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bstract

Surface of mesostructured cellular foam (MCF) silica was modified by grafting 3-aminopropyl-triethoxysilane (APTES) to have the positive
harge, and thus, to provide sites for the immobilization of H3PMo12O40. By taking advantage of the overall negative charge of [PMo12O40]3−,
3PMo12O40 catalyst was chemically immobilized on the aminopropyl group of surface modified MCF (SM-MCF) silica as a charge matching

omponent. It was revealed that H3PMo12O40 species were finely and molecularly dispersed on the SM-MCF silica via chemical immobilization.
n the vapor-phase ethanol conversion reaction, the H3PMo12O40/SM-MCF silica catalyst showed a higher ethanol conversion than the bulk

3PMo12O40 catalyst. Furthermore, the H3PMo12O40/SM-MCF silica catalyst exhibited an enhanced oxidation catalytic activity (formation of
cetaldehyde) and a suppressed acid catalytic activity (formation of ethylene and diethylether) compared to the mother catalyst. The enhanced

thanol conversion and oxidation catalytic activity of H3PMo12O40/SM-MCF silica catalyst was attributed to fine dispersion of H3PMo12O40 species
n the SM-MCF silica via chemical immobilization.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Heteropolyacids (HPAs) have both acid and oxidation cat-
lytic function [1–3], and therefore, they have been widely
mployed as homogeneous and heterogeneous catalysts for
cid–base and oxidation reactions [4–9]. Tunable catalytic prop-
rty of HPA catalysts depending on the identity of counter-cation
10], central heteroatom [11], and framework polyatom [12] is
nother great advantage for their successful catalytic applica-
ions.
One of the disadvantages of HPA catalysts, however, is that
heir surface area is very low (<10 m2/g). To overcome the
ow surface area, HPA catalysts have been supported on inor-
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anic mesoporous materials by a conventional impregnation
ethod [13–15] or by a sol–gel synthesis method [16]. Another

romising approach to enlarge the surface area of HPA cat-
lysts is to take advantage of the overall negative charge of
eteropolyanions. By this method, HPAs have been immobi-
ized on ion-exchanged resins such as poly-4-vinylpyridine [17]
r conjugated conducting polymers such as polyaniline [18].
owever, such an attempt utilizing inorganic supporting mate-

ials has been restricted due to the difficulty in forming positive
harge on the inorganic materials.

Mesoporous silicas have been synthesized from self-
ssembled aggregates of organic template and inorganic silica
19]. They have attracted much attention in many fields of sci-

nce and engineering such as adsorption, separation, and catal-
sis [20–22], due to their unique pore structures. In particular,
heir remarkable textural properties such as high surface area
nd large pore volume make them well suitable for application

mailto:inksong@snu.ac.kr
dx.doi.org/10.1016/j.molcata.2006.06.032


ataly

a
h
p
h
m
o
[
f
i
c

w
o
t
t
i
H
f
c
l
T
t
e
t
c

2

2

a
(
i
t
a
m
o

i
w
fi
f

2
o

i
H
s
i
(
s
a
p
f

S
(
o
r
T
a

2

i
w
i
n
(

F
(

H. Kim et al. / Journal of Molecular C

s catalyst supports. Thus, it is possible to design a catalyst that is
omogeneously and molecularly dispersed in the pores of meso-
orous silica. For this specific application, mesoporous silicas
ave been modified by introducing functional group such as ter-
inal amine (–NH2) and thiol (–SH) onto the surface through

ne-pot co-condensation [23,24] and post-modification methods
25]. Such a functionalized surface may provide anchoring sites
or a certain catalyst, and therefore, a highly dispersed catalyst
mmobilized on the functionalized surface of mesoporous silica
an be obtained.

In this work, mesostructured cellular foam (MCF) silica
as prepared by a surfactant templating method. The surface
f MCF silica was then modified by grafting 3-aminopropyl-
riethoxysilane (APTES) to have the positive charge, and thus,
o provide sites for the immobilization of H3PMo12O40. By tak-
ng advantage of the overall negative charge of [PMo12O40]3−,

3PMo12O40 catalyst was chemically immobilized on the sur-
ace modified MCF (SM-MCF) silica as a charge matching
omponent. The supported H3PMo12O40/SM-MCF silica cata-
yst was applied to the vapor-phase ethanol conversion reaction.
he catalytic performance of H3PMo12O40/SM-MCF silica was

hen compared to that of the bulk H3PMo12O40. It is known that
thylene and diethylether are formed by the acid catalytic func-
ion of HPA while acetaldehyde is produced by the oxidation
atalytic function of HPA [3,5,6].

