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Characterization and catalytic activities of MoOMCM-41
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Catalysts consisting of molybdenum incorporated into MCM-41 mesoporous molecular sieves (MoMCM-41) were synthesized and
characterized by XRD, N, adsorption/desorption, ESR, FTIR, and UV-vis analysis techniques. The MOMCM-41 catalysts were synthe-
sized by addition of NapM00O4-2H,0 as molybdenum source at the initial step of synthesis; the framework Mo in MOMCM-41 catalysts
could be confirmed by ESR, FTIR and UV-vis. As the molybdenum content is increased, the structure of MOMCM-41 changed from
hexagonal to amorphous. Molybdenum loading up to ca. 10% was a maximum concentration that was obtained in this study. The
MoMCM-41 catalysts showed a catalytic activity for propylene oxidation.
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1. Introduction

A new class of mesoporous silica tube-like materials
designated as MCM-41 was reported in 1992 [1-3]. MCM-
41 materials possess a hexagonal arrangement of uniformly
sized unidimensional mesopores. An exciting property of
these materials is the possibility of controlling the internal
diameter of the mesopores between 2 and 10 nm by varying
the chain length of the micellar surfactant template [3,4].
Their high thermal and hydrothermal stability, uniform size
and shape of the pores, and large surface areas, make them
of interest as catalysts and adsorbents [1-4].

Many researchers investigated MCM-41 materials in
which a catalytically active component was introduced.
Several elements, including Al [5,6], Ti [7], V [8,9],
B [10,11], Mn [12,13], Ta [14], Cu [15], Fe [16], Cr [17]
and Ga [18], have been said to be incorporated into the
framework in order to generate potential catalytic activity.
A few papers have dealt with the local structural character-
istics of metal ions in MCM-41 materials [19-23].

Because the molybdenum has redox properties, molyb-
denum-substituted MCM-41 was synthesized by addition
of potassium molybdate [24] or sodium molybdate [25] as
the metal ion precursors. As an example, molybdenum
supported on mesoporous material such as Mo/Al-MCM-
41 used for hydrodemetallization of nickel tetraphenylpor-
phyrin showed catalytic activity [26]. In addition, NiMo/
MCM-41 catalysts were prepared to study the hydro-
cracking vacuum gasoil reaction [27] and hydrodesulfur-
ization [28]. However, there was not reported a systematic
research to examine molybdenum incorporated into silica
MCM-41 at the initial step of synthesis (so-called “direct
synthesis method”).

* To whom correspondence should be addressed.

0 J.C. Bdtzer AG, Science Publishers

In thiswork, various MoM CM-41 catalysts were synthe-
sized by using a direct synthesis method in order to incor-
porate molybdenum into framework positions of MCM-41
and characterized by using several analytical tools. Their
catalytic performance was tested for oxidation of propylene.

2. Experimental
2.1. Synthesis of MOMCM-41

For this study, the synthesis procedure of MoMCM-41
catalysts was based on the procedure described in [29], and
involved mixing sodium silicate and cetyltrimethyl ammo-
nium chloride (CTACI) template.

A ge with a molar composition of CTACI:0.15
(NH4)20:4Si0; : NaO: M 003 : 200H,0 was prepared by
using Ludox AS (DuPont) as the silicon source, CTACI
(Aldrich, 25 wt% solution in water) as the surfactant and
NaOH (Aldrich) as OH~ source. NagMo00y4-2H,0 (Jun-
sei) served as the metal precursor and EDTANa, solution
(33.3 wt%) served as a salt adding to the gel during hy-
drothermal reaction. The 30 wt% acetic acid was used
to adjust the pH of the gel. Ludox AS (40 wt% SOy,
0.16 wt% NH3, 0.08 wt% Na,O, 59.8 wt% H,0) was dis-
solved in an excess of aqueous NaOH solution to obtain
a clear solution of sodium silicate (Na/Si = 1/2). The
sodium silicate was added drop by drop to a propylene bot-
tle containing CTACI and NH4OH solution with vigorous
magnetically stirring at room temperature for 10 min. Af-
ter 30 min of vigorous stirring, the necessary amount of
NaMo004-2H,0 solution was added dropwise to the gel
and stirring was continued for another 30 min to obtain
a homogeneous gel. The gel was heated to 373 K for 1
day for hydrothermal reaction. Then, the procedure after
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this follows the method in [29]. Si/Mo ratios of calcined
samples were determined by AA.

