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ABSTRACT

A series of rare earth oxides were investigated as catalysts in the ketonization of acetic acid. High selec-
tivity to acetone over 99% was obtained by reacting acetic acid over rare earth oxides such as La,0s,
CeO,, Prg011, and Nd;,0s. Especially, PrgO11 showed the highest yield of 80% at 350 °C among the 14 rare
earth oxides. The bulk structure of CeO, was stable during the ketonization, while the surface acetate
species were observed over CeO, after ketonization. In contrast, the other active rare earth oxides such
as Lay 03, Prg011, and Nd; 03 were mainly basic oxides due to the formation of bulk oxyacetate such as
MO(AcO), where M is La, Pr, and Nd and AcO indicates CH;COO group, in the initial period of the reaction.
In any case, the catalytic ketonization proceeds over the surface of the oxyacetates and CeO,. Catalytic
cycle of the ketonization is composed of two steps: the decomposition of surface M, O(AcO), to produce
MO(AcO), acetone, and carbon dioxide and the regeneration of surface M,O(AcO), by reacting MO(AcO)

Surface acetate species

and acetic acid to produce water.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Since the mid-nineteenth century, the formation of ketone in the
pyrolysis of metal salts of carboxylic acid has been known, which
is introduced in a literature [1]. Synthesis of ketones from car-
boxylic acids in the vapor phase is called ketonization. Ketonization
of carboxylic acid proceeds via the condensation reaction of two
molecules of carboxylic acids to produce a ketone together with CO,
and H;O0. The ketonization of carboxylic acid over catalysts such as
Bi, 03 [2,3], CuO [2,3], Co304 [2,3], Cr,03 [2-5], Al 03 [2,3,6], PbO,
[2,3], TiO5 [2,3,7-9], ZrO, [2,3,8,10-12], CeO, [12-17], iron oxide
[2,3,8,18-20], manganese oxide [2,3,12,13,16,21], V,05 [8], MgO
[22], Mg/Al hydrotalcites [23], and CeO,-metal oxide [24,25] has
been reported. However, mechanisms for the ketonization are still
under debate.

Recently, Renz has reviewed mechanisms on the ketonization
of carboxylic acid [26]. One of the proposed mechanisms involves
an abstraction of alpha-hydrogen of carboxylic acid and forms
ketene-like intermediate [17]. Another mechanism goes through
an adsorbed carboxylate intermediate [3,24,26] which reacts with
another carboxylate to produce ketone and CO,. Barteau et al. also
summarize several mechanisms involving the intermediate of acid
anhydride [9]. In addition to the mechanisms, the reasons of high
catalytic activity of oxides for ketonization have been proposed:
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the high catalytic activity relates to crystal structure [7,27], bond
strength between metal and oxygen [3], and presence of Lewis acid
and base sites [28].

Although silica-supported La;03 and Nd,03 have been previ-
ously reported as catalysts which show high catalytic activity for
the ketonization of carboxylic acid [13], no systematic study has
been conducted to explain the ketonization. Therefore, in this work,
we investigated a series of rare earth oxides (REOs) as catalysts for
the ketonization of acetic acid. The REOs were calcined at 1000°C
to clarify the relation between the crystal structure and the cat-
alytic activity of REOs. We confirmed that especially four REOs
such as La,03, CeO,, PrgOq1, and Nd,03 among the tested REOs
catalyzed the ketonization of acetic acid to produce acetone, and
characterized the active REOs. We also proposed probable mecha-
nisms of ketonization over REOs and discussed the reason for the
high catalytic activity of the active REOs.