. Experimental

.1. Preparation of MCF silica

MCF silica was prepared according to the method in liter-
ture [26]. Four grams of PEO-PPO-PEO triblock copolymer
Pluronic P123 form BASF), an organic template, was dissolved
n 150 ml of 1.6 M HCl solution at 35 ◦C. Four grams of 1,3,5-

rimethylbenzene (TMB from Fluka), a swelling agent, was
dded into the solution containing the organic template. The
ixed solution was then slowly added into 8.5 g of tetraethyl

rthosilicate (TEOS from Fluka), a silica precursor. The result-

M
1
w
o

ig. 1. Schematic procedures for the surface modification of MCF silica and the subs
SM-MCF) silica.
sis A: Chemical 259 (2006) 150–155 151

ng slurry was vigorously stirred at 35 ◦C for 24 h, and then it
as maintained at 80 ◦C for 24 h. After the solid product was
ltered and dried at room temperature, it was calcined at 550 ◦C
or 5 h to yield the MCF silica.

.2. Surface modification of MCF silica and immobilization
f H3PMo12O40

Fig. 1 shows the schematic procedures for the surface mod-
fication of MCF silica and the subsequent immobilization of

3PMo12O40 (PMo12) on the surface modified MCF (SM-MCF)
ilica. Surface modification of MCF silica was done by a graft-
ng method [25]. A 0.26 ml of 3-aminopropyl-triethoxysilane
APTES from Aldrich) was slowly added into the dry toluene
olution containing 1.5 g of MCF silica with constant stirring
t room temperature under nitrogen atmosphere. After the solid
roduct was filtered and dried, it was finally calcined at 180 ◦C
or 2 h to yield the SM-MCF silica.

Immobilization of H3PMo12O40 (PMo12 from Fluka) on the
M-MCF silica was achieved as following. SM-MCF silica
1.0 g) was added into the acetonitrile solution containing 0.5 g
f PMo12 with vigorous stirring at room temperature, and the
esulting solution was maintained at room temperature for 24 h.
he solid product was filtered, and then it was dried overnight
t 80 ◦C to yield the PMo12/SM-MCF silica.

.3. Characterization

Surface areas and pore volumes of MCF silica, SM-MCF sil-
ca, PMo12/SM-MCF silica, and unsupported PMo12 samples
ere measured using an ASAP-2010 instrument (Micromerit-

cs). To ensure the successful surface modification of MCF silica,
itrogen contents were determined by CHN elemental analyses
EC Instrument, EA1110). PMo12 content in the PMo12/SM-
CF silica was measured by ICP-AES analysis (Shimadz, ICP-
000IV). Infrared spectra of the prepared samples were obtained
ith a FT-IR spectrometer (Nicolet, Impact 410). TGA analyses
f SM-MCF silica, PMo12/SM-MCF silica, and unsupported

equent immobilization of H3PMo12O40 (PMo12) on the surface modified MCF
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Table 1
Physical properties of supports and catalysts

BET surface area (m2/g) Pore volume (cm3/g) Nitrogen content (wt%) PMo12 content (wt%)

MCF silica 621 1.18 0 –
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M-MCF silica 410 0.89
Mo12/SM-MCF silica 210 0.49
nsupported PMo12 8 –

Mo12 samples were conducted using a TGA-50 instrument
Shimadz) in an air stream at a heating rate of 5 ◦C/min. Crystal
tate of PMo12 in the PMo12/SM-MCF silica was confirmed by
RD measurement (MAC Science, M18XHF-SRA).

.4. Vapor-phase ethanol conversion reaction

Vapor-phase ethanol conversion reaction was carried out in
continuous flow fixed-bed reactor at an atmospheric pres-

ure. PMo12/SM-MCF silica or unsupported PMo12 (120 mg
n PMo12 basis) was charged into a tubular quartz reactor, and
t was pretreated with an air stream (20 ml/min) at 250 ◦C for
h. Ethanol (3.43 × 10−3 mol/h) was sufficiently vaporized by
assing a preheating zone and fed into the reactor continuously
ogether with air stream (20 ml/min). Contact time was main-
ained at 35.0 g-PMo12-h/ethanol-mole. The catalytic reaction
as carried out at 230 ◦C for 5 h. Reaction products were peri-
dically sampled and analyzed with a gas chromatography (HP
890 II).

