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Abstract

Tungsten-containing ordered MCM-48 has been synthesized under hydrothermal conditions via pH adjustment and characterized with
various analytical and spectroscopic techniques including X-ray diffraction (XRE3¢Bbrption, transmission electron micrographs (TEM),
scanning electron micrographs (SEM), Laser-Raman spectroscopy, UV-vis diffuse reflectance spectroscopy (UV-vis DRS), Fourier-transform
infrared spectroscopy (FT-IR) and ammonia temperature-programmed desorptigiT XIH. XRD and FT-IR results indicate that the
substitution of tungsten occurs in the silicate framework structure of MCM-48. TEM and SEM investigations confirm the presence of ordered
cubic structure in the novel W-MCM-48 material. MAPD and FT-IR-pyridine adsorption experiments indicate that the strong Brgnsted and
Lewis acid sites are formed upon incorporation of tungsten in the mesoporous MCM48 framework and the moderately strong acidity of the
W-MCM-48 catalyst is beneficial to its good catalytic performance. The as-synthesized W-MCM-48 material is very active as a heterogeneous
catalyst for the selective oxidation of cyclopentene (CPE) to glutaraldehyde (GA) with environmentally benign aqueous hydrogen peroxide as
the oxidant. Tungsten species could stably exist in the silica-based matrix of MCM-48 upstoditent of 20 wt%. Both the proper content
of tungsten species and its high dispersion account for its high activity. The 20 wt% W-MCM-48 catalyst shows CPE conversion of 85.2%
and GA yield of 66.9%, respectively. Furthermore, almost no tungsten species are leached into the reaction solution, enabling the catalyst to
be a promising candidate for its further application in industry.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction their potential application in catalysjd4], sorption[5] and
synthesis of fine chemica[§], since their pores are larger
Since thefirstinvention of M41S by the Mobil researchers, than those of microporous molecular sieves, then allowing
a series of mesoporous materials with pore dimensions largera faster diffusion and processing of bulky molecules. How-
than 204 have been synthesized using structure-directing ever, it is noteworthy that particular attention has been paid
templateg1]. The M41S series include hexagonal MCM- to one-dimensional MCM-41 and much less attention has
41 and cubic MCM-48, all characteristic with a very large been paid to the three-dimensional mesoporous MCM-48,
surface area and abundant porosity as well as long-rangemainly due to its difficulty in synthesif/,8]. In addition,
ordered pore structur2,3]. During the last decade, these the cubic MCM-48 is promising from the point of view of
materials have attracted much research interest because dfs potential application in practical industry owing to the
resistance to pore blocking. As a result, it entails more agi-
+ Corresponding authors. Fax: +86 21 65642978, tated flow, which then increases the interaction p053|blllty
E-mail addresses: widai@fudan.edu.cn (W.-L. Dai), between reactants and catalytic active centers. Thus, consid-
knfan@fudan.edu.cn (K. Fan). erable efforts have been made till now in the optimization of
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the synthesis parameters and catalytic applications of MCM- the above mixture under vigorous stirring. The resulting gel
48-based material with satisfactory res(is21]. was stirred for 2 h and transferred into a teflon-lined stain-
However, the pure silica mesoporous M41S materials pos-less steel autoclave and kept in an air oven at 368K for
sess a neutral framework, which limits their applications in 72 h while the pH value of the gel was adjusted to ca. 2
catalysis, sorption, molecular sieving, supports, etc. In order with hydrochloric acid. Then, the autoclaves were sealed and
to provide this material with potential catalytic applications, kept in an air oven at 368K for 24 h. The precipitate was
it is possible, like for zeolites, to modify the nature of the obtained by filtration, and was then washed with distilled
framework by incorporation of hetero-elements. Hence, var- water, dried at 368 K for 24 h and finally calcined at 873K
ious transition elements including tungsten have been incor-in air for 5h. The as-obtained gel had a chemical (molar)
porated into the framework of MCM-41 and the resulting composition of 1Si@:0.48CTAB:0.48NaOH:55p0:xWO3
systems are active for many catalytic reactif@2a-24] Up (x=0.0125-0.1). The pure silica MCM-48 was synthesized
to now, attempts to incorporate f&25-28] Mn [27,29] Fe in a similar manner to the above process only by omitting
[30], Zr[31], Ti [32—-36] B [37] and V[38,39]into MCM-48 the procedure of NaVO4-2H,0 addition and the pH adjust-
have already been reported. However, little attention is paid ment. For the purpose of comparison, the YWsdipported
to the synthesis and characterization as well as the catalyticcatalyst was prepared through the conventional incipient wet-
application of tungsten-containing MCM-480,41] nessimpregnation method as follows. The required amount of
In view of the importance of MCM-48 structure as well tungstic acid, W@-H20, was dissolved in an aqueous solu-
as its possible application as a good support in catalysis,tion of ammonia. Into the stirred solution was dispersed pure
tungsten has been chosen as the hetero-element to synthedCM-48 or commercial silica at 353 K. After the excess
size W-MCM-48 mesoporous material in the present work, water was evaporated completely, the YW@CM-48 or
which was synthesized through the in situ method with differ- WO3/SiO, catalyst was then obtained after the dried solids
entweight percents (5-30%) of tungsten oxide, and were thenwere further calcined at 873 K in air for 3 h.
characterized with various techniques including XRD, N
sorption, TEM, SEM, Laser-Raman, FT-IR and NAPD. 2.2. Catalyst characterization
In addition, the catalytic performance of the as-synthesized
W-MCM-48 material was investigated toward the selective = The low-angle X-ray powder diffraction patterns were
oxidation of cyclopentene (CPE) to glutaraldehyde (GA) that recorded on a Rigaku D/max-rB spectrometer with Gu K
has been used extensively for disinfection and sterilization in radiation, which was operated at 60 mA and 40 kV. The wide-
many areas. However, the commercial preparation methodangle X-ray powder diffraction patterns were recorded on
from propenal and vinyl ethyl ether is now being restricted a Bruker D8 advance spectrometer with Cu Kadiation,
by its complicated preparation process and expensive rawwhich was operated at 40 mA and 40 kV. The Laser-Raman
materials[42,43], resulting in the high price of GA and has experiment was performed by using a Jobin Yvon Dilor
constrained its wide use in other fields, such as the tanningLabram | Raman spectrometer equipped with a holographic
process of leather and water treatment. The preparation ofnotch filter, a CCD detector and a He—Ne laser radiating at
GA in a more convenient and economical way has been an632.8 nm. The specific surface areas, the pore volumes and
important objective for many researchers. An alternative way the mean pore diameters of the samples were measured and
to produce GA is the selective oxidation of CPE with environ- calculated according to the BET method with a Micromerit-
mentally benign aqueous;B®; as the green oxidant, since a ics Tristar ASAP3000 BET apparatus with liquid nitrogen at
great quantity of CPE could be easily obtained by the selective 77 K. Scanning electron micrographs were obtained using
hydrogenation of cyclopentadiene (CPD). The direct syn- a Philips XL 30 electron microscope. The samples were
thesis of GA from CPE appears to be an attractive way of deposited on a sample holder with a piece of adhesive carbon
utilizing dicyclopentadiene (DCPD), a main by-product of tape and were then sputtered with a thin film of gold. Trans-
the C-5 fraction in the petrochemical indusfdg,45] mission electron micrographs were obtained on a JOEL JEM
2010 scan-transmission electron microscope. The samples
were supported on carbon-coated copper grids for the exper-

