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Newly dispersed Zr oxides on SiO2 were prepared from Cp2ZrCl2,
[(i-PrCp)2ZrH(µ-H)]2, and Zr(OEt)4 precursors and were charac-
terized by X-ray absorption fine structure (XAFS) and catalytic
ketonization of acetic acid. ZrCp2Cl2 and [(i-PrCp)2ZrH(µ-H)]2

precursors yielded monomeric Zr oxides with unsaturated coor-
dination in low loadings, whereas Zr(OEt)4 yielded Zr-oxide as-
semblies in octahedral symmetry independent of Zr loading up to
15 wt% Zr. The former catalysts were more active than the latter
catalyst for ketonization of acetic acid. The catalytic ketonization
was suggested to proceed via bidentate acetates adsorbed on neigh-
boring Zr sites. c© 1996 Academic Press, Inc.

INTRODUCTION

Ketonization of carboxylic acids has attracted much at-
tention for applications in synthesizing asymmetric ketones
(1) as well as for fundamental interests such as the inter-
mediates and mechanism of the carbon number-increasing
reaction (2). Ketonization of carboxylic acids can also be
used as a probe reaction to investigate correlation between
surface structure and catalytic properties of metal oxides.
Many kinds of oxides have been reported to be active for
this reaction and have been classified into two categories:
one is the metal oxides such as groups 1 and 2 in the peri-
odic table, which are converted to the carboxylate salts even
inside the bulk under reaction conditions, and the other
is the metal oxides whose surfaces are only transformed
to the carboxylate ions (3–5). Different mechanisms for
ketonization of carboxylic acids have been proposed thus
far (6): e.g., (a) an acid anhydride intermediate (7), (b) a
β-keto acid intermediate (two unidentate carboxylates and
α-hydrogen abstraction) (8), (c) a concerted mechanism
involving two unidentate carboxylates (9), (d) a molecu-
lar carboxylic acid intermediate (10), (e) carboxylate ions
(3, 11, 12) (f) a carboxylate ion–carboxylic acid reaction

1 To whom correspondence should be addressed.

(13), (g) a ketene intermediate which reacts with carboxy-
late ions (13, 14), and (h) an acyl carbonium ion (protonated
ketene) intermediate which reacts with carboxylic ions
(11, 15, 16). Among these proposed mechanisms, the bi-
molecular reaction between either two adsorbed acetate
ions or one adsorbed acetate ion and an adsorbed acyl
carbonium ion may be the mechanism responsible for ke-
tonization of acetic acid (6).

It has been demonstrated that ZrO2 shows unique catal-
ysis for the hydrogenation reactions of carbon monoxide
and ethene, and the dehydrogenation of butanamine (17–
23). Recently, much effort has been directed to sulfated
ZrO2 which shows a super acid character (24–32).

Yakerson et al. (33) investigated acetic acid decomposi-
tion on tetravalent oxides and reported the order of activity
CeO2 > ZrO2 > TiO2 > SnO2. In this series, CeO2 shows the
highest activity, but the reduction from Ce4+ to Ce3+ occurs
under the reaction conditions, leading to the destruction of
the catalyst. Hence ZrO2 is regarded to be a superior cata-
lyst.

Dispersed oxides and monolayer oxides often show dif-
ferent catalytic properties from each other and also from
the bulk property, due to the different structures of their
oxidic metal sites (34–36). Dispersed and monolayer ox-
ides supported on high surface-area oxides like SiO2 by
using metal organics as precursors have advantages for the
development of new catalytic systems and interfaces and
also in fundamental research of catalytic reaction mecha-
nisms (37–39). In most cases of supported ZrO2 catalysts
prepared by a conventional impregnation method using in-
organic zirconium salts, segregation or large particles of
ZrO2 are observed on support surfaces and control of the
dispersion is difficult (40, 41).

