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bstract

MCM-22 zeolites with different Si/Al ratios were dynamically synthesized through hydrothermal method, and the Pd/MCM-22 catalysts were
repared by ion-exchange method as well. The physicochemical properties of the samples were well characterized by XRD, SEM, TEM, N2

dsorption, NH3-TPD, and FT-IR of d3-acetonitrile adsorption. MCM-22 synthesized was markedly different from those in previous literatures,
howing much smaller crystals. MCM-22 with Si/Al ratio of 25 showed the highest crystallinity and concentration of Brønsted acid sites. The
oading of Pd particles had little influence on the structural and porous properties of MCM-22 zeolite. The specific surface area, pore volume, pore

iameter, and the concentrations of the acid sites all decreased with increasing Pd loading as expected. One-step synthesis of methyl isobutyl ketone
rom acetone was investigated over Pd/MCM-22 catalysts. An acetone conversion of 34.0% and a selectivity of 86.9% for MIBK were realized.
he catalytic results also suggested that a proper balance between metallic and acidic sites was necessary for obtaining high catalytic performance.
2007 Elsevier B.V. All rights reserved.
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. Introduction

MCM-22 zeolite which presents a novel porous structure was
rst synthesized by Mobil in 1990 [1]. This peculiar structure of

his zeolite consists of two independent pore systems both acces-
ible through 10-membered ring (MR) apertures (4.0 × 5.5 Å)
2]. One pore system is composed of 12 MR large supercages
ith an inner diameter of 7.1 Å and a height of 18.2 Å, which are

onnected to one another through 10 MR windows. The second
ore system is a two-dimensional sinusoidal channels sys-
em. MCM-22 zeolite, which presents unique porous structure,
as showed its potential applications in many catalytic reac-
ions, such as alkylation [3,4], isomerization [5,6], and cracking

7,8].

Methyl isobutyl ketone (MIBK) has been widely used in
he fields of solvent and protective coating as one of the most

∗ Corresponding author. Tel.: +86 431 85262614.
E-mail address: piaoping@ciac.jl.cn (P. Yang).
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mportant chemical products derived from acetone. The conven-
ional process for MIBK synthesis consists of the following three
teps: (i) aldol condensation of acetone to diacetone alcohol
DAA) over acid catalysts; (ii) acid-catalyzed DAA dehydra-
ion to mesityl oxide (MO); and (iii) selective hydrogenation
f MO to MIBK over metal supported catalysts [9]. The first
wo steps are usually limited by the equilibrium, and the third
rocess may produce a lot of side-products, which greatly
educe the selectivity for MIBK. Furthermore, a corrosive prob-
em may also exist in the process due to the used liquid acid
atalysts. Therefore, these drawbacks strongly stimulate the
esearch on one-step synthesis of MIBK using a catalyst with
ondensation, dehydration and hydrogenation functions. These
ultiple-functional catalysts can act by shifting the equilibrium

n the condensation step in favor of MO by simultaneous and
rreversible hydrogenation it to MIBK. In the past two decades,
any works have been reported on one-step synthesis of MIBK
rom acetone over metal supported catalysts, such as Pd/resin
10], Pd/hydrotalcites [11], Ni/MgO [12], Pd/Niobic acid [13],
d/HMFI [14], Cu/MgO [15], Ni/ALPON [16], Na/Pd/MgO

mailto:piaoping@ciac.jl.cn
dx.doi.org/10.1016/j.molcata.2007.03.037
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17], Pt/HZSM-5 [18], Ni/Al2O3 [19], Pd/MCM-56 [20], and
d/(Nb2O5/SiO2) [21].

In this paper, we described the hydrothermal synthesis of
CM-22 zeolites with different Si/Al ratios. XRD, TEM, NH3-

PD, and FT-IR techniques were used to examine the influence
f Si/Al molar ratio on the structural, morphological, porous, and
cidic properties of MCM-22 zeolites. In addition, the catalytic
erformance of Pd/MCM-22 catalysts was examined in one-
tep synthesis of MIBK from acetone. The influence of reaction
onditions on the catalytic activity and stability test was also
tudied as well.