2. Experimental iment. UV-vis diffuse reflectance spectra were collected on a
Shimadzu UV-2540 spectrometer with Ba$43 a reference.
2.1. Catalyst preparation The FT-IR measurements were carried out with a Nicolet

Model 205 spectrometer using the KBr pellet technique.
A series of tungsten-containing MCM-48 samples were The surface acidity was monitored from the FT-IR spectra
synthesized under hydrothermal conditions via pH adjust- recorded after the adsorption of pyridine, using a Bruker
ment according to the following procedure. Firstly, a Vector 22 spectrometer coupled to a conventional high vac-
solution of cetyltrimethylammonium bromide (CTAB) and uum system. The sample was compacted to a self-supporting
NaOH was added to the aqueous sodium tungstate solu-wafer and was calcined at 673K for 1 h in an in situ IR gas
tion (NaeWO4-2H,0, 0.2 M) and the mixture was stirred for  cell under vacuum prior to pyridine adsorpti¢f6]. Pyri-
30 min. Then, tetraethyl orthosilicate (TEOS) was added to dine was adsorbed at room temperature from an argon flow
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containing 2 vol% pyridine. Then, the samples were heated 2l
to 373K and evacuated to remove physisorbed and weakly
chemisorbed pyridine. Temperature-programmed desorption
ofthe adsorbed pyridine starting at 373 K was studied by step-
wise heating of the sample under vacuum to characterize the
kinds and strength of the acid sites. Difference spectra were
obtained by subtracting the background (base spectrum) of
the unloaded sample. The NHPD experiments were con-
ducted on a home built flow apparatus. Prior to TPD experi-
ment, the sample was pretreated with high-purity (99.999%)
helium (30 mL/min) at 773 K for 2 h. After pretreatment, the
sample was saturated with high purity anhydrous ammonia
from 10% NH; and balance He mixture (30 mL/min) at393 K
for 1 h and subsequently flushed at 393K for 2 h to remove —— T
physisorbed ammonia. TPD experiment was carried out from z 3 4 > 6 7 8

