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In this study, nanoscale MCM-41 molecular sieve wespared under a basic condition by a hydrothemmethod using
cetyltrimethylammonium bromide as a template ariché¢hyl orthosilicate as a silica source. Metrgdahanoscale MCM-41
molecular sieve was prepared from the nanoscale MCNby post-synthesis method using trimethylchlit@og (TMCS) as
coupling agent. The product was characterized bgrmef element analysis, powder X-ray diffractibaurier transform infrared
(FT-IR) spectroscopy, low-temperature nitrogen golson-desorption technique at 77 K, scanning etectmicroscopic (SEM),
thermogravimetry-differential thermal analysis (D3A). Powder XRD showed that the framework of thelesular sieve was
well retained and the degree of ordering of thehylated MCM-41 decreases. IR spectra and the lompé&zature nitrogen
adsorption-desorption technique suggested thatyinetis successfully grafted to the inner surfac¢hef methylated MCM-41
and the mesoporous channels of the methylated MCMre still maintained. Scanning electron micrpécaesults showed
that the average size of the methylated MCM-41 gmexgh was 112 nm. Differential thermal analysis stwwhat the prepared
material has preferable thermal stability and tlethylated MCM-41 can be stable at 903 °C.
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INTRODUCTION

Molecular sieves are crystalline aluminosilicate o
aluminophosphate materials containing tiny poreprecise
and uniform size, which are usted as adsorbentslysa
carriers, desiccants, and so on. Among these rakgeordered
mesoporous silicas have received much attentiontaltieeir
high surface area, well-defined nano-size chanaets large
pore volume. In 1992, Mobile company developed & type
of mesoporous silica M41S [1,2]. These materialgehaigh
internal surface areas, uniform mesoporous apestdesasily
controllable pore sizes in the range of 1.6-10 Because of
these peculiar characteristics, the synthesis pplication of
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mesoporous molecular sieves have been investigayed
large numbers of researchers [3].

MCM-41 is one member of the mesoporous materials
family, which contains a hexagonal array of onegtisional
channels of uniform mesopores with a pore diamatér5-10
nm. MCM-41 has attracted the attention of sciestiite to its
elevated specific surface area, possibility of oalting its
pore size and its hydrophobicity and acidity [43]ich special
pore architecture makes it a suitable candidatedtalyst [6-
9], host-guest chemistry [10-13], biomedicine [19;1
environmental protection [20-24], functional madési with
good prospects [25-27], and so on. However, thialiléty of
the structure and the lack of the active centariotdiCM-41
in these ranges of application. Thus a humberwafiss have
been performed in order to find out influence bé tsynthetic
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procedure on mesoporosity, how to improve the tla¢ramd
hydrothermal stability [28].

Although the freshly calcined mesoporous silicassisted
mainly of siloxane have hydrophobic surface, thefeme
becomes hydrophilic because of the easy transfowmaif
siloxane to hydroxyl groups by adsorption of wattre
hydrolysis of siloxane may undermine the structiedility of
mesoporous silica [29-32]. For example,
mesoporous structure was lost completely on exgosuthe
air even at room temperature for three months tiegufrom
silicate hydrolysis [29], although both pure-silicand
aluminosilicate MCM-41 can be stable at as high3 K in
dry or 1073 K in air with low water vapor pressuféhe
structure of MCM-41 can also be destroyed underhaeical
compression due to the mechanochmical hydrolys&i-@-Si
bonds [30,31].

Fortunately, the thermal stability of mesoporoustenials
can be improved remarkably by incorporation heterents
into the silica framework during synthesis procedor by
post-synthetic modification [33,34]. For instancehe
introduction of some metal species (such as Al,ox)the
surface or into the framework of MCM-41 results &
remarkable improvement of thermal
stability of MCM-41 [35-38]. Yuet al. [39] reported that a
decrease in surfactant/silicon ratio results inftrenation of
the mesoporous material with complementary textooabsity
which could be useful for improving the structusahbility.
Chenet al. [40] controlled the wall thickness of MCM-41 by
increasing crystallization time to 1 ~ 7 days &b 2€ at mild
basic conditions. The remarkable hydrothermal Etgbof
MCM-41 synthesized in this study was demonstraietenak
et al. [41] investigated the thermal stability of mesope
silica modified with titania in the range of tematme from
923 to 1273 K. Galachet al. [42] evaluated the thermal
stability of Ti-MCM-41 in air towards heating up %873 K
and prepared the Ti-MCM-41 with different metal temt and
two different surfactants.