. Experimental

.1. Synthesis of materials

MCM-22 zeolite was synthesized according to the literature
22] using hexamethyleneimine (HMI) as organic template. The
eolite was obtained with the following molar compositions.
iO2:Al2O3:NaOH:HMI:H2O = 1:0.02:0.07:0.35:18.9. In a typ-

cal process, 2.282 g of NaAlO2 and 20 mL of HMI were first
dded to a solution of 0.2 g NaOH diluted in 80 mL of H2O
nd stirred until dissolved. Then, 120 g of silica was slowly
dded to the solution with vigorous stirring and maintained for
h. After this, the slurry was introduced into a 40 mL stain-

ess steel autoclave, and dynamically crystallized at 443 K for 3
ays with a rotation speed of 45 rpm/min. After the synthesis,
he as-synthesized NaMCM-22 sample was thoroughly washed
ith distilled water, dried at 393 K for 12 h and then calcined

t 823 K for 12 h. HMCM-22 was prepared by ion-exchange of
aMCM-22 with 1 M NH4NO3 solution at room temperature

or 30 h for three times. The resulting HMCM-22 zeolite with
i/Al ratio of 25 was designed as MCM-22. HMCM-22 zeolites
ith Si/Al ratios of 15, 35, and 45 were synthesized by the same
rocess, which were designed as MCM-22-15, MCM-22-35, and
CM-22-45, respectively. The corresponding Pd/MCM-22 cat-

lysts were prepared by the ion-exchange method, using aqueous
olution of palladium nitrate. Ion-exchange was carried out on
rotator–evaporator system for 48 h at 353 K. The prepared

d/MCM-22 catalysts were dried at 353 K for 5 h and calcined
t 823 K for another 5 h. The resulting catalysts were designated
s xPd/MCM-22 (x refers to the amount of stoichiometric Pd
oading).

.2. Characterization

X-ray diffraction (XRD) patterns were performed on a
himadzu XRD–6000 diffractometer operating at 40 kV and
0 mA, using Cu K� radiation (λ = 0.1542 nm). Scanning
lectron microscope (SEM) was inspected on a FEI XL30
SEM FEG and transmission electron microscope (TEM) was
erformed on a FEI Tecnai G2 S-Twin electron microscope oper-
ting at 200 kV. N2 adsorption was performed on a Micromeritics

020 M apparatus. Pore size distribution was calculated from the
dsorption branch of N2 adsorption/desorption isotherm. The
pecific surface areas were determined using the BET method,
nd the pore volume was obtained by t-plot method.

a
p
f
a

ysis A: Chemical 272 (2007) 75–83

NH3-TPD which was used to examine the acidity of the cat-
lysts was performed on a self-designed apparatus. Typically,
sample of 50 mg was first pretreated in argon at 873 K for

0 min, then cooled to 373 K and saturated at this temperature
ith ammonia until equilibrium. The NH3-TPD profiles were

ecorded via a thermal conductivity detector with a heating rate
f 10 K/min from 373 to 923 K in a helium flow.

The concentration of Brønsted and Lewis acid sites of the
amples was determined by FT-IR spectroscopy after the adsorp-
ion of d3-acetonitrile, performing on a Nicolet Impact–410
pectrometer. In comparison with pyridine, d3-acetonitrile is
smaller and more sensitive probe molecule which was used

o detect the presence of both Brønsted and Lewis sites in
he zeolites channels [23,24]. Prior to the measurement, the
amples were pressed in the form of self-supported wafers
thickness equivalent to 4–6 mg/cm2), fixed in a quartz holder
nd then introduced into an infrared cell with NaCl windows.
3-Acetonitrile was pretreated by freeze–pump–thaw cycles.
efore the adsorption of d3-acetonitrile, the samples were

reated in situ by evacuation at 623 K in 10−3 Pa. Adsorp-
ion was then carried out at 298 K for 20 min, followed by
n evacuation at the same temperature. For a quantitative
haracterization of the Brønsted acid sites (B), the C N–B
ibration at 2296 cm−1 was used with an extinction coeffi-
ient of ε(B) = 2.05 ± 0.1 cm �mol−1. And for a quantitative
valuation of the Lewis acid sites (L), the C N–L vibra-
ion at 2323 cm−1 was used with the extinction coefficient of
(L) = 3.6 ± 0.2 cm �mol−1 [23].

