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We report a "delayed neutralization” process for the preparation of highly-ordered aluminosilicate
MCM-41 molecular sieves with high thermal and hydrothermal stability, and sharp pore size distribution.
However, the structural order and pore size are dependent on the carbon chain length. In the mixture surfac-
tant systems, the pore size of the MCM-41 materials could be fine-tuned. The pore size can be extended
from 2.5 to 4.5 nm by adding a suitable amount of hydrocarbons. The tubular morphology of the MCM-41
material of 0.3 to 10 micrometers diameter, where the wall consists of coaxial cylindrical pores of nanome-
ters MCM-41, can be obtained by careful control of the sutfactant-water content and the rate of condensa-
tion of silica. An optimum condition for automatic synthesis of the hierarchical TWT structure has been ac-
complished. The addition of 1-alkanols as cosurfactant would not only improve the order of the MCM-41
hexagonal structure but also promote the formation of micrometer-sized hierarchical materials, for example:
tubules-within-tubule and uniform-sized hollow spheres of diameter 5.0 + 1.0 pm. However, the inside of
the micron spheres has intricate structures possessing various topological genus ranks. The MCM-41 is a
good sapporter for Molybdenum oxide catalysts. The rate of deactivation in the catalytic reaction of ethyl-
benzene dehydrogenation to styrene increases in the order: My < M, < Si0,. The physically mixed samples
have higher catalytic activity than impregnated ones.

INTRODUCTION

The mesoporosity of the materials based on silica is
arising as a new and exciting research field of great scien-
tific and technological importance.! The ability of design-
ing, both the size and wall surface characters of the pore, is
important toward imposing a framework for tailoring cata-
lytic activities and opto-electronic properties of further em-
bedded clusters.® The accessible porosity can be utilized
as a host for conducting or magnetic phases. The composite
microstructure is then determined by the pore structure of
the host. The electronic and magnetic properties can be tai-
lored by altering the size, shape and relative concentrations.
One could investigate the quantum size effects of clusters in
semiconductors, magnetism, and supm'conductivity."'5 Itis
anew and exciting field to be explored simultaneously by
chemists, physicists, and engineers.

In recent years, there have been extensive develop-
ments in the field of mesoporous aluminosilicate materials
where the pores are of nanometer size. Ia particular, the dis-

covery of the new family of mesoporous materials M41S by
researchers at Mobil Qil Corp.” has attracted great atten-
tion by scientists. The pores are created by using surfaciant-
aluminosilicates self-assembly with surfactant organization
as the templates and followed by calcination of the crganic
part. These mesoporous molecular sieves with adjustable
and uniform pore sizes in the range of 1.5 to 10.0 nm, cover
anew range of potential applications. These materials were
synthesized with the cationic type surfactant-quaternary al-
kyltrimethylammonium salts CoHaa. (CH;):N*X™ and vari-
ous silica sources {sodium silicates, tetracthyl orthosilicate,
or silica gel} under hydrothermal conditions. In the solution
and gel phases, the system exhibits varicus complex organi-
zations: cylindrical micelles, hexagonal, cubic and lamellar
phases. And it leads to various final periodic structures of
the mesoporous materials, incloding MCM-41, MCM-48
(cubic), MCM-50 (lamellar), SBA-1, SBA-2, and SBA-3.°
When one uses an anionic surfactant, some meso-structures
of transition element oxides, such as Ti0,, can also be ob-
tained.” In addition, Japanese workers have invented
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mesoporous aluminosilicate FSM-16 with 4 similar struc-
ture as MCM-41 by combining Kanemite polysilicate and
surfactants.' "'

One member of this series, MCM-41, which possesses
a hexagonal arrangement of uniformly sized channel
mesopoeres, has been the focus of most recent applications
for usc as catalysts, supporters and advanced materials.
This field is exciting not only in the newly available size
range of the pores but also in that the self-assembly involves
the physics of soft matter that is very rich by itself."

For the purpose of developing catalysis applications,
various metals or oxides have been incorporated into the
MCM-41 materials. Isomorphic substitution of trivalent
cations such as Al, B, or Ga into the framework can resultin
the acidic catalyst.”"“ For oxidation catalysis, early transi-
tion metais such as Ti, Zr, Fe or V have also been incorpo-
rated. The heteropolyacid-supported MCM-41 catalyst can
also be made."*'* Using MCM-41 as a support for other
more specific catalysts is also a new direction.'” For exam-
ple, the large MCM-41 channel can be used to immobilize
the metalloporphrin oxidation catalyst. Many of these
modified MCM-4] materials show a remarkable increase in
catalytic activity."

In this paper, we review our recent investigations of
the MCM-4 [ materials in three parts,

In part 1, we have been involved in the study of both
the physical chemistry of surfactant self-organization and
the synthesis of mesoporous MCM-41 materials by invent-
ing a new "delayed neutralization method".”” We explored
the effects of the variation of the surfactant and experimen-
tal factors on the formation of the MCM-41 materials. Fac-
tors examined include the chain length, counterion of the
surfactant and the addition of cosurfactant (such as butanol
or hexanol), and the rate of acidification, which were found
to exert influence on the pore size, the structural order and
the stability of the MCM-41 material. Moreover, the ther-
mally stable MCM-41 samples could also be obtained at am-
bient temperature by the process.”

