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the best performance ever reported for metal oxide based catalyst, without obvious deactivation for at least
12 h on stream. The superior performance of T500/Cor&Pd/Cor could be attributed to the dominant base sites
and moderate acid sites on TiO, coating caused by the nanoscale anatase crystallite, and its combination style
of being physically mixed with Pd.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Methyl isobutyl ketone (MIBK) has been widely used in many areas,
such as paint, resins, and coating [1]. Traditionally, MIBK is mainly
synthesized via a three-step process, including acid or base-catalyzed
acetone condensation to diacetone alcohol (DA), acid-catalyzed dehy-
dration of DA to mesityl oxide (MO), and metal-catalyzed hydrogena-
tion of MO to MIBK [2]. Compared with such three-step process, one-
pot synthesis of MIBK catalyzed by Pd/resin has been adopted in indus-
try processes, which can avoid separation of the intermediates DA and
MO. However, due to the high reaction pressure and low thermal stabil-
ity of resin, alternative catalysts are still the research focus [3].

Supported Pd catalyst loaded on metal oxide or zeolite, such as
ZSM-5 [4], SAPO [5], Al,03-MgO [6], Nb,05-SiO, [7], ZnO-Cr,03
[8], hydroxide [9], and SiO,-MgO [10] is a new type of catalyst alter-
native to Pd/resin catalyst over MIBK synthesis from acetone. So far,
the highest acetone conversion and MIBK selectivity was reported to
be Pd/Zn-Cr (1:1), having a moderate Lewis acid sites (1.2 mmol/g
density), and producing MIBK with a selectivity of 78% at 40% acetone
conversion [8]. In addition, HZSM-5 covered partially by SiO,-ZrO, ex-
hibited a decreased acid strength, leading to an improved acetone con-
version of 33.4% and MIBK selectivity of 88.1% than that on HZSM-5 [4].
These results suggested that a satisfactory catalytic performance will be
probably produced over a Pd catalyst loaded on a support with moder-
ate acidic strength and acidic amount. TiO, has been used as solid acid
and solid base for Knoevenagel [11] and aldol condensation [12]
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reactions. However, TiO,, is not considered for this reaction yet probably
because of its low surface area unsuitable for Pd loading. Besides the ef-
fect of acid/base property of catalysts, the mass transfer limitation in
pores of catalysts also plays an important role on the MIBK synthesis
from acetone. Li [13] synthesized Pd-doped propyl sulfonic acid-
functionalized hollow nanospheres for this reaction. These hollow nano-
spheres exhibited a higher activity than their bulk mesoporous counter-
parts, due to the short diffusion resistance of hollow nanospheres.

In this study, we deposited TiO, coating on cordierite monolith via
sol-gel method and then mixed with supported Pd on cordierite, to
obtain a novel physically mixed bifunctional catalyst TiO,/Cor&Pd/Cor.
On the one hand, we adopted physical mixing instead of loading Pd on
TiO, support, trying to avoid the change of acid/base property of TiO,
caused by the Pd loading process. On the other hand, TiO, coating on
cordierite and Pd on cordierite ensured the completely surface distribu-
tion of both acid sites and Pd sites. As we expected, TiO,/Cor&Pd/Cor
presented a high activity and a high selectivity to MIBK.

2. Experimental

For the sample preparation, characterizations and catalytic tests
have been shown in the experimental section in the Supporting
information.
3. Results and discussion

3.1. Catalyst characterizations

The crystalline type and size of T500 powder were identified by XRD
pattern (in Fig. S1) and TEM images (in Fig. 1). It was shown in Fig. S1
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Fig. 1. TEM images of T500 powder.