In this study, we report the preparation of Zr oxides
dispersed on silica prepared by Cp2ZrCl2, [(i-PrCp)2ZrH ·
(µ-H)]2, and Zr(OEt)4, their characterizations, and the
catalytic properties for ketonization of acetic acid to form
acetone.
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EXPERIMENTAL

Catalyst Preparation from Cp2ZrCl2

Silica (Silica gel No. 952 (Fuji Davison); 250 m2 g−1) was
calcined at 673 K for 1 h, followed by evacuation at the same
temperature for 0.5 h before its use as the support. The SiO2

was impregnated with a toluene solution of Cp2ZrCl2 for
1.5 h under an Ar (99.9999%) atmosphere at room temper-
ature, followed by evacuation to remove the solvent. The
samples thus obtained were calcined at 773 K for 1 h in
air. The Zr loading was varied in the range 1.5–8.4 wt% as
Zr/SiO2. The catalysts prepared from Cp2ZrCl2 are denoted
as catalyst A.

Catalyst Preparation from Zr(OEt)4

Zirconium ethoxide Zr(OEt)4 vapor was deposited on
silica (silica gel No. 952) in a manner similar to that re-
ported previously (35). SiO2 was evacuated at 573 K and
mixed with a given amount of Zr(OEt)4 powder in an
Ar (99.9999%) atmosphere. After evacuation, the samples
were heated to 473 K for 1.5 h while stirring vigorously. The
obtained samples were then calcined at 773 K for 1 h before
being used as a catalyst. The catalysts with Zr loadings of
less than 11.7 wt% were prepared by this procedure. Re-
peating the above procedure to prepare the higher loading
samples was necessary because of the large molecular size of
Zr(OEt)4, which covers the SiO2 surface upon adsorption,
and the remaining moiety of the Zr species after reaction
with the surface OH groups prevents the Zr(OEt)4 from
further interacting with the unreacted OH groups of the
SiO2 surface. The loading was determined from the weight
gain of the sample with the assumption that the calcined
Zr had the composition of ZrO2, and also by x-ray fluores-
cence analysis, which coincided with the loading expected
from the weight of the Zr(OEt)4. These catalysts are de-
noted as catalyst B.

Catalyst Preparation from [(i-PrCp)2ZrH(µ-H)]2

A zirconium dimer complex [(i-PrCp)2ZrH(µ-H)]2 was
synthesized according to the literature (42). Special care
was paid to the handling of this complex because of its high
sensitivity to air. The procedure of catalyst preparation was
similar to that described for catalyst A except for the use
of hexane as the solvent. These catalysts are denoted as
catalyst C.

XAFS Spectra Measurement

Zr K-edge x-ray absorption fine structure (XAFS) spec-
tra were measured in a transmission mode at room tem-
perature with the beam line 10B or 7C of the Photon Fac-
tory in the National Laboratory for High-Energy Physics
(KEK-PF) (Proposal No. 92-009). The storage ring energy
was operated at 2.5 GeV with a current of 250–350 mA.

The catalysts were transferred to glass cells equipped with
two capton windows. Two ion chambers, one filled with Ar
50%/N2 50% and the other with Ar 100%, were used as
detectors for I0 and I, respectively.

For extended x-ray absorption fine structure (EXAFS)
analysis, the oscillation was extracted from the EXAFS data
by a cubic spline method and normalized with the edge
height. The Fourier transformation of the k3-weighted EX-
AFS oscillation from k space to R space was performed over
the range 30–130 nm−1. The inversely Fourier filtered data
were analyzed by a curve fitting method. The phase shift
and amplitude parameters were extracted from Zr foil and
Zr(acac)4 for Zr–Zr and Zr–O, respectively. For Zr–Si, we
used the theoretical parameter calculated from FEFF 6.0
(43). Error bars of the analysis were estimated by R factor
(Rf) defined as

Rf =
∫ ∣∣k3χ(k)obs − k3χ(k)calc

∣∣2dk

/∫ ∣∣k3χ(k)obs
∣∣2dk.

The error bars of the bond distance and coordination num-
ber determined by the present curve fitting analysis are es-
timated to be about 0.002 nm and 20%, respectively, as
shown in Table 1.