In Part 2, we report that the micron-sized hierarchical
structures (i.e. tubules-within-tubule; TWT and hollow pil-
lared spheres; HPS) could be successfully synthesized
through soft and bendable intermediates at high alkalinity
by careful control of the rate of acidification and the syn-
thetic components. The MCM-41 nano-channels form the
wall of these micrometer-sized hierarchical structures.”
Thus, the preparation of mesoporous aluminosilicate mate-
rials was elevated to an exciting new level by having at least
two length scales, micro- and nano-meters.”™ The ability
to control structures in both length scales will have crucial
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impacts on catalysts, biomineralization, and design of the
nanomaterials. In some previous works that report hierar-
chical order, the micron-scale structure is generated sepa-
rately, for example by microemulsion or bacteria, " as a
template for growing the nanostruciure. Our process is
however through a "liquid crystal phase transformation”
mechanism. This then opens up whole new approaches to
the design of hierarchical orders in inorganic nanomaterials
because many other complex orders can be achieved in com-
plex liquid crystalline phases and modern theories of com-
plex fluids have developed to the extent that it can help us to
understand the associated phase changes.

For optimizing the synthesis of these hierarchical
structures, we designed an automatic production system for
preparing large-scaled amounts of the TWT hierarchical
structure with high yield (>95%) and uniformity in mor-
phola:)gy.3l

In part 3, we explore the application of our hierarchical
MCM-41 as catalyst support. We use ethylbenzene dehy-
drogenation as the probe reaction. The catalytic dehydroge-
nation of ethylbenzene is an industrially important process
for the manufacture of styrene.”””® The reaction was carried
out in vapor phase at high temperatures {550 - 600 “C) with
moderate conversions (usuvally about 50%) on iron oxide
stabilized with several promolers and in the presence of su-
perheated steam. In this review, we shall describe the per-
formance of MCM-41 supported metal oxide catalysts with
different morphologies in this reaction. The representative
results for ethylbenzene dehydrogenation over MCM-41
supported molybdenum oxide catalysts are presented.

EXPERIMENTAL SECTION

Materials

The silica source was sodium silicate (27% SiO,, 14%
NaOH) from Aldrich. The quaternary ammoniuin susfac-
tant compounds CoHaen(CH3)NX or CuHaoi NCsHsX, X =
Cl, Br or NOs, were obtained from Aldrich, Merck or Tokyo
Chemical Industry without further purification. Hydrocar-
bons (toulene and 1,3,5-isopropyl benzene) are from Acrds.
The source of aluminum was sodium aluminate from Riede-
de Haén. Sulfuric acid, hydrochloric acid, acetic acid and
nitric acid were obtained from Merck or Janssen Chimica.

Synthetic Procedure
The Preparation of Silica or Aluminesilicate MCM-41
Materials

To prepare pure-silica MCM-41 materials, sodium
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silicate was added to a clear aqueous solution of the surfac-
tant with stirring and a gel mixture was formed. After stir-
ring for about 10 min at synthelic temperature, a proper
amount of 1.20 M sulfuric acid was added into the gel mix-
ture and the pH value was adjusted to about 8.0-11. Two dif-
ferent acidiftcation rates were used afterward. One is to add
the entire acid to the gel mixture at once - "immediate acidi-
fication"; the other is to add the acid drop by drop over about
30 min with a pipette - "graduat acidification”. The hierar-
chical-ordered structure can only be obtained by gradual
control of the rate of acidification, which will be studied in
detail in part 2. The molar ratio of the resulting gel compo-
sition is 1 Si02:(1-0.1) surfactant; 0.39 Na,(3:0.29
H,S04:(1.5-0.1) 1-alkanol:(50-400) H,O. Then, the mixture
was stirred for 20 min and loaded into an autoclave and stati-
cally heated at 100 °C for 48-144 h. The resulting solid
products were recovered by filtration, washed with deion-
ized water and dried in air at room temperature or 100 °C.
To remove the organic species occluded in the pores of
MCM-41, the as-synthesized samples were calcined in air at
560 °C for 6 hr.

The aluminosilicate MCM-41 was synthesized with
the same process mentioned above except that a suitable
amount of sodiym aluminate was added into the solution of
surfactant in the first step.

The Catalytic Reaction Condition

Reactions were carried out in a continuous flow micro-
reactor system at atmospheric pressure. The reactant, ethyl-
benzene, was mnjected continuously (2.72 mL/h) into the N
carrier gas stream (ctfluent flow rate = 30 mL/min) and the
reaction product (gas and liquid) was analyzed off-line by a
Shimadzu GC-7A gas chromatograph. Liquid product was
collected by a condenser (10 °C) positioned at the outlet of
the reactor.