The structural stability of mesoporous moleculaves
organically functionalised by a direct method and
comparison with the purely inorganic MCM-41 hasodieen
a subject of investigation by Inagadi al. [3]. In addition,
Luechingeret al. [43] focused on the effects of different
procedures for adding acetic acid during Hynthesis of
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MCM-41 and the hydrothermal stability of pure saliMCM-
41.

Nanoscale MCM-41 molecular sieves was preparedaiy
et al. in 2001 [44]. MCM-41 has a lower mechanical sgtén
[45] and a lower hydrothermal stability [46] thaeofites. By
post-modification, the surface silanols serve axtige sites
and can be replaced by organic groups. Therefdrds i

the ordereeégxpected that for the methylated MCM-41, the thdrma

stability can be effectively improved compared withe
conventional pure silica MCM-41. In this paper, ieport the
preparation method of methylated nanoscale MCM-41
materials and its characterization using the eléraealysis,
power X-ray diffraction, FT-IR, low temperature noigen
adsorption-desorption study at 77 K, SEM and TG-DTA
analysis. The effectiveness of methylated MCM-41swa
studied; the thermal stability of the methylated Mi@1 was
enhanced compared with that of the unmodified MCM-4

EXPERIMENTAL

Reagents
The following reagents were used: tetraethyl asilicate

and hydrothermal(TEOS, Sinopharm Chemical Reagent Co., Ltd., China)

cetyltrimethylammonium bromide (CTMAB, Changzhou
Xinhua Research Institute for Reagent, China); wodi
hydroxide (Beijing Chemical Reagent Plant, China);
trimethylchlorosilane (TMSCI, Sinopharm Chemicalagent
Co., Ltd., China); benzene (Tianjin Guangfu Finee@ical
Research Institute, China); absolute ethanol (BgiChemical
Reagent Plant, China); deionized water.

Preparation of
Synthesis Method
The host nanoscale MCM-41 molecular sieve was
prepared by a hydrothermal method using tetrathyl
orthosilicate as a silica source and CTMAB as acstire-
directing agent. A 1.0 g of CTMAB was added int@48l of
deionized water at 80 °C under vigorous stirringhéfV the
asolution became homogeneous, 3.5 ml of 2 M NaOUHt&wi
was added with stirring. After the solution became
homegeneous, 5.0 ml of TEOS was slowly droppedingiv
rise to a white slurry. Then the reaction mixturasvkept at 80
°C for 2 h with stirring. The resulting solid waecovered by

Methylated MCM-41 by Post-
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filtration, extensively washed with deionized watand dried

at ambient temperature. The template was removed by

calcination at 500 °C for 4 h. The unmodified MCN-4
molecular sieve was obtained, and the size of tlepgred
material was calculated to be 111 nm from SEM irsa@ee
Fig. 6A). 0.8039 g of the unmodified MCM-41 was addnto
the mixed solution which was made up of 10 ml ofizene
and 8 ml of trimethychlorosilane at the room terapere of
20 °C with stirring for 72 h. Then, the resultingbguct was
filtrated and washed twice with absolute ethanataly, the
prepared material was dried at 300 °C for 6 h, #mel
prepared product was the methylated nanoscale MCM-4

Apparatus

Elemental analysis was performed by elementargrocy
microanalysis for C and H in a VERIOEL element gmet.
The content of Si was determined by siliconantimtytndate
heteropoly blue photometry [47].
diffraction (XRD) patterns were recorded using &n$ens
D5005 X-ray diffractometer (Germany), where a Gutirget
(A =0.15418 nm and operating at 30 kV and 20 mA) wszsd
as the X-ray source. Data were collected betweeritiange
of 0.4-10° with a resolution of 0.02°. Infrared spra were
recorded on the American Nicolet 5DX-FTIR spectrtane
with potassium bromide pellets. Low temperatureogin
adsorption and desorption isotherms were measur@d &
on a Micromeritics ASAP 2010M system (The Ameriddike
Company). The data were calculated in terms ofrbeel of
Broekhoff and de Boer (BdB) [48]. Surface area sde
volume were calculated by following BET [49] andHB[B0]
procedures, respectively. Scanning electron mic@gs¢SEM)
images were taken on a PHILIPS XL30 SEM instrum&he
TG-DTA curves were obtained using a Perkin Elmeil 3860
thermogravimetric analyzer in the temperature raofj0-
1000 °C under dynamic nitrogen atmosphere (100 mi*n
and heating rate of 10 °C min

