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Abstract: Using cetyl-trimethyl-ammonium bromide (CTMAB) as template agent and tetraethylorthosilicate (TEOS) as
silica source, the MCM-41 mesoporous materials were synthesized with Y, Nd and Sm incorporated in the framework under
hydrothermal conditions. The structure and the micro-morphology of the materials and the state of Y, Nd and Sm were in-
vestigated through the analyses of XRD, nitrogen adsorption-desorption isotherm, SEM, IR and TG-DTA. The XRD re-
sults indicate that the synthetic samples are of typical structure of mesoporous MCM-41 with ordered hexagonal arrange-
ments, and Y, Nd and Sm can be incorporated into the framework of these mesoporous materials. Nitrogen adsorption-des-
orption isotherms show that the samples possess the typical mesopores character. SEM micrographs reveal that the incorpo-
rated samples show a well-defined spherical morphology with the diameter ranging 0. 10~ 0. 15 Hm. The occurrence of two
different template sorption sites in the framework as revealed by TG-DTA analysis further suggests the presence of Y, Nd
and Sm in siliceous framework.
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Zeolite molecular sieves, with the uniform chan-
nel structure and shape selective property, are widely
used as catalysts in industries of oil-refining, petro-
chemicals, fine-chemicals and so on. However, the
pore sizes of zeolite molecular sieves usually are small-
er than 2 nm, it greatly prevents large molecules into
the pores for effective reactions.

In 1992, researchers at the Mobil Company first
synthesized a family of ordered mesoporous materials,
known as MCM-41'"%. This novel material possesses
regular mesoporous channels in a hexagonal array,
with the adjustable pore size between 2 and 50 nm,
and the large internal surface area, high sorption ca
pacities and thermal stability, believed to be a poten-
tial catalyst in oil and chemical industry, especially
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. However, few

those involving larger molecules'’
lattice defect, low surface acidity and low catalytic ac-
tivity inhibit the practical use of MCM-41 materi-
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als!”™

. Inorder to solve these problems, active metal
elements are usually introduced into the silica-based
framework of MCM-41 mesoporous material''*" '

Rare earth elements can catalyse many chemical

* Received date: 2005- 07- 18; revised date: 2005- 08— 28

reactions, such as hydrocarbon cracking, isomeriza-
tion, aromatization, arene alkylation, disproportiona
tion and inorganic compounds' "'

The synthesis of MCM-41 mesoporous materials
was studied in this paper. The yttrium, neodymium
and samarium were incorporated in the framework un-
der hydrothermal conditions through the use of CI-

MABr as template agent.
1 Experimental Methods

1.1 Materials

The materials used in the preparation were listed
below. The template agent was cetyl-trimethyl-ammo-
nium bromide ( CTMABr, 99%) from Kermel. The
tetrathylorthosilicate ( TEOS )
(mass fraction) SiO: from Tongxin Chemical Inc was

containing  27.9%

used as silica source. The yttrium oxide ( Y203,
99.99%) , neodymium oxide (Nd203, 99.99%), sa
marium oxide (Sm203, 99.99%) and tetramethyl am-
monium hydroxide (TMAOH, 25% in solution) were
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commercial products from SINOPHARM. The nitric
acid, sodium hydroxide and de-ionized water were
used in the synthetic process.

1.2 Synthetic procedures

1.2.1 Synthesis of siliceous MCM-41
siliceous MCM-41 mesoporous material ( denoted as

The pure

SiIMCM-41) was prepared according to the following
synthetic procedures. As much as 62. 5 g TEOS and
16.4 g TMAOH were dissolved into de-ionized water.
21.87 g CTMAB and 2. 64 ¢ NaOH were sequentially
added into the solution with the vigorous stirring by a
magnetic stirrer. After adjusting the pH to 9~ 10 and
further stirring for about 30 min at room temperature,
the gel mixture was transferred into a stainless steel
autoclave and crystallized in static conditions at 373 K
for 2 d. The final molar composition of the gel mixture
was ITEOS: 0. 20CTMAB: 0. 15TMAOH: 0. 22NaOH:

60H>0. The solid products SIMCM-41 were obtained
by filtration, washed with plenty of de-ionized water,
dried at 353 K and calcined at 823~ 853 K for 7 h to
remove template agent.