Characterization

X-ray powder diffraction (XRD) data were collected
on a Scintag X1 diffractometer using Cu Ko radiation (A =
0.154 nm). N, adsorption-desorption isotherms were ob-
tained at 77 K on a Micrometric ASAP 2010 apparatus. The
sample was outgassed at 300 °C for about 6 hr in 10 torr
prior to adsorption. The pore size distribution curves were
obtained from the analysis of the desorption portion of the
isotherms vsing the BJH (Barrett- Joyner-Halenda) method.
The transmission clectron micrographs (TEM) were taken
on a Hitachi H-7100 operated at 100 keV. Scanning electron
microscopy (SEM) was performed on a Hitachi $-2400, S-
800 with an accelerating voltage of 20 keV.
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RESULTS AND DISCUSSION

Part 1. A "Delayed Neutralization” Process for the
Synthesis of MCM-41
Carbon Chain Length

First, we explored the effect of the carbon chain length
of the surfactant on the MCM-41 materials by using the im-
mediate acidification process. The x-ray diffraction (XRD)
patterns of the calcined pure silica MCM-41 products syn-
thesized from alkyltrimethylammonium salts (G, TMAX, X
=B for Br or Cl for CL, n = & to 18) with carbon chain nom-
ber varied from 8 to 18 (A to F in Fig. 1). It was clearly
shown that the dp value increases and the peaks become
sharper as the carbon chain length increases. Furthermore,
for MCM-41 materials prepared with C,sTMAB and
C1sTMAC]I surfactants, there appear five XRD peaks indi-
cating that the MCM-41 solids prepared by this new method
are more ordered than those prepared by the previously re-
ported methods.”* The delayed neutralization process
leaves more time for the micelles and silica polyanionic spe-
cies to assemble into a more ordered structure. Neverthe-
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Fig. 1. X-ray powder diffraction patterns of calcined
products prepared using the surfactants of differ-
ent carbon chain length. A. C:TMAB, B.
CiwIMAB, C. C;TMAB, D. C,sTMAB, E.
C1sTMAB, F. C1sTMACL
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less, the structural order of the MCM-41 products decreases
when the surfactants of shorter carbon chain length were
used. This is accounted for by the weakening of interactions
between the silica polyanionic species and the surfactants
with shorter carbon chain length. Besides, the XRD baseli-
nes of ali samples are flat at 26 from 20 to 30°, implying that
few microparticles of amorphous silica are formed using
this method. The "delayed neutralization" process offers a
convenient procedure to produce highly-ordered MCM-41
mesoporous maserials with less amorphous silica impurity.

From the data of the N, adsorption-desorption iso-
therms of the calcined samples prepared with different sur-
factants, it reveals that there is a sharp increase in adsorbed
volume al a certain relative pressure p/ps, which corre-
sponds to the capiilary condensation in the mesopore of the
materials. The pore size distributions calculated from N
desorption curves are quite narrow. The t-plots of these
MCM-41 materials have close to zero intercepts, which in-
dicate that the products have no microporous structures.***'
Counterions

Table 1 compares the pore size, d-spacing and the wall
thickness of the solids prepared with different carbon chain
lengths, counterions and head groups of the surfactants.
The pore-to-pore distance {a,) was calculated from X-ray
diffraction data. The wall thickness was determined by the
difference between the distance (ao) and pore size. These
MCM-41 materials have a BET surface area in excess of
1000 m2/g. The products prepared from surfactants with the
same carbon chain length but different counterion and head
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group have almost the same pore size and d-spacing, which
itcrease with the carbon chain lengih of the surfactant. This
indicates that the counterions bound to the interface of the
micelle of the surfactant are replaced by the silica polyan-
ionic species during the synthetic process. The head group
is relatively small, and the pore size is mainly dependent on
the carbon chain length of the surfactant. The wall thick-
ness of all the MCM-41 materials synthesized by this
method is in the narrow range of 1.6 to 1.9 nm, which is
quite independent of the surfactants. They shrink less
(about 0.12 to 0.22 nm) after calcination and have a sharper
pore size distribution (about (.14 ~ (.23 nm) than those pre-
viously reported. Transmission electron micrographs
(TEM) of these calcined samples also illustrate the regular
hexagonal array of mesoporous channels."”
Thermal and Hydrothermal Stability of the MCM-41
Materials

For testing the thermal and hydrothermal stability of
the MCM-41 materials prepared from the "delayed neutrali-
zation" process, the samples after calcination were respec-
tively re-calcined at 900 °C under air flow for 12 hr and in
100 "C hydrothermal condition for 24 hr. Although both of
the samples after thenmal and hydrothermal procedure show
a d-spacing shrinkage {(about 0.4 - 0.6 nm), these two sam-
ples still preserve the hexagonal MCM-41 structure (Fig. 2).
It is clear that the mesoporous materials obtained from the
new process could possess a higher stability than others re-
ported in the literature. It is suggested that the more uni-
form and thicker walls make the MCM-41 materials more

Table 1. Effect of Surfactant Chain Length, Counterion, Head Group on MCM-41 Pore
Size, XRD doe Value, Hexagonal Unit Cell Parameter ap and the Wall Thickness

Surfactant XRD dieo ag* N: pore size wall thickness
d-spacing/nm /nm /nm /nm
CpHzny1 (CH3)aNX"
Ci1sTMAB 4.30 496 3.23 1.73
C1sTMAC! 428 494 3.18 1.76
Ci1sTMAB 3.96 4.57 2.87 1.70
C1sTMACI 3.98 459 2.87 1.72
C1¢TMAN 4.00 4.61 2.86 1.75
C1sTMAB 3.61 4.17 2.56 1.61
C1,TMAB 3.31 3.82 221 1.61
C1oTMAB 3.15 3.64 1.92 1.72
CsTMAB 2.90 3.35 1.67 1.68
CoH2u 1 NCsHsX"
CisPyB 395 4.56 2.72 1.84
Ci6PyCl 4.01 4.63 2.72 1.91
C12PyCl 3.32 3.83 223 1.65

* a5 = 2d,00/V3 as distance of nearest pore centers.
* alkyltrimethylammonium halide. ° alkylpyridinium halide.
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rigid and thermally stable.
Adding Cosurfactant for Improving the Hexagonal
Structure!”