The exact Pd loading of the catalysts was determined by
CP-PLASMA 1000 after the digestion of the sample with HF
olution. The metal Pd dispersion and the metal particle size
ere determined by H2-TPD method on a self-designed appara-

us. In a typical process, the catalyst (100 mg) was first reduced
y H2 from room temperature to 673 K at 10 K/min and kept for
h. After this, the sample was flushed with argon, then cooled

o room temperature in H2 flow and stayed for 1 h to reach
dsorption/desorption equilibrium. Subsequently, the adsorbed
ydrogen was desorbed from room temperature to 873 K at
0 K/min and monitored via a thermal-conductivity detector.
he metal dispersion was measured from the amount of adsorbed
2 (mmol/g), the metal loading (mmol metal/g), and the adsorp-

ion stoichiometry. The dissociative chemisorption of H2 on
d (1 H2 molecule adsorbing on 2 Pd sites, 2Pd + H2 → 2Pd-
) was used for the H2-based dispersion measurements

25,26].

.3. Catalytic test

The catalytic tests were carried out on a fixed bed tubular
eactor using 0.5 g catalyst at high pressure. Before reaction, the
atalysts were reduced “in situ” in flowing hydrogen at 673 K
or 3 h and then cooled down to the reaction temperature. The
tream of gas mixture of hydrogen and acetone was introduced

t a constant rate into the upper zone of the reactor, where SiO2
ellets were packed for maintaining the reaction temperature
or preheating and vaporization. The reaction products were
nalyzed by on-line gas chromatography (Shimadzu GC–14B)
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quipped with a Shimadzu fused silica capillary column (code:
BP–M50–025).

. Results and discussion

.1. Characterization of the MCM-22 zeolites with different
i/Al molar ratio

Fig. 1 depicts the XRD patterns of MCM-22 with different
i/Al molar ratios. As shown in the figure, no obvious diffrac-

ions can be found between 1◦ and 5◦ of 2θ degree (Fig. 1A),
emonstrating the poor order of the porous structure for the sam-
les. While in the XRD patterns between 5◦ and 45◦ (Fig. 1B),
he diffractions of the typical MWW structure are sharp and
bvious. The positions and intensities are well consistent with

hose reported by the literature [22], suggesting the high purity
nd good crystallinity of HMCM-22 zeolites with different Si/Al
atios. It can be also found that HMCM-22 with Si/Al = 25
xhibits the highest intensities among the four samples, show-

F
(

Fig. 2. TEM images of MCM-22 with Si/Al mola
ig. 1. XRD patterns of MCM-22 with Si/Al molar ratio of 15 (a), 25 (b), 35
c), and 45 (d).

r ratio of 15 (a), 25 (b), 35 (c), and 45 (d).
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Table 1
Concentration of the Brønsted and Lewis acid sites of MCM-22 different Si/Al
molar ratio

Samples Concentration of
Brønsted acid
sites (mmol/g)

Concentration of
Lewis acid sites
(mmol/g)

MCM-22-15 0.285 0.168
MCM-22-25 0.401 0.171
MCM-22-35 0.298 0.159
M
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ig. 3. NH3-TPD profiles of MCM-22 with Si/Al molar ratio of 15 (a), 25 (b),
5 (c), and 45 (d).

ng the highest crystallinity of the sample. When the Si/Al ratio
s increased to 45, the intensities of the XRD patterns show
n obvious reduction in comparison with those for HMCM-22
ith Si/Al = 25. The results are in good agreement with the facts

eported by the literature [27].
Fig. 2 displays the representative TEM images of MCM-