. Results and discussion

.1. Physical properties of supports and catalysts

Table 1 shows the physical properties of supports and cata-
ysts. BET surface areas and pore volumes were decreased in
he order of MCF silica > SM-MCF silica > PMo12/SM-MCF
ilica. Surface area of MCF silica was decreased after surface
odification step due to the successful grafting of APTES. Fur-
hermore, PMo12/SM-MCF silica showed a lower surface area
han SM-MCF silica due to the immobilization of PMo12. How-
ver, PMo12/SM-MCF silica catalyst still retained relatively high
urface area and large pore volume. The amounts of aminopropyl

i
g
c
i

Fig. 2. TEM images of (a) MCF silica, (b) SM-M
1.07 –
0.90 10.7
– –

unctional group in SM-MCF silica and PMo12/SM-MCF silica
ere indirectly measured by determining the nitrogen contents.
itrogen contents in SM-MCF silica and PMo12/SM-MCF sil-

ca were determined to be 1.07 and 0.90 wt%, respectively, while
o nitrogen was detected in pure MCF silica. The amount of
Mo12 immobilized on PMo12/SM-MCF silica was found to
e 10.7 wt%. We also attempted to immobilize PMo12 on pure
CF silica. In this case, however, PMo12 species were totally

issolved out during the washing step due to the absence of
nchoring sites for PMo12 in the pure MCF silica. The above
esults imply that aminopropyl functional group in the SM-MCF
ilica played a key role for the immobilization of PMo12.

Fig. 2 shows the TEM images of MCF silica, SM-MCF silica,
nd PMo12/SM-MCF silica. Pore walls of SM-MCF silica and
Mo12/SM-MCF silica were slightly agglomerated by APTES,
ompared to those of pure MCF silica. However, disordered pore
rrays of MCF silica were clearly observed in all samples. Pore
iameters of these samples determined from TEM images were
a. 20 nm with no great difference.

.2. Chemical immobilization of H3PMo12O40 on SM-MCF
ilica

Successful immobilization of PMo12 on the SM-MCF sil-
ca was confirmed by FT-IR analyses as shown in Fig. 3.
he Si O Si stretching bands originated from MCF silica
ere observed at around 1250–1000, 800, and 475 cm−1. A
eak band at around 1500 cm−1 observed in SM-MCF silica

nd PMo12/SM-MCF silica was attributed to –NH3
+ stretch-
ng vibration, indicating the presence of aminopropyl functional
roup in these two samples. The primary structure of bulk PMo12
ould be identified by four characteristic IR bands appear-
ng at 1064 cm−1 (P O band), 964 cm−1 (Mo O band), 868

CF silica, and (c) PMo12/SM-MCF silica.
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ig. 3. FT-IR spectra of MCF silica, SM-MCF silica, bulk PMo12, and PMo12/
M-MCF silica.

nd 789 cm−1 (Mo O Mo bands) [6,27]. The characteristic IR
ands of PMo12 in the PMo12/SM-MCF silica were somewhat
ifferent from those of unsupported PMo12. The P O band
n the PMo12/SM-MCF silica was not clearly identified due
o the overlap by the broad Si O Si band. However, Mo O
nd Mo O Mo bands of PMo12 in the PMo12/SM-MCF silica
ppeared at shifted positions compared to those of unsupported
Mo12, indicating a strong chemical interaction between PMo12

nd SM-MCF silica [18,27]. It is inferred that aminopropyl func-
ional group of SM-MCF silica with terminal –NH3

+ served as
n anchoring site for [PMo12O40]3−.

ig. 4. XRD patterns of bulk PMo12, MCF silica, SM-MCF silica, and PMo12/
M-MCF silica.
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ig. 5. TGA profiles of bulk PMo12, SM-MCF silica, and PMo12/SM-MCF
ilica.

Fig. 4 shows the XRD patterns of bulk PMo12, MCF sil-
ca, SM-MCF silica, and PMo12/SM-MCF silica. Unsupported
Mo12 catalyst showed a characteristic XRD pattern of the HPA.
n the other hand, MCF silica and SM-MCF silica showed no

haracteristic XRD patterns due to their amorphous nature. It is
oticeable that PMo12/SM-MCF silica also showed no charac-
eristic XRD pattern, even though 10.7 wt% PMo12 was loaded
n the SM-MCF silica. This result means that PMo12 species
ere not in a crystal phase but in an amorphous-like state,
emonstrating that PMo12 species with a molecular size of ca.
nm were finely and molecularly dispersed on the SM-MCF

ilica via chemical immobilization.