The surfactant with shorter carbon chain length has
less affinity to combine with the silica polyanionic species,
thus the products synthesized from CsTMAB, C,;TMAB
and C;,PyCl-silicate systems have less well-resolved XRD
patterns and the MCM-41 material has not yet been synthe-
sized from CsTMAB. Based on the principle of micelle for-
mation, adding a proper amount of cosurfactant, such as bu-
tanol (BuOH}) or hexanol (HeOH), could elongate the length
of micelle to favor the interaction between micelles and sil-
ica polyanionic species.*** Fig. 3 shows that the two dif-
fuse XRD peaks of CioTMAB products can change into
three of four sharp peaks by adding BuOH or HeOH in a
suitable aicohol/surfactant range. But the addition of BuOH
or HeCQH has no obvious effect on the structure prepared
from the surfactant with the shorter carbon chain length
{CsTMAB or C;TMAB). 1tis believed that the chain length
of CsTMAB or CsTMAB is too short to form an energeti-
cally favorable liquid crystal structure.”* We conclude that
adding short chain alcohols (BuOH or HeOH) as cosurfac-
tants can improve the formation of highly ordered hexago-
nal structure of MCM-41 for shorter carbon chain surfac-
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Fig. 2. X-ray diffraction patterns of the calcined prod-
ucts after different re-treatment conditions. A.
calcined sample, B. after re-calcined at 900 °C,
C. after re-hydrothermal reaction at 100 °C.
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tan{s.
Fine Tuning the Pore Size of the MCM-41 with Mix-
ture Surfactant®’

We also tried to synthesize the MCM-41 materials at
various mixing ratios from a mixed Co TABr-C,TABr sys-
tem. In Ci\sTMAB-CsTMAB components, the significant
feature is that the d,p-spacing decreases smoothly as the
molar ratio of CisTABr increases. Fig. 4 demonstrates the
dico-spacings of as-synthesized samples and calcined sam-
ples; they are almost linearly decreasing with the increase of
C14TABr mole fraction. The dige-spacing of the as-synthe-
sized sample can be linearly adjusted from 4.70 nm to 3.85
nm by modifying the Ci;sTABI/C.TABr mixing ratio. A
similar linear trend is also observed in the trend of the pore
size determined by nitrogen adsorption-desorption experi-
ment, where the pore size ranges from 3.2 nm to 2.4 nm
(bottom, Fig. 4). The pore size distributions in CsTABr-
C1 TABr mixed systems are fairly narrow and their foll-
width-half-maximuym is less than 0.2 nm. The watl thick-
ness is about 1.9 nm for all these samples. This indicates
that the Hnearity of the d,g-spacing must be attributed to the
mixed micelle template, rot the silica. These linear refa-
tions in the C;sTABr-C,,TABr mixed system reflect ideal
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Fig. 3. X-ray powder diffraction patterns of the as-syn-
thesized products prepared from different alco-
hol/C oTMAB ratios using immediate acidifica-
tion. A. BuOH/C;,;,TMAB = 0, B. BuOH/
C]()TMAB = 065, C. HﬁOH/C[oTMAB = 025
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mixing, that is, the mixing ratio in the solution is the same as
the mixing ratio in the mixed micelles. Such linearity al-
lows a simple way to fine tune the pore size of MCM-41 ma-
terials,
The Addition of Hydrocarbons for Forming the
Larger Pore Size MCM-41

In order to extend the application range of the
mesoporous materials, expanding the pore size of the
MCM-41 is an important determinant. Although using the
longer carbon chain length of the surfactant could produce a
larger pore size, the maximum value of the mesopore is onky
about 3.0 nm. In order to extend the large pore size, hydro-
carbons were added into the reaction component. Accord-
ing to the data of the XRD and BJH pore size (Fig. 5), it is
clear that the pore size of the mesoporous materials appar-
ently increases with the triisopropylbenzene/C,¢TMAB ra-
tio at a ratio of less than 0.5. This is attributed to the solu-
bilized triisopropylbenzene in the surfactant micelles for
swelling the hydrophobic volume and pore size. When the
ratio increases to about (.5, the pore size no longer in-
creases. [t might be supposed that the micelle of the surfac-
tant possesses a maximum absorption capacity. Adding
other bhydrocarbons {for example, toulene, trimethylben-
zene, elc.) also can expand the pore size of the mesoporous
materials, And this can offer another method for preparing
the desired pore size of the mesoporous materials.
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Synthesis of MCM-41 at Ambient Temperature
Our delayed neutralization method can also be em-
ployed at ambient temperature. Fig. 6 shows the x-ray dif-

8a

& dqpg value

70 4 O  BdH pore size

dygp value or BJH pore size {A)

20

10 + T T - —

0.0 0.5 1.0 1.5 2.0

Triisopropylbenzene / Surfactant {(mole ratio)