that T500 was presented in the anatase phase and the crystallite size
was estimated by the FWHM of characteristic peak using Scherrer's
equation to be 14.1 nm (in Table S1). It was observed in Fig. 1(a) that
T500 exhibited a wormhole-like mophology with small particles. The
HRTEM image in Fig. 1(b) showed that TiO-, crystallite size was about
10 nm, which was near to that estimated from XRD pattern using
Scherrer's equation. In addition, carbon material was found among the
TiO, crystallite, which was probably ascribed to the incomplete hydro-
lysis of tetrabutyl titanate.
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The successful coating of TiO, on cordierite was revealed by XPS
spectra and FT-IR spectra in Fig. 2. The peaks at binding energy
458.4 eV and 464.1 eV for Ti 2p could be attributed to TiO; [14]. The O
1s spectra were composed of two contributions. The peak at 529.5 eV
for O 1s indicated that Ti ions were in an octahedral environment,
which agreed with the values reported for TiO, [15]. In addition, a
small shoulder peak at 532.1 eV denoted the presence of surface -OH
groups. As for the C 1s spectra, three peaks at 284.5, 285.9, and
288.1 eV could be assigned to C-C, C-0, C=0 bonds, respectively,
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Fig. 2. XPS spectra of T500/Cor (a) Ti 2p core level, (b) O 1s core level, (c) C 1s core level, and (d) FT-IR spectra of T500 powder and T500/Cor.
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indicating the incomplete hydrolysis of TiO, precursor [16].
Fig. 2(d) presented the FT-IR patterns of T500 powder and T500/
Cor. The broad band at about 3500 cm~' and the little band at
1642 cm™~ ! and 1625 cm ™! could be attributed to the —-OH stretching
vibrations and -OH bending, respectively [17]. As for T500, the broad
band at 478.95 cm™ ! reflected the Ti-O-Ti bond vibration [18]. When
it was coated on cordierite, the characterization band of Ti-O-Ti net-
work [19] was also observed indicating the presence of TiO, coating.
Besides the two strong peaks at 1181 m~ ! and 956 cm™ ' were due to
the Si-O-Si bending and stretching, respectively, which originated
from the cordierite substrate [20].

It is difficult to evaluate the acid/base property of T500/Cor, since the
surface coating is extremely thin and the content of TiO, coated on cor-
dierite is determined to be 2.33 wt.% by XRF (X Ray Fluorescence) meth-
od. The NH3-TPD and CO,-TPD analysis results for T500 powder were
shown in Fig. 3. As shown in Fig. 3(a) of NH3-TPD, the peaks at 570 °C
and 640 °C could be attributed to the moderately strong acid sites
[21], and the overall amount of acid sites on T500 was calculated to be
76 umol/g. As for CO,-TPD profile in Fig. 3(b), two peaks were observed
at 142 °Cand 650 °C, respectively. The weak and moderately strong base
amounts were evaluated to be 204 umol/g and 34 pmol/g, respectively.
It is indicated that TiO, powder is dominated by weak base sites. Mean-
while, moderate amount of strong acid sites and strong base sites pre-
sents on T500.

3.2. Catalyst tests

The representative gas-phase reaction results were shown in
Table 1. When only T500/Cor was used as catalyst, the acetone conver-
sion was 7.6% and mainly MO was produced. Some data suggested that
the condensation/dehydration of acetone to MO was limited to about
20% conversion at 140 °C [22]. The value of acetone conversion is even
higher than that catalyzed by MgO [10]. This means that T500/Cor has
the ability to catalyze the first two steps, namely condensation and de-
hydration, due to the dominant base sites. We refer that the presence of
large amount of base sites is greatly beneficial to the first step of acetone
condensation, which is commonly regarded as the rate-controlling step
in the overall one-pot process from acetone to MIBK. When Pd/Cor was
mixed with T500/Cor, a much higher acetone conversion of 59.5% and
MIBK selectivity of 75.2% were observed. This confirms that MO hydro-
genation was readily catalyzed by Pd/Cor, which disturbs the equilibri-
um limitation and greatly enhances the acetone conversion. Except for
MIBK, the byproducts included DIBK and Cg . No intermediate prod-
uct of MO was observed, indicating that the Pd/Cor amount is suffi-
cient. In addition, it was noteworthy that no IPA was presented in
all catalytic tests, which is the product of acetone hydrogenation. Re-
search on Pd/SiO,-Zr0,/HZSM-5 [4] and Pd-MgO/SiO, [10] indicates
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Table 1
Acetone conversion and product distribution over various catalysts.?
Catalyst Conv. (%) Selectivity (%)
MIBK DIBK Other! MO IPA
T500/Cor? 7.6 0.89 0 17.0 82.1 0
T500/Cor&Pd/Cor” 14.4 88.2 6.1 5.7 0 0
T500/Cor&Pd/Cor® 39.7 82.0 124 5.6 0 0
T500/Cor&Pd/Cor? 59.5 75.2 20.7 41 0 0
T500/Cor&Pd/Cor® 69.0 65.3 26.8 7.9 0 0
T500/Cor&Pd/Cor’ 71.0 65.8 23.1 111 0 0
T500/Cor&Pd/Cor® 69.3 65.0 23.0 12.0 0 0
T500/Cor&Pd/Cor" 68.2 68.2 17.5 143 0 0
T500/Cor&Pd/Cor’ 59.0 34.2 6.6 59.2 0 0
0.7% Pd/T500/Cor 4.8 92.9 2.6 4.5 0 0

@ Reaction conditions: 1.5 g TX/Cor & 1.5 g Pd/Cor, 15 ml/min H; flow, 120 ml/min N,
flow, GHSV = 2700 h—.

b Reaction temperature = 100 °C.