2 zeolites with different Si/Al ratios, respectively. It can be
bserved that the morphologies of all the samples are hexag-
nal lamellar crystals with the size of about 500–600 nm in
iameter and less than 50 nm in thickness. It should be noted
hat the features of the as-synthesized MCM-22 zeolites are

arkedly differed from those synthesized in the literatures
22,28], where the crystals of MCM-22 were plates/discs of
pproximate 1–2 �m in diameter and 0.2–0.3 �m in thickness,
sually bunching into 4–8 �m aggregation. Furthermore, it can
e also found that the morphology of MCM-22 with Si/Al = 45
hows some difference from other samples, exhibiting less uni-
orm shape and some distant aggregation.

The NH3-TPD profiles of MCM-22 zeolites with different

i/Al ratios are presented in Fig. 3. It can be seen that the
mmonia desorption spectra of all the samples exhibit the typ-
cal double-peak characteristic of zeolites with MFI structure

ig. 4. FT-IR spectra after adsorption of d3-acetonitrile of MCM-22 with Si/Al
olar ratio of 15 (a), 25 (b), 35 (c), and 45 (d).
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CM-22-45 0.194 0.151

29,30]. The strong peak at 490 K can be associated with the
esorption of physisorbed ammonia and/or ammonia adsorbed
n weak acid sites, and the strong peak at about 700 K may be
ttributed to the desorption of ammonia adsorbed on strong acid
ites. The TPD results also suggest that the intensities of both
trong acid sites and weak acid sites decrease with increasing
i/Al ratios.

Fig. 4 represents the IR spectra of the C N vibrations of d3-
cetonitrile adsorption of MCM-22 with different Si/Al ratios,
nd the corresponding calculated concentration of acid sites
re summarized in Table 1. As shown in the figure, the IR
pectra are deconvoluted into four typical bands. The two typ-
cal bands at 2296 and 2323 cm−1 with high intensity can be
ssigned to the d3-acetonitrile adsorption on strong Brønsted
cid sites (Si–OH–Al groups) and Lewis acid sites (Al–Lewis
ites), respectively. And the other two bands with low intensity
entered at 2280 and 2253 cm−1 reflect the weak coordination
f the C N groups to terminal Si–OH groups and C–2H vibra-
ions [23,31]. In Table 2, the calculated concentrations of acid
ites are 0.285 and 0.401 mmol/g for MCM-22 with Si/Al = 15
nd 25, respectively. While the concentration of Lewis acid
ites changes slightly. When the Si/Al ratio is increased from
5 to 45, the concentration of Brønsted acid sites markedly
ecrease from 0.401 to 0.194 mmol/g. It is well known that
he amount of Al in the framework of zeolites usually corre-
ponds to the concentration of Brønsted acid sites. So it can be
educed that not all the Al atoms are incorporated the framework
f MCM-22 zeolites during the synthesis process for MCM-22
ith Si/Al = 15. The results are consistent with the literature

32].
Because of the highest crystallinity and concentration of

cid sites for MCM-22 with Si/Al = 25, it was used to pre-

are Pd/MCM-22 catalyst to examine the catalytic behavior in
ne-step synthesis of MIBK in the following process.

able 2
extural parameters of pure MCM-22 and Pd/MCM-22 catalysts with different
mount of Pd loading

amples SBET (m2/g) Smesopore (m2/g) Vtotal (cm3/g) D (nm)

CM-22 669 89 0.38 4.58
.2%Pd/MCM-22 628 80 0.36 4.33
.5%Pd/MCM-22 611 61 0.35 4.21
.0% Pd/MCM-22 545 49 0.33 4.02
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tion of Pd particles onto the surface of MCM-22 zeolite has little
ig. 5. XRD patterns of parent MCM-22 (a) and Pd/MCM-22 catalysts with Pd
oading of 0.2% (b), 0.5% (c), and 1.0% (d).

