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We investigated detailed conditions for synthesizing the tubular form of MCM-41 mesoporous alumino-
silicate. The method is the delayed neutralization method in which the rate of neutralization is one of the con-
trolling factors. Rapid neutralization results in the particulate form while gradual neutralization leads to tu-
bules. It is found that the tubule morphology has several sub-categories. There are thick-walled, think-walled
hollow tubular MCM-41 and solid core tubules. There are void structures in the channel framework that makes

the nanochannels to be effectively interconnected.

INTRODUCTION

Recently, we reported that several micron-sized hierar-
chical structures, i.e. tubules-within-tubule (TWT)' and hol-
low pillared spheres (HPS),? could be successfully synthe-
sized through soft and bendable intermediate of surfactant/sil-
icate mesophase at the high alkalinity condition by careful
control of the rate of acidification and the synthetic compo-
nents. The MCM-41 nano-channels form the wall of these mi-
crometer-sized hierarchical structures. Thus, the preparation
of mesoporous aluminosilicate materials was elevated to a
newly exciting level by having at least two length scales,
namely, micro- and nano-meters.’ The ability to control struc-
tures in both length scales will have crucial impacts on cata-
lysts, biomineralization, and design of the nanomaterials. In
previous works that reported hierarchical order, the mi-
cron-scale structure is mostly generated by a separate mold,
for example, by microemulsion® or bacteria,’ as a template for
growing the nanostructure. In contrast, our process involve a
“liquid crystal phase transformation” mechanism.' This then
opens up a new approach to the design of hierarchical orders
in inorganic nanomaterials, for many other complex orders
can be achieved in complex liquid crystalline phases and mod-
ern theories of complex fluids® have developed to the extent
that it can help us to understand the associated phase changes.

In our previous reports,’ we found that an ordered meso-
porous molecular sieve MCM-41 with the tubules-within-
a-tubule (TWT) hierarchical structure could be successfully
synthesized in a highly alkaline condition by careful control
of the surfactant-water content and the silica condensation
rate. Liquid crystal phase transformation under a gradual neu-

tralization process, was proposed for the formation of the hier-
archically ordered structure of C;TMAB-aluminosilicate
system.

Subsequently, we found that this special tubular form of
MCM-41 has a peculiar 3D pore system.” This is due to many
voids situated between the channels which effectively make
the channels inter-connected as a three-dimensional network,
and hence, inter-channel diffusion is possible. We demon-
strated its advantage as a support in ethylbenzene dehydro-
genation as the probe reaction.” The tubular MCM-41 was
shown to have higher catalytic activity when used as a catalyst
support for ethylbenzene dehydrogenation.” The enhanced ac-
tivity in different morphology was attributed to the intercon-
nection of the channels through voids in the framework.

Because the microtubular morphology of MCM-41
products is unusual in its facile transport, the details of this
new morphology need to be examined carefully. In this paper,
crucial factors, which alter the formation of MCM-41 materi-
als in tubular structures are investigated in greater detail. It is
found that the TWT structure actually encompasses many dif-
ferent tubular forms indicating variations in the micron-scale
structures. And the void defects also vary. We report in these
paper different forms of tubular MCM-41 from various syn-
thetic conditions, which will be useful for the employment of
TWT MCM-41 either in catalysis support or in adsorption.

EXPERIMENTAL

Materials
The silica source is sodium silicate (27% SiO,, 14%
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NaOH) from Aldrich, and the source of aluminum is sodium
aluminate (AINaO,) from Riedel-de Haén. The alkyltri-
methylammonium halides (CyH2n+1(CH3);NX (n = 10-16,
C,TMAX, X = CI or Br); Cetylpyridinium chloride
(C16H33CsHsNCI) used as the surfactant templates are pur-
chased from Tokyo Chemical Industry, Acrés, Aldrich. The
1-alkyanols (C,OH) are from Merck. Sulfuric acid (H2SOs;
96%) is from Merck. All of these materials were used directly
without further purification.

Synthesis

The typical synthetic procedure for preparing the pure
silica and aluminosilicate MCM-41 mesoporous materials is
based on the delayed-neutralization process reported in one of
our previous papers.® The “fast neutralization” procedure was
used for preparing the microparticle-shaped mesoporous
MCM-41 samples, and the “gradual neutralization” procedure
was performed to synthesize the TWT hierarchical structure.
The molar composition of the resultant gel is: 1.0 C,TMAX :
2.10 SiO; : (0-0.21) AINaO; : (1.63-1.20) NaOH : (0-1.0)
CnOH : (0.67-0.40) H,SO4 : (50-500) H,O. The resulted gel
mixture hydrothermally reacted at 100 °C for 48 h in a static
autoclave. The as-synthesized product was recovered by fil-
tration and washing process with a variety of deioned water,
then calcined at 560 or 580 °C in air for 6 h for removing the
templates.

