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Synthesis and Characterization of V-MCM41 with High Vanadium Content

KONG Yan® ZHANG Rui XU Xing-Jie WANG Zi-Long WANG Jun™
(State Key Laboratory of Materials-Oriented Chemical Engineering, College of Chemistry and Chemical
Engineering, Nanjing University of Technology, Nanjing 210009)

Abstract: V-MCM-41s with high content of vanadium have been synthesized using sol-gel method under ammonium
condition and characterized by using XRD, N, adsorption isotherms, HRTEM, ICP and Laser Raman Spectroscopy
(LRS) techniques. Regular mesopore structure could be maintained up to the V/Si molar ratio of 0.14, although
certain amount of V,0s crystals becomes to disperse on the wall of MCM-41 when ny/ng exceeds 0.11. These

materials were effective catalysts in the hydroxylation of benzene with H,O, under room temperature.
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Much effort has been paid to the introduction of
guests into mesoporous silicates!™ since the first report
by Mobil Research and Development Corporation in
1992 B4 The incorporation of heteroatoms into pure
mesoporous silicates can increase the amounts of de-
fects, the surface acidity and basicity, the redox proper-
ty, and thus improve their catalytic activity™®,

Vanadium is the essential ingredient of many cat-
alysts. Mesoporous molecular sieves containing vanadi-
um such as V-MCM41 and V-SBA-15 are effective for
the selective oxidations, especially for the direct hy-

[7-9]

droxylation of benzene by H,0,", a green and econom-

W hE B 18 .2008-03-07,, Y& B H 1A . 2008-05-19,

ic route for the manufacturing of phenol. The contents
of vanadium in the catalysts have an important effect on
their activity. A higher loading of vanadium is helpful
for the catalytic reactions!"*"?,

However, to the best of our knowledge, most of the
V-MCM -41s reported in the literatures are all synthe-
sized under strong alkali aqueous solution, such as
KOH and NaOH solution, conditions™. The V/Si molar
ratios are smaller than 0.04, which limits the catalytic
activity of the catalyst. Because it is hard to control si-
multaneously hydrolyzation of guests and silicon

species, it is difficult to incorporate high content of het-
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eroatoms into mesoporous silicate!'>.

Here we report the synthesis of V-MCM41s with
high content of vanadium under ammonia condition. The
prepared materials exhibit higher catalytic activities in
the hydroxylation of benzene than those with lower vana-

dium content, especially at room temperature.
1 Experimental

1.1 Synthesis

A typical synthesis of V-MCM-41 was as follows.
0.01 mol cetyltrimethyl ammonium bromide (CTAB),
0.04 mol Na,SiO5:9H,0 was first dissolved in 80 mL hot
water, then 40 mL ammonium solution composed of
suitable amount of NH,VO5(0~0.01 mol) was added. Af-
ter the pH value was adjusted to 9.5~10 with 1 mol - L™
H.SO,, the mixture was transferred into Teflon lined
stainless steel autoclave and kept at 120 °C for 72 h.
The products, with molar ratio of xV :100Si (x =2 ~20),
were washed with distilled water for three times, and
dried at room temperature. The as-synthesized samples
were calcined at 550 °C for 5 h in dry air stream with a

!, and cooled down slowly to

heating rate of 1 K +min~
obtain V-MCM-41s, designated as xV. The same proce-
dure, except KOH aqueous solution instead of ammoni-
um solution, was used to synthesize xV-K.

1.2 Characterization

X-ray diffraction (XRD) patterns were recorded by
a Shimadzu XD-3A diffractometer equipped with Cu Ko
radiation(A=0.154 168 nm) and Ni filter and operated at
40 kV and 40 mA. The diffractograms were recorded in
the 26 range of 1.5°~8° at a step of 0.02°, and a scan-
ning speed of 2°-min™ was used.

Nitrogen adsorption-desorption isotherms were
measured at the temperature of liquid nitrogen using a
Micromeritics ASAP2020 analyzer. Surface areas, pore
size distributions and pore volumes of the materials
were determined by conventional Brunauer-Emmett-
Teller (BET) and Barrett-Joyner-Halenda (BJH) model
from adsorption data.

The vanadium contents were analyzed using a
Jarrell-Ash 1100 Inductively Coupling Plasma spec-
trometer.

UHRTEM images were taken on a JEM-2010

UHRTEM (ultrahighresolution transmission electron
microscope) instrument at an acceleration voltage of
200 kV.

Laser Raman spectra(LRS) were recorded using a
Renishaw In-vira microscopy Raman spectrometer, and
an Ar* laser with an excitation wavelength of 514.5 nm
in a macromode.

1.3 Catalytic test

Benzene hydroxylation was carried out in a two-
necked flask (250 mL) equipped with a magnetic stirrer
and a reflux condenser. Reaction conditions were as
follows: 1.8 mL benzene, 6 mL. H,0,(30%), 100 mg cat-
alyst, 30 °C reaction temperature, 8 h reaction time and
20 ml actonitrile as solvent. The products distribu-
tions were analyzed by FID detector in a SP-6800A
chromatography with a quartz SE-54 capillary column
(0.32 mmx1 wmx30 m). The analysis conditions were as
follows: injection with a micro-syringe of 0.5 wL, a split
ratio of 1/200, column oven temperature 140 °C, detec-
tion temperature 260 °C, and vaporization temperature
260 “C. Nitrogen was used as carrier gas and the flow
rate was 1.5 mL +min™". The efficiency of H,0, was ex-

amined by iodimetry.
2 Results and discussion

2.1 XRD

The XRD patterns of some samples are shown in
Fig.1. For xV samples, an intense (100) peak at about
260=2° together with three weak(110), (200) and (210)
peaks in the low angle range, characteristic of MCM41-

Intensity (a.u.)
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Fig.1 XRD patterns of (a) 10V, (b) 20V,
() 5V-K, (d) 10V-K
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type hexagonal array®, are clearly observed. Although
they become wider and weaker with the increase of
vanadium content, these peaks are still visible even for
the sample with V/Si molar ratio of 0.20 in the gel,
which demonstrates the regular mesoporous structure of
V-MCM41 with high vanadium content.

