CeO2–Fe2O3 catalysts and mentioned vari-
ous stepwise condensation reactions to form the higher ketones.
Hence, the presence of some ketones observed as the products in
this study can be explained by the following ketonization reactions:
3-pentanone from propanal + propanal, 4-methyl-3-heptanone
from propanal + 2-methylpentanal, 3-methyl-3-pentanone from
propanal + 2-methylpropanal and so on.

The presence of light oxygenates like 2-butanone, 2-
methylpropanal and 3-methyl-2-butanone in the product stream
from the conversion of propanal shows that, in addition to aldol
condensation and ketonization, there can be other side reactions
taking place to give these products. Lietti et al. [23] have suggested
that a C1 oxygenated intermediate, possibly formaldehyde, could
be involved in the formation of these products, but that product has
not been detected. The origin of the formaldehyde species could
be from the hydrogenation of CO2, produced from ketonization
reactions by surface hydrides.

The temperature-programmed desorption (TPD) study of
propanal adsorbed over ceria–zirconia is shown in Fig. 4. Three
main peaks, between temperature T = 400–500 ◦C are evident and
are associated with methane, CO2 and CO. The evolution of methane
and CO2 at the same temperatures indicates the possibility of
surface formate species being involved in the reaction. The forma-
tion of surface formate species over ceria-based catalysts has been
reported by Barteau and co-workers [11]. Hence, the formation of
2-butanone probably occurs via an �-addition reaction between
propanal and formaldehyde, while 2-methylpropanal is formed
via a cross-aldol condensation between propanal and formalde-
hyde and 3-methyl-2-butanone is formed through a reverse
�-addition between 2-methyl-propanal and formaldehyde, as indi-
cated in Fig. 3. The desorption of water can be observed between
T = 150–500 ◦C, as a by-product of aldol condensation, ketonization
and dehydration reactions.

3.4.2. Effect of addition of acid and water
The role of acids in the overall reaction pathway was examined

using propionic acid as a model feed. Self-condensation of acids on

oxide catalysts gives symmetric ketones, while cross-condensation
between two different acids can give two symmetric ketones (one
from each acid) as well as an asymmetric ketone [29,30]. A number
of studies have shown that a wide range of oxides, including CeO2,
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Table 2
Effect of incorporating water or propionic acid in the feed on product distribution over Ce0.5Zr0.5O2 catalyst, He gas carrier, 400 ◦C, 1 atm, TOS 15 min.

Feed Propanal Propanal + propionic acid Propanal + water

W/F, h 0.35 0.38 0.35
Feed: additive ratio (by wt) – 5–1 4–1

Aldol products/3-pentanone ratio 1.4 0.5 0.5
Aldol products/coupling ketones ratio 0.5 0.3 0.2

Product yields (%wt)
Lights 5.6 4.7 4.3

Aldol products
2-Methylpentanal 2.3 2.2 2.3
2-Methyl-2-pentenal 9.4 6.8 5.2
1,3,5-Trimethyl benzene 0.1 0.1 0.1
2,4,6-Trimethyl phenol 0.6 0.8 0.8
2-Ethyl-3,5-dimethyl-2-cyclopent-2-en-1-one 0.3 0.3 0.2

Coupling ketones
3-Pentanone 9.0 19.0 15.5
3-Heptanone 1.8 2.4 3.3
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4-Methyl, 3-heptanone 1.6
2-Methyl, 3-pentanone 1.0
4,4,6-Trimethyl-2-cyclohexen-1-one 0.9
Other coupling products 9.1

re active for ketonization of acids [31–33]. Some studies have also
eported that solid solutions of ceria-based oxides were the most
ctive for the ketonization of acids [7,30].

Fig. 5 shows the conversion of propanal as a function of TOS,
omparing an experiment using pure propanal as feed to another
ne using a mixed feed of propanal and propionic acid (5:1 mass
atio). No acids were detected in the products in the co-feed exper-
ments, showing that the reaction of the acid on the surface of the
xide to form ketones is very fast. Fig. 5 also shows that, with the
o-feed of propionic acid, the conversion of propanal was reduced
ignificantly. The deactivation of the catalyst was more severe for
he feed with acid incorporated than for the pure propanal feed.
able 2 shows the yields of the products obtained in both experi-
ents at the shortest TOS. Here, the aldol products are the dimers

nd trimers from the self-condensation of propanal, while the cou-
led ketones are all the other observed ketones. The results show
significant increase in the yield of 3-pentanone with the addition