1. 2. 2 Synthesis of YMCM-41. NdMCM-41 and
SmMCM-41 The synthesis of Y, Nd and Sm-in-
corporated MCM-41 samples, abbreviated as YMCM-
41, NdMCM-41 and SmMCM-41, were carried out as
follows: (1) Three different nitrate solutions were pre-
pared by dissolving proper quality of Y203, Nd2O3 and
Sm»03 in excessive nitric acid, respectively, with the
molar ratio of Si/Ln (Ln=Y, Nd, Sm) to be 100. (2)
The three solutions were dripped into prepared gel mix-
ture described above by 1. 2. 1. (3) The samples of
YMCM-41, NdMCM-41 and SmMCM-41 were synthe
sized on the basis of similar procedures as SIMCM-41.

1.3 Analytic methods

The low-angle X-ray power diffraction ( XRD)
measurements were performed on a Riga KuD/max- III
A X-ray diffractometer using the Cu Ka radiation (40
kV, 35mA) over a 20 rang from 1° to 10°. Nitrogen
adsorption isotherms were measured at 77. 35 K on a
Micromeritics ASAP-2010 model adsorption analyzer,
the pore size distribution was calculated by BJH meth-
od. SEM images were taken on an ESEM-30 scanning
electron microscope operated at 25. 0 kV. The infrared
spectra were recorded on a TJ270-33 FT-1R spectrom-
eter using KBr pellets. Thermogravimetry (TG) and
differential thermal analysis ( DTA) were carried out
on 15 mg synthetic sample using a TGA-50 thermal
analyzer with the temperature program from 373 to
1173 K at 15 K*min™ ",
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2 Results and Discussion

Fig. 1 shows the XRD patterns of the calcined
samples. All the samples exhibit an intense d 100 char
acteristic peak at 20= 2"~ 2. 5°, and several weak
diffraction peaks indexed to ( 110) and (200) planes
in the 20 range from 3° to 8°, consistent with the typi-
cal MCM-41 mesoporous material'"*'. The similarity
of the peak location with the known XRD of MCM-41
suggests an ordered hexagonal array in the synthetic
samples. When Si is replaced by Y, Nd and Sm, the
characteristic peaks of d 100 become wide in association
with the variation of other peaks in the 20 range from
3°to 8. This infers that incorporation of Y, Nd and
Sm can, to a certain degree, affect the long-range or-
dered arrangement but not change the hexagonal meso-
porous structure.

XRD data and the synthesis parameters of all the
four samples are listed in Table 1. YMCM-41, NdM-
CM-41 and SmMCM-41 shift to the low values in the
20 of the d 10 peak, and high values in d i0-spacing
and unit cell parameter ao in comparison with SiM CM-

41. This is possibly due to the replacement between Si
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Fig. 1 XRD patterns of calcined samples
(1) SIMCM-41; (2) YMCM-41; (3) NdMCM-41;
(4) SmMCM-41

Table 1 XRD results and synthesis parameters of samples

CTMAB/SiO, Si/Ln" diwo "/ a0/
Samples . .

(molar ratio) (molar ratio) nm nm
SIMCM-41 0.20 S 3.616 4.176
YMCM-41 0.20 100 3.757  4.338
NdMCM-41  0.20 100 3.778  4.363
SmMCM-41  0.20 100 3.895 4.498

* Si/Ln, molar ratio in the gel mixture, Ln=Y, Nd or Sm;
* % d i, XRD d o5 spacing; * * * qo= 2(110(}/31/2, unit cell parameter
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and the rare earth elements Y, Nd and Sm which pos-
sess larger ionic radius. The replacement indirectly in-
dicates the occurrence of the incorporation of these
rare earth elements in the framework of MCM-41.