2. Experimental
2.1. Samples

Acetic acid was purchased from Wako Pure Chemical Industries,
Ltd., Japan, and was used for the catalytic reaction without fur-
ther purification. All of REOs such as La;03, CeO,, PrgOq1, Nd; 03,
Sm203, EU203, Gd203, Tb407, Dy203, H0203, Er203, Tm203, Yb203,
and Lu, O3 were purchased from Kanto Chemical Co., Inc. All of the
oxides were calcined at 1000 °C prior to reaction. The particle size
of REO used in this study was in the range from 125 to 850 p.m.


dx.doi.org/10.1016/j.molcata.2011.06.011
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:y-yamada@faculty.chiba-u.jp
mailto:satoshi@faculty.chiba-u.jp
dx.doi.org/10.1016/j.molcata.2011.06.011

80 Y. Yamada et al. / Journal of Molecular Catalysis A: Chemical 346 (2011) 79-86

2.2. Catalytic reaction

Each reaction was carried out in a conventional fixed-bed down
flow glass tube reactor with an inner diameter of 17 mm at 350°C
under the atmospheric pressure of N,. REOs (weight, 0.5 g) were
supported on a glass wool in the reactor, and the temperature of
the REO bed (height, ca. 5 mm) was monitored with a thermocouple
located in the REO bed. Prior to the reaction of acetic acid, REOs
were heated in the reactor in N, flow at 500°C for 1h. After the
catalyst had been cooled to 350°C, acetic acid was fed through the
top of the reactor at liquid feed rate of 2.67 cm3 h~1 (46.6 mmol h—1)
together with N; flow of 30 cm3 min—!. An effluent was collected
every 30 min, and analyzed by GC-MS (Shimadzu GCMS-QP5050)
and FID-GC (Shimadzu GC-8A) using a 30-m capillary column of
Inertcap-WAX (GL Science).

2.3. Characterization of catalysts

The specific surface areas of catalysts, SA, were calculated with
the BET method using N, isotherm at —196°C. X-ray diffrac-
tion (XRD) patterns were recorded on an M18XHF (Mac Science,
Japan) using CuKa radiation (A=0.15nm) to determine crystal
structure of REOs. Thermogravimetry-differential thermal analysis
(TG-DTA) was conducted in air using Thermo plus TG8120 (Rigaku
Corp., Japan). Structural feature of the REOs was characterized by
diffuse reflectance infrared Fourier transform (DRIFT) spectrom-
eter with a mercury cadmium telluride detector (JASCO Corp.,
Japan).

3. Results
3.1. Catalytic reactions of acetic acid over REOs

We have already reported changes in the structures of the
as-received REOs by being calcined at 1000 °C [29,30]. Fig. 1 sum-
marizes the XRD patterns of REOs calcined at 1000 °C while some
XRD data are cited from Refs. [29,30]. Crystal structures of the as-
received La, 03 and Nd, 03 are hexagonal, and those of as-received
Sm,03, Euy03, GdzOg, Dy,03, Ho,03, Ery03, Tm,0s3, Yb203, and
Lu, 03 are monoclinic, while CeO, is fluorite. PrgO1; is composed of
two structures such as hexagonal and fluorite, and Tb407 is com-
posed of monoclinic and fluorite [31]. Due to the crystal growth
of La,03 and Nd,03 upon calcinations, intensity of the pattern is
increased. Sm,03, Eu;03, and Gd,03 keep their monoclinic struc-
ture even after being calcined at 1000°C. Crystal structures of
Dy,03, Ho,03, Er;03, Tm;03, Yb,03, and Lu,O3 are transformed
into bixbyite of cubic structure by being calcined at 1000 °C. CeO,
keeps its original fluorite structure even after calcinations. Crys-
tal structures of PrgOy; and Tb407 are transformed into fluorite
structure [29].