Fig. 5. The d;00 value and BJH pore size of the MCM-41
materials prepared at various triisopropylben-
zenefsurfactant.

c.0 01 0.2 0.3 0.4

,E-.. 56
£ 54
o 5o Yo
2 A S
g 52 Yooy
5 so4 0 YTV
2 is
46
e T BT N
I
:
% 4.2 4
z *0]
T 384
]
8 3.6
o 34
= 329
g) P T
: . AR
C 28
@
% 2.8
g 24
- 2.2 4 j I I I

Molar Fraction of C,, TABr
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fraction (XRD) patterns of calcined products synthesized at
ambient temperalure with aging time that varied from 0 to
30 days. Asthe aging time increases, the XRD peaks of the
calcined material become sharper and more distinct. Four
characteristic peaks of MCM-41 were detected in the sam-
ples with aging time equal or longer than 10 days. These re-
sults reveal that the condensation of silica walls was almost
complete and stable MCM-41 structure was formed at ambi-
ent temperature after 10 days of aging. It was also found
that the characteristic XRD patterns of the samples prepared
with different aging times remain unchanged under pro-
longed heating at 900 "C in air for an additional six hours.
Compared with the d;e of the samples calcined at 550 °C,
there is only about 0.3 nm shrinkage. These results indicate
that thesc samples synthesized at ambient temperature have
high thermal stability. But we note that room temperature
synthesis generally results in smatler d-spacing (about (.5
o 0.6 nm differences) and smaller pore diameter of the
products as compared to those with hydrothermal synthesis
(Tabie 1). All samples synthesized by this method have
BET surface arcas of around 1100 m*/g.

This new synthesis procedure is also suitable for the
formation of aluminosilicate MCM-41. The YAl MAS
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Fig. 6. X-ray powder diffraction patterns of the calcined
products of the C,sTMAB-silicate system pre-
pared at ambient temperature for different aging
time. A.Oday, B. 1 day, C. 5 days, D. 10 days, E.
20 days, F, 30 days.
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NMR spectra of the products with different Si/Al (10-60) ra-
tios show that there is only one peak at about 54 ppm in all
as-synthesized samples, indicating that the aluminum atoms
are incorporated in the tetrahedral sites in the framewotk of
MCM-41.

Part 2. The Formation of Hierarchical Order in
MCM-41
The Formation of a Tubules-within-tubule Hierarchi-
cal Structure

A tubule-shaped MCM-41 material of 0.3 to 3 mi-
crometers diameter could be synthesized by careful control
of the surfactant-water content and the rate of condensaiion
of silica (gradually acidification) at high alkalinity condi-
tion. Fig. 7A showed a SEM micrograph of the high-yield
and uniform (ubules of MCM-41 synthesized with
CTMAB. Transmission electron microscopy (TEM) of
the sample (Fig. 7B) revealed that clear equidistant paraliel
lines arrange in a regular way along the tubular axis, with an

A
100 nm

Fig. 7. The MCM-41 material obtained from the gel
mixture with mole ratio, 1 ALO:75 510430
Na;0:35 CsTMAB:6500 H.O. A. Scanning
electron microscopy (SEM) of the micro-sized
tubular product B. Transmission electron mi-
crograph of the tubular aluminosilicate MCM-41
material.
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apparent average spacing at —~3.70 nm which is in reasonable
agreement with the XRD result. Therefore, it was supposed
that the wail of the tubule consists of coaxial cylindrical
nanometer-sized channels characteristic of MCM-41 and
the bule is hollow. Examining many of the SEM mi-
crographs, we find the tubular form represents >95% of the
s0lid material.

The calcined product was further characterized by N,
adsorption-desorption isotherm. It gives a BET surface area
of about 1000 m*/g. The pore size distribution shows an av-
erage pore size of about 2.6 nm and half-height width of 0.2
um, The “Al nuclear magnetic resonance spectroscopy of
the as-synthesized material shows a peak only at 54 ppm, in-
dicating that all of the aluminum resides in the skeleton and
in the tetrahedral environment,

To investigate the process of morphological change of
this MCM-41 material, we examined the products at differ-
ent stages of the acidification by x-ray diffraction (XRD)
and scanning electron microscopy (SEM). The XRD pat-
tern of the as-synthesized material at this early stage of neu-
tralization is a poorly ordered hexagonal structure. The
SEM micrograph of the sample shows, however, a layered
tameilar-type structure. Gradual acidification to the mix-
ture leads to an XRD pattern maintains the same hexagonal
arrangement of MCM-41 with more distinet (110) and (200)
peaks. The SEM micrograph reveals that the layers in sam-
ple A broke up into microtubules. After complete addition
of acid, the sample compietely transforms into tubules with
arather uniform diameter of ~ 0.3 pm and an average length
~5pum,

The nearly complete transformation of the alumi-
nosilicate at mild reaction condition into uniform size of
hollow tubules leads us to propose a "liquid crystal phase
transformation” mechanism for the formation of the new
structure. In the beginning, with a high pH condition, the
silicate/surfactant system was close to the lamellar/hexago-
nal phase boundary. A small extent of acidification results
in a mixed lamellar/hexagonal phase in which layers of
hexagonally arranged rod micelies are separated by bilayers
of surfactants and water as shown in Fig. 8(A). It probably
corresponds to the intermediate phase reported in the surfac-
tant phase diagram. The layered structure could be stabi-
lized by the electrostatic and entropic undulation repulsion
force between the membrane layers.*