f propionic acid and also an increase in the yields of the coupled
etones. However, a decrease in the yields of 2-methyl-2-pentenal
aldol dimer) and lights are observed. Also, the ratio of aldol prod-
cts to 3-pentanone and the ratio of aldol products to the coupled

ig. 5. Effect of addition of acid on propanal conversion over Ce0.5Zr0.5O2. Reaction
onditions: 400 ◦C, 1 atm, He.
1.9 2.1
1.4 1.6
1.2 1.1
11.4 13.2

ketones, shown in Table 2 decrease by a significant amount as com-
pared to the feed with pure propanal. This implies that there is
competitive adsorption of the aldehyde and acid on the surface, on
which the acids are preferentially adsorbed. As a result, the num-
ber of sites available for the adsorption and reaction of propanal are
reduced, producing its lower conversion and fewer aldol products.
In agreement with this description, an additional experiment with
a mixed feed of 1:1 mass ratio of acid and aldehyde gave an even
higher proportion of ketonization products compared to aldol prod-
ucts, i.e., a ratio of about 16, while the overall propanal conversion
was further reduced.

From previous studies in the literature, it has been shown that
acids undergo self and cross-condensation reactions to give sym-
metric and asymmetric ketones at relatively low temperatures [29].
Thus, it is expected that with the addition of acids there will be a
significant increase in the yield of 3-pentanone (symmetric ketone
from propionic acid). However, the results show that acids can also
undergo other parallel reactions leading to an increase in the yields
of the coupled ketones (Table 2). Nagashima et al. [29] have studied
the reactivity of propionic acid with various branched and lin-
ear carboxylic acids over CeO2 based mixed oxides. They reported
that with propionic acid and another carboxylic acid, three ketones
were obtained; 3-pentanone from propionic acid, the symmetric
ketone from the other acid, and the corresponding asymmetric
(cross-condensation) ketone. This is in agreement with our results,
where with the addition of propionic acid, we see an increase in
the yield of the symmetric ketone as well as an increase in the
yields of the other coupling products. These coupling products are
mainly higher ketones and are grouped together in the table for
simplicity.

Hence, the observed increase in the yields of ketones upon
acid incorporation can be attributed to an increase in the amount
of carboxylate type species on the surface and also results in
an increase in the amount of CO2 produced from the increased
ketonization.

With more CO2 produced, there is a possibility of forming
higher amounts of formaldehyde and subsequently increases in the
amounts of 2-butanone and 2-methylpropanal. These species can
then undergo aldol condensation and ketonization reactions, as dis-

cussed in the previous section, and hence contribute to an increase
in the yields of the higher ketones. However, with an increase in
the carboxylate type species on the surface, it is possible that these
can promote a variety of cross-condensation reactions, in addition
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being treated under different conditions. The catalyst samples ana-
ig. 6. Effect of water on propanal conversion over Ce0.5Zr0.5O2. Reaction conditions:
00 ◦C, 1 atm, W/F 0.35 h, He, Fpropanal 0.2 ml/h, Fwater 0.04 ml/h.

o self-coupling that forms the symmetric ketone. This provides an
xplanation for the observed increase in yield of coupling products,
s well as their complexity.

Water is a byproduct from both aldol condensation and
etonization reactions and is believed to play an important role in
romoting ketonization reactions on oxides. Studies of oxidation
f hydrocarbons on metal oxide catalysts [24] and benzaldehyde
eactions on oxide catalysts [35] have shown that water enhances
he oxidation of the aldehydes to the corresponding acids. This is
ecause, in the presence of water molecules, the concentration
f the surface hydroxyl species is increased and these hydroxyl
pecies facilitate the attack at the carbonyl carbon of the substrate
y the lone pair of electrons on the oxygen atom to form the corre-
ponding carboxylates on the surface that subsequently desorb as
cids.

Fig. 6 shows the conversion of propanal as a function of TOS
or feeds with and without water. It can be seen that the conver-
ion and stability of the catalyst are improved with the addition
f water. The improvement in stability may be because water
cts as a source of oxygen that helps to desorb products from
he surface and also promotes the oxidation of coke, thus creat-
ng more active sites for the reaction to proceed. Table 2 shows
he yields of the products obtained for this experiment, together
ith the results for the experiments with pure propanal and the
ropionic acid co-feed experiment. A similar effect, as with the
ddition of acid, is observed here with water. There is a signif-

cant increase in the yield of 3-pentanone and also an increase
n yields of the C6–C9+ coupling products with a corresponding
ecrease in the yields of 2-methyl-2-pentenal and lights, while
here is not much change in the small yields of the higher aldol

Fig. 7. Schematic of the interaction of
is A: General 385 (2010) 80–91 87

condensation products. The ratios of aldol products to 3-pentanone
and the coupling ketones also show a decrease with the feed with
water.