393 to 873K at a heating rate of 10 K/min. The amount of 26(degree)

des_orbed_Nldwas calculated u_smg CDMC software accom__ Fig. 1. Small-angle XRD patterns of various samples: (a) 5 wt%; (b) 10 wt%;
panied with the GC workstation. The tungsten content in (cy 20wto; (d) 30 wt% W-MCM-48; (€) 20 wt% WEMCM-48.
W-MCM-48 was determined by inductively coupled argon

plasma (ICP, IRIS Intrepid, Thermo Elemental Company)

after solubilization of the samples in HF:HCI solutions. contents lower than 20 wt% exhibit a high intensity (211)
peak followed by a smaller (2 0 0) one in therange of 2—-3,

whereas several other peaks are observed in therange,
2.3. Activity test which corresponds to thi3d cubic symmetry reported for

MCM-48 type molecular sievd4,2]. Further increase in the

The activity test was performed at 308 K for 35-44 hwith WO content up to 30% will lead to the partial collapse of

magnetic stirring in a closed 100 mL regular glass reactor the mesoporous structure. The supported one;AiMOM-48
using 50 wt% aqueous D, as oxygen-donor andBuOH (20 wt%), prepared through the incipient wetness impregna-
as the solvent. In a typical experiment, 5mL of CPE, 50mL tjon method with tungstic acid as the starting material also
of ~BuOH and 0.6 g of the W-MCM-48 (20 wt%) were intro-  displays an reflection corresponding to the (2 1 1) plane; how-
duced into the regular glass reactor at 308 K with vigorous ever, the intensity of the peak is very weak and other planes
stirring. The reaction was started by adding 7 mL of 50wt% could not be easily observed. This is a clear indication that the
aqueous HO; into the mixture and was kept for 35-44h. \W.containing MCM-48 catalyst prepared through the direct
The quantitative analysis of the reaction products was donehydrothermal synthesis method shows much more uniform
by the GC method and the determination of different products mesoporous structure than the conventional supported one.
in the reaction mixture was performed by means of GC-MS. The unit cell parameters calculated from the (21 1) ling,
Details can be found in our previous work elsewhdrd. for all samples are also given Table 1 It is obvious to find

that an increment in they value is observed for W-MCM-48

as compared to its pure siliceously analogue. The shift in the
3. Results and discussion reflections or the deviations of thgalues of as-prepared W-

MCM-48 from pure MCM-48 can be ascribed to the atomic

The small-angle powder XRD patterns of W-containing radius of W* (0.68&) being larger than that of &i (0.40,&)

MCM-48 samples with different tungsten contents are shown as well as to the WO bond length being longer than that
in Fig. L The W-containing MCM-48 materials with WO  of Si—O. Similar results have been reported for V-containing

(200)

Relative Intensity (a.u.)

Table 1

Physico-chemical parameters of various samples

Samples Si/\W (mol) Si/MP (mol) Surface area (fig) Pore volume (cri{g) Pore diameter (nm) ap® (nm)
Pure MCM-48 - - 1159 1.38 14 8.9
5% W-MCM-48 77.2 122.5 876 1.15 2.6 9.2
10% W-MCM-48 38.6 70.1 752 1.12 25 9.6
20% W-MCM-48 19.3 38.5 635 1.08 24 10.2
30% W-MCM-48 12.8 17.8 396 0.70 2.3 10.5
20% WGQ;/MCM-48 19.3 22.6 624 0.80 4.2 11.9

@ Stoichiometric ratio in gel.
b Measured by ICP.

€ g = d{211//(h2 + k2 + 12).
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Fig. 2. Low temperature nitrogen adsorption—desorption isotherms of W-
MCM-48 mesoporous materials: (a) 5wt%,; (b) 10 wt%; (c) 20 wt%; (d)
30 wt% W-MCM-48.

MCM-48 material§48-50] These differences verify possi-
ble substitution of tungsten ions into the silicate framework
of MCM-48.