Since the membrane layers are intrinsically anisot-
ropic, further acidification leading to condensation of sili-
cates and charge imbalance on the membrane syrface would
favor curvature of the membrane only along one direction
(Fig. 8(B)), the trans-rod direction. Further, neutralization
would then bend the membrane completely into tubules as
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shown in Fig. 8(C). A "natural wavelength” of destabiliza-
tion can thus be expected and leads to uniform diameters of
tubules as we observed. The transformation of lamellar —
ripple — tubular phase is in parallel with the known process
in the formation of lipid tubules.*”* Recently, multilamel-
lar fipid tubules have been observed through a first-order
phase transition. In our case the driving force arises from
the charge imbalance at surface associated with the conden-
sation reaction of silicate-oxygen bond as pH value is low-
ered.

The higher order hierarchical silica structures ob-
served in this work have been extensively documented in the
ultrastructure of the siliceous skeletons of marine diatoms
and radiolarians. The hollow tubular valve, with the large
central area absent, of the diatom species Annellus californi-
cus,” looks in fact strikingly similar to the hollow tubular
structure we report here. Thus, we have demonstrated that
such higher order biomimeltic self-organization can be ac-
complished in laboratory chemistry.

Optimum Synthetic Conditions for Synthesizing the
TWT MCM-41 Materials®!

Although the synthesis procedures for tubular MCM-
41 were presented in the previous report, many controlling
factors were still not clear and need further optimization. A
systematic study of the synthesis of tubular shape MCM-41
based on the composition of sodivm silicate/aluminum hy-
droxide/C s TMAB/water was carried out in an automatic
batch type reactor. The effects of preparation conditions,
e.g. mixing time, addition rate of H.SOs (1.2 M) solution,
stirring speed and reaction temperature, on the morphology
of the MCM-41 products were investigated,

The quantitative comparisons of the effects of synthe-
sis conditions on the tube formation and the crystallinity of

Cationic
Surfactant

Anionic silicate

Fig. 8. Proposed mechanism for the formation of micro-
tubular morphology of MCM-41.
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Table 2. Characterization of Tubular Shape MCM-41 by XRD
and SEM

Synthesis conditions

Mixing stirring  H28SO4 * fwhm of ** Ratio of
Sample time temp. speed add. rate d(100) tubular
no, {min) {("C) (rpm) (mL/h) (28) shape (%}
Al 1 32 300 60 0.192 85
A2 10 32 300 60 0.188 95
A3 20 32 300 60 0.207 90
A4 30 32 300 60 0.189 10
B1 10 32 300 150 0.189 85
B2 10 32 300 120 0.188 90
B3 10 32 300 S0 0.188 95
B4 10 32 300 60 0.204 95
B5 10 32 300 20 0.201 20
C1 10 38 300 60 0.174 50
2 10 35 300 60 0.177 80
C3 10 32 300 60 0.188 95
C4 10 29 300 60 0.204 90
C5 10 26 300 60 0.154 10
D1 10 32 400 60 0.192 S0
D2 10 32 300 60 0.188 95
b3 10 32 250 60 0.174 0
D4 10 32 200 60 0.169 70
Ds 10 32 100 60 0.165 50

:Pcak width at half maximum from XRD measurement.
SEM observation,

MCM-41 were made in Table 2. The percentages of tubes
(about 0.1 to 0.6 pum in diameters) among the synthesized
products were accovnted for by SEM pictures. The full
width at half maximum (FWHM) of XRD patterns corre-
sponding to the hexagonal (100) plane was used as a quan-
tity for MCM-41 crystallinity. It can be observed when the
ratios of wbular shape MCM-41 were less than or equal o
50% (most were particle shapes), the FWHM from XRD
patterns was generally lower than those with higher ratios of
tubular shape. For example, when the stirring specd was in-
creased from 100 rpm to 400 rpm (No. D1 to D5 in Table 2)
while other synthesis conditions were maintained as con-
stants, the tubular shape ratios were increased from 50% to
more than 90%, and the FWHM of the XRD increases from
0.165 to more than 0.174. Notice that the smaller FWHM of
the XRD means better and more ordered hexagonal packing;
in-other words, the larger FWHM of tubular shape means
less ordered crystallinity in MCM-41. It can be concluded
from this study that the formation of tubes from lamellar
membranes during an acidification process places con-
straints on the orderly hexagonal packing in MCM-41;
therefore, the crystallinity of MCM-41 with a tubular shape
is. generally less than those of MCM-41 with a particle
shape.
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The tubular shape MCM-41 can be made at optimum
synthesis conditions with an appropriate mixing system as
illustrated in the Experimental Section with a mixing time
for sodium silicate gel of about 10 min, an H;S04 (1.2 M)
solution addition rate of 60 to 120 mL/min, a stirring speed
of about 300 rpm, and a mixing and acidification tempera-
ture of about 32 °C.

Adding 1-Alkanols for Promoting the Formation of the
TWT Hierarchical Structure’!