Table 1 shows the catalytic activity of REOs calcined at 1000 °C.
Among REOs we tested, four REOs such as La,; 05, CeO,, PrgO11, and
Nd, 03 showed high catalytic activity at 350 °C. Especially, PrgO11
showed the highest yield of 80% among all of the tested REOs.
Other 10 REOs were not so active while the selectivity to ace-
tone decreased with increasing the atomic number of rare earth
metal in REOs. Over the less active REOs, a by-product of this
reaction was mainly acetic anhydride. Fig. 2 shows the depen-
dency of the catalytic activity on the time on stream at 350°C.
Light REOs such as La;03 showed stable catalytic activity at least
for 2.5 h: conversion exceeds 77%. On the other hand, heavy REOs
such as Yb, 05 lost the catalytic activity drastically within 1 h: the
amount of produced acetone decreased with time on stream. This
tendency seems to be related to the decomposition temperature
of the corresponding rare earth acetate, which will be discussed
later.
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Fig. 1. XRD profiles of REOs calcined at 1000 °C. *Data referred from Ref. [29]. **Data
cited from Ref. [30].

Judging from the results in Table 1 and Fig. 1, it is clear that the
catalytic activity of REOs has little dependence on the crystal struc-
ture for the ketonization reaction. Since the crystal structure has
little influence on the catalytic activity, other factors are expected
to affect the catalytic activity of REOs. Therefore, the composition
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Fig. 2. Time course of ketonization of acetic acid over La,03 and Yb,03 at 350°C.
(a) Conversion and (b) selectivity to acetone over La,0s. (¢) Conversion and (d)
selectivity to acetone and (e) to acetic anhydride over Yb,03. W/F=0.187 ghcm—3
where W and F are catalyst weight and flow rate reactant fed, respectively. W=0.5g
and F=2.67 cm® h~1. N, carrier gas flow rate is 30 cm? min—'.



Table 1

Conversion and selectivity of acetic acid at 350 °C over REOs calcined at 1000 °C.
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Oxides SA(m?g1) Conv. (%) Selectivity (mol%) Acetone yield (%)
Acetone Ac;0 Others?
La,03 6.8 77.7 99.9 0.0 0.1 77.6
CeOy 13.2 51.3 99.9 0.0 0.1 51.2
PrgO11 4.6 80.1 99.9 0.0 0.1 80.0
Nd, 03 3.7 379 100.0 0.0 0.0 37.9
Sm, 03 6.4 10.2 96.3 3.7 0.0 9.8
Eu,03 16.4 13.6 95.1 4.8 0.1 12.9
Gd,03 7.3 7.3 94.5 5.5 0.0 6.9
Tb407 9.3 7.6 943 4.8 0.9 7.2
Dy,03 111 6.4 86.1 13.9 0.0 5.5
Ho,03 11.2 4.3 81.2 18.8 0.0 3.5
Er,03 13.6 9.6 78.0 22.0 0.0 7.5
Tm,03 16.1 3.8 65.9 304 3.7 2.5
Yb,03 15.7 11.0 76.9 231 0.0 8.5
Luy03 14.1 14.6 75.9 22.7 14 11.1

Conversion and selectivity were averaged in the initial 2.5h. W/F=0.187 gh cm~3 where W and F are catalyst weight and flow rate reactant fed, respectively. W=0.5g and

F=2.67 cm?h~'. N, carrier gas flow rate is 30 cm® min~'. Ac, 0 is acetic anhydride.

2 Others contain 4-methyl-3-penten-2-one, 4-methyl-4-penten-2-one, trimethylbenzene, and 2-cyclohexen-1-one.

Table 2

Temperature dependence on the ketonization of acetic acid over La; 03 calcined at 1000°C.

Reaction temperature (°C) Conv. (%) Selectivity (mol%) Acetone yield (%)
Acetone Ac,0 Others?

325 6.0 97.9 2.1 0.0 5.9

350 77.7 99.9 0.0 0.1 77.6

375 59.1 99.9 0.0 0.1 59.0

400 65.2 99.9 0.0 0.1 65.1

425 68.1 99.6 0.0 0.4 67.8

Reaction conditions and footnote “a” are the same as those in Table 1.

and functional groups of reacted REOs with acetic acid were inves-
tigated using XRD, TG-DTA, and DRIFT in the following section.
Table 2 shows the temperature dependence on the catalytic
activity of La;03 calcined at 1000°C. At the reaction temperature
of 325°C, the conversion of acetic acid was as low as 6%. The con-
version drastically increased from 325 °C to 350°C, and it showed
a maximum at 350°C. The conversion gradually increased with
increasing the reaction temperature from 375 to 425°C.