FTIR Measurement

Infrared spectra were measured on a JASCO FT-IR
230 spectrometer with a resolution of 2 cm−1. The sample
(60 mg wafer, diameter 2 cm) was placed in an IR cell with
two NaCl windows which was combined with a closed circu-
lating system for measurements of the spectra in situ under
the catalytic reaction conditions.

Catalytic Reaction

Catalytic ketonization reactions, 2CH3COOH →
CH3COCH3 + CO2 + H2O, were carried out in a closed
circulating system (dead volume 200 cm3). The catalyst was
placed in a U-shaped tube in the system and calcined at
773 K for 1 h before each reaction. Acetic acid (0.1–1.0 kPa)
mixed with helium (13.3 kPa) was introduced into the
system. The products at the reaction at temperatures of
423–623 K were analyzed by an on-line gas chromatograph
(columns were Porapak T and Porapak PS).

Temperature Programmed Desorption (TPD)
Measurement

TPD spectra were carried out in a closed circulating sys-
tem. The catalyst adsorbed with acetic acid was placed in
a U-shaped tube of the circulating system and heated at a
rate of 4 K min−1 to 723 K. The desorbed products were
collected by a liquid N2 trap and analyzed with a gas chro-
matograph.
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TABLE 1

Curve Fitting Results of the EXAFS Data for Catalysts A, B, and C

Scatterer
Catalyst atom CNa R/nmb 1E0/eVc σ /nmd Rf/%e

A
1.5 wt% O 1.5 ± 0.2 0.199 ± 0.001 −8.0 ± 4.0 0.0038 ± 0.0014

O 3.0 ± 0.7 0.260 ± 0.002 −14.2 ± 4.0 0.0095 ± 0.0018
Si 1.6 ± 0.3 0.338 ± 0.001 3.0 ± 2.0 0.0090 ± 0.0009 3.4

2.3 wt% O 1.5 ± 0.2 0.201 ± 0.001 −6.5 ± 4.0 0.0038 ± 0.0014
O 3.0 ± 0.7 0.260 ± 0.002 −14.8 ± 4.0 0.0095 ± 0.0018
Si 1.7 ± 0.3 0.338 ± 0.001 3.0 ± 2.0 0.0090 ± 0.0009 4.2

4.5 wt% O 5.1 ± 1.6 0.211 ± 0.002 −1.9 ± 4.0 0.0101 ± 0.0013
Si 1.4 ± 0.4 0.338 ± 0.002 3.5 ± 2.0 0.0085 ± 0.0012
Zr 1.2 ± 0.3 0.359 ± 0.001 2.1 ± 5.0 0.0087 ± 0.0013 7.9

B
1.4 wt% O 8.8 ± 2.3 0.213 ± 0.002 2.9 ± 5.0 0.0126 ± 0.0013

Si 2.3 ± 0.4 0.339 ± 0.001 1.4 ± 3.0 0.0107 ± 0.0010 4.0
1.4 wt% O 6.3 ± 1.4 0.213 ± 0.002 1.1 ± 4.0 0.0105 ± 0.0014

with acetic acid Si 1.0 ± 0.2 0.333 ± 0.002 −3.2 ± 3.0 0.0073 ± 0.0015
Zr 1.0 ± 0.3 0.363 ± 0.001 5.0 ± 5.0 0.0093 ± 0.0012 7.4

11.7 wt% O 8.8 ± 2.3 0.215 ± 0.002 3.6 ± 5.0 0.0131 ± 0.0013
Si 2.4 ± 0.4 0.341 ± 0.001 2.5 ± 3.0 0.0103 ± 0.0010 1.5

15.0 wt% O 8.0 ± 2.3 0.215 ± 0.002 3.3 ± 5.0 0.0122 ± 0.0013
Si 2.4 ± 0.4 0.345 ± 0.001 4.6 ± 3.0 0.0107 ± 0.0010 2.6

C
1.7 wt% O 1.7 ± 0.2 0.200 ± 0.001 −11.3 ± 4.0 0.0035 ± 0.0014

O 3.0 ± 0.7 0.262 ± 0.002 −11.2 ± 4.0 0.0105 ± 0.0018
Si 2.1 ± 0.3 0.337 ± 0.001 1.9 ± 2.0 0.0108 ± 0.0009 7.8

a Coordination number.
b Bond distance.
c Energy difference of the origin of photoelectron from the reference.
d Debye-Waller factor.
e Residual factor.

