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Abstract: Highly ordered mesoporous molecular sieve MCM-41 with hexagonal structures ( p6mm) and enhanced stability

has been successfully synthesized via a dual templating of carboxymethyl cellulose (CMC) and cetyltrimethylammonium

bromide (CTAB). The TEM images show the samples were with high order hexagonal mesostructure. Moreover, the lattice

distance contraction ( Sample synthesized via a dual templating of CMC and CTAB ) of as low as 3. 1% is considerably less

than the value (about9.7% ) obtained for MCM-41 materials synthesized by pure CTAB, indicating that mesoporous mate-

rial synthesized via a dual templating of CMC and CTAB were with higher thermal stability. The interaction between the

CMC and the intermediate silicate species Si-( OH) _ may increase the concentration of Si-( OH) _ around the cylindrical sur-

factant, which make the arrangement of Si-(OH)_ is more closely.
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Since the discovery of the M41S family of ordered
mesoporous adsorbents by scientists at Mobil Oil''?"
these materials have attracted considerable attention,
due to its peculiar characteristics; large internal sur-
face area and favorable uniformity but easily controlled
size of the pore, the ordered mesoporous molecular
sieves. Such a novel mesoporous solid might be desira-
ble as shape/size selective adsorbents, hosts for quan-
tum structures, catalysts, and catalyst supports. In
most of the studies, cationic quaternary ammonium'*>*'
and neutral surfactants'’*®! have been employed as tem-
plates, which direct the mesophase formation based on
the electrostatic and hydrogen-bonding interactions, re-
spectively. However, the range of application has been
limited by the instability of the pore structure of the
mesoporous materials.

Recently, glucosamine molecules were found to
direct the formation of novel zinc phosphate phases'’’.

Organic compounds have been used as dopants or pore
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fillers in silicate sol-gel materials for studying pore en-
vironment and molecule-matrix interactions'®'. The
high affinity and appropriate hydrophilicity of D-fruc-
tose (and/or its derivatives) for the intermediate sili-
cate species might act as a stabilizer for the cubic mi-
celle over a wide range of reaction temperatures, so the
high thermal stability mesoporous materials are ob-
tained"”’. Herein, we report a successful synthesis of
highly ordered hexagonal structure MCM-41 with en-
hanced stability has been successfully synthesized via a
dual templating of carboxymethyl cellulose (CMC) and
cetyltrimethylammonium bromide (CTAB).

1 Experimental

1.1 Synthesis of the mesostructured MCM-41

A typical gel was prepared by adding sodium sili-
cate (Na,SiO, - 9H,0) to an aqueous solution contai-
ning cetyltrimethylammonium bromide ( CTAB), CMC
and H,S0,. After further stirring for about 4 hr at room
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temperature, the resulting homogeneous mixture was
crystallized under static hydrothermal conditions at
110°C in a Teflon-lined autoclave for 72 hr. The molar
composition of the initial gel was Si0,/CTAB/H, 0 =
1.0:0.12:60.0. For the samples A, B, C, the molar
ratio of CTAB and CMC were 1:0.24, 1:0.32, 1:
0.50, respectively. Sample D was the MCM-41 using
pure CTAB template. The solid product was obtained
followed by filtration, washed with deionized water,
dried in vacuum atmosphere at 110°C for 24 hr and
calcined in air at 550°C for 6 hr to remove the CTAB
and CMC.
1.2 Characterization of the mesostructured silica
XRD measurements were performed on a Rigaku
D/max-ITTA diffractometer using Co K( radiation at 30
kV and 15 mA. TEM images were obtained by FEI
Tecnai F20 electron microscope. Nitrogen sorption iso-
therms of samples were obtained by a Micromeritics
TriStar 3000 analyzer at 77 K. The Brumauer-Emmett-

Teller (BET) surface area was calculated using experi-
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mental points at a relative pressure of P/P =0. 05-
0.25. The total pore volume was calculated by the N,
amount adsorbed at the highest P/P, (P/P,=0.99).
The pore size distribution was calculated by the Barrett-
Joyner-Halenda ( BJH) method. Thermogravimetric
analyses ( TGA) and differential thermal analysis
(DTA) were carried out in a WCT-2 system in a static

air atmosphere at a heating rate of 10°C per minute.