The nitrogen adsorption isotherm of sample YM-
CM-41 is displayed in Fig. 2. According to the [UPAC
classification, it is of typical type IV isotherm, a char
acteristic for materials containing uniform mesopore.
As the relative pressure P/Pg goes up, nitrogen-ad-
sorbed volume linearly increases caused by the mono-
layer adsorption of nitrogen at low relative pressure
(P/Po< 0.2). When the relative pressure varies be-
tween 0. 2~ 0.5, there is a noticeable increase in ni-
trogen-absorbed volume accompanied by a small loop,
corresponding to the capillary condensation within me-
sopores. At P/Poof 0.9, a sharp increase associated
with a large loop was observed, indicating capillary
condensation of N2 among particles' ™. The B pore
size of YMCM-41 displays a very narrow distribution
with a mean value of 3. 24 nm, further illustrating the
mesoporous nature.

The crystal morphology can be shown by scanning
electronic microscope. The SEM images of MCM-41
mesoporous materials incorporated by Y, Nd and Sm
are shown in Fig. 4. All the incorporated samples ap-
pear to be well-defined spherical in particle morpholo-
gy with a diameter of 0. 10~ 0. 15 HBm, agreeing with
the previously reported data of MCM-41 materials'"? .
This fitness indicates that incorporation of Y, Nd and
Sm does not substantially change the morphology of
mesoporous samples.

The infrared spectra for the synthesized materials
are shown in Figs. 5 and 6. The strong absorbing
bands observed at ca. 2921, 2851 and 1480 cm™ ' re-
spectively correspond to asymmetric stretching U, ( C—
H), symmetric stretching O (C- H) and bend vibra-
tion 8(C— H) in template agent''”. After calcinations
at 550~ 580 C, these bands disappear, indicative of
the complete decomposition of template species.

In the calcined samples, the strong absorbing
bands at 3440 and 1640 cm™ ' probably result from the
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vibration of Si— O— H or H- O— H groups' """, The
broad vibrational bands at ca. 1086 cm™ ', and two
relatively weak bands at ca. 810 and 460 cm™ ', can
be attributed to U.(Si- O- Si), U(Si- O- Si) and
8(Si— O), respectively. These are the typical adsorp-
tion bands for the mesoporous materials. Additionally,
a weak vibrational bands at ca. 960 em™ ' is assigoed
to the Si— O stretching vibration in Si—- O—- H SiM-
CM-41 samples'"™, buu it is considered as a signature
of the introduction of metal ions into siliceous frame-

works in TIMCM-41, VMCM-41 and WMCM-41 and

so on'""***"" " Comparably , the smaller vibrational
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Fig. 4 Scanning electron micrographs of incorporated samples ( % 20000)

(a) YMCM-41; (b) SmMCM-41; (c) NdMCM-41
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bands at 960~ 985 cm™ ' in YMCM-41, NdMCM-41
and SmMCM-41 than those in SIMCM-41 may indicate
the replacement of Si by Y, Nd and Sm.

After calcinations, all the absorbing bands shift to
the great wavenumbers in YMCM-41, NdMCM-41 and
SmMCM-41. This is probably due to the formation of
more Si— O— Ln (Ln=Y, Nd or Sm) boods in addit-
ion to lattice condensation''”. Furthermore, the bands
in YMCM-41, NdMCM-41 and SmMCM-41 shift to the
low frequency regions in comparison with SIMCM - 41,
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Fig.5 Infrared spectra of uncalcined samples
(1) SMCM-41; (2) YMCM-41; (3) NdMCM-41;
(4) SmMCM-41
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Fig. 6 Infrared spectra of calcined samples
(1) SMCM-41; (2) YMCM-41; (3) NdMCM-41;
(4) SmMCM-41
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inferring Y, Nd and Sm were incorporated into the
framework of samples'” ™.