RESULTS AND DISCUSSION

Structure of Catalysts A

In the x-ray absorption near-edge structure (XANES)
spectrum of catalyst A prepared by Cp2ZrCl2 precursor
a characteristic pre-edge peak was observed as shown in
Fig. 1. The pre-edge XANES peak originates from the tran-
sition from 1s to 4d that is enhanced by d–p orbital mix-
ing. Thus the pre-edge peak can be observed with tetrahe-
dral geometry around the Zr center rather than octahedral
symmetry. Indeed, tetragonal ZrO2, whose structure is re-
garded as having eight coordination composed of two sets
of nonequivalent Zr–O tetrahedra, shows merely a small
shoulder at the Zr K-edge XANES in Fig. 1 (44). Thus
catalyst A is likely to possess Zr sites in near-tetrahedral
symmetry or at least in a geometry less coordinated than
octahedral symmetry. This pre-edge peak disappeared after
the introduction of acetic acid vapor to the catalyst at room
temperature as shown in Fig. 1b, which was similar to the
XANES spectrum for BaZrO3 with octahedral symmetry
around Zr. It was not possible to quantitatively compare
the pre-edge peak of the sample with standard compounds

because of the lack of tetrahedral Zr-oxide compounds.
Nevertheless these results demonstrate that acetic acid ad-
sorbed on the coordinatively unsaturated Zr sites increases
the coordination number around the Zr atoms.

Figure 2 shows the Zr K-edge EXAFS Fourier transforms
for catalysts A with different Zr loadings and also for mono-
clinic bulk ZrO2. The peak observed at 0.15–0.17 nm in the
Fourier transforms (phase shift uncorrected) for all sup-
ported samples are straightforwardly assigned to the Zr–O
bond as compared with that for the bulk ZrO2. However,
Zr–Zr bonding observed with ZrO2 is not seen or is un-
clear for catalyst A. As for the 1.5 and 2.3 wt% samples,
a small peak at 0.29 nm (phase shift uncorrected) was ob-
served. This peak might be due to the Zr–Zr bond, but this
possibility was excluded because the peak was too short to
be assigned as the Zr–Zr bond in Zr oxides and no curve
fitting was successful if the peak was assumed to be Zr–Zr
bond. The origin of the peak below 0.1 nm observed in the
Fourier transform is not due to real bonding, but occurred in
the process of extracting the EXAFS oscillation without a
phase shift correction by the cubic spline method. We per-
formed the EXAFS curve fitting analysis over the whole
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FIG. 1. XANES spectra of (a) catalyst A 1.5 wt%, (b) catalyst A
(1.5 wt%) after exposure to 1.3 kPa acetic acid, (c) catalyst B 1.7 wt%,
and (d) ZrO2.

range 0.11–0.36 nm including the peak around 0.2 nm.
In this case the number of the independent parameter
NI = 21R1k/π + n(n = 1 or 2) is calculated to be 15 or
16, which would mean allowing fitting waves up to three
or four. The three-waves fitting Zr–O + Zr–O + Zr–Si) re-
produced the observed EXAFS data as shown in Figs. 3a
and 3b. No analysis using two waves (Zr–O + Zr–Si) fit-
ted the data at all. The best fit results for the catalysts A
(1.5 and 2.3 wt%) are shown in Table 1. The absence of
Zr–Zr and the presence of Zr–Si imply a direct bond for-
mation of Zr with the silica surface in a monomeric Zr
form. The catalysts A with 1.5 and 2.3 wt% Zr showed al-
most the same EXAFS oscillation, while the catalyst A with
4.5 wt% Zr showed a different oscillation and a new peak
appeared around 0.33 nm (phase shift uncorrected) as seen
in Fig. 2c. This peak was assigned to the Zr–Zr bond by
the curve fitting method. It is known that there exist three
phases of ZrO2, that is, the monoclinic, tetragonal, and cu-
bic phases. The monoclinic phase is stable below 1443 K,
but the metastable tetragonal phase also can exist at room
temperature when its size is small (45). The Zr–Zr distance
is 0.345 nm for monoclinic (46) and 0.366 nm for tetrago-
nal ZrO2 (47). The Zr–Zr distance for the catalyst A with
4.5 wt% Zr was determined to be 0.359 nm, which is closer
to the 0.364 nm of the tetragonal structure rather than the