N2 adsorption—desorption curves of W-MCM-48 samples
show reversible type 1V isotherms (sEgg. 2), also typical
indication of mesoporous materidisl]. A sharp inflection
observed fromP/Py=0.2-0.4 corresponds to typical capil-

also listed inTable 1 The BET surface area, pore volume as
well as the pore diameter of W-MCM-48 samples are lower
or higher than those of pure MCM-48, indicating the great
influence of the incorporated hetero-atorfable lalso lists
the actual metal amounts in the products measured by the ICP
method. It can be seen froffable 1that the calcined sam-
ples have a deficiency of tungsten in comparison with the
tungsten content added in the as-synthesized gel. This obser-
vation may be due to the fact that tungsten partly remained as
soluble hydroxide in the mother liquor under post-synthesis
conditions, and that it is removed during filtration and wash-
ing treatment, therefore giving a lower tungsten content in
the calcined samples.

Typical morphology of 20 wt% W-MCM-48 is observed
through SEM and TEM photos, as can be seelfrigm 3.
The 20 wt% W-MCM-48 sample retains the morphology and
cubic-type ordering structure on the (1 1 0) cubic plane simi-
lar to those of pure MCM-482], obviously indicating that
WOj3 content of 20 wt% does not change its typical morphol-
ogy. TEM analysis also reveals that no obvious extra phases
of the WQ; species are present outside of the mesoporous
structure.

The Raman spectra of the as-prepared samples, as shown
in Fig. 4, provide additional information about the \Wé&Xruc-
ture in the W-MCM-48 samples. In comparison with the

lary condensation with regular mesopores. On the other hand standard octahedral crystalline W(Fig. 4(a)), no Raman
the inflection also verifies the absence of any micropores bands attributed to the octahedral crystalline yV& ca. 804,

filling at low P/Pg. Furthermore, no defined hysteresis loop

714, 327 and 267 cnt [53] are observed for W-MCM-48

was obtained in the adsorption and desorption cycle upon(WOs3 < 20wt%, seerig. 4d and e)). The Raman bands in
pore condensation, which was another character for MCM-48 Fig. 4d and e) are very similar to those of the pure MCM-
materials. The pore volumes, surface areas and pore diame48 (not shown herekig. 5b) shows the Raman spectra of

ters obtained from Blsorption isotherms for all samples are

o6V Spot Magn Dot WD Fxp  [—
10000 41 X130 DE716 (Fudan Unarsidy)

W-MCM-48 samples with a much higher content of tungsten

Fig. 3. SEM/TEM photos of pure and 20 wt% W-MCM-48 material. SEM photos of pure (a) and W-MCM-48 (b); TEM photos of pure (c) and W-MCM-48

(d).
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Since the Raman spectrademonstrate that parts of tungsten
oxide species are incorporated into the MCM-48 framework,
267 further investigation has been done by applying UV-vis dif-
fuse reflectance spectroscopy. This method is well known
327 to be very sensitive to distinguishing between incorporated
metal species and extra framework metal oxides in differ-
ent mesostructurgs4,55] The UV-vis DRS spectra of the
20wt% W-MCM-48, WQ/MCM-48 and WQ/SiO, sam-

a
~/\_’_/_/\_Ju'
N
/f,/_/_/d_/—» ples, as well as that of bulk W{Jare presented ifig. 5.
L

714 804

Intensity(a.u.)

For pure siliceous MCM-48, there are no evident bands in
the spectrum (curve a). After tungsten oxide is introduced
into MCM-48, three types of Raman bands at 230, 300 and
450 nm appear. The broad one at about 450 nm of 30% W-
MCM-48 and the impregnated samples (curve ¢, g and h)
. . , . . can be attributed to tungsten trioxide by comparison with the
\'j\l,?,\'ﬂt,\i jga?c)sp;gm;;f w&mscﬁzg!e?d)(a;gmﬁztaw&éf}jg;w(ﬁ spectrum of bulk W@ (curve b)[56,57] The second broad
10 wt% W-MCM-48. band from 250 to 350 nm presents another kind of tungsten
oxide species. The previous work of Weber and Iglesia et al.
species (ca. 30 wt%), where typical Raman bands assignedshows that the low-energy absorption is shifted towards lower
to crystalline WQ can be easily observed, illustrating that wavelengths when the nuclearity of molybdenum or tungsten
certain high contents of tungsten species would result in entities decreas¢s7-59] Therefore, this broad band should
the agglomeration of microcrystalline W@n the surface.  be assigned to isolated tungsten species or low condensed
Hence, a proper content of tungsten species is necessary fooligomeric tungsten oxide species. The sharp band at 230 nm
its high dispersion and the stability of special mesoporous of the in situ synthesized samples (curve c—f) can be attributed
structure of MCM-48Fig. 4 also shows the Raman spectra to isolated [WQ] tetrahedral species by comparison of the
of 20 wt% WQ;/MCM-48 (Fig. 4(c)) catalyst for comparison.  structure of sodium tungstate (N&O4-H20, not shown
Similarly, obvious Raman bands assigned to crystalline&sWO here) with the spinel structure and isolated [\ tetrahe-
can be observed for the supported catalyst, while the in situdral [56,60] The absence of the broad band at 450 nm may
synthesized 20 wt% counterpart presents no Raman bands ofeflect that the tungsten oxide species are highly dispersed
WOj3, suggesting that the W{pecies are well dispersed in  and no crystalline W@is formed in W-MCM-48 samples
MCM-48 material for the in situ synthesized method, which with tungsten oxide contents lower than 20 wt% (curve e and
is in line with the result from wide-angle XRD (not shown f). There is a weak band at 450 nm for the 20 wt% W-MCM-
here). 48, which cannot be detected with Raman spectroscopy yet.
Further increasing the tungsten oxide content up to 30 wt%
will lead to the formation of crystalline W$) resulting in
230nm the appearance of strong bands at 450 nm confirmed by the