Water is adsorbed on the surface of oxides as H and OH groups
(dissociative chemisorption). These surface hydroxyl groups are
moieties that can initiate nucleophilic attack by oxygen at the
carbonyl carbon of the aldehydes to form the corresponding
acids [24,35]. In the presence of water with propanal over the
ceria–zirconia catalyst, the surface hydroxyl groups can increase
the transformation of the adsorbed propanal to the surface propi-
onate species, as depicted in Fig. 7. The surface propionate can then
couple with another similar species and desorb as the symmetric
ketone or react further with other surface species via the pathways
shown in Fig. 3 to give the observed increase in the yields of the
products in the presence of water. However, it should be noted that
with increasing partial pressure of water, it is very likely that the
reaction would eventually be inhibited by blocking of the active
sites by adsorbed water molecules. Therefore, the effect of water
on the ketonization activity is a balance between the availability
of O2− anions as well as the extent of hydroxylation of the surface,
since an oxygen anion is required for the abstraction of an H atom
to form the propionate species. Yokoyama et al. [35] have reported
that, with benzaldehyde and water vapor in the feed over ZrO2 and
Cr2O3/ZrO2 catalysts, benzaldehyde forms a benzoate species on
the surface with the lattice oxygen. A surface hydroxyl group then
attacks the carboxyl group of the benzoate species to produce ben-
zoic acid and hydrogen as the observed products. That study further
supports the results observed here.

In summary, these results have shown the integral role played
by acids and water in altering the reaction pathway; the addi-
tion of acids or water suppresses aldol condensation and promotes
ketonization. While addition of acid reduces the conversion of
propanal, addition of water increases the conversion and enhances
the catalyst stability over time.

3.4.3. XPS analysis of fresh and spent catalysts
The reaction experiments performed thus far have suggested

that the ketonization of propanal over the ceria–zirconia mixed
oxides occurs through the oxidation of propanal on the surface to
form surface carboxylates and further reactions of these carboxy-
late type species give 3-pentanone and higher ketones. The key
step to these reactions, as discussed in the previous sections, is the
formation of the carboxylate intermediate on the surface and this
suggests that the oxygen from the surface of the mixed oxide partic-
ipates in this reaction. In doing so, the cerium would shift between
the Ce4+ and Ce3+ states to create oxygen vacancies. Therefore, it
is of interest to determine the nature of the surface and the oxi-
dation states of the elements before and after reaction. Therefore,
a series of experiments were performed with the catalyst samples
lyzed were: (i) fresh, (ii) reduced at 400 ◦C, (iii) after reaction of
propanal in H2, (iv) after reaction of propanal in He, (v) after reac-
tion of propanal with co-feed of propionic acid, (vi) after reaction
of propanal with co-feed of water.

adsorbed water with propanal.
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ig. 8. (a) Ce (3d) and (b) Zr (3d) XPS spectra for Ce0.5Zr0.5O2 treated under differ
eaction in He, (v) reaction with co-feed of acid, and (vi) reaction with co-feed of w

Fig. 8 shows the XPS spectra of Ce (3d) and Zr (3d) regions of
he samples from these experiments. It can be observed that the Ce
3d) spectrum is composed of several peaks and the complexity of
he spectrum is reported as being due to the hybridization between
he partially occupied 4f levels of ceria and the 2p states of oxygen
19,46–49]. The spectrum was fitted with up to eight peaks with
aussian distributions and the main peaks and satellites were iden-

ified and labeled according to those used by Burroughs et al. [14].
eaks denoted as u and v correspond to 3d3/2 and 3d5/2 contribu-
ions, respectively, while peaks with primed labels denote satellite
eatures. The peaks v, v′ ′, and v′ ′ ′ (and correspondingly for u) are
ttributed to Ce4+, while v′ and u′ are attributed to Ce3+. The spec-
rum of the Zr (3d) region shown in Fig. 8(b) consists of Zr 3d3/2
nd Zr 3d5/2 primary ionization features and was fitted with two
aussian curves.