3.2. Characterization of active REOs in the ketonization

Fig. 3 shows the XRD patterns of Lay03, CeO,, PrgOq71, and
Nd, O3 after reacting with acetic acid at 350°C. La,03 was con-
verted into another compound after being reacted with acetic
acid, as observed in Fig. 3b. Among four active REOs, PrgO1q
and Nd,O3; showed a similar tendency to La;O3 in the struc-
tural changes after being reacted with acetic acid at 350°C
(Fig. 3d and e, respectively). We did not find the diffraction pat-
terns in the ICDD cards, while we can identify the compound
observed in Fig. 3d as PrO(AcO), where AcO indicates CH3COO
group, by comparing XRD profile of PrO(AcO) reported in Ref.
[32]. LaO(AcO) and NdO(AcO) would be also produced after acetic
acid contacted La;03 and Nd,0s3, respectively. In contrast, only
CeO, among the active REOs showed no significant structural
change after ketonization: CeO, remained its fluorite structure
even after being reacted with acetic acid, as determined by XRD
(Fig. 3c).

Fig. 4a shows a TG-DTA profile of La;03 reacted with acetic
acid at 350°C for 2.5h. The sample shows severe weight loss
between 300°C and 440°C together with the exothermic peaks
at 320°C and 430°C. The weight loss and exothermic peaks
indicate that La,O3 was converted into another compound con-
taining organic species during ketonization. Since the structure of
La, 03 was converted into an organic compound by being reacted
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Fig. 3. XRD pattern of REOs after reaction with acetic acid at 350°C. (a) Fresh La, 03
calcined at 1000°C, (b) La, O3 after reaction, (c) CeO, after reaction, (d) PrgO11 after
reaction, and (e) Nd, 05 after reaction.
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with acetic acid, decomposition process of La(AcO)3;-H,O was
analyzed for the discussion on the active species in the ketoniza-
tion. Fig. 4b shows a TG-DTA profile of La(AcO)3-H;0. Three
exothermic peaks were observed at 328, 342, and 394°C in the
profile.

Fig. 5 shows the DRIFT spectra of La,03 and CeO; reacted with
acetic acid at 350°C. In Fig. 5a, La;O3 reacted with acetic acid
showed peaks ataround 922, 1010, and 1054 cm~! which originates
from acetate, whereas they were not observed in La; O3 (spectrum
is not shown). Peaks at around 3000 cm~! are stretching vibration
of C-H in CH3 group of acetate [28,33-35]. In Fig. 5b, as a result of
DRIFT analysis, acetate species seem to be present on the surface
of CeO, reacted with acetic acid at 350°C: C-H stretching vibra-
tion at 2941 cm~! and C=0 stretching vibration at 1690 cm~! were
observed.In addition, we also observed DRIFT spectra on PrgO11 and
Nd, O3 reacted with acetic acid at 350 °C similar to the spectrum in
Fig. 5a (spectra are not shown).

3.3. Transformation of La,03 into LaO(AcO) during induction
period of the ketonization

Induction period was observed in the initial period after acetic
acid was fed through the reactor top: no organic species was col-
lected in the initial reaction period for several minutes. In order
to evaluate the conversion rate of La,03 to acetate species, after
acetic acid had been contacted with La;03 at the feed rate of
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Fig. 4. TG-DTA profiles of (a) La03 reacted with acetic acid at 350°C for 2.5h and
(b) La(AcO)s3-H, 0O reagent. The TG-DTA was performed in air.
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Fig. 5. DRIFT spectra of REOs after reaction with acetic acid at 350°C. (a) La, 03, (b)
CeOz.