2.2. Characterization

X-ray powder diffraction patterns for the as-synthesized
and calcined samples were obtained on an Rigaku 215D6
instrument using monochromatic Cu K, radiation. It was
operated at 35 kV and 15 mA. The experimental conditions
correspond to a conventional step width of 0.016° and scan
speed of 5°/min.

Surface areas and N, adsorption—desorption isotherms
on the samples were measured on a Micromeritics ASAP-
2400 apparatus using super-pure nitrogen (99.999%) as
adsorbate at 77 K. Samples (about 100 mg) were pre-
outgassed overnight at 573 K under vacuum (10~° Torr).
The surface area was calculated by BET equation at the
range of P/Py, = 0-0.25. The total pore volume was cal-
culated at above P/Py = 0.99. The size of framework-
confined mesopores was determined by BJH analysis [30]
of the nitrogen desorption isotherms.

X-band ESR spectrawere recorded at 298 K on a Bruker
ESP 300 spectrometer in order to observe the oxidation
state of molybdenum in the MoMCM-41 samples. DPPH
(g = 2.0036) was used as a standard for calculating the g
value.

Infrared (IR) spectra were recorded using a MIDAC
101025 FTIR spectrometer in the range 4000400 cm~?
using KBr powder containing ca. 1 wt% of samples.

Diffuse reflectance spectra (UV/vis DRS) were recorded
from 240 to 500 nm wavelength on a Shimadzu UV-2401PC
spectrophotometer. Samples were pressed 1.5-2 mm thick
on a DRS cell and analyzed using BaSO, and pure silica
MCM-41 as a reference.

2.3. Catalytic experiments

The synthesized MoMCM-41 catalysts were tested to
check their activity in the oxidation of propylene by using a
guartz tube as a fixed-bed flow reactor. Samples of 400 mg
were put into the quartz tube (diameter of 16 mm and height
of 200 mm) equipped with a sintered quartz disk and then
pretreated to 673 K under nitrogen flow at atmospheric
pressure for 1 h. The reaction was carried out at 673 K
and at atmospheric pressure. The reaction products were
analyzed by on-line gas chromatography (CHROMPACK
CP9001) on a Carboxen 20M packed column of 1/8 inch
diameter and 7.5 ft length with TCD and a Poraplot Q
capillary column of 25 m with FID.

3. Reaults and discussion

3.1. Characterization

Figure 1 shows XRD patterns of calcined MoMCM-41
catalysts with different Si/Mo ratios. The tool spacings are
shown in table 1. It can be noted that purely siliceous
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Figure 1. X-ray diffraction patterns of various MOMCM-41 catalysts:

(8) MoM1(1), (b) MoM1(3), (c) MoM1(10), (d) MoM1(20), (6) MoM1(50)
and (f) MCM-41.

Table 1
Comparison of samples with different Si/Mo ratios.
Sample Si/Mo Si/Mo? di0o (Nm) Structure
(gel mixture) (product) calcined
MCM-41 o9 o9 4.34 Hexagona
MoM 1(50) 50 66 4.29 Hexagonal
MoM1(20) 20 32 4.26 Hexagonal
MoM1(10) 10 17 4.06 Hexagonal
MoM1(3) 3 86 (4.28) Not defined?
MoM1(1) 1 49 no Amorphous
aBy AA.

bWe suggest that it may be a disordered structure.

MCM-41 exhibits the typical hexagonal lattice correspond-
ing to that reported by Beck [2]. It shows four low-angle
peaks in the region 260 = 1.5-10, corresponding to the
(100), (110), (200) and (210) reflections. It is important to
mention that depending on the synthesis conditions, type of
silicon and molybdenum sources the position of the main
peak may vary significantly. With the decrease of Si/Mo
ratio or the increase in molybdenum content of the sam-
ples, the spacing of the (100) peak decreases from 4.34 nm
of purely siliceous MCM-41 to 4.06 nm of MoOMCM-41
with Si/Mo ratio of 17. The observed decrease in inter-
planar spacing might be explained by the decrease in wall
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Figure 2. N, adsorption—desorption isotherms of various MoMCM-41
catalysts: () MoM1(1), (b) MoM1(3), (c) MoM1(10), (d) MoM1(20),
(e) MoM1(50) and (f) MCM-41.