In Fig. 8(a), it can be seen that there is a shift to higher bind-
ng energies in the Ce (3d) spectrum as the treatment conditions
hange from fresh catalyst to the one with reaction in He. There also
eems to be a slight shift to lower binding energies for the one with
he co-feed of water. This shift in the positions of the Ce (3d) band
s indicative of a change in the coordination environment of the
e atoms and could possibly be due to a combination of electronic
nd morphological changes. Therefore, it is conservative to deter-
ine the oxidation states on the surface on the basis of the method

eported in a number of works in the literature [19,46,47]. By this
ethod, the ratio of the area of u′ ′ ′ satellite peak relative to the total

rea under the Ce 3d spectrum was calculated, since the u′ ′ ′ does

ot overlap with the other peaks in the spectrum. This ratio then
orresponds to the % Ce4+ (or Ce3+) in the samples. Table 3 shows
he % u′ ′ ′ and the % of Ce3+ estimated from the XPS analysis of the
amples. It can be seen that the fresh ceria–zirconia catalyst had the
owest value of the % Ce3+ of 7 and the reduction of this sample in

able 3
ercent of u′ ′ ′ and Ce3+ from XPS analysis.

u′ ′ ′ in Ce (3d) Atomic Ce3+

(area%) (%)

Fresh CZ 50 12.26 7
CZ 50 reduced at 400 ◦C 11.83 10
CZ 50 reaction in H2 9.29 29
CZ 50 reaction in He 10.84 18
CZ 50 reaction with co-feed of acid 10.08 23
CZ 50 reaction with co-feed of water 11.37 14

Z 50—Ce0.50Zr0.50O2.
nditions: (i) fresh catalyst, (ii) catalyst reduced at 400 ◦C, (iii) reaction in H2, (iv)

H2 at 400 ◦C increased this value to 10. The increase in the value of %
Ce3+ is expected since reduction in H2 creates oxygen vacancies and
decreases the oxidation state of cerium. The reaction of propanal in
H2 at 400 ◦C increased this value to 29, while for the same reaction
under He, the increase was only to 18. The differences observed
with H2 and He are explained in terms of the reacting environment
under the two carrier gases. The surface is more deficient in oxy-
gen with H2 as the carrier and with the reactions of propanal, both
consume oxygen (H2 creates oxygen vacancies, while reacting sur-
face species require coordination to oxygen) and therefore create
lower oxidation state Ce ions. However, with He as the carrier, the
oxygen is removed only by the reacting species and the amount of
Ce4+ reduced is lower.

With the co-feeds of water and propionic acid, it is expected
that the reduction of the oxide will be less compared to the pure
propanal feed, as the surface will be enriched in oxygen by the pres-
ence of oxygen containing molecules (propionic acid and water) in
the feed, in addition to propanal. From Table 3, it is clear that the
reaction with co-feed of water exhibited this effect, as the value of
% Ce3+ is much lower (14) compared to the other conditions and is
closer to the value of the reduced sample. This is consistent with
the results reported in Section 3.4.2 for co-feed of water and sup-
ports the proposed observation that water promotes the oxidation
of propanal. With the co-feed of acid, the increase in the value of %
Ce3+ (23) could be due to further reactions initiated in the presence
of acids on the surface, leading to a more reduced surface of the
oxide. This is also in agreement with the results from Section 3.4.2,
where with the addition of acid in the feed, there was an increase in
the yields of the coupling products. In summary, these results have
shown that the state of reduction of the mixed oxide under differ-
ent reaction conditions support the results observed in the steady
state runs.

3.4.4. Effect of changing the composition of the mixed oxides
The changes in acid–base properties of mixed oxide cata-

lysts with the change in the composition have been reported
in previous studies [7,32–34,37,38]. The incorporation of ZrO2
into the fluorite structure of CeO2 can significantly change the
acid–base properties of the mixed oxide in addition to improv-

ing the oxygen mobility through the lattice [13,15–19,40,41]. This
property of the mixed oxide catalyst has been studied here with
the condensation reactions of propanal and the results obtained
are discussed based on the structural properties of the different
catalysts.
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ig. 9. Effect of changing the composition on propanal coversion over (a) CeO2, (b)
e0.75Zr0.25O2, (c) Ce0.5Zr0.5O2 and (d) Ce0.25Zr0.75O2 (e) ZrO2. Reaction conditions:
00 ◦C, 1 atm, W/F 0.35 h, He.