0.78 mmol min~! and 350°C, an effluent collected in each trap was
analyzed by FID-GC. Fig. 6 plots the detected amounts of produced
acetone and unreacted acetic acid against the amounts of fed acetic
acid. The molar quantity of La;03 (0.5 g) used in this experiment is
ca. 1.5 mmol, which corresponds to 3.1 mmol of atomic La. The total
molar quantity of acetone produced by feeding 7.7 mmol of acetic
acid is 1.4 mmol. This indicates that ca. 4.9 (=7.7 — 2 x 1.4) mmol of
acetic acid was missing in the duration. Acetic acid had not been
recovered until 7.7 mmol of acetic acid was fed, while unreacted
acetic acid started being detected after 11.6 mmol was fed. After

Duration of stream / min

Recovered AcOH / mmol

Produced acetone & missing AcOH / mmol

0 5 10 15
AcOH fed / mmol

Fig. 6. Amounts of acetone produced over La,;05 in the initial periods of reaction
with acetic acid at 350 °C. The produced acetone (a) and recovered acetic acid (b) in
the effluent were determined by GC-FID, and missing acetic acid (c) was calculated.
An effluent was collected in the trap during each plot over 0.5 g of La,03 including
3.1 mmol of atomic La.
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Fig. 7. Changes in the XRD profile of La, 03 after reacting with acetic acid at 350°C
with time on stream. Numbers in the figure indicate the duration of stream, which
is the same as that in Fig. 6.

11.6 mmol of acetic acid was fed, unreacted acetic acid was recov-
ered, and the amount of produced acetone was more than twice
that of acetone produced before 7.7 mmol of acetic acid was fed.
It means that acetic acid was totally consumed and converted into
acetone. Therefore, it is estimated that 1.58 mol of acetic acid per
1 mol of La disappears in the initial period of reaction.

Fig. 7 shows structural changes in La;03 catalysts during the
initial period of ketonization at 350°C. In the initial periods for
10 minin Fig. 7, La; O3 samples that contacted with 1.5-7.7 mmol of
acetic acid consisted of imperfect LaO(AcO) structure. The imper-

2 CG(ACO)3'H20 —2 CC(ACO)3 + H,O

2 Ce(AcO); — Ce,0(AcO); +CH;COCH; + CO,
Ce,0(AcO); — 2 CeO(AcO) + CH;COCH; + CO,

2 CeO(AcO) — Ce,0,CO5 + CH3COCH;
C6202CO3 - CCOZ +CO

fect LaO(AcO) was obtained until 11.6 mmol was fed probably
due to the thickness of the loaded catalyst bed. Perfect LaO(AcO)
was observed at the fed amount of 11.6 mmol (Fig. 7, 15 min).
More than 8 mmol of acetic acid was necessary to convert all of
1.5 mmol of La; 03 into LaO(AcO). These phenomena notify us that
the formation of LaO(AcO) is completed in the initial period of the
reaction together with the formation of acetone, and the ketoniza-
tion steadily proceeds through the catalytic cycle together with
the conversion between LaO(AcO) and La;O(AcO), after the initial
period.

4. Discussion
4.1. Catalytic activity of REOs for ketonization of acetic acid

In Table 1, the conversion and selectivity tend to become high, as
the atomic number of REOs decreases. Since the strength of basic-
ity of light REOs is higher than that of heavy REOs [29], the high
catalytic activity for ketonization reaction could be basically due
to the presence of strong basic site, whereas CeO, is an exception.
The by-product of this reaction over heavy REOs was mainly acetic
anhydride. It is reported that condensation of acetic acid into acetic
anhydride occurs at temperature higher than 700 °C but an aid of
acid catalysts lowers the reaction temperature [36]. In this work,
acetic anhydride is considered to be formed due to the low basicity
of heavy REOs.