0.345 nm of the monoclinic structure, although the Zr–Zr
bond distance for the catalyst A cannot be directly com-
pared to the bulk ZrO2 crystals because the Zr oxide species
in the catalyst A does not grow to three-dimensional par-
ticles. The coordination number of the Zr–Zr bond was as
small as 1.2, which suggests the formation of small clusters
of tetragonal-like Zr oxide, probably dimers on the SiO2

surface. The coordination number of the Zr–Si bond did
not change much upon increasing Zr-loading from 1.5 to
4.5 wt%, as shown in Table 1. The bond distance of Zr–O for
the 1.5 and 2.3 wt% catalysts A (0.199–0.201 nm) increased
to 0.211 nm for the 4.5 wt% catalyst A, and the Zr–O peak
became broader. This feature also coincides with the onset
of the formation of the Zr–Zr bond. The difference in the
bond distance of Zr–O between the 1.5–2.3 wt% catalysts
and the 4.5 wt% catalyst may be attributed to the differ-
ences of the local Zr structures. The shorter Zr–O bonds
at 0.199–0.201 nm for the catalysts A with the low Zr load-
ings have not been reported thus far elsewhere, suggesting
the unique structure of their Zr sites. The ZrO2 phase de-
posited on TiO2 by using Zr alkoxide has been reported
to be monoclinic for high-loading Zr samples (45). This
result is different from our observation that the structure
is similar to the local structure of tetragonal ZrO2 grown
on SiO2 at higher Zr loadings. It should be noted that the
structure and nature of the support has a profound effect on
the structure of the Zr oxide overlayers. We tentatively pro-
pose the structures of Zr sites for the catalyst A (1.5–2.3 and
4.5 wt%) based on EXAFS and XANES in Figs. 4a and 4b,
respectively.

FIG. 2. EXAFS Fourier transforms (phase shift uncorrected) for cata-
lysts A and ZrO2: catalyst A (a) 1.5 wt%, (b) 2.3 wt%, and (c) 4.5 wt%,
and (d) ZrO2.



    

444 OKUMURA AND IWASAWA

FIG. 3. Curve fitting results for the EXAFS data of catalysts A:
(a) 1.5 wt%, (b) 2.3 wt%, and (c) 4.5 wt%.

Structure of Catalysts B

The XANES spectrum of catalyst B is also shown in Fig. 1.
The characteristic pre-edge peak observed with catalyst A
did not appear for catalyst B even at low loading of Zr. The
XANES spectra did not change by increasing Zr loading
up to 15.0 wt%. Figure 5 shows the Fourier transform of
EXAFS spectra for catalysts B with different Zr loadings.
The best fit results over the whole 0.04–0.32 nm range in
the Fourier transform spectra for the catalysts B are shown
in Fig. 6 and listed in Table 1. In the Fourier transform the
first peak is straightforwardly assigned to the Zr–O bond.
The second peak around 0.3 nm (phase shift uncorrected)
may be due to Zr–Zr and/or Zr–Si bonds. The curve fitting
never reproduced the observed EXAFS data if the peak
was assumed to be due to Zr–Zr bonding. The EXAFS data
were well fitted only by Zr–Si bonding. The bond distances
for Zr–O and Zr–Si were determined to be 0.213–0.215

FIG. 4. Proposed structures of Zr sites for (a) catalyst A (1.5–
2.3 wt%), (b) catalyst A (4.5 wt%), and (c) catalyst B (0.3–15.0 wt%).