¢ Reaction temperature = 150 °C.

4 Reaction temperature = 200 °C.

€ Reaction temperature = 250 °C.

' Reaction temperature = 275 °C.

& Reaction temperature = 290 °C.

" Reaction temperature = 300 °C.

I Reaction temperature = 350 °C.

I Others mainly Co . condensation products and mesitylene.

that the selectivity of the IPA was related to the Pd particle size. The
larger the size the Pd particles are, the lesser IPA will be produced.
This is probably related to the absorption model of C=0 and C=C
on Pd particles with different sizes [23]. As revealed by TEM result of
Pd/Cor in Fig. S3, the Pd particle size ranged about 10-20 nm. In addi-
tion, it was found that the activity of T500/Cor&Pd/Cor was almost ten
times higher than that of 0.7% Pd/TiO,/Cor, although they had the
same Pd loading. The bad performance of the latter could be attributed
to the change of acid/base property of TiO, caused by Pd loading.

A series of runs at different reaction temperatures was carried out
using T500/Cor&Pd/Cor bifunctional catalyst as shown in Table 1. The
reaction temperature presented a significant effect on acetone conver-
sion, increasing from 14.4% at 100 °C to 65% at 200 °C. With the increas-
ing reaction temperature below 200 °C, a significant increase of DIBK
selectivity was observed, whereas MIBK selectivity decreased mono-
tonically. This may be explained by the enhanced formation of the
over-condensation byproduct at higher reaction temperature [22]. The
increase of acetone conversion suggests that the kinetics of acetone con-
densation also plays an important role. The acetone conversion and
MIBK selectivity had slight fluctuations between 200 °C and 300 °C.
When temperature was higher than 300 °C, the remarkable decline of
MIBK selectivity was observed.
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Fig. 3. CO,-TPD and NH5-TPD of T500 powder.
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Fig. 4. Acetone conversion and product selectivities vs. time on stream (1.5 g T500/Cor and
1.5 g Pd/Cor, 15 ml/min H, flow, 120 ml/min N, flow, GHSV = 2700 h—", 200 °C).

Besides, T500/Cor&Pd/Cor catalyst exhibited excellent stability as
shown in Fig. 4. No catalyst deactivation was observed after 12 h of con-
tinuous operation at 200 °C. The catalyst reached steady state in about
2 h and after that performed with a constant 60% acetone conversion
and 70% MIBK selectivity. It should be pointed out that a slow decline
in acetone conversion occurred from 60% to 49% between 12 and 16 h.
The stability of T500/Cor&Pd/Cor catalyst in this study overperforms
those in references. So far, the best stability of catalyst was reported to
be the Pd catalyst loaded on Li-Zn mixed oxides with 15 h at 120 °C
[9]. The deactivation of catalyst may be due to the carbonaceous de-
posits, since the color of used T500/Cor becomes deeper than that of
fresh catalyst.

The GSHV had no obvious effect on acetone conversion and product
distribution as shown in Fig. S5. The activity and product selectivity cat-
alyzed by T500/Cor&Pd/Cor were actually independent of the GSHV.
This could be related to the complete surface distribution of acid, base
and Pd sites on cordierite in this study. As we know, the TiO, coating ef-
ficiently avoids the diffusion problem that happened in porous powder
catalyst. Therefore, whatever GSHV is chosen, the reactant can rapidly
reach and the product can easily leave the active sites.

4. Conclusion

One-pot synthesis of MIBK from acetone is an important technology
for the chemical industry. To eliminate mass transfer limitation in pores
of catalysts and avoid the change of acid/base property of catalysts
caused by the Pd loading process, we report a novel bifunctional catalyst
composed of TiO, coating and supported Pd on cordierite monolith.
TEM and XRD results revealed that T500 presented anatase crystallite
with about 10 nm size. NH3-TPD and CO,-TPD results indicated that

T500 powder was dominated by base sites. An MIBK selectivity of 75.2%
at acetone conversion of 60% was achieved using the T500/Cor&Pd/Cor
at 200 °C and atmospheric pressure, and no catalyst deactivation was
observed after 12 hours of continuous operation. The best run in this
study gave 65% MIBK selectivity at 71% acetone conversion (46% MIBK
yield) at 275 °C. The superior performance of catalyst could be attribut-
ed to the dominant base sites and moderate acid sites on TiO, coating,
and its combination style of being physically mixed with Pd. Consider-
ing the facile preparation as well as the excellent catalytic performance
of T500/Cor&Pd/Cor, it will be a promising alternative to the present
catalysts used in MIBK synthesis from acetone.
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