Raman spectra and crystalline phase of M@tected by
" XRD. The UV-vis DRS spectra further demonstrate that high
dispersion of the tungsten oxide species is essential to the
‘/\/J\ g high catalytic performance of the as-synthesized catalysts as
]

discussed below.
The FT-IR spectra of the W-containing samples are shown

/\/\ - in Fig. 6. All the samples exhibit the symmetric and the
M d anti-symmetric stretching vibration bands at around 460, 810

— T T T T T T T T T T T T T T T T T T
200 300 400 500 600 700 800 900 1000 1100 1200
Raman Shift (cm-1)

Intensity (a.u.)
S —

¢ and 1100 cm? for the tetrahedral Si@structure units. The
band at 630 cm! is assigned to anti-symmetric stretching
b of O—-W-0 vibrations[61]. Generally, the band at around
/ 960 cnT ! is assigned to SIOH stretching vibrations in the
a . i :
calcined sampleg2], however, which can also be assigned
f-\T’-f. — to the SFO—W groupg63,64] Furthermore, the intensity of
300 400 500 600 700 800 the 960 cm! band enhances with an increase in the tungsten
Wavelength (nm) contentinthe W-MCM-48 samples, which could be attributed

_ . , to the presence of non-extractable-Si-W linkage in the
Fig. 5. UV-vis diffuse reflectance spectra of various samples after dehydra-

tion at 523K in air for 2 h: (a) Si-MCM-48; (b) bulk W§) (c) 30 wt%: (d) mesoporous matrix. _
20 Wt%; (€) 10 Wt%: (f) 5 Wt% W-MCM-48; (g) 20 wt% WEMCM-48; (h) _ Temperat.ure—program_med_ desorption of probe molecules
20 wt% WG/SiO,. like ammonia and pyridine is a popular method for the
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Fig. 6. FT-IR spectra of W-MCM-48 with different W{Dcontents: (a) ) .

5wi%; (b) 10Wt%:; (c) 20 wt%: (d) 30 W% W-MCM-48. Fig. 8. FT-IR spectra of pyridine adsorbed on the sample: (a) MCM-48;
(b) 5wt%; (c) 10wt%:; (d) 20wt%; (€) 30wt% W-MCM-48; (f) 20 wt%
WO3/MCM-48; (g) 20 wt% WQ/SIO,.

incorporated into the bulk of MCM-48. Moreover, the acid-
ity value increases and the desorption temperature shifts to a
higher position, indicating acidity increases with the increase
in the tungsten content in the W-MCM-48 samples. However,
the value of CPE conversion during the selective oxidation of
CPE to GA is found to decrease over the catalyst at 30 wt%
of tungsten trioxide contents, indicating too much acidity is
not beneficial to the target reaction.

Pyridine adsorption is followed by infrared spectroscopy
- to further identify the number and nature of acid sites on
100150 200 200 300 350 400 400 500 550 the surface of various samplésg. 8 shows the FT-IR spec-

Desorption temperature / °C tra of the catalysts recorded after the adsorption of pyridine
and subsequent evacuation at 423 K. The type of the acid
sites and the vibrational modes of pyridine are summarized
in Table 3according to the referenc7]. For the pure
MCM-48, only two bands at 1445 and 1595thcan be

Intensity(a.u.)