.2. Characterization of the Pd/MCM-22 catalysts with
ifferent amount of Pd loading

XRD patterns of parent MCM-22 and Pd/MCM-22 catalysts
ith different amount of Pd loading are shown in Fig. 5. The typ-

cal characteristic diffractions of MCM-22 are observed except
or a slight decrease of the intensities with increasing Pd loading.

he results indicate that introduction of Pd particles into MCM-
2 zeolite has not changed the crystal structure of MCM-22
eolite. Furthermore, no characteristic diffractions of crystalline
dOx can be detected in the spectra, implying the uniform dis-

i
w
c

Fig. 6. SEM images of parent MCM-22 (a) and Pd/MCM-22 cata
ysis A: Chemical 272 (2007) 75–83 79

ribution of the particles throughout the matrix of zeolite or in
n amorphous phase.

SEM images of parent MCM-22 zeolite and Pd/MCM-22
atalysts with different amount of Pd loading are displayed in
ig. 6. It can be seen that parent MCM-22 zeolite consist of
niform disk-like platelets with a diameter of about 0.5 �m and
thickness of about 50 nm. As for the Pd/MCM-22 catalysts, the
orphologies of the samples change slightly, except for some

istant aggregation of the thin disk-like particles, which may be
aused by the heat treatment.

The representative TEM images of parent MCM-22 and
.5%Pd/MCM-22 catalyst are given in Fig. 7. It can be seen that
he features of the Pd-loaded sample change slightly, demon-
trating the conservation of the morphology after the deposition
f Pd particles onto the surface of MCM-22 zeolite.

The N2 adsorption/desorption analysis is a useful tool to
xamine the textural characteristics of the porous materials.
he isotherms of parent MCM-22 and Pd-loaded samples are
epicted in Fig. 8, and the corresponding pore size distribu-
ions are displayed in Fig. 9 as well. As shown in Fig. 8, all the
sotherms of the samples are similar with a hysteresis loop at high
elative pressure (p/p0), indicating that the crystal sizes are small
nd presenting a relatively high external surface area with little
esoporosity [33]. Therefore, it can be deduced that the deposi-
nfluence on the porous structure of parent MCM-22 zeolite,
hich are well consistent with above XRD and TEM results. It

an be also seen from the figure that the hysteresis loops become

lysts with Pd loading of 0.2% (b), 0.5% (c), and 1.0% (d).
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Fig. 7. TEM images of parent MCM-2
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Pd/MCM-22 catalysts with different amount of Pd loading. It
ig. 8. N2 adsorption/desorption isotherms of pure MCM-22 (a) and Pd/MCM-
2 catalysts with Pd loading of 0.2% (b), 0.5% (c), and 1.0% (d).

mooth in comparison with that of pure MCM-22. As expected,

he pore sizes of the samples (Fig. 9) decrease with increas-
ng Pd loading. The textural parameters of the corresponding

aterials are summarized in Table 2. As shown in the table, the
arent MCM-22 has high BET surface area (669 m2/g), pore vol-

ig. 9. Pore size distributions for parent MCM-22 (a) and Pd/MCM-22 catalysts
ith Pd loading of 0.2% (b), 0.5% (c), and 1.0% (d).

c
s

F
w

2 (a) and 0.5%Pd/MCM-22 (b).

me (0.38 cm3/g), and average diameter (4.58 nm), which can
e attributed to the large supercages in MCM-22 zeolite [34].
or the Pd-loaded samples, high specific surface area can be
till obtained, demonstrating its potential application in catalytic
eactions. Furthermore, the specific surface area, pore volume,
nd average pore diameter all decrease with increasing Pd load-
ng, which may be caused by the covering of Pd particles onto
he surface of zeolite or partial pore blocking of the channels by
he large size particles for high Pd loading.

As shown in the NH3-TPD profiles (Fig. 10) of Pd/MCM-22
atalysts with different amount of Pd loading, the location and
ntensity of the peak at low temperature change slightly, whereas
he peak at high temperature shifts to lower temperature and the
ntensities decrease with Pd loading in comparison with that of
arent MCM-22. The results indicates that introduction of metal
d mainly reduces the strong acid sites.