In the previous part, it was shown that adding a proper
amount of medium carbon chain length 1-alkanols
(CaHomaOH, COH; m = 4) to the short carbon chain length
cationic surfactant, quaternary ammonium halides
CuHan TMAX -silicate (n = 10-14, C,TMAX, X = Bror Cl)
systems cain have a marked tmprovement in the hexagonal
order. However, it has been argued (vide supra) that, by
adding a proper amount of the C,OH cosurfactant with m >
4, the hydrophobicity of the surfactant can be increased and
hence favors the formation of hexagonal-lamellar interme-
diates, which are responsible for the formation of TWT hier-
archical structure.

Upon adding a proper amount of C4OH to the respec-
tive C4sTMAB or C;TAMB-silicate-H,O system, the SEM
results show that the morphology of the products would
transter from broken tubules or particles to distinct TWT hi-
erarchical structures (Fig. 9) at rather high product yield (ca.
80-95%). The nanometer-scale physical properties of these
hierarchical structured materials, such as the XRD patterns,
d-spacings, pore diameters and BET surface areas are nearly
tdentical with those listed in Table 1 for the same systems.

The TWT hierarchical structyre can also be synthe-
sized from other C,TMAX-C,OH-silicate systems (n = {2-
14; X = Bror Cl; m 2 3) by adding a proper amount of C,OH
with suitable carbon chain length to the desirable surfactant-
silicate systems. It is found that, for the C.,TMAX-C,OH-
silicate system, the amount of CnOH cosurfactant required
in producing MCM-41 with TWT morphology decreases
with increasing the carbon chain length of the surfactant,
The desirable amount of added CnHan,. OH for the forma-
tion of lamellar-hexagonal liquid crystai intermediate nec-
essary to synthesize the Tubules-Within-Tubule (TWT}) hi-
erarchical structure whose morphology and size can be con-
trotled by varying the water content and the CquHzm,  OH/sur-
factant ratio.

Formation of the Hierarchical Hollow Spheres of
Mesoporous Materials>?

For the synthesis of MCM-41, when the intermediate
structure becomes softer before extensive polymerization of
silicates, other higher order organizations may also be con-
trolled and formed, ¢xcept for the TWT hierarchical struc-
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ture. Here we use more cosurfactant butanol in addition to
the surfactant C,TMAB-silicate-water systems to adjust
the bending elasticity of the membrane and helping with
vesicle formation. Fig. 10A is a SEM micrograph of the
hollow spheres made after calcination. The yield is rather
high (> 98%) and the size is uniform, with an average di-
ameter of 5.0 + 1.0 pm. In Fig. 10A, one can see that some
of the spheres are broken and they are always hollow with a
pillar in the center. The spheres are intact after calcination;
some are broken only when pressed hard by a spatula during
SEM sample preparation. The XRD patiern of the material
is typical for the hexagonal MCM-41 with dioo = 3.7 nm.

Fig. 10B shows an enlarged picture of one of the Pil-
lar-within-Sphere (PWS) structures. Notice that the shell of
the sphere appears rather thin, like eggshell, and a large
amount of silica appears located at the center pillar. While
most of the inside structures are of PWS form, even higher
genus structures oceur. Fig. 10C is a picture for the Fork-
within-Sphere (FWS) structure. Fig. 10D shows a Cross-
within-Sphere {CWS) structure. The abundance of the three
types in this mesoporous sample is roughly in the order of
PWS >> FWS = CWS.

Fig. 9. The SEM micrographs of the calcined MCM-41
materials prepared from (C1aTMAB, C,TMAB)-
C4OH-silicate systems. (A) CsOH/C4TMAB =
0, (B) C,OH/C,,TMAB = 0: (C) C,OH/
C4TMAB = 0.60 and (D} CsOH/C1;TMAB =
0.85.
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Part 3. The Application of the TWT Mesoporous
MCM-41 Materials as the Heterogeneous Catalysts

The catalytic performance of various molybdenum
loaded catalysts is compared in Fig. 11, Similar results are
observed for these catalysts after regeneration in air at 500
*C. In both fresh and regenerated catalysts, MCM sup-
ported samples show higher steady state activity than SiO:
supported ones, and physicaily mixed samples are better
than impregnated ones. Molybdenum catalysts with tubular
MCM support are particularly active. The steady state ac-
tivity decreases in the order: Mo + Mr > Mo + Me > Mo/Mp
> Mo/Si0;. The rate of deactivation seems to depend on the
nature of the support, and increases in the order: My < Mp <
$i0s. The nomenclature of the catalysts is shown in the fig-
ure caplions.

Characterization of Mo + My shows that they still pre-
serve the basic properties of the support, namely bimodal
pore size distribution, high surface area and pore volume. In
other words, My is stable under thermal treatment in the
presence of transition metal cations to at least 500 °C. The
presence of metal oxide in the mesopore system of the
physically mixed catalysts can be concluded from the de-

=

11144 2BkY R1008K
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Fig. 10. The SEM micrographs of the calcined sample
with different pillar shape, prepared from
CsTMAB-BuOH-silicate-H;0 gel composition.
A. hollow spheres, B. pillar-within-sphere, C.
fork-within-sphere, D. cross-within-sphere.
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Table 3. Catalytic Performance of Mo-based MCM-41 Catalysts

Catalyst Surface Area % Decay 107 x Activity (moV/h.g)
(m*/g) Initial Steady State
Fresh Regen. Fresh Regen. Fresh Regen.
Mo + My 1005 20 18 6.34 5.37 3.07 2.99
Mo + Mp 959 29 31 588 5.08 2.60 2.20
Mo/Mp 779 31 22 434 4.04 1.53 1.48
Mo/Si0; 377 48 47 5.26 4.74 1.12 0.93

The rate of catalyst deactivation is expressed in tetms of the % decrease In initial conver-

sion after 2 hr of reaction.