and 0.339–0.345 nm, respectively, for the samples with 1.4–
15.0 wt% Zr. These distances are a little longer than those
for catalysts A. A more striking difference between cata-
lyst A and catalyst B is seen in the coordination number
of the Zr–O bond. The Zr–O coordination numbers for
catalyst B are higher than those for catalyst A, indicating
the high coordination geometry around a Zr atom in cata-
lyst B, which coincides with the suggestion of an octahedral

FIG. 5. EXAFS Fourier transforms for catalysts B: (a) 1.4 wt%,
(b) 11.2 wt%, and (c) 15.0 wt%.
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FIG. 6. Curve fitting results for the EXAFS data of catalysts B;
(a) 1.4 wt%, (b) 11.2 wt%, and (c) 15.0 wt%.

symmetry from the XANES spectrum of Fig. 1. It should be
noted that no Zr–Zr bonding was observed with catalyst B.
These results mean bulk ZrO2 does not grow on SiO2, and
the monomeric Zr oxide species are chemically bonded to
the silica surface. This is contrary to the previous reports
for TiO2/SiO2 (49) and Nb2O5/SiO2 (50) which show one-
atomic-layer growth with metal–metal bonds. The similar
Zr–Si coordination number for all examined catalysts B
suggests one-atomic-layer dispersion on silica independent
of Zr loading (Fig. 4). Now if we assume that one ZrO2 unit
occupies a surface area of 0.13 nm2, then the loading of one-
atomic-monolayer ZrO2/SiO2 should reach 21 wt%. So the
value 15.0 wt% corresponds to 71% of this full monolayer.

We tried to further react Zr(OEt)4 with the 15.0 wt% Zr
monolayer sample to make a full ZrO2 monolayer on SiO2,
but epitaxial growth of the ZrO2 monolayer did not succeed
and only tetragonal ZrO2 particles were formed as proved
by XRD (51).

Catalytic Ketonization of Acetic Acid

The initial rates of carbon dioxide formation on catalysts
A and catalysts B at 573 K were plotted against Zr loading

in Fig. 7. The temperature-programmed desorption for sur-
face acetates (adsorbed acetic acid) seen in Fig. 9 suggests
that the acetone produced along with CO2 in the ketoniza-
tion was partially converted to ketene by a byreaction com-
petitive with its desorption, though the CO2/acetone ratio
depended on the coverage of acetates. Therefore the rate
of CO2 formation was defined as the initial rate of the ke-
tonization in this study. As for catalyst A, the activity (ini-
tial rate per gram Zr) increased linearly with an increase in
the Zr loading up to ca. 4 wt%. The activity of catalyst A
showed a maximum at an 8 wt% Zr loading, then decreased
at higher loadings. We checked the activity of the SiO2 sup-
port itself, but it was inactive for this reaction. The linear
dependence of the initial rate (v0) per gram Zr ([Zr]) on
the Zr loading, (v0/[Zr]) ∝ [Zr], in the low loading region in
Fig. 7 implies that the reaction rate with catalyst A is pro-
portional to the square of the amount of Zr supported on
SiO2. As described above, no Zr–Zr bonding was observed
for the samples with 1.5 and 2.3 wt% Zr loadings. This is also
the case for the catalyst C prepared from the Zr-dimer pre-
cursor as described hereinafter. It seems that the Zr atoms
are more or less randomly distributed on the SiO2 surface
because the species formed during calcination of the incipi-
ent supported complexes may migrate on the surface. Thus
the probability of the formation of Zr pair sites on the sur-
face will be proportional to the number of Zr sites squared,
where two Zr sites contribute to the ketonization of acetic
acid. The activity of the catalyst A with 8 wt% Zr deviated
from the linear dependency probably due to a change of the
local structure around the Zr atom. The EXAFS analysis
for this catalyst was not successfully performed, probably
because there were more than two different Zr structures
on the SiO2. The EXAFS spectrum for the catalyst A with

FIG. 7. Variation of the initial rate for acetic acid decomposition with
Zr loading: acetic acid pressure, 0.9 kPa; reaction temperature, 573 K. (4)
catalyst A, (©) catalyst B, (¥) catalyst C.
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15.5 wt% Zr was similar to that for the catalyst B with 15.0
wt% Zr. In fact, the catalyst A with 15.5 wt% Zr showed
activity similar to that of the catalyst B, as shown in Fig. 7.