Fig. 7. NHs-TPD profiles of various samples: (a) 5wt% W-MCM-48; (b)
10 wt% W-MCM-48; (c) 20 wt% W-MCM-48; (d) 30 wt% W-MCM-48.

determination of acidity amount of solid catalysts as well ) ™~ :
as acid strengtf65]. In the present investigation, the acidity °PServed. corresponding to pyridine coordinately bond to

measurements are carried outwith the ammonia TPD method Weak surface Lewis acid sitg88]. When the out-gassing

It is well known that tungsten trioxide possesses Lewis acid [€Mperature is increased from 423 to 473K, these peaks
sites [66]. If porous materials contain deposited tungsten disappear. After tungsten species are incorporated into the
oxide species, acid centers will be generated and ammonigfamework of MCM-48, three new bands appear at 1488,
adsorption—desorption effects could be observed. Thg-NH 1945 and 1635 cm’, which are assigned to the formation
TPD profiles of the W-MCM-48 samples are preseriimp 7.

The acidity values and TPD peak temperature positions areTable 3

given in Table 2 As expected, pure silica MCM-48 shows The position of the FT-IR bands recorded after adsorption of pyridine onto
a little amount of ammonia desorption due to the lack of the catalysts

. a a
acid centers. On the other hand, there appears a broad peaR2mPle By Lpy
of ammonia desorption as the transition metal tungsten is 8a 19a 19b 8a 19b
Si-MCM-48 - - - 1595 1445
Table 2 5% W-MCM-48 1635 1488 1545 1595 1445
Summary of NH-TPD data upon W-MCM-48 catalysts 10% W-MCM-48 1635 1488 1545 1595 1445
— 20% W-MCM-48 1635 1488 1545 1595 1445
Samples T4 (°C Acidic amounts (mmol N
amp 1 (0 ( ¥9) 309 w-mcm-a8 1635 1488 1545 1595 1445
Si-MCM-48 - 0.085 20% WQ3/MCM-48 1635 1488 1545 1595 1445
5% W-MCM-48 241 0.254 20% WQs/SiO; 1635 1488 1545 1595 1445
10% W-MCM-48 243 0.327

@ Bpy (Lpy) are the modes corresponding to pyridine adsorbed onto
Brgnsted (Lewis) acid sites; 8a, 19a and 19b are vibration modes of the
pyridine molecule.

20% W-MCM-48 249 0.456
30% W-MCM-48 252 0.624
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Table 4
Catalytic performance of the selective oxidation of CPE over various W-MCM-48 cafalysts
Catalysts HO;, conversion (%) HO; efficiency (%) CPE conversion (%) TOF () Selectivity (%)

CPO GA CPLE CPDL
WO3 0.1 - 15 - 0 0 -
MCM-48 0 0 0 0 0 0 0 0
5% W-MCM-48 93.1 59.7 62.4 2.35 0.8 78.2 9.6 11.4
10% W-MCM-48 95.6 71.3 75.8 2.85 0.6 79.8 8.8 10.8
20% W-MCM-48 98.9 76.9 85.2 3.21 11 78.5 8.7 11.7
30% W-MCM-48 99.5 68.6 76.6 2.88 1.0 78.2 8.0 12.8
20% WQ;/MCM-48° 99.3 73.9 81.8 2.45 0.6 79.8 8.8 10.4
20% WG/SiO, 65.2 59.4 50.2 1.89 114 60.8 9.7 11.7

@ Reaction conditions: 5 mL cyclopentene, 7 mL 50%64, 50 mL-BuOH, 0.1 gWQ, 7= 308 K, reaction time 35 h; CPE, cyclopentene; CPO, cyclopentene-
epoxide; GA, glutaraldehyde; CPDL, cyclopentan-1,2-diol; CPLEbAtyloxy-1-cyclopentanol.

b H,0; efficiency: the number of moles @, consumed to produce the products/the number of mo}& ldonverted.

¢ Reaction time 44 h.

of pyridinium ions at surface Brgnsted acid sites, as shown ence the catalytic performance intensively. W-MCM-48 cata-
in Fig. 8b—e). It can also be found that the number of the lysts show higher activity and selectivity than \A/®ICM-48
Lewis and Brgnsted acid sites increases with the tungstenand WQ/SiO, analogues, indicating the in situ synthesized
oxide contents up to 20 wt%. In addition, for the 20 wt% W- method for the preparation of W-MCM-48 is more benefi-
MCM-48 catalyst, the intensities of these bands decrease, butial to the well dispersion of active tungsten species than the
are still recorded after out-gassing at 573 K thus indicating incipient wetness impregnation one. When the y¢Ontent