2 Results and discussion

Transmission electron microscope ( TEM) images
of A (a,b); B(c,d); C (e, f); D (g, h) were
shown in Fig. 1. The TEM images viewed from the
[001] (a, c,e,g)and [110] (b, d, f, h) di-
rections show the samples A, B, C and D were with
high order hexagonal mesostructure. These results indi-
cated the highly ordered messtructured MCM-41 was
synthesized via a dual templating of CMC and CTAB e-
ven though the molar ratio of CTAB and CMC increased
from 1:0.24 to 1:0.50.

Fig. 1 TEM images of MCM-41 samples A (a, b); B (¢, d); C (e, f); D (g, h) viewed from the [00 1] (a, c, e, g)
and [110] (b, d, f, h) directions

Low angle X-ray diffraction pattern (XRD) pat-
terns of dried samples and calcined samples were
shown in Fig.2 and Fig.3. A high-intensity diffraction
peak of (100) and three additional well-resolved dif-
fraction peaks of (110), (200), (210) were ob-

served, which can be assigned to a two-dimensional

hexagonal mesostructure ( space group p6mm ). This
suggests a long range ordering of the porous structure
and well-formed hexagonal pore arrays can be prepared
via a dual templating of CMC and CTAB. Upon calci-
nations at 550°C for 6 h, the intensity of the XRD

peaks increased, and the resolution of the higher order
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peaks is improved ( Fig. 2b and Fig. 3b), as com-
pared to the as-synthesized sample. These results re-
flect that the degree of ordering is dramatically im-
proved by the removal of the surfactant and CMC.
Meanwhile, as the amount of CMC increases ( sample
A, Band C), the (100) diffraction peak widens and
the (210) diffraction peak disappears in sample B and
C, which indicates that the mesoporous structure be-
comes slightly nonsymmetrical and poorly ordered.
This is consistent with the TEM results. Moreover, the
lattice distance contraction ( Sample A, B and C) of as
low as 3. 1% is considerably less than the value (about
9.7% ) obtained for MCM-41 materials synthesized by
pure CTAB (Table 1), indicating that mesoporous ma-
terial synthesized via a dual templating of CMC and
CTAB were with higher thermal stability.

%) %)
1 4
s 00 (a) é 100 (b)
< 2z
L 110 N 110
200 200
210 A 210 A
/
LS I WL
My C J}\A\ C
_—
234 567 89 234 56 7 89
20/° 20/°

Fig.2 Low angle XRD patterns of (a) dried samples (A,
B and C); (b) calcined samples(A, B and C)
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Fig.3 Low angle XRD patterns of (a) dried sample D; (b)
calcined samples D
Nitrogen sorption isotherms of calcined A, B, C
and D samples in Figure 4 show a type-IV curve with a
well-defined capillary condensation step, thus further
confirming the existence of uniform channel-like meso-
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pores = . The narrow and sharp pore-size distribution

curves calculated by the Barrett-Joyner-Halenda
(BJH) model (inset of Fig.4) suggest that the meso-
pores have very uniform sizes. Their structural parame-
ters are also summarized in Table 1. With an increas-
ing of molar ratio of CTAB and CMC from 1:0. 24 to
1:0. 50, the Brumauer-Emmett-Teller ( BET) surface
area decreases from 1031.2 t0 992.8 m” g, the pore
volume decreases from 0.99 to 0.90 ecm’ g, respec-
tively. Interestingly, the wall thickness of A, B and C
( ~1.9 nm) synthesized via a dual templating of CMC

and CTAB is thicker than that of D ( ~1.4 nm).