The initial rate per gram Zr for catalyst B was indepen-
dent of the Zr loading over a wide range, as shown in Fig. 7,
suggesting almost the same activity for each Zr site. This re-
sult coincides with the fact that the catalysts B show similar
structures around Zr sites over a wide range of Zr loading
in Table 1.

Acetic acid adsorbs as unidentate acetate on SiO2, with a
characteristic IR peak at 1756 cm−1. On the other hand, the
majority of adsorbed species on the catalyst B with 15.0 wt%
Zr was bidentate acetate which had an asymmetric OCO
stretching peak at 1556 cm−1 and a symmetric OCO stretch-
ing peak at 1452 cm−1. The unidentate acetate peak on SiO2

was minor, as expected from the Zr coverage of 71% at the
surface. A similar observation of the bidentate was reported
for formic acid adsorbed on ZrO2 (52).

The possibility of a reaction between the acetate on Zr
and molecular acetic acid was examined under the reaction
conditions of the saturated coverage of the acetate while
the pressure of the acetic acid in the gas phase was being
changed. The catalyst surface was saturated with the ac-
etates in the pressure ranges 0.1–1.0 kPa as proved by the
IR peak for acetate species on Zr that was independent of
the pressure of acetic acid in the gas phase. The rate of ke-
tonization did not depend on the acetic acid pressure in the
range 0.1–1.0 kPa, which may exclude the participation of
molecular acetic acid in the key step of the ketonization.

Figure 8 shows the change of the normalized intensities
of bidentate and unidentate acetates on catalysts A and B at
623 K under 13.3 kPa He in a closed circulating system as a
function of reaction time. After steady-state ketonization at
673 K for 10 min, the gas phase products were trapped with
a liquid N2 trap, followed with behaviors of the unidentate
and bidentate acetates, and measuring the peak intensity
at 1756 and 1556 cm−1, respectively, in the absence of the

FIG. 8. Normalized peak intensity change of uni- and bidentate ac-
etates in IR spectra during the surface reaction, while trapping acetic acid:
(¤) bidentate acetate on catalyst A, 2.3 wt%; (+) unidentate acetate on
catalyst A, 2.3 wt%; (©) bidentate acetate on catalyst B, 15.0 wt%.

gas-phase acetic acid. The peak intensities were normalized
to those at the 10-min steady-state reaction in Fig. 8. A rel-
atively fast decrease in the time profile was observed at the
initial stage of reaction, followed by a slower decrease in
the intensities. The reaction rate calculated from the ini-
tial slope of the peak decrease, assuming that the reaction
taking place is from two adsorbed acetates, was consistent
with the initial rate of the catalytic reaction. The agree-
ment indicates that the ketonization of acetic acid takes
place at the surface between two acetate species. A similar
result was also obtained with the 18.7 wt% Zr catalyst B,
for which only bidentate acetates were observed. Thus it is
likely that the catalytic ketonization of acetic acid proceeds
directly or indirectly between two bidentate acetates. Both
bidentate and unidentate acetates existed on the 2.3 wt%
Zr catalyst A and decreased in a similar way as a func-
tion of reaction time in Fig. 8. The unidentate acetates on
SiO2 carrier seem to move on Zr sites to form the bidentate
acetates under the reaction conditions. The other species
such as acyl cation and anhydride were not observed at any
temperature.

It is presumed that the ketonization of acetic acid on the
catalysts A and B is facilitated by two neighboring Zr sites
which posses bidentate acetate ions. As shown in Fig. 7, the
activity in the low Zr-loading region increased in proportion
to the square of the Zr quantity on SiO2. We followed the
observation of direct Zr–Zr bonding (coordination num-
ber 1.2) between the adjacent Zr sites int he catalyst A with
4.5 wt% Zr with the EXAFS analysis shown in Table 1. As
the linear relationship between the catalytic activity and the
square of the Zr quantity follows up to about 4.5 wt% load-
ing, as shown in Fig. 7, it is likely that the ketonization on
catalysts A with low Zr loadings proceeds by two bidentate
acetates on the adjacent Zr sites.