.3. Thermal stability of SM-MCF silica and
Mo12/SM-MCF silica

Fig. 5 shows the TGA profiles of bulk PMo12, SM-MCF sil-
ca, and PMo12/SM-MCF silica. Thermal scanning was done
rom room temperature to 600 ◦C in an air stream. Bulk PMo12
atalyst experienced significant weight loss at low tempera-
ure region (<150 ◦C) due to the removal of crystalline water

olecules, and then it was finally decomposed at 430 ◦C [6,11].
he weight loss of SM-MCF silica and PMo12/SM-MCF sil-

ca below 280 ◦C was less than 3 wt%, which was attributed
o the removal of small amounts of physically adsorbed water
nd residual solvent. The weight loss of SM-MCF silica and
Mo12/SM-MCF silica above 280 ◦C was believed to be due

o the decomposition of aminopropyl functional group. This
eans that SM-MCF silica and PMo12/SM-MCF silica are ther-
ally stable at temperatures below 280 ◦C. It is expected that
Mo12/SM-MCF silica can be utilized as a finely and molec-
larly dispersed PMo12 catalyst for the catalytic reactions per-
ormed below 280 ◦C.

.4. Catalytic performance of PMo12/SM-MCF silica in the
thanol conversion reaction
Fig. 6 shows the ethanol conversions over bulk PMo12 and
Mo12/SM-MCF silica catalysts at 230 ◦C. The PMo12/SM-
CF silica catalyst exhibited a remarkably enhanced ethanol
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ig. 6. Ethanol conversions over bulk PMo12 and PMo12/SM-MCF silica cata-
ysts at 230 ◦C.

onversion compared to the unsupported PMo12 catalyst. The
nhanced ethanol conversion of PMo12/SM-MCF silica cata-
yst was attributed to finely and molecularly dispersed PMo12
pecies on the SM-MCF silica support.

Fig. 7 shows the product selectivities over bulk PMo12 and
Mo12/SM-MCF silica catalysts at 230 ◦C. In the catalytic reac-

ion, negligible amounts of CO, CO2, and butanol were detected
s by-products. It is known that ethylene and diethylether are
ormed by the acid catalytic function of HPA while acetaldehyde
s produced by the oxidation catalytic function of HPA [3,5,6].

hat is noticeable is that the PMo12/SM-MCF silica catalyst
xhibited a remarkably enhanced oxidation catalytic activity
formation of acetaldehyde) and a suppressed acid catalytic
ctivity (formation of ethylene and diethylether) compared to

he mother catalyst. Unsupported PMo12 catalyst retains its own
cid and oxidation catalytic function. Unlike the bulk PMo12,
Mo12 catalyst in the PMo12/SM-MCF silica was chemically

mmobilized on the positive site (–NH3
+) of SM-MCF silica

ig. 7. Product selectivities over bulk PMo12 and PMo12/SM-MCF silica cat-
lysts at 230 ◦C: (closed symbol) PMo12/SM-MCF silica, and (open symbol)
nsupported PMo12.
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y losing proton. As attempted in this work, it is believed that
PMo12O40]3− species were finely and chemically immobilized
n the SM-MCF silica as charge matching components by los-
ng protons (acid sties). Therefore, the PMo12/SM-MCF silica
atalyst showed an enhanced oxidation catalytic activity and a
uppressed acid catalytic activity compared to the mother cata-
yst.

. Conclusions

MCF silica was prepared by a surfactant templating method.
he surface of MCF silica was then modified by grafting
-aminopropyl-triethoxysilane (APTES) to have the positive
harge, and thus, to provide sites for the immobilization of
Mo12. By taking advantage of the overall negative charge of
PMo12O40]3−, PMo12 catalyst was chemically immobilized on
he SM-MCF silica as a charge matching component. It was
evealed that PMo12 species were finely and molecularly dis-
ersed on the SM-MCF silica via chemical immobilization. In
he vapor-phase ethanol conversion reaction, the PMo12/SM-

CF silica catalyst showed a remarkably enhanced ethanol
onversion compared to the unsupported PMo12 catalyst. The
nhanced ethanol conversion of PMo12/SM-MCF silica cata-
yst was due to finely and molecularly dispersed PMo12 species
n the SM-MCF silica support. Moreover, the PMo12/SM-MCF
ilica catalyst exhibited a remarkably enhanced oxidation cat-
lytic activity (formation of acetaldehyde) and a suppressed acid
atalytic activity (formation of ethylene and diethylether) com-
ared to the mother catalyst. The enhanced oxidation catalytic
ctivity and the suppressed acid catalytic activity of PMo12/SM-
CF silica was attributed to finely and molecularly dispersed

Mo12, which was chemically immobilized on the positive site
–NH3

+) of SM-MCF silica by sacrificing its proton (Brönsted
cid site).
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