Heavy REOs, such as Ho, 03 and Er, 03, show low catalytic activ-
ity for ketonization (Table 1). In the initial period of ketonization
over Lay03 (Fig. 6), it is suggested that La,Os is converted to
one kind of lanthanum acetate (Fig. 3b). In order to ensure the
decomposition behavior of the acetate, Schemes 1 and 2 cited the
decomposition steps of Ce(AcO)3-H,0 [37] and Ho(AcO)3-3.5H,0
[38] in TG-DTA profiles, respectively. According to Scheme 1 [37],
in the decomposition of Ce(AcO); at around 300°C, cerium(III)
acetate such as Ce(AcO); is decomposed into oxyacetate such as
Ce;0(AcO)4 and CeO(AcO) to produce acetone and CO». In the last
step, CeO(AcO) is decomposed into Ce;0,C0O3 to produce acetone
at 355°C. In contrast to the presence of Ce;O(AcO)4, Ho;O(AcO),
is not present during the decomposition of Ho(AcO); in Scheme 2
[38]. Ho(AcO)3 is decomposed into oxyacetate such as HoO(AcO) to
produce acetic acid at 280 and 330 °C. Similar to the decomposition

(130°C) I
(287°C) I
(307°C) I
(355°C) Y
(800°C) %

2 Ce(Ac0)3-H,0 — CeO, + 3 CH;COCH; + 2 CO, + CO + H,0O

Scheme 1. Thermal decomposition of Ce(AcO);-H,O0 in air [37].

2 Ho(Ac0)3-3.5H,0 — 2 Ho(AcO); + 3.5 H,0

2 Ho(AcO); — 2 Ho(OH)(AcO), + 2 H,C-C=0
2 H,C-C=0 + 2 H,0 — 2 AcOH

2 Ho(OH)(AcO); — 2 HoO(AcO) + 2 AcOH

2 HoO(AcO) — Ho,0,CO; + CH;COCH;

H0202CO3 — H0203 + C02

(105°C) I
(280°C) -1
-2
(330°C) I
(390°C) v
(590°C) %

2 Ho(Ac0O)5:3.5H,0 — Ho0,0,C0O; + CH;COCH; + 4 AcOH + CO,

Scheme 2. Thermal decomposition of Ho(AcO)3-3.5H,0 in air [38].
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2 La(AcO);nH,O — 2 La(AcO); + nH,O

2 La(AcO); — La,O(AcO)4 + CH3COCH; + CO,
La,0(AcO)s — 2 LaO(AcO) + CH;COCH; + CO,
2 LaO(AcO) — La,0,CO;5 + CH3;COCH;

L3.202CO3 — La203 + COZ

(147°C) I
(328°C) I
(342°C) I
(394°C) v
(669°C) \%

2 La(AcO)nH,O — La,05 + 3 CH3COCH; + 3 CO, + nH,O

Scheme 3. Thermal decomposition of La(AcO)3;-nH,0 in air determined by TG-DTA, XRD, and DRIFT measurement in this work.

of CeO(AcO), HoO(AcO) is decomposed into Ho,0,CO3 to produce
acetone at 390 °C. In this way, the ketone is probably formed by the
decomposition of acetate and oxyacetates. In addition, decomposi-
tion of Pr(AcO)s3 [32] and Nd(AcO)3 [39] has already been reported
elsewhere.

Among the four active REOs, only CeO, shows no structural
change after ketonization (Fig. 3c): CeO, retains its fluorite struc-
ture even after being reacted with acetic acid at 350 °C. However,
adsorbed acetate species was observed on the surface of CeO,
(Fig. 5b). It is reasonable that the adsorbed acetate is an interme-
diate species in the ketonization of acetic acid. Namely, surface
reaction of ketonization such as Schemes 1-3 is possible in the
catalytic formation of acetone from acetic acid. To accomplish the
catalytic cycle of ketonization, the surface of CeO, has to store more
acetate species in the atmosphere of acetic acid vapor. Therefore,
it can be explained that the formation of surface acetate proceeds
only on the surface of CeO, during the reaction of acetic acid over
Ce0,.In any case, the surfaces of four active REOs are converted into
MO(AcO), where M is La, Ce, Pr, and Nd. Therefore, the formation
of MO(AcO) would be one of the important factors for ketonization
of acetic acid.