The Zr oxides in the catalysts B are supported in a two-
dimensional dispersed form up to 15.0 wt% loading as dis-
cussed above. Although direct Zr–Zr bonding was not de-
tected under vacuum, a Zr–Zr bond was observed when
the catalyst B with 1.4 wt% Zr was exposed to acetic acid
vapor at room temperature, as shown in Table 1. This indi-
cates that the Zr sites in the catalyst B are also located in
the neighborhood of each other. The higher activity of cata-
lyst B with 0.3 wt% Zr as compared to the corresponding
low-loading catalyst A may result from the formation of a
Zr-oxide assembly rather than from isolated species even at
the low loading. The size and structure of the Zr-oxide en-
semble in catalysts B seem to be similar for the whole range
of Zr loading from 0.3 to 15.0 wt%. The aggregation of Zr
sites in catalyst B prepared from Zr(OEt)4 is advantageous
for the bimolecular reaction at the low Zr loading, while this
advantage is lost at the high Zr loading because the pop-
ulation of the adjacent Zr sites in the catalyst A prepared
from a monomeric complex Cp2ZrCl2 increases with an in-
crease of Zr loading, where the coordinatively unsaturated
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FIG. 9. TPD spectra after adsorption of acetic acid on catalyst B (15.0
wt%). Adsorbed amount of acetic acid: (a) saturation, (b) 0.13 times sat-
uration. (4) carbon dioxide, (×) acetone, (¤) ketene.

structure of the Zr sites in the catalyst A becomes an im-
portant factor for the catalysis.

Temperature programmed desorption was carried out on
catalyst B (15.0 wt%) where acetic acid was preadsorbed
at saturation and at 1/8 coverage. As shown in Fig. 9, the
desorption of acetone at 580 K and of ketene at 655 K and
that of carbon dioxide at 605 K were observed with the
catalyst B saturated with acetic acid. The fact that ketene
formation was observed at the higher temperature 75 K
after acetone formation could be explained by the decom-
position of acetone to ketene over empty Zr sites. When
the amount of adsorbed acetic acid was much lower than
saturation, the ketene formation exceeded the acetone for-
mation as shown in Fig. 9. Ketene was not detected under
the catalytic reaction conditions, where the Zr sites were
saturated with bidentate acetates. In addition, the peak po-
sitions of the desorbed products shifted to higher temper-
atures when the amount of adsorbed acetic acid was low.
This trend is characteristic of a bimolecular reaction at the
surface.

If the Zr dimer site and the unsaturated coordination
around the Zr atom are key issues for the catalysis, the
catalyst C prepared using a Zr-dimer precursor [(i-PrCp)2·
ZrH(µ-H)]2 was expected to be highly active. This attempt
was not successful because the dimeric precursor was de-
composed into a monomeric species on SiO2 similar to that
of the catalyst A prepared using Cp2ZrCl2 as characterized
by EXAFS in Table 1. The catalytic activity of the catalyst
C derived from the Zr dimer was essentially the same as
that of the catalyst A as shown in Fig. 7.

CONCLUSIONS

(1) Newly dispersed Zr catalysts A and C were prepared
using Cp2ZrCl2 and [(i-PrCp)2ZrH(µ-H)]2 as precursors.

(2) These catalysts were more active than catalysts B pre-
pared from Zr(OEt)4.

(3) The catalysts A and C have coordinatively unsatu-
rated structures around the Zr atom compared to the cata-
lyst B as characterized by XANES and EXAFS.

(4) The catalytic activity of the catalysts A increased in
proportion to the square of the Zr quantity on SiO2.

(5) The catalytic activity per Zr atom of catalyst B was
constant up to 15.0 wt% Zr.

(6) The catalytic ketonization of acetic acid was sug-
gested to proceed by bimolecular reaction between biden-
tate acetates adsorbed on Zr sites.
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