Table 3 lists the concentration of the acid sites of the
an be seen that the calculated concentrations of Brønsted acid
ites decreased from 0.401 to 0.253 mmol/g with the increasing

ig. 10. NH3-TPD profiles of parent MCM-22 (a) and Pd/MCM-22 catalysts
ith Pd loading of 0.2% (b), 0.5% (c), and 1.0% (d).
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Table 3
Concentration of the Brønsted and Lewis acid sites of pure MCM-22 and
Pd/MCM-22 catalysts with different amount of Pd loading

Samples Concentration of
Brønsted acid sites
(mmol/g)

Concentration of Lewis
acid sites (mmol/g)

HMCM-22 0.401 0.171
0.2%Pd/MCM-22 0.362 0.167
0.5%Pd/MCM-22 0.302 0.165
1.0%Pd/MCM-22 0.253 0.156
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Scheme 1. Main reactions during acetone transformation reaction.

d loading from 0 to 1.0%, while the concentration of Lewis
cid sites decreases slightly. The decrease of the concentration
f the acid sites may be attributed to the covering of the acid
ites on the surface by the metal Pd particles.

H2-TPD data of the Pd/MCM-22 catalysts with different
mount of Pd loading are list in Table 4. As revealed in the table,
he amount of Pd dispersion decreases from 79.5 to 28.2% and Pd
verage particle size increase from 1.08 to 3.61 nm with increas-
ng Pd loading from 0.2 to 1.0. The results indicate that the
ncrease of Pd loading dramatically decreases the Pd dispersion
nd enlarges the particle size.

.3. Catalytic results

The products resulting from acetone (Ac) transformation

re propene and propane (Pc), isopropyl alcohol (IPA), methyl
sobutyl ketone (MIBK), methyl isobutyl carbinol (MIBC), di-
sobutyl ketone (DIBK) and its isomer, respectively. Formation
f the products can be explained as Scheme 1 [17,35]. Diace-

t
p
P
f

able 4

2-TPD data of Pd/MCM-22 catalysts with different amount of Pd loading

amples Pd loading
(wt %)

Metal sites
(�mol/g-cat)

.2%Pd/MCM-22 0.17 1.6

.5%Pd/MCM-22 0.48 4.1

.0%Pd/MCM-22 0.95 8.1
ysis A: Chemical 272 (2007) 75–83 81

one alcohol formed by the aldol condensation of acetone on acid
ites is dehydrated to mesityl oxide, which is hydrogenated to
ethyl isobutyl ketone on metallic sites. MIBK may go through

dditional condensation and hydrogenation steps to form di-
sobutyl ketone, or it may be hydrogenated to form methyl
sobutyl carbinol. Along a parallel reaction, acetone can also be
irectly hydrogenated to isopropanol (IPA), which is dehydrated
o propene and further hydrogenated to propane.

.3.1. Effect of amount of Pd loading
Influence of Pd loading on the catalytic performance in one-

tep synthesis of MIBK is given in Table 5. As shown in the table,
he acetone conversion increases and the selectivity for MIBK
ecreases with increasing Pd loading. Furthermore, the selec-
ivity for Pc and IPA (associated with hydrogenation) increases,
hile the selectivity for DIBK (further condensation product)
ecreases with Pd loading. The results indicate that Pd/MCM-
2 catalyst with high Pd loading favor the hydrogenation of C O
f acetone to IPA in the competition between the hydrogenation
nd the condensation. This can be explained by the increased
article size for the catalyst with high Pd loading. As revealed
rom the H2-TPD results (Table 4), the large particle size caused
y the aggregation of metal particles may result in the fewer
ossibilities of Pd particles entering the channel of the zeolites.
herefore, most of the Pd particles are deposited on the external
urface, while the acidic sites which are necessary for the con-
ensation are mainly in the channels [34]. As a result, the direct
ydrogenation to IPA from acetone is favored and the conden-
ation is suppressed. Moreover, the covering of surface of the
eolites by the Pd particles may also results in the reduction of
he acid sites. As shown in Fig. 10 and Table 3, the total acidity
nd the concentration of acid sites of Pd/MCM-22 all markedly
ecrease with Pd loading. On basis of above analysis, it can be
educed that the large particle size and the reduction of acidity
ay be the main reasons for the decrease of the selectivity for
IBK and the increase of IPA. Because the formation of MIBK

eeds the cooperation between metallic and acidic sites, while
ydrogenation of acetone to IPA only needs metallic sites [35].