thickness of MOMCM-41 catalysts (see table 1) and/or on
the basis of replacement of longer S—O bonds (1.60 A)
by shorter Mo—O bonds in the MCM-41 structure. How-
ever, we did not observe any significant changes in wall
thickness (t = a — dp, a = 2/+/3d100). The wall thickness
was almost 2.1 nm for the synthesized hexagona struc-
ture in this study. On the other hand, with the increase
in molybdenum content of the catalysts the (100) diffrac-
tion peak becomes broader and less intense. It is suggested
that the change of the T-O-T bond angle due to molybde-
num incorporation into the framework structure of MCM-
41 result in a distortion of the long-range ordering of the
hexagonal mesoporous structure and the disappearance of
the (110) and (200) diffractions. This distortion was very
significant when the Si/Mo ratio of the starting mixture
was below 10. We suggested that the maximum content
of molybdenum that could be incorporated into the MCM-
41 material without destruction of the mesopore structure
be about 10 wt%. At higher content the hexagonal struc-
ture was not formed and in case of a very high content of
molybdenum (Si/Mo = 1, initial) an amorphous structure
was formed.

Figure 2 shows the N, adsorption—desorption isotherms
of the samples. In accordance with those of MCM-41 mate-
rials, all samples except MoM1(1) exhibit a well-expressed
hysteresis loop of type IV [31]. However, as the initia
Si/Mo ratio of synthesis decreases the hysteresis for meso-
pore was broad, and finally it disappeared. When theinitial
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Table 2
Nitrogen physisorption data of MoM1 samples.

Sample Surface area Pore volume Pore diameter®
(m?g~?) (cm*g~?) (A
BET® Mesopore®  Totad Mesopore®
MCM-41 1002 940 0.952 0.803 285
MoM1(50) 992 925 0.940 0.776 28.6
MoM1(20) 945 874 0.910 0.725 279
MoM1(10) 840 733 0.903 0.657 26.0
MoM1(3) 782 686 0.752 0.534 25.7
MoM1(1) 197 - 0.615 - -

aThe pore diameter showing maximum dV/dD in BJH desorption pore
distribution.

bBET area was calculated by the BET equation for N, adsorption
isotherms in the range of P/P, = 0.05-0.2.

¢ The mesopore area and volume with pore diameter below 4.0 nm were
calculated by ¢-plots [32].

dTotal pore volume measured at P/ Py = 0.99.

content of molybdenum was high, the mesopore structure
was nhot formed. Therefore, the MoM1(1) sample revealed
typical amorphous silica. The pore size distribution by the
BJH method [30] also showed the same result. As the ini-
tial Si/Mo ratio of synthesis decreases the quantity of meso-
pores decreased. Inthe case of MoM1(1), no mesopores ap-
peared. These results were in accord with the XRD results.
Table 2 shows pore structural data of the MoMCM-41
catalysts, which were obtained by nitrogen physisorption.
We note that the specific surface area and pore volume in
the mesopores decrease with the increase of the molybde-
num content. The decrease in the mesopore surface area
and volume can be explained by the destruction of the pore
structure of MOMCM-41 catalysts and/or by the increase
of pore wall thickness. However, the increase of pore wall
thickness was not observed. The percentage of mesopore
surface area in total surface area decreases with the de-
crease of Si/Mo ratio of initial composition, suggesting that
the size of mesopores for the sample with low molybdenum
content is more uniform than that for the sample with high
molybdenum content. From these results, we can conclude
that adding molybdenum in the synthesis system will re-
sult in scattering of the mesopore distribution.  With the
increase of the molybdenum content the effect of the scat-
tering becomes more apparent resulting in poorly hexagonal
crystalline materials, which is in agreement with the results
of XRD. Large pores may be formed between crystallites
and contribute more pore volume than pore surface area.
Figure 3 shows the ESR spectra of MOMCM-41. These
spectra also indicate the incorporation of molybdenum into
the MCM-41 framework. In the spectrum of MoOMCM-41
measured at RT, a signal appears at ¢ = 2.1 which is as-
signed to Mo®+. The hexavalent molybdenum species is
not paramagnetic and gives no ESR signal. Both pentava
lent and tetravalent molybdenum species are paramagnetic,
but the ESR signal due to Mo** is likely to be very broad
and not detectable at room temperature, while the resonance
absorption due to Mo®*, in a suitable environment, is read-
ily observable even at room temperature. It is suggested
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Figure 3. ESR spectra of cacined MOMCM-41 catalysts: (8) MoM1(10),
(b) MoM1(20), (c) MoM1(50), (d) MoM1(3) and (€) MoM1(1).