RESULTSAND DISCUSSION

Element Analysis

The content of C and H elements in the methylM&iM-
41 sample was determined with the element analyee.
content of Si in the methylated MCM-41 was deiieed by
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Fig. 1. XRD patterns of the samples: (a) unmodified
MCM-41; (b) methylated MCM-41.

molybdosilicate bule photometry [47]. The conteatsC, H,
Si and O obtained were 8.86%, 1.15%, 22.15% ar8¥64 in

The powder X-rayweight, respectively. Thus the molecular formula thie

prepared material calculated wag/834.5Si7. 9042 4.

Powder XRD Analysis

Figure 1 shows that the powder X-ray diffracticattprns
of the unmodified MCM-41 molecular sieve and the
methylated MCM-41 materials. The XRD patterns oésth
materials show typical characteristic four-peakshwery
strong one at a lowd2and three (unmodified MCM-41) or two
(methylated MCM-41) weak peaks at highérvalues, and it
can be indexed according to the hexagonal unit[dd]l The
methylated MCM-41 has three diffraction peaks ttah be
indexted as (100), (110) and (200), respectivelgaMvhile,
the diffraction peak of (210) of the methylated MK
disappeared, suggesting that the order degree ef th
methylated MCM-41 has reduced. The diffraction msity of
the mathylated MCM-41 decreases compared withah#te
unmodified MCM-41, indicating that the crystallipiof the
methylated MCM-41 has decreased.

FT-IR SpectraAnalysis

Figure 2 shows the FT-IR spectra of the unmodiikZiM-
41 and methylated MCM-41 samples. The peaks at 362
960 cm', which are assigned to O-H and Si-O stretching of
the surface silanols of the unmodified MCM-41, exgprely,
almost disappeared for the methylated MCM-41. Preak of
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Fig. 2. Infrared spectra of the samples: (a) unmodified Fig. 4. Low temperature nitrogen adsorption-desorption
MCM-41; (b) methylated MCM-41. isothermso( adsorption, x desorption). (a)

unmodified MCM-41, (b) methylated MCM-41.
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Fig. 3. Chemical reaction of trimethylchlorosilane and uwiffied MCM-41, R = -CH.

the unmodified MCM-41 at 1080 chtan be attributed to the size distribution of the unmodified MCM-41 and mythed
asymmetric stretching vibration of the Si-O-Si barl 806 MCM-41 are shown in Figs. 4 and 5. They all exhtipjie 1V
cm* can be assigned to the symmetric stretching Viwasf  isotherms with Hi-type hysteresis loops at low tieta
Si-O. For the methylated MCM-41, the peak at 3542 of  pressure, which is related to the capillary condtos of
the symmetric stretching vibration shifted towarlisver  nitrogen within the pores. According to IUPAC clifisation
wavenumber. The peak at 960 ‘tmassigned to Si-OH [51], they are features of typical of mesoporousicitire
disappeared for the methylated sample becausélénelsvas  solids, indicating that the mesoporous structures vsill
replaced by Si-Cklas Fig. 3. The presence of a stretchingmaintained after methylation. From the two branchds
band at 2966 cihin the methylated MCM-41 sample shows adsorption-desorption isotherms, the presence daharp
the presence of methyl in the framework. adsorption step in thB/P, region 0.2 to 0.4 shows that all
samples possess well-defined arrays of regular poess.
Low Temperature Nitrogen Adsorption-Desorption  However, the relative pressure where capillary emsdtion
I sotherms and Pore Size Distribution occurred shifted to lower position and the porenditer was
The N adsorption-desorption isotherms and the BJH poréecreased. The specific area and the pore size vadoalated
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Fig. 5. Pore size distribution patterns of the samplés: (a
unmodified MCM-41, (b) methylated MCM-41.

by the BET method and BJH model, respectively. Samp
display a narrow pore size distribution. The sugfacea, pore
volume and effective pore diameters of the sampaes
summarized in Table 1. It can be clearly seen thatBET
surface area of methylated MCM-41 is 920.68 gt and
decreases 40.30°ng™ compared with that of the unmodified
MCM-41, and the average pore diameter and porewelalso
decreased from 2.29 nm and 0.566 rhitg2.08 nm and 0.528

SEM Analysis

Figure 6 show the representative SEM images of the
unmodified MCM-41 and methylated MCM-41 samples. In

Fig. 6A, small spherical particles of unmodified M1 are
evident. It can be clearly seen that the nanopestistack
compactly and particle interstices with nominal nogder
averaging 111 nm are consistently found [44]. TE®Smage
of methylated MCM-41 (Fig. 6B) showed regular sptedr
type morphology which is rather similar to that tfe
unmodified MCM-41, however, the ball particles che
consistently seen, and the average size of thecleavtas 112
nm.