The catalysts tested were ZrO2, Ce0.25Zr0.75O2, Ce0.5Zr0.5O2 and
e0.75Zr0.25O2 and CeO2. The mixed oxides will be referred to as
e–Zr (25–75), Ce–Zr (50–50) and Ce–Zr (75–25), respectively.
ig. 9 shows the conversion as a function of TOS over the catalysts
nder helium flow. It can be observed that, with the same space
ime (W/F) of 0.35 hr, pure zirconia exhibited the highest activity
or the conversion of propanal, followed by Ce–Zr (25–75) > Ce–Zr
50–50) > Ce–Zr (75–25) > pure ceria. The higher activity observed
ith catalysts with higher zirconia content could be due to the
ature of the sites present in the catalyst that favor either aldol
ondensation or ketonization reactions. This will be discussed in
etail below. The deactivation profile looks similar for all the cat-
lysts over a 4 h reaction period. Table 4 compares the product
ields for the reaction of propanal over the five catalysts. The space
ime (W/F) was adjusted so that a similar level of conversion was
chieved for all the catalysts for comparison. With a change in the
omposition of the oxides, a significant change in the product dis-
ribution is observed. In Table 4, from left to right, the catalysts
ave increasing zirconia content (reduced ceria content) and it
an be seen that with an increasing amount of zirconia, there is

significant increase in the yields to 2-methyl-2-pentenal (aldol

imer) and other aldol condensation trimers with a corresponding
ecrease in the yields to 3-pentanone. Similarly, with an increasing
eria content (right to left in Table 4), the 3-pentanone formation
s promoted while aldol condensation reactions are reduced. The

able 4
roduct distribution from conversion of propanal over CexZr1−xO2 and �-Al2O3at 400 ◦C,

Feed Propanal

Catalyst CeO2 Ce0.75Zr0.25O2

W/F, h 1.02 0.42
Conversion (%) 32.7 38.4

Temperature, ◦C
Ratio 3-pentanone/dimer 3.05 2.92

Product yields (%wt)
Lights 7.9 6.9
3-Pentanone 8.4 12.3
2-Methylpentanal 1.2 2.5
2-Methyl-2-pentenal 2.7 4.2
2-Ethyl-3,5-dimethyl-2-cyclopent-2-en-1-one 0.0 0.0
1,3,5-Trimethyl benzene 0.0 0.0
2,4,6-Trimethyl phenol 0.9 0.5
Other condensation products 11.6 12.1
is A: General 385 (2010) 80–91 89

Ce–Zr (50–50) catalyst shows a balance in catalyzing both aldol
condensation and ketonization reactions. In addition, the compari-
son between aldol condensation and ketonization was tested with
a non-reducible oxide, �-alumina. The results obtained with �-
alumina are comparable with those obtained with ZrO2 and Ce–Zr
(25–75), as shown in Table 4. The major product observed is the
aldol dimer, 2-methyl-2-pentenal, with only small yields to 3-
pentanone.

The results obtained here show that, by varying the ceria
and zirconia content of the mixed oxide catalyst, the selectivity
towards either aldol condensation or ketonization can be increased.
This can be explained in terms of the nature of the active sites
required for the reactions. Aldol condensation requires a basic site
for the extraction of an �-hydrogen to form an enolate species
and then subsequent dimerization giving the aldol dimer and
other condensation products. FTIR studies of CO2 adsorbed on
ceria–zirconia mixed oxide catalysts [42] were performed to show
that ceria–zirconia mixed oxides possess weak, medium and strong
basic sites that corresponding to OH−, M–O2− and low coordinat-
ing O2− groups, respectively. In addition, it has also been shown
that pure ZrO2 has only surface OH− and M-O2− groups [42,43].
Therefore, it is probable that the aldol condensation reactions are
catalyzed by the surface OH− and M–O2− groups on the mixed
oxides and that with an increasing amount of zirconia, there is a
greater tendency to form the aldol condensation dimer, 2-methyl-
2-pentenal from propanal, as shown in Table 4. In addition, an
increasing amount of zirconia also leads to an increase in the yields
to aromatic trimers from propanal (Table 4). This is due to an
increase in the density of acid sites with increasing zirconia and
the aromatization reactions being catalyzed by the acid sites [44].
This is also consistent with the results observed with �-alumina
where, 2-methyl-2-pentenal was the major observed product, with
significant yields to the aromatic trimers (Table 4).