Initial and steady state activity was taken after 0.5 and 24 h of reaction on stream.

creased pore volume relative to the support. It is generally
agreed that many oxtdes such as MoO: can be spontane-
ously dispersed onto the surface of supports to form a mono-
layer, because in these cases, the monolayer is a thermody-
namically stable form.”>** In order to minimize the forma-
tion of multilayers, the Mo loading of the catalysts used is
limited to 6% which is below the critical dispersion capacity
of a monolayer of Mo(}; on the surface of even SiQ.. Con-
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Fig. 11. Comparison of fresh Mo-loaded catalysts, Mo +
Mp: Physically mixed catalyst with particulate
MCM-41 as support; Mo/SiO,: Impregnated
catalyst with amorphous silica as support;
Mo/Mp: Impregnated catalyst with particulate
MCM-41 as support; Mo + My Physically
mixed catalyst with tubular MCM-41 as support.

sistently, XRD analysis does not reveal the existence of bulk
Mo0; on the surface of atl the catalys(s.

Physical mixing is the simplest way 10 prepare a cata-
lyst. The resutts of Mo + My catalyst in ethylhenzene dehy-
drogenation to styrene are summarized in Table 3, topether
with the data from other related systems for comparison put-
poses.

It is noted that Mo + My is the best performing catalyst
with the highest steady state activity, which is a resultant of
the initial activity and decay rate. The decay rate is the low-
est even under the influence of intense acid-catalyzed side
reactions known to produce coke, i.e oligomerization of sty-
rene and cracking of ethylbenzene as revealed from its prod-
uct distribution. Obviously, the high surface area and poros-
ity of its framework have played a determining role in the
catalytic reaction. The effect they exert can be looked at in
three ways:

(i) Allows a better spreading of MoQ; from extermnal to
its entire surface, and the concentration of reactive centers
(possibly pairs of neighboring Mo sites) thus increases.
This proposition is in-line with our TPR results as well.

{i) Allows a better diffusion of reaciant and product
since each segment of the wbule’s wall can be considered as
a small particle of Mp. In this respect, the activity will be
improved since the diffusion path (to the active site) is
shorter than the case with particulate morphology.

(iii) Allows a better spreading of the reduced MoOx
species formed during the course of reaction through its en-
tire surfaces, thus lowers the possibility of sintering in a re-
duced environment. The decay rate of Mo/Si0, catalyst is
the highest since it is amorphous and has the lowest surface
area.

CONCLUSIONS

The delayed neutralization process is a preferable
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method for synthesizing highly-ordered silica and alumi-
nosilicate MCM-41 with thick walls, high thermal and hy-
drothermal, and sharp pore size distributions. In this proce-
dure, we could progressively improve the order and pore
sizes in order to oblain desirable MCM-41 materials. Add-
ing the 1-alkanol can improve the hexagonal structure order.
Using the mixture surfactant systems provides a convenient
method for fine-tuning the pore size. And the mesoporous
materials with varicus pore dimensions, from 1.5 to 4.5 nm,
could be readily synthesized by using the surfactants of dif-
ferent chain lengths or adding a suitable amount of hydro-
carbons.

One can build the more complex hierarchical struc-
tures by careful control of the acidification rate to delay the
formation of rigid structure. This may give us a new way to
explore the many rich complex structures that are possible
in a surfactant system and 1o form some new mesoporous
structures. Adding alcohol as cosurfactant has resulted in
many rich phase behaviors in ternary cosurfactant-surfac-
tant-aqueous systems; it could open up a new way to synthe-
size other interesting hierarchical MCM-41 through various
intermediate phases. This comprehensive study shows the
capability in fine-tuning the structural ordering and mor-
phology of mesoporous materials. Such capability would
be useful in the future applications of MCM-41 materials in
producing catalytic supports or embedded nanomaterials.

The ability to synthetically control the intricate hollow
tubular and spherical forms of the aluminosilicate MCM-41
could find important applications in catalysis, separation
technology and optoelectronics.™ This process will be also
suitable for manufacture of biomimetic hierarchical silica
assemblies that may help one to understand the complex
biomineralization process.

Mesoporous MCM-41 is well-known as a catalyst stp-
port for catalytic reactions involving bulk organic molecules
due to its large surface area and pore size. However, by us-
ing a smaller reacting molecule like ethylbenzene which has
no diffusion limitation in the pore systems (similar siyrene
selectivity in Mo/Mp and Mo/Si0; catalysts), we show for
the first time in a mesoporous system the influence of struc-
tural morphology of a support on the performance of the
catalyst. A similar phenomenon has been observed 1n the
well-known microporous zeolite system. MCM-41 tubules
possess both the pore structure and particle size advantages
complementary to the many known zeolites,
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