TG-DTA Analysis
Figure 7 shows the results of DTA-TG for the unified

MCM-41 and methylated MCM-41 samples. From Fig. 7A,

the DTA curve for unmodified MCM-41 show signifidin
endothermic peak from 52 to 110 °C, which indicaties
thermodesorption of physically adsorbed water. Tileer
endothermic peak appears at approximately 3C4 which
corresponds to the residual surfactant decompasitiad
silanol condensation. Furthermore, the evidentiyoinermic
peak with a maximum at 854 °@ppears, which indicates the

ml g, respectively. All these results together with thecollapses of mesoporous structure of the unmodifikiv-

increased thickness of pore walls can be attributedhe
replacement of silanol groups on the inner surfacenethyl.
The stability of methylated nanoscale MCM-41 matewill

be further enhanced when the surface silanol gratptinked
together by organic groups [52-55].

Table 1. Pore Structure Parameters of the Samples

41. Comparing Fig. 7B with 7A, the result of the &@alysis
indicates 0.460% weight loss of the composite & 2C
corresponding to the endothermic peak of the DTA/eLat
100 °C, resulting from the exterior physically adsorlveater.
With the temperature rise, the other endotherpeek of the

Sample Crystal face spacin¢ Unit cell parameter/ BET surface areaSpecific pore volume Pore size  Wall thickness
daoo) (A)? 2 (A)° (m*g?) (mlg*° Ay (R)°

Unmodified MCM-41 33.4 38.5 960.90 0.566 22.9 15.6

Methylated MCM-41 33.8 39.0 920.60 0.528 20.8 18.2

% ois crystal face spacing obtained from XRD pattBais unit cell parameter, the repeat distance batwee pore centers in

MCM-41 molecular sievey& 2 digo “Pore volume is BJH adsorption cumulative volumpcorbs.dPore size is calculated

V3

from the adsorption branchwall thickness is calculated byy(apore size).
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Fig. 6. Scanning electron micrographs of samples: (A)
unmodified MCM-41, (B) methylated MCM-41.
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Fig. 7. DTA-TG patterns of samples: (A) unmodified
MCM-41, (B) methylated MCM-41.

DTA curve appears at 375°C due to the hydroxyl
dehydration of molecular sieves with a weight l0§4.53%.
Over the range of 404-881C, the DTA curve shows 4.17%
weight loss of the composite resulting from thedation of
surface methyl, which gives rise to the thermakask and
DTA profile with an exothermic peak at 852 °C. Teight
did not change between 881 and 1000 °C. It is oksein the
DTA curve that the endothermic peak at 908 can be
assigned to the collapses of framework of the sampl
Unmodified MCM-41 can be stable up to 850 °C in diy
[56]. It is interesting that the methylated MCM-dghibits an
excellent and better thermal stability comparedhwihe
unmodified MCM-41.

CONCLUSIONS

Methylated nanoscale MCM-41 molecular sieve hanbe
successfully prepared and a series of charactienizat
techniques have demonstrated that methyl has hreéed to
the MCM-41 and the thermal stability of MCM-41 cae
significantly improved. Elemental analysis, powd@D, IR
spectroscopy, low temperaturg &tlsorption-desorption, SEM
and TG-DTA were adopted to characterize the metbgla
MCM-41. The results showed that a methyl group Ibesn
successfully grafted to the nanoscale MCM-41 mdéecu
sieve, and the methylated MCM-41 still retainsshecture of
the MCM-41. The adsorption technique further inthdathat
methyl grafted to the inner surface of the nan@st4CM-41.
SEM results indicated that the average size oftbthylated
MCM-41 was 112 nm. TG-DTA results revealed that the
prepared material has better thermal stability cameg with
the unmodified MCM-41.
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