the presence of rather strong acid sites. While the number ofis lower than 20%, low yield of GAisreached. However, if the
the Lewis and Brgnsted acid sites slightly decreases for theWOg3; content is more than 20%, inevitable agglomeration of
30 wt% W-MCM-48, which may be caused by the weak inter- WOs, the partial collapse of the mesoporous structure and the
action between the tungsten species and the silica becausexcess amount of strong acidity of the W-MCM-48 all lead
high contents of tungsten species may lead to the partialnot only to the lower CPE conversion but also to the lower GA
collapse of the mesoporous structure and the appearance ofield. The 20 wt% W-MCM-48 catalyst shows 85.2% CPE
crystalline WQ. However, the total amount of the acidity conversion and 66.9% GA yield, a little higher than the previ-
does not decease on the catalysts with much higher content®usly reported in this reaction system by using Y¥&O, or

of tungsten species as shown in profiles of NFPD. For WO3/TiO,-SiO; as catalystpl7,69] The great differencesin
the purpose of comparisoRig. 8also gives the FT-IR spec- the catalytic performance among those W-MCM-48 catalysts
tra of the 20 wt% WQ@/MCM-48 and WQ/SIO, catalysts with different tungsten contents suggest that the presence
prepared by the impregnation method. Obviously, the num- of the highly dispersed tungsten oxide species in the silica
ber of the Lewis and Brgnsted acid sites of these catalysts ismatrix is necessary for the selective oxidation of CPE to GA
less than that of 20 wt% W-MCM-48 prepared by the in situ with aqueous HO» as the oxygen donor.

method. According tothe FT-IR spectra after pyridine adsorp-  Investigation by means of UV-vis DRS has proved that, at
tion, it can be concluded that both the Lewis and Brgnsted low tungsten oxide contents (below 20 wt%), the W-MCM-48
acid sites evidenced over the W-MCM-48 catalysts are relatedsamples possess isolated tungsten or low condensed tungsten
to tungsten oxide incorporation and that the strong Lewis and species, which are highly dispersed into the framework of
Brgnsted acid sites are essential to the selective oxidation ofMCM-48. The highly dispersed tungsten oxide species may

CPE. be responsible for the good performance of the catalysts. Ata
The catalytic performance over various W-containing cat- higher tungsten oxide content (30 wt%), crystalline tungsten
alysts with different tungsten contents is showmaile 4 As trioxide appeared on the surface of the sample and was also

shown inTable 4 the pure MCM-48 catalyst shows no trans- detected by Raman spectroscopy, leading to the decrease in
formation of CPE to GA. Furthermore, unsupported crys- the catalytic activity. Only low condensed tungsten species
talline WO;3; shows little activity towards the title reaction, and crystalline trioxide are present in the impregnated sam-
while those well-dispersed W{Oon/in MCM-48 supports  ples (WQ/MCM-48 and WQ/SiO;), which results in their
show substantial activity and selectivity to the cleavage reac- lower catalytic performance.

tion. This result suggests that the \3/€pecies incorporated Characterization by FT-IR-pyridine adsorption has
into the uniform framework of mesoporous MCM-48 mate- confirmed that strong Brgnsted acid sites are formed by
rials act as the active centers for the selective oxidation of incorporating tungsten oxide species into the MCM-48 mate-
CPE. The TOF values (also shown Table 4 unambigu- rials, which are still present even after out-gassing at 573K
ously verified the above conclusion. Itis also found that both (20% W-MCM-48). The number of Lewis acid sites is also
the tungsten oxide content and the preparation method influ-enhanced, indicating both Brgnsted acid sites and Lewis acid
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In order to investigate the stability and duration of active
W-species in the W-MCM-48 (20 wt%) catalyst, the leaching
of W-species into the product mixture and the left tungsten
in the catalyst are also determined after three reaction cycles.
No detectable leaching of tungsten species or obvious loss
of tungsten in the W-MCM-48 (20 wt%) sample could be
found, suggesting the presence of strong interaction between
tungsten species and the silica-based matrix with MCM-
48 structure. The concentration of the leached out tungsten
species from W-MCM-48 (20 wt%) after one reaction cycle

. . - is 1.0 ppm in the reaction mixture, suggesting that almost no
0 5 10 15 20 25 30 35 .
Time (h) loss of tungsten in the catalyst could be observed. Results
of the selective oxidation of CPE to GA over W-MCM-48
Fig. 9. Dependence of conversion of CPE an@pland selectivity to GA, (20 wt%) with different reaction cycles and the regeneration
CPO, CPDL and CPLE on the reaction time. A= CPE, By, C=CPO, one are listed iMable 5 The GA yield decreases tardily and
D=GA, E=CPLE and F=CPDL. still keeps above 61% after the third cycle. Moreover, the cat-
alyst can be easily regenerated to its initial high performance
sites are related to the improvement in the catalytic perfor- after a simple treatment. For the purpose of comparison,
mance of the in situ synthesized samples. Table 5also gives the catalytic results over the W8I0,

According to the result of GC-MS analysis, besides GA as (20 wt%) counterpart. It can be seen that the CPE conversion
the main product, a variety of by-products such as cyclopen- obviously decreases over W(SiO, and the GA yield is only
tene oxide (CPO), cyclopentan-1,2-diol and-@atyloxy-1- 19.2% after three cycles of the reaction. The concentration of
cyclopentanol are identified, indicating that the reaction is the leached out tungsten species from Y80, (20 wt%)
very complex in which different oxidation routes could exist. after one reaction cycle is 138 ppm in the reaction mixture,
In order to explain the possible mechanism, the dependenceindicating that ca. 8% Wewas leached out. This value is
of the CPE and KO, conversion as well as the selectivity much higher than that of W-MCM-48 (20 wt%). Thus, it is
towards GA and various by-products on the reaction time pot surprising that obvious decrease in the YM@ntent in
has been determined over 20 wt% W-MCM-48 catalyst as the WQs/SiO, catalyst is found after three cycles of reaction.
shown inFig. 9. One can see that CPO is produced rapidly at |n addition, the regenerated catalyst cannot show its initial
the beginning and consumed progressively with the increaseactivity; only 21% of the GA yield is achieved. Therefore, it
in GA, indicating that CPO is possibly a main intermediate can be concluded that the interaction between tungsten oxide
from which GA is produced via its further oxidative cleav- species and the silica-based matrix of W-MCM-48 by the in
age. Moreover, the conversion o0b€; is higher than that  situ method is much stronger than that of W8IO; by the
of CPE, indicating HO; is not efficiently used in the tar-  impregnated method.
get reaction over the catalyst. As summarized@iable 4 the In addition, another experiment has been carried out to
efficiency of HO, increases with the tungsten oxide content test whether this novel W-MCM-48 catalyst is actually het-
up to 20 wt% and decreases with further increment indgVO  erogeneous. After the reaction over the W-MCM-48 catalyst
(30wt%), indicating that high dispersion of tungsten oxide has been carried out for 10 h, the catalyst is removed through

100+

Conversion (%)
(%) &nandappg

species is possibly helpful to the high efficiency ei®3. In simple filtration and the reaction solution is stirred for another
addition, it is found that KO- is partly decomposed intoO 14 h. No detectable increase in GA yield and CPE conversion
and RO as determined by volumetric measurement. in the next 14 h of reaction are observed, indicating that the
Table 5
Reusability and regeneration of 20% W-MCM-48 and 20% 380,
Catalyst Entry HO; conversion (%) CPE conversion (%) GAyield (%) GA selectivity (%)
20% W-MCM-48 1 98.9 85.2 66.9 78.5

2 89.9 83.3 64.6 77.6

3 89.3 82.0 61.4 74.9

4 93.6 85.1 66.6 78.3
20% WGQs/SiO, 1 65.2 50.2 30.5 60.8

2 53.3 41.9 24.1 57.5

3 432 35.2 19.2 54.5

4b 46.6 38.8 21.0 54.2

@ Reaction conditions: 5 mL cyclopentene, 7 mL 50%4, 50 mL-BuOH, 0.1 gWQ, 7= 308 K, reaction time 35 h; CPE, cyclopentene; CPO, cyclopentene-
epoxide; GA, glutaraldehyde; CPDL, cyclopentan-1,2-diol; CPLEbAtyloxy-1-cyclopentanol.
b After regenerated with heat treatment at 873K for 3 h.
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trace amount of leached W species has almost no detectabl@1] M. Kruk, M. Jaroniec, R. Ryoo, J.M. Kim, Chem. Mater. 11 (1999)

catalytic influence on the reaction.

4. Conclusions

In this work, W-containing MCM-48 has been synthe-
sized under hydrothermal conditions via pH adjustment using
TEOS as Si source, N#&/O, as W source and CTAB as
the structure-directing template. XRD patterns, FT-IR spec-

tra and UV-vis DRS spectra all prove that tungsten has been

incorporated into the MCM-48 framework uniformly. The
as-synthesized material shows typical structure of MCM-48.
WOj3 species are highly dispersed into the lattice of the bulk

and might be imbedded separately, which could be served agyq)

the active centers for the selective oxidation of CPE to GA.
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