Characterization

The powder x-ray diffraction (XRD) patterns of the
as-synthesized and calcined samples were collected on a
Scintag X1 diffractometer using Cu Ky (A = 0.154 nm) radia-
tion. N, adsorption-desorption isotherms of the calcined sam-
ples were obtained on a Micromeritics ASAP 2010 system at
77 K with samples outgassed at 250 °C under 107 torr for at
least 3 h. Bulk mesoporous materials for TEM characteriza-
tion were embedded in Spur resin and cured at 60 °C over-
night. Ultrathin sections (approximately 30-50 nm) were cut
from the embedded specimen using a diamond knife at room
temperature. Sections were picked up on copper grids. The
transmission electron micrographs (TEM) were recorded on a
Hitachi H-7100 micrometer operated at 75-100 keV. Scanning
electron microscopy (SEM) was performed on a Hitachi
S-800 operated at an accelerating voltage of 20 keV.

RESULTS AND DISCUSSION

In this section, we present the results of morphology in-
vestigation under various synthetic conditions. It has been
known that the condition for making tubular MCM-41 is much
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more restricted than the normal particulate form."’ There are
many factors that need to be carefully controlled. These are
the water/surfactant ratio, surfactant chain length, counterion,
and the rate of acidification of the gel solution. We will exam-
ine them individually.

Let us first examine the effect of the rate of neutraliza-
tion. In the delayed-neutralization process, the surfactant/sili-
cate solution is initially at high alkaline condition, pH > 13.
One has to add acid to start the formation of oligomer of sili-
cates. Only then can the silicates begin to exchange for the
counterions of the rod micelles which finally lead to the for-
mation of the hexagonal phase.'® It turns out the rate of neu-
tralization is crucial for the formation of tubular MCM-41."

Fig. 1 shows the framework structure and morphology
ofthe MCM-41, from CTAB and sodium silicates, under rapid
neutralization Process. Only the sub-micron particulate form
of MCM-41 is observed (Fig. 1A). TEM (Fig. 1B, C) micro-
graph indicates the nanostructure of the hexagonal framework
is well-ordered containing little defects. Fig. 1D illustrates
schematically the well-ordering of the hexagonal phase.

However, when one decreases the pH value of initial

Fig. 1. The SEM and TEM micrographs of the micro-
particle shaped mesoporous sample synthesized
from the compositions of 1 C;(TMAB : 2.10
SiO; : 0.68 NaOH : 0.29 H>SO4 : 165 H,O by a
fast neutralization process. A. SEM micrograph;
B. TEM micrograph viewed along the channels
direction; C. TEM micrograph viewed perpen-
dicular to the channels direction; D. a schematic
diagram of the mesostructures of the micro-
particle.
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surfactant/silicate very slowly by gradual neutralization, the
morphology of MCM-41 becomes predominately tubular. The
tubular form is formed in the room temperature stage and it
survives the subsequent hydrothermal treatment and calcina-
tion. Fig. 2A shows the morphology of tubular MCM-41; the
lengths of the tubules are more than 100 mm. Fig. 2B shows
that the tubules are hollow. It should be noted that the samples
shown in Fig. 1 and Fig. 2 start from almost exactly the same
gel composition. The rate of neutralization is the only differ-
ent factor.

Next, we add aluminum source NaAlO; to the initial gel,
while the surfactant and silicates are still the same. Here the
water contents also increased somewhat in order to keep pro-
ducing the tubular form of the aluminosilicate MCM-41. Fig.
3A shows the SEM micrograph of the calcined product. The
diameters of the tubules are rather uniform at about 0.5 mi-
crometer. The yield is rather high at about 95%. This is the re-
sult of phase transformation rather than chemical kinetic con-
trol. Fig. 3C, however, shows that the tubules are solid inside
(not hollow), but containing many voids.

The TEM picture in Fig. 3D and E again confirm that the
tubules do not have the central end-to-end big channel as in
the hollow TWT. Instead, one finds many small voids dis-
persed among the nanochannels. Fig. 3F shows the schematic
drawing of the defects in the tubule.