However, for samples prepared under KOH condi-
tion, these peaks only exists for the sample with V/Si
molar ratio smaller than 0.05, and they disappear as V/
Si molar ratio increases to 0.10, suggesting that the
mesoporous structure is not formed. This result indi-
cates that it is helpful for the synthesis of V-MCM-41
with high content of vanadium that ammonia aqueous
solution of NH,VO; is used as vanadium source.

There are many different kinds of V(V) species. In
alkali aqueous solution condition, V(V) presents in form
of H,VO,~, HVO,", V,0,*" and VO~ etc.®" and they
transform with the variation of pH values and the con-
centration of V(V) species. It is supposed that the suit-
able hydrolyzation rate of sodium silicate with HVO,*~
species aroused from the high vanadium content in
MCM-41 in weak ammonium condition whereas VO,*~
mainly existed in KOH aqueous solution cannot hy-
drolyze with Na,SiO; simultaneously.

2.2 N, adsorption/desorption isotherms

The isotherms and the corresponding pore size
distributions of some samples are shown in Fig.2. The
isotherms are of type IV in the IUPAC classification,
typical of mesoporous solid M. All the samples exhibit
strong adsorption at a relative pressure range of 0.2 <P/
P,<<0.4. This is a characteristic of capillary condensa-
tion of N, into uniform mesopores. In general, the
isotherms indicate that all the samples possessed good
mesoporous structural ordering and a narrow pore size

distribution. The narrow pore size distribution seen from
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Fig.2 Nitrogen adsorption/desorption isotherms and
pore size distributions (inset) of (a)2V, (b)10V,
(©)20V, (d)25V
Fig.2 reveals a uniform mesoporosity. The broader pore
distributions indicate that the ordering of sample de-
creases as the content of vanadium increases.
2.3 HRTEM
Fig.3 depicts the HRTEM images of 10V sample.
The ordered hexagonal pore arrangement of the sample
is clearly visible, and the pore size is 2.5~2.7 nm, in
good agreement with the average pore size calculated by

BJH model from N, adsorption isotherm(Table 1). Also,

’
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~

RTEM image and the SAED
pattern (inset) of 10V sample

Fig.3

Table 1 Structure parameters and catalytic performances of some samples

Surface area / Average pore

Sample ny / ng

Pore volume /

Conversion of Selectivity of Efficiency of

(m*g™) diameter / nm (m*-g™) benzene / % phenol / % H,0,/ %
2V 0.014 835 2.38 0.756 1.2 100 62.1
5V 0.037 883 2.56 0.803 6.2 100 47.4
10V 0.064 1033 2.80 0.958 11.5 100 32.6
15V 0.110 1070 2.98 0.915 12.6 100 14.4
20V 0.140 1055 2.80 0.843 15.1 100 13.9




J:Hf

LB MCM-41 & W M FE 1127

the selective area electron diffraction (SAED) patterns
demonstrate the typical hexagonal MCM41 structure.
2.4 Laser Raman

No characteristic peaks of V,05 are found in wide
angle XRD patterns. LRS spectra of some samples are
shown in Fig.4. For 10V and 15V samples, the bands at
about 994, 701, 525, 480, 404 and 282 cm™, character-
istic of crystalline V,05 """ are not found. This indi-
cates that there are no separated V,05 phases existing in
the samples. In contrast, a peak at 920 em™ attributed
to the V-0-Si bond(asymmetric stretching vibration)!"™"
is observed. This suggests that the vanadium species are
in the framework of MCM-41. As V/Si molar ratio in-

creases to 0.20, crystalline V,05 is emerged.

Intensity (a.u.)
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Fig.4 Laser Raman spectra of (a) 10V, (b) 15V, (c) 20V

2.5 Catalytic performance

Catalytic activities of the materials with different
vanadium content in benzene hydroxylation under room
temperature are given in Table 1. It could be found that
V-MCM-41 is an efficient catalyst for the hydroxylation
of benzene under room temperature. The selectivity of
phenol is all 100%. The conversion of benzene increas-
es with the vanadium content when the V/Si molar ratio
is smaller than 0.11 and further increase in vanadium
content leads to decrease in catalytic activity, suggest-
ing that V (V) species in the framework of MCM41 are
more effective as the active sites than other type of
vanadium species. Detail study for the catalytic activity

1s in progress.
3 Conclusions

V-MCM-41 with high content of vanadium was

synthesized through sol-gel method under ammonium
aqueous solution conditions. The vanadium atom is
mainly in the framework of MCM-41 when V/Si molar
ratio is smaller than 0.11 V,0s will appear when the ra-
tio is higher than 0.11. Catalytic test indicates that the
prepared samples are efficient catalysts for the hydrox-

ylation of benzene under room temperature.
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