In Fig. 4a, the weight loss at around 400°C and 750°C can
be regarded as the release of acetone and CO,, respectively. The
total weight loss by ca. 23% from 350 to 800°C is consistent
with those of acetone (molecular weight, MW =58.0) and CO,
(MW =44.0) removed from a sample composed of LaO(AcO) (for-
mula weight=213.9). In Fig. 4b, we analyzed the decomposition
process of reagent La(AcO)3-H,O during the TG-DTA in air. The
weight loss in the TG is considered to be due to H,O, acetone
and CO,. Each decomposition step, which was estimated from the
weight loss of Fig. 4, is summarized in Scheme 3. La(AcO)3-H,0
would be converted into La,03 with five steps that resemble the
decomposition of Ce(AcO)3-H,0 in Scheme 1 [37]. In the TG-DTA
profile of La, 03 reacted with acetic acid at 350°C for 2.5 h (Fig. 4a),
an exothermic peak at 320°C is probably due to the decomposi-

(a) 4 AcOH

2 [MO(AcO)] M,0(AcO),

t/

tion of La;0(Ac0O)4 into LaO(AcO). The main exothermic peak at
ca. 400°C is monitored due to the decomposition of LaO(AcO) to
oxycarbonate, La;0,(C03), as expressed in Schemes 3-5.

TG-DTA of the catalysts was conducted in air whereas all cat-
alytic measurements were carried out in a stream of Nj. It is known
that the composition of a gaseous atmosphere during the ther-
mal decomposition of a substance can influence the route of the
decomposition and its rate. The difference in atmosphere has been
investigated on Pr(AcO)s [32]: no significant difference between in
air and in N, was found on the TG profiles below 600 °C. There-
fore, we can discuss mechanisms of the catalytic cycle under these
conditions without caution.

4.2. Probable reaction mechanism over REOs

Judging from the results in Figs. 6 and 7, we propose a prob-
able catalytic cycle of the ketonization of acetic acid over La;03
in Scheme 4. Acetic acid is converted into acetone at the acetic
acid/acetone ratio of 4 in the initial period of the reaction with
acetic acid (Scheme 4a), and the ratio changes into 2 in the steady
state of the reaction (Scheme 4b). Since a similar tendency was
observed for Pr,03 and Nd, 03, the reaction drawn in Scheme 4 is
also applied to Pr,03 and Nd,0s3.

Here, we propose that MO(AcO), M =La, Pr, and Nd, is proba-
bly the active catalyst species. M;O(AcO), is formed by contacting
acetic acid with oxides, and then M;0(AcO), decomposes into
MO(AcO) as well as acetone is formed (Scheme 4a). Once M,03 was
converted into MO(AcO) completely, the ketonization proceeds cat-
alytically via a catalytic cycle such as Scheme 4b. In this scheme,
MO(AcO) is the active catalyst species and M;O(AcO), is an inter-
mediate. In the comparison of REOs for the ketonization of acetic
acid, we can propose more precise reaction path than the previous
reports [13,28].

In Scheme 5, we propose the most probable reaction mecha-
nism for the ketonization of acetic acid over REOs. At the first step,

2 AcOH
2 [MO(AcO)] M,0(AcO),

(0]

A

Scheme 4. Proposed catalytic cycle for ketonization of acetic acid over REOs. (a) Initiation reaction in which oxides were converted into oxyacetates. (b) Catalytic cycle after

M, 03 was totally converted into MO(AcO). M =La, Pr, and Nd.
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Scheme 5. Speculative reaction mechanism for ketonization of acetic acid over M,03; where M =La, Pr, and Nd.