The formation of 3-pentanone over ceria–zirconia was dis-
cussed in the previous sections and is believed to proceed through
the coupling of surface carboxylates. The extra oxygen necessary
for this step comes from the lattice of the mixed oxide. How-
ever, 3-pentanone is also observed in the products over zirconia
and �-alumina, which are not known to be reducible like ceria
or ceria–zirconia. In addition, CO2 and H2 were observed as the
gas phase product over zirconia and �-alumina, while only minor

amounts of CO were detected. This leads to the question of the
source of the extra oxygen that is required to form the carboxylates
on the surface, leading to decarboxylative ketonization. Previous
studies in literature have reported the possibility of the Canniz-
zaro reaction [51], decomposition from esters [50] and coupling

1 atm, TOS 15 min.

Ce0.50Zr0.50O2 Ce0.25Zr0.75O2 ZrO2 �-Al2O3

0.36 0.22 0.038 0.36
41.5 43.8 41.8 49.0

400
0.95 0.20 0.08 0.23

5.6 4.7 3.6 8.7
9.0 4.7 1.7 4.6
2.3 3.4 2.1 3.8
9.4 23.3 22.5 20.3
0.3 1.8 3.3 4.9
0.1 0.4 1.0 1.3
0.6 0.5 0.5 0.0

14.4 4.9 7.0 5.2
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f carboxylates [27] as possible ways to form ketones over oxides.
he possibility of forming ketones from the decomposition of an
ster was tested by co-feeding 1-propanol and 1-butanol with
ropanal over zirconia and �-alumina in separate experiments.
he alcohol and the aldehyde are expected to form an ester on
he surface through a hemiacetal intermediate with the ester sub-
equently decomposing to give the ketone [50]. However, the
esults observed here showed no significant changes in the yields
f 3-pentanone in case of 1-propanol and gave only minor yields
o the expected ketone, 3-hexanone with 1-butanol. This shows
hat the contribution of this pathway to form the ketone is mini-

al for the conditions of this study. If the Cannizzaro reaction is
xpected to proceed to form the ketone, then an enhanced forma-
ion of 1-propanol should be expected, which is also not the case
ere. This observation is consistent with the spectroscopic studies
f benzoyl compounds on oxides by Ponec and co-workers [52],
here the bands related to the expected Cannizzaro reaction prod-
cts of phenylmethylketone were not observed over �-alumina.

nstead, bands assignable to methoxy and benzoate species were
bserved. This implies that the bond between the methyl and
arbonyl group in phenylmethylketone is broken and the surface
xygen participates in the transformation of these groups to form
he observed methoxy and benzoate species. In the same study,
ith benzaldehyde as the feed, they have also mentioned that

he transformation to a surface benzoate occurs with the abstrac-
ion of hydrogen as the first step. This is then followed by the
ucleophilic attack at the carbonyl group by surface oxygen to

orm the benzoate species. This leads to the possibility that a
imilar transformation is also occurring on the surfaces of zirco-
ia and �-alumina in this study to form 3-pentanone and thus
lso explaining the formation of CO2 and H2 that is observed in
he gas phase. However, the non-reducible nature of these oxides
xplains the low yields of the ketones as compared to ceria or
eria–zirconia.

. Conclusions

The following important conclusions can be drawn from the
urrent study:

(a) Propanal is converted to higher carbon chain oxygenates on the
ceria–zirconia catalyst by two pathways, aldol condensation
and ketonization, which is in agreement with previous studies
for other oxygenates and other oxide catalysts.

b) The important intermediate for ketonization is a surface car-
boxylate formed by oxidation of the aldehyde by the oxidizing
solid surface.

(c) The presence of acids in the feed inhibits the aldol condensation
pathway by competitive adsorption of the acid that reduces the
aldehyde adsorption and conversion.

d) Water promotes ketonization and inhibits aldol condensation
by increasing the concentration of surface hydroxyl groups that
are active sites and this increases the activity by enhancing the
formation of the surface carboxylates by the aldehyde.

(e) Catalyst stability is also increased by the presence of water.
(f) Hydrogen enhances cracking and produces light oxygenates

and light hydrocarbons. The light oxygenates may be reincor-
porated to give secondary products, but the light hydrocarbons
do not react further.

(g) Analysis of the fresh and spent catalysts by XPS showed varying

degrees of reduction of the oxides under different treatment
conditions that are consistent with oxide oxygen participating
in the reactions.

h) Changing the proportion of the parent oxides showed that
increased Zr favored formation of aldol products while

[
[

[
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increased Ce favored ketonization. This occurred by shifting the
balance of the acid–base properties of the active sites.
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