.3.2. Effect of H2/acetone molar ratio
Influence of H2/acetone molar ratios on MIBK synthesis is

hown in Table 6. It can be seen that the acetone conversion
ncreases with an increase of H2/acetone ratio, while the selec-

ivity for MIBK decreases. Moreover, the selectivities for the
roducts related with hydrogenation reaction, such as IPA and
c, increase greatly with increasing H2/acetone ratio. And the
ormation of DIBK is affected slightly.

Pd dispersion (%) Average particle
size (nm)

79.5 1.08
59.4 1.52
28.2 3.61
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Table 5
Effect of amount of Pd loading on the catalytic performance in one-step synthesis
of MIBK over Pd/MCM-22 catalysts (reaction conditions: T = 433 K, P = 40 atm,
and H2/acetone = 0.2)

Conversion and selectivity Amount of Pd loading (wt%)

0.1 0.2 0.5 1.0

Conversion (%) 26.4 29.7 34.0 35.2
Selectivity (%)

MIBK 87.9 87.3 86.9 69.2
Pc 1.2 2.8 4.3 6.7
IPA 0.9 1.4 2.5 16.8
DIBK 6.5 5.5 4.1 3.2
MIBC 0.8 1.1 1.3 1.9
Unknowna 1.3 1.9 0.9 2.2

a Not detectable by GC, estimated from the lack of the C balance (conversion
–� products analyzed by GC).

Table 6
Effect of H2/acetone molar ratio on the catalytic performance in one-step syn-
thesis of MIBK over Pd/MCM-22 (reaction conditions: T = 433 K, P = 40 atm,
and Pd loading = 0.5%)

Conversion and selectivity H2/acetone molar ratio

1 0.5 0.33 0.25 0.2

Conversion (%) 38 36.9 35.2 34.8 34.0
Selectivity (%)

MIBK 69.6 74.1 80.2 83.4 86.9
Pc 11.3 9.3 6.2 4.1 4.3
IPA 12.7 10.2 7.1 5.2 2.5
DIBK 4.1 4.3 3.5 4.4 4.1
MIBC 0.9 1.1 1.3 1.1 1.3
Unknowna 1.3 1.9 1.8 1.8 0.9
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a As in Table 5.

.3.3. Effect of reaction temperature
Table 7 shows the effect of temperature on MIBK synthesis

ver 0.5% Pd/MCM-22. The results indicate that the conversion

f acetone increases monotonically with reaction temperature.
he selectivity for MIBK increases before 433 K, but decreased
hen the temperature is increased beyond 433 K, which may
e attributed to the enhanced formation of over-condensed by-

able 7
ffect of reaction temperature on the catalytic performance in one-step synthesis
f MIBK over Pd/MCM-22 (reaction conditions: P = 40 atm, H2/acetone = 0.2,
nd Pd loading = 0.5%)

onversion and selectivity Temperature (K)

393 413 433 453 473

onversion (%) 29.6 32.2 34.0 34.6 35.8
electivity (%)
MIBK 82.6 84.4 86.9 81.1 78.0
Pc 1.3 1.6 4.3 6.1 7.8
IPA 11.9 7.8 2.5 2.0 1.6
DIBK 0.9 2.6 4.1 7.9 11.5
MIBC 0.9 1.1 1.3 0.9 0.8
Unknowna 2.4 2.5 0.9 2.0 0.3

a As in Table 5.
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a

ig. 11. The stability test for 0.5%Pd/MCM-22 catalyst in one-step synthesis of
IBK as a function of reaction time (reaction conditions: T = 433 K, P = 40 atm,

nd H2/acetone = 0.2).

roduct (DIBK). Furthermore, the selectivity for IPA decreases
arkedly with the increasing temperature, while the selectivity

or Pc increases from 1.3% to 7.8% in the temperature range.
hese results demonstrate that the direct hydrogenation activ-

ty is favored by lower temperature, while condensation and
ehydration catalyzed by acid sites are favored by high temper-
ture. The optimum temperature range for the MIBK synthesis
s between 413 and 453 K.