Table 1 Physical properties of products calcined at 823 K

d/nm a, S(BET) V(BJH) D(BJH) Wall thickness
Sample ) . R ]
d g0 dyo dy dyyo /nm m -g cm - g /nm /nm
A 4.09 2.41 2.08 1.59 4.72(4.87) 1031.2 0.99 2.74 1.98
B 4.04 2.36 2.05 1.56 4.66(4.81) 1022.4 0.94 2.76 1.90
C 4.03 2.34 2.03 1.54 4.65(4.81) 992.8 0.90 2.77 1.88
D 3.79 2.41 2.07 1.60 4.38(4.85) 1044.4 1.02 2.70 1.38

a, : the lattice parameter, from the XRD data using the formula, a, =2d,,/y/3, the data in parentheses is a, before calcination;

S(BET) ;the BET surface area; V(BJH) : BJH adsorption cumulative pore volume; D(BJH) ; the maxima in the BJH pore size distri-

bution; Wall thinckness =a,- D(BJH).
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Fig. 4 N, adsorption/desorption isotherms and pore size dis-
tribution from desorption branch of samples A, B, C
and D obtained by a Micromeritics TriStar 3000 analy-
zer at 77 K. Isotherms of A, B and C have been offset
by 100, 200 and 300 em’g" along the vertical axis for

clarity, respectively.
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Fig. 5 TG-DTA profiles of (a) as synthesized

The non-surfactant templates, which have been

cyclo-
[13,14]

investigated so far, include glucose, maltose,

dextrins, tartaric acid derivatives and agarose
They are generally the compounds having high affinity
for intermediate silicates, appropriate hydrophilicity

and solubility, and low volatility. Furthermore, it% re-
ported that the templates should be present in forms of
aggregates or assembly of the aggregates, whose inter-
actions with the silicate species through hydrogen bond-
ing play an important role in directing the mesophase

. In the
the high affinity and appropri-

formation prior to and/or during the gelation' "’
present synthesis route ,
ate hydrophilicity of CMC for the intermediate silicate
species might act as a stabilizer for the MCM-41 struc-
ture.

The hydrogen bonding between the CMC ( see

The TG-DTA profiles of as-synthesized sample B
and D after washing are shown in Fig.5 (a) and Fig. 5
(b). It was previously reported that thermogravimetric
analysis of MCM-41 materials show three or more
21 While, the high-resolution TGA

curves for the as-synthesized samples B and D after

weight losses
washing show three weight losses. The weight loss
steps are located in the following temperature ranges:
1) from 25 to 230 “C ( thermodesorption of physically
adsorbed water) ; 2) from 230 to 310 °C ( surfactant
CTAB decomposition), and 3) from 310 to 600 °C
(residual surfactant decomposition and CMC decompo-
sition). There is no weight loss upon heating from 600
to 1 000 °C,
CMC and surfactant after calcinations in air at 600 °C.
Meanwhile, this confirms that the synthesized MCM-41
by the CMC modification is thermally stable.

which indicated the complete removal of
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sample B; (b) as synthesized sample D
Fig. 6),
(OH),,

a homogeneous sol. Meanwhile, the cylindrical surfac-

and the intermediate silicate species, Si-

brings the two components together and forms

tant and the aggregates of silicate and CMC are simul-
taneously formed, and further silicate condensation me-
diates the ordering of the cylindrical surfactant into the
hexagonal arrangement. The interaction between the
CMC and the intermediate silicate species Si-( OH)
may increase the concentration of Si-( OH) _ around the

cylindrical surfactant, which make the arrangement of

CH,CH,COONa

V\AM

CH,CH,COONa

Fig. 6 the molecular structure of CMC
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Si-(OH) _ is more closely. And it make the lattice dis-
tance contraction ( Sample A, B and C) of as low as
3. 1% 1is considerably less than the value ( about
9.7% ) obtained for MCM-41 materials synthesized by
pure CTAB. The results indicated that the MCM-41
with hexagonal structures and enhanced stability has

been successfully synthesized via a dual templating of

CMC and CTAB.

3 Conclusion

In conclusion, we have presented a novel synthesis
route for the preparation of highly ordered mesoporous
molecular sieve MCM-41 with hexagonal structures and
enhanced stability. This strategy offers the opportunity
to prepare MCM-41 with enhanced stability. Thus,
these improvements in the MCM-41 synthesis open new
opportunities to facilitate the more widespread use of

this unique mesophase in materials research.
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