Thermogravimetry (TG) and differential thermal
analysis (DTA) are the effective tool to investigate the
framework composition of MCM-41 mesoperous materi-
als'. Fig. 7 lists the TG and DTA curves for the syn-
thetic SIMCM-41, YMCM-41, SmMCM-41 and NdM-
CM-41. There are two main weight losses for SiMCM-
41. The first weight loss between room temperature
and 423 K is due to desorption of physical adsorbed
water, and a second weight loss between 423 and 673
K results from the decomposition of template mole
cules. The TG data of the incorporated samples YM-
CM-41, SmMCM-41 and NdAMCM-41 display a compa-
rable weight loss of adsorbed water under 423 K with
SiIMCM-41, in line with the occurrence of an endo-
thermic peak at 373 K in the DTA curves (Fig. 7
(b)) . Different from SIMCM-41, there appear respec
tively new exothermic peaks at 624.2, 655.5 and
640.2 K in the DTA curves of samples YMCM-41,
SmMCM-41 and NdMCM-41, believed to be the de-
composition of Si— O— Ln (Ln= Y, Nd and Sm)
groups in template agent. These results demonstrate
that a proportion of Y, Nd and Sm have already been
incorporated into the silica framework of MCM-41 me-
soporous materials. The weight loss at 423~ 603 K in
TG curves and the exothermic peaks at ca. 573 K cor-
respond to the removal of the template agent associated
with Si— O - Si bond in [ SiO4] group. This is not
contradictory with the observation of Beck et al.'"”
showing a much higher decomposition temperature of
Si— O- Al bond associated with the template agent
than Si— O— Si bond. The decomposition of temperate
agent in our samples incorporated by Y, Nd and Sm
occurs at two distinct stages. This is also a strong evi-
dence of the presence of Y, Nd and Sm in the frame-
work.

Finally, a weight loss upon 600 T is ascribed to
dehydrogenization in SirO-H and Ln-O-H (Ln=Y,
Nd and Sm) groups.

3 Conclusions

1. MCM-41 mesoporous materials are successful-
ly synthesized with the incorporation of Y, Nd and Sm
into the siliceous framework under hydrothermal condi-
tions. The analyses of XRD, nitrogen adsorption iso-
therms and SEM images indicate that the synthetic
samples are typical mesoporous. The XRD results also
reveal the structure regularity of the incorporated sam-
ples decrease to some extent.

2. The XRD, IR spectra and TG-DTA curves
suggest that Y , Nd and Sm species are incorporoated
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Fig.7 TG and DTA curves for synthetic samples
(a) TG curve; (b) DTA curve
(1) SIMCM-41; (2) YMCM-41; (3) SmMCM-41; (4) NdMCM-41

into the siliceous frameworks of MCM-41 mesoporous

materials.

3. Different from the pure silica-based MCM-41

mesoporous materials, the incorporated samples of Y,

Nd and Sm have two different template adsorption sites

and two distinct decomposition stages.

References:

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

(9]

[10]

[11]

Kresge C T, Leonowicz M E, Roth W J, et al.  Ordered
mesoporous molecular sieves synthesized by a liquid crys-
tal template mechanism [J]. Nature, 1992, 359: 710.
Beck J S, Vartuli J C, Roth W J, et al. A new family of
mesoporous molecular sieves prepared with liquid crystal
templates [J]. J. Am. Chem. Soc., 1992, 114: 10834.
Lin H P, Cheng SF, Mou CY. Effect of delayed neu-
tralization on the synthesis of mesoporous MCM-41 molec
ular sieves [J]. Microporous Material, 1997, 10: 111.
Yu Jian, Shi Jianlin, Wang Lianzhou, et al. Preparation
of high thermal stability MCM-41 in the low surfactant/sili-
con molar ratio synthesis system [J]. Material Letters,
2001, 48: 112.

Chen Huxian, Wang Yingchun. Preparation of MCM-41
with high thermal stability and complementary textural po-
rosity [J]. Ceramics International, 2002, 28: 541.