On the other hand, when one used the surfactant C,sPyCl,
the water content needs to increase to a higher value to form
tubular MCM-41. In this case, one finds a hollow tubular
MCM-41 with a much bigger central cavity. Fig. 4 and B show
the morphology of the materials; the yield is again rather high.
On closer examination by TEM (Fig. 4C), one sees the tubules
are rather empty inside. Fig. 4D shows an ultra-thin section
across the tubule with a hollow tubule with a very thin wall,
which is rather transparent under a TEM electronic micro-
scope. The TEM micrograph in Fig. 4E shows the external

Fig. 2. The SEM micrographs of the microparticle-
shaped mesoporous sample synthesized from
the compositions of 1 C;sTMAB : 2.10 SiO, :
0.68 NaOH : 0.29 H,SO4 : 163 H,0 by a gradual
neutralization process. A. SEM micrograph; B.
SEM of a hollow TWT structure.
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wall is rather defective.

To successfully synthesize the tubular MCM-41, the
length of the surfactant chain and the composition need to be
in a rather narrow range. Another example is by using the
mixed surfactant C;sTMAB and C,(TMAB in the synthetic
gel. The change of octadecyltrimethylammonium bromide
(CisTMAB)/decyltrimthylammonium bromide (C;(TMAB)
ratio gives different micrometer-scaled structures. Given an
optimum neutralization rate, the morphology of MCM-41
at both [CisTMAB ]/[C1¢TMAB] = 1 and [C;sTMAB]/
[CioyTMAB] = 5-8 is a small particle, also while at [C;sTMAB
J/[C1iTMAB] = 3, the system gives TWT structure. We found
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Fig. 3. The SEM and TEM micrographs of the micro-
particle shaped mesoporous sample synthesized
from the compositions of 1 C;{sTMAB : 2.10
SiO; : NaAlO; : 0.68 NaOH : 0.29 H>SO4 : 178
H,O by a gradual neutralization process. A.
SEM micrograph; B. larger-magnification SEM;
C. microtome TEM micrograph; D. microtome
TEM micrograph viewed along the channels di-
rection; E. microtome TEM micrograph viewed
perpendicular to the channels direction; F. a
schematic diagram of the mesostructures of the
TWT hierarchical structure.
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that the optimum average chain length for preparing TWT
structure is 15 ~ 16 for the mixed C,TMABr system and 16 ~
17 for the mixed C,TMACI system.’ The underlying deter-
mining factor is the average hydrophobicity of the surfactants
employed.’

For shorter chain surfactants, adding a cosurfactant, me-
dium chain alcohol, can also help the formation of better
structured MCM-41. We also tried its use in helping the for-
mation of tubular MCM-41. Fig. 5 shows the SEM micro-
graphs for C,TMAX (n < 16) with the use of the co-surfactant
alcohol. Without alcohols, these surfactants could not form tu-

Fig. 4. The SEM and TEM micrographs of the micro-
particle-shaped mesoporous sample synthesized
from the compositions of 1 Ci6PyCl:2.10 SiO, :
0.68 NaOH : 0.29 H,SO4 : 206 H,O by a gradual
neutralization process. A. SEM micrograph; B.
larger-magnification SEM; C. microtome TEM
micrograph; D. microtome TEM micrograph
viewed along the channels direction; E. micro-
tome TEM micrograph viewed perpendicular to
the channels direction; F. a schematic diagram
of the mesostructures of the TWT hierarchical
structure.

Lin et al.

bular morphology at all conditions we tried. The SEM of the
MCM-41 materials synthesized from C;;TMAB-C,OH-
silicate with different water content shows that the tubular
morphology could be formed only in a suitable range. At
lower water content, the sample is only in micro-particle even
with changing the C,,OH concentration. When increasing the
water content, the tubular morphology can be synthesized at a
proper range of the C,,OH/surfactant ratio.'* All of these sam-
ples have well-arranged hexagonal MCM-41 structure. To ad-
just the proper hydrophobicity for tubular morphology,
butanol is proper for matching C;sTMA+ surfactant (Fig, 5B
and C) and hexanol is better for C;; TMA+ (Fig. 5D).

The physical characterization of these tubular MCM-41
materials is also performed using XRD. Fig. 6A shows the
XRD patterns of the calcined MCM-41 samples synthesized
from CisTMABr-silicate by using the delayed neutralization
process. In Fig. 6, sample 1. II. III. IV. V. correspond to materi-
als images shown in Figs. 1, 3, 4, 5C and 5D, respectively.
There exist at least 4 