.3.4. Stability test
The stability test result for 0.5%Pd/MCM-22 catalyst

erforming at 433 K, 40 atm and hydrogen/acetone = 0.2 is dis-
layed in Fig. 11. It can be seen that the acetone conversion
nly declines from 34% to 31.9% and the selectivity for MIBK
ecrease from 86.9% to 82.8% after 60 h of reaction time. The
esult demonstrates that the 0.5%Pd/MCM-22 catalyst is an
ffective and relatively stable catalyst for one-step synthesis of
IBK from acetone in gas phase.

. Conclusions

In summary, high crystalline and pure MCM-22 was dynam-
cally synthesized by hydrothermal method, showing much
maller crystal than those in the literatures. Pd-supported MCM-
2 catalyst showed high catalytic activity in one-step synthesis
f MIBK from acetone, and 34% of acetone conversion and
6.9% of selectivity for MIBK were obtained. The particle size
nd the acidity of the catalysts played an important role to obtain
igh catalytic activity and selectivity of MIBK. A proper bal-
nce between metallic and acidic sites appeared to be necessary
o realize high catalytic performance. In addition, the catalyst
howed relative high stability, suggesting it’s a candidate catalyst
n one-step synthesis of MIBK from acetone.
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24] J. Čejka, A. Krejčı́, N. Žiková, J. Kortrla, S. Ernst, A. Weber, Micropo.

Mesopo. Mater. 53 (2002) 121.
25] J.A. Amelse, L.M. Schwartz, J.B. Butt, J. Catal. 72 (1981) 95.
26] E.L. Rodrigues, J.M.C. Bueno, Appl. Catal. A: Gen. 232 (2002) 147.
27] I. Mochida, S. Eguchi, M. Hironaka, S. Nagao, K. Sakanishi, D.D. White-

hurst, Zeolites 142 (1997) 18.
28] G.G. Juttu, R.F. Lobo, Micropor. Mesopor. Mater. 40 (2000) 9.
29] J.G. Post, J.H.C. van Hoff, Zeolites 4 (1984) 9.
30] P. Wu, Q.B. Kan, X.X. Wang, D.Y. Wang, H.J. Xing, P.P. Yang, T.H. Wu,

Appl. Catal. A: Gen. 282 (2005) 39.
31] A.G. Pelmenschikov, R.A. van Santen, J. Jänchen, E. Meijer, J. Phys. Chem.

97 (1993) 11071.
32] K. Okumura, M. Hashimoto, T. Mimura, M.K. Niwa, J. Catal. 206 (2002)

23.

33] A. Corma, U. Diaz, V. Fornés, J.M. Guil, J. Martı́nez-Triguero, E.J.

Ceyghtony, J. Catal. 191 (2000) 218.
34] N. Kumar, R. Byggningsbacka, M. Korpi, L. Linfors, T. Salmi, Appl. Catal.

A: Gen. 227 (2002) 97.
35] S.M. Yang, Y.M. Wu, Appl. Catal. A: Gen. 192 (2000) 211.


	One-step synthesis of methyl isobutyl ketone from acetone over Pd/MCM-22 zeolites
	Introduction
	Experimental
	Synthesis of materials
	Characterization
	Catalytic test

	Results and discussion
	Characterization of the MCM-22 zeolites with different Si/Al molar ratio
	Characterization of the Pd/MCM-22 catalysts with different amount of Pd loading
	Catalytic results
	Effect of amount of Pd loading
	Effect of H2/acetone molar ratio
	Effect of reaction temperature
	Stability test


	Conclusions
	Acknowledgements
	References