Lin Wenyong, Cai Qiang, Pang Wengqing, et al. New
mineralization agents for the synthesis of MCM-41 [ ]J].
Microporous and Mesoporous Material, 1997, 33: 187.
Cunter SchulzEkloff, Jiri Rathousky.  Controlling of mor-
phology and characterization of pore structure of ordered
meroporous silicas [ J]. Microporous and Mesoporous Ma-
terial, 1999, 27: 273.
Geiselda A E, Liliana B P.
ization of aluminiumr-containing MCM-41 [ J]. Catalysis
Communiction, 2003, 4: 118.

Cesteros Y, Haller G L.  Several factors affecting Al-
MCM-41 synthesis [J]. Microporous and Mesoporous Ma-
terial, 2001, 43: 171.

Zhang Zhaorong, Suo Jihuan, Zhang Xiaoming. Synthe-
sis, characterization, and catalytic testing of W-MCM-41
mesoporous molecular sieves [ J]. Applied Catalysis A:
General, 1999, 179: 11.

Guo Jianwei, Wang Lefu, Huang Zhongtao.

Preparation and character

Transition

[17]

[ 18]

[19]

[20]

[211

[22]

[23]

metal- containing mesoporous molecular sieves prepared by
electrostatic S* X~ 1" assembly pathway [J]. Chinese
Journal of Catalysis, 2000, 5: 393.

Luo Yong, Lu Guangzhong, Huang Jiazhen, et al.  Study
on Ti-MCM-41 Zeolites prepared from inorganic Ti sources
[J]. Acta Chimica Sinica, 2001, 59(9): 1401.

Xu Guangxian. Rare Earths [M]. Beijing: Metallurgical
Industry Press, 2002. 503.

Minachelf X M, Hodacolf I O, Marcolf M A.
tion of Rare Earths in Catalysis [M]. Beijing: Science
Press, 1987. 78.

Liu Weigiao, Song Guida. The Research Methods of Sol-
id Catalyst [ M]. Beijing: China Petrochemical Press,
1999. 80.

Eimer Griselda A, Pierella Lilian B, Monti Gustavo A, et
al.  Synthesis and characterization of AFMCM-41 and Al-
MCM-48 mesoporous materials [ J]. Catalysis Letters,
2002, 78:65.

Wu Hao, Chen Wen, Zhou Jing, et al.
characterization of Eu/MCM-41 mesoporous composite ma-
terials [J]. Journal of the Chinese Rare Earth Society (in
Chin. ), 2005, 23(2): 175.

Selvaraj M, Pandrangan A, Seshadri K S.
characterization and catalytic application of MCM-41 me-
soporous molecular sieves containing Zn and Al [J]. Ap-
plied Catalysis A: General, 2003, 242: 347.
Characteristics of TrMCM-41
and its catalytic properties in oxidation of benzene [J].
Journal of Porous Materials, 2002, 9: 175.

Zhang Wenhua, Shi Jianlin, Hua Zile, et al.  Solution
Grafting of Ti( IV) inside MCM-41 Material [J]. Journal
of Inorganic Material, 2001, 16(1): 87.

Lee Der-Shine. Liu Tsuchu-Kwei.  Characterization of V-
MCM-41 mesoporous materials [ J]. Journal of Sol-Gel
Science and Technology, 2002, 24: 69.

He N, Yang C, Dai Q. Studies on the state of feand La
in MCM-41 mesoporous molecular sieve materials by TG
analysis and other techniques [J]. Journal of Thermal
Analysis and Calorimetry, 2000, 61: 827.
Jiang Wengqing, Zhang Xiyan, Wu Di, et al.
and characterization of cubic mesoporous yttrium-contain-
ing silica [J]. Journal of the Chinese Rare Earth Society
(in Chin.), 2005, 23(1): 6.

Applica

Preparation and

Synthesis,

Chen Yuwen, Lin Hsinyu.

Synthesis