2500 4000

that the pentavalent state of molybdenum may appear by
the Mo—O-Si bond when the molybdenum is incorporated
in the MCM-41 structure. Therefore, an ESR signal is ob-
served at a g value of ca. 2.07, which is due to Mo®t in
an environment of axial symmetry. In figure 3, we could
observe signal peaks of all samples except the MoM1(1)
catalyst. As mentioned above, the MoM1(1) catalyst has
scarcely any Mo—-O-Si bond. In addition, we thought that
the MoM1(1) catalyst had MoOs crystallites and we could
confirm these by FT-IR and UV /vis DRS. However, in XRD
analysis of the MoM1(1) catalyst we could not observe any
peak of M0oOj in the range above 10° because of the detec-
tion limit of XRD [26]. The signal intensities in the spec-
tra for samples in this figure are depicted based upon the
atomic concentration of molybdenum and can directly be
used for comparing the concentrations of the paramagnetic
species. The intensities of the Mo®" ESR signal for the
MoMCM-41 catalysts increase with molybdenum loading.

The IR spectra of MOMCM-41 samples are given in
figure 4. The spectra closely resemble that of siliceous
MCM-41; the asymmetric and symmetric stretching vibra-
tion bands of framework Si—-O-Si bonds appear at 1086 and
804 cm~*. For V-containing MCM-41, the band associated
with the asymmetric stretching frequency of framework Si—
O-Si bonds shifts to a lower frequency region according to
the incorporation of vanadium into the MCM-41 frame-
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Figure 4. FTIR spectra of cacined MOMCM-41 catalysts: (@) MCM-
41, (b) MoM1(10), (c) MoM1(20), (d) MoM1(50), (¢) MoM1(3) and
(f) MoM1(2).

work [33]. However in this study, it was not observed that
the band of framework Si—-O-Si bonds shifts according to
the incorporation of molybdenum into the MCM-41. The
interpretation of the band around 960 cm~! has been a
meatter of debate. This band has been assigned to a stretch-
ing vibration mode of a [SiO4] unit bonded to a titanium
ion in titanosilicate or to a vanadium ion in vanadosili-
cate molecular sieves [33], later to a stretching vibration of
Mo=0 [34-36]. Recently, it has been suggested that this
band is not associated with a metal—oxygen band but can
be assigned to S—O-H stretching at defect sites [37,38].
For pure silicate materials this band has been assigned
to the Si—-O stretching vibrations of Si—-O~R* groups, as
R* = HT in the calcined pure silicate materials [39].
Therefore, it is thought to be possible that these criteria
can be used to ascertain the incorporation of the metal into
the structure. In this study, the band at around 960 cm—*
is clearly visible in al spectra, except for the MoM1(1)
catalyst. The band of S—O-H stretching at defect sites ap-
peared at 963 cm~! on MCM-41, and at 961-965 cm—!
on MoMCM-41 catalysts, except for MoM1(1). However,
the shift of a band position indicating the weakening of the
Si—O bond by the electropositive Mo ions due to the in-
creasing of defect sites by the molybdenum incorporation
was not observed. Even if molybdenum were incorporated
into the MCM-41 framework, —OH remained on MOMCM-
41 (at 3440 cm™1), then the band shift may almost not be
appeared. Otherwise, the band at around 963 cm™?! that
could be assigned to Si—O—H stretching at defect sites was
not observed on the MoM1(1) catalyst. It can be remarked
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Figure 5. UV-vis diffuse reflectance spectra of calcined MOMCM-41 cat-
aysts: (8 MoM1(3), (b) MoM1(50), (c) MoM1(20), (d) MoM1(10) and
(€) MoM1(1). Insert spectra: (f) solid NayMoO,4 and (g) solid MoOs.

that the MoM 1(1) catalyst, unlike the other catalysts, having
no peak around 963 cm~?, has almost no Si—O—H stretching
at defect sites. The absence of the Si—OH bond is related
to a small peak around 3440 cm—!, a stretching vibration
of O-H. Therefore, it is suggested that the MoM1(1) cat-
alyst is amorphous silica that has no defect sites. In the
MoM1(1) catalyst, we consider that the molybdenum was
amost not incorporated into the MCM-41 framework and
only a small amount of molybdenum loaded on MCM-41
may be existent as MoOjz. It should be pointed out that
MoO;3 gives two strong bands at 865 and 990 cm—1 [40],
but no band related to MoO3 was detected in this IR study
in the MoM1(1) catalyst because of low Mo contents [41].