M, 03 is converted into M,0O(Ac0),4, a-hydrogen on acetate is sub-
tracted by the basic oxygen on oxide to produce carbanion. Then,
the produced carbanion attacks the carbon of neighboring C=0
nucleophilically, and [-ketoacetate is formed via the condensation
reaction. Finally, the 3-ketoacetate decomposes into CO, and ace-
tone, and the structure of the catalyst becomes M5;0,(AcO), that is
equal to MO(AcO). This route is essentially the same as a previously
proposed mechanism [24].

Low catalytic activity of REOs such as Ho, O3 is also explainable
from Scheme 5. It is speculated that the catalytic cycle of HoO(AcO)
and Ho, O(Ac0)4 does not proceed in the reaction of acetic acid over
Ho,03. As discussed in Section 4.1, Ho,O(AcO)4 is not formed in
the decomposition process of Ho(AcO)s. In addition, the catalytic
activity of Sm,03 is also low, as demonstrated in Table 1. This is
explained by the thermal decomposition temperature of Sm(AcO)s3,
390°C, which is higher than the reaction temperature of 350°C
[40].

4.3. Dependence of catalytic activity on specific surface area of
REOs

Fig. 8 plots the yield of acetone versus specific surface area of
the recovered REO catalysts, which are LaO(AcO), CeO,, PrO(AcO),
and NdO(AcO). Extrapolation of the linear line converges near zero
surface area: the yield of acetone is proportional to the specific
surface area of the catalyst. Therefore, ketonization over REOs pro-
ceeds on the surface of catalyst samples and there is no relevancy
with crystal structure or planes, although there are some reports
that the activity of oxides depends on their crystal planes [7,14,27].
For example, the crystal structure of CeO,, PrgO11, and Tb407 cal-
cined at 1000 °Cis cubic fluorite (Fig. 1), but the conversion of acetic
acid is low only over Th407. In a similar manner, bixbyite of heavy
REOs, such as Dy, 03, Yb,03 and Lu, 03, and fluorite CeO, have close
cubic structure (Fig. 1), but the conversion of acetic acid is high only
over CeO,. It can be summarized that crystal structures of REOs are
independent of the catalytic activity of REOs.

In Table 2, the conversion over La;0O3 at 350°C is higher than
that at 375 °C, and the conversion gradually increased with increas-
ing the reaction temperature from 375 to 425 °C. This temperature
dependence can be explained by the formation of LaO(AcO) into
La,;0,CO0s3 (Fig. 4a and Schemes 3-5): the surface of La;0,CO3 is less
active than that of LaO(AcO). It can be explained that the conversion
over La;0,C03 could be increased with an increase in temperature
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Fig. 8. Yield of acetone at 350°C versus specific surface area of catalysts after
ketonization.

from 375 to 425°C. We need further research on the ketonization
at different temperatures.

5. Conclusions

A series of REOs were investigated for ketonization of acetic acid
at 350°C: the acetic acid conversion of 38-80% and the selectivity
to acetone over 99.9% were obtained over REOs such as La; 03, CeO,,
Prg011, and Nd;0s. Especially, PrgO1; showed the highest yield
of 80% and Nd,03 showed the highest selectivity of 100% among
fourteen REOs. Four active REO catalysts converted into an oxyac-
etate such as MO(AcO), M =La, Pr, and Nd, after ketonization. On
the other hand, the bulk structure of CeO, is retained during the
ketonization while the surface of CeO, is converted into acetate.
The yield of acetone was proportional to the specific surface area
of the produced oxyacetate and CeO,, and the linear extrapolation
goes through near the origin. It is concluded that the ketonization
of acetic acid over REOs proceeds on the surface of the oxyac-
etate such as MO(AcO) via the catalytic cycle between MO(AcO)
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and M, 0(Ac0), to produce acetone and CO, with the consumption
of acetic acid.
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