Figure 5 shows the ultraviol et diffuse reflectance spectra
between 200 and 500 nm for the MoM 1 samples. Since the
Mo®* ion has a d° electronic configuraton, the absorption
band that can occur in the UV-visible range of the electronic
spectrais dueto the ligand—metal charge transfer. Thistype
of band is usually observed between 200 and 400 nm [42].
All the MOMCM-41 catalysts, except the MoM1(1), ex-
hibited bands at 230-270 nm and the MoM1(1) catalyst
exhibited bands at 230 and 300 nm. In addition, MOMCM-
4Alcatalysts except the MoM1(1), despite of their Mo con-
centration being larger than the Mo concentration of the
MoM1(1), exhibited clearly smaller peak intensities than
the MoM1(1) catalyst due to the small amount of Mo®+. It
can be deduced that in the MoM 1(1) catalyst all Mo species
existed as a form of Mo®*, otherwise in MoOMCM-41 cata-
lysts, except the MoM1(1), almost all of the Mo existed as
aform of Mo®+. These results are in good agreement with
the ESR resullts.

Even if the absorption peak was very small, the sam-
ples, except the MoM1(1), had the bands at 230-270 hm
which increase in intensity with increasing molybdenum
loading. These bands correspond to Mo®+ ions surrounded
by oxygen anionsin tetrahedral symmetry [43]. In the sam-
ple MoM1(1) an absorption band was observed at around
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Figure 6. Propylene conversion and product distribution in the oxidation

of propylene over MOMCM-41 catalysts at 673 K, C3Hg/O2/N, = 6/13/81

and WHSV = 2000 mlg—1h—1: (a) acetaldehyde and acrolein; (b) acetic
acid and acrylic acid; (c) CHg4, CyHy4, CoHg and (d) CO and COs,.

300 nm assigned for octahedral coordination of Mo®* such
as polymolybdena clusters of MoOs crystallites, but no dif-
fraction peak of MoO3 was found in XRD patterns [40,44—
47]. Another prominent absorption band at around 230 nm
in the sample MoM1(1) may be assigned to the octahedral
Mo®*. Because there was aimost no band at 250-280 nm
indicating the tetrahedral Mo®+ the band at around 230 nm
seemed not to indicate the tetrahedral Mo®* but to indicate
the octahedral Mo%+.

3.2. Catalytic activity

We have investigated the catalytic performances of
MoMCM-41 catalysts for producing acrolein at conversions
of propylene (0.9-4.2%). Figure 6 shows the conversion
of propylene and the yields of products in the propylene
oxidation over MOMCM-41 catalysts. Under this reaction
condition, non-catalytic auto-oxidation of propylene in the
empty reactor could be ignored. We can observe the effect
of the incorporation amount of molybdenum into MCM-41
on the propylene oxidation. When molybdenum is incorpo-
rated into the MCM-41 the activity isincreased. Among the
catalysts tested, the highest selectivity to oxygenates was
obtained over the MoM 1(20) catalyst with arelatively high
oxygenate yield. In case of the MoM1(1) catalyst, never-
theless it has 3.1 wt% molybdenum the activity is very low.
This may be due to the structure like low surface area, as
shown in tables 1 and 2, or due to whether a framework
Mo was formed or not. Since the activity is observed at
low value on MoM1(1) which has a very high intensity for
Moft as aresult of UV/vis analysis, the octahedral site of
Mo®+ seemed not to have an important role on propylene
oxidation in these MOMCM-41 catalysts. In addition, the
activity seemed not to depend on the structure because the
catalyst having high crystallinity and high surface area did
not show high activity. The catalysts that according to the
ESR spectra had Mot species that can be considered as
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framework Mo (all catalysts except the MoM1(1)) show
relatively high catalytic activies. Then, it is supposed that
Mot species in these MoMCM-41 catalysts has a possibil-
ity to act as an active site.

4. Conclusions

MoMCM-41 catalysts having well-devel oped hexagonal
structure were synthesized. It was invested that the max-
imum content of molybdenum that could be synthesized
without destruction of the mesopores by direct synthesis
method was about 10 wt%. At the above Si/Mo = 10 (ini-
tial) the hexagonal structure was not formed and in case
of a relatively high content of molybdenum (Si/Mo = 1,
initial) an amorphous structure was formed. The molyb-
denum species at MoMCM-41 having hexagonal structure
was in existence by Mo°t. The molybdenum thought to
be incorporated into a framework of MCM-41. It is worth
pointing out that, the catalytic activity for propylene ox-
idation on the MOMCM-41 catalysts including Mo®>* was
higher than that not including Mo® and was obtained at the
highest value on the catalyst having about 3 wt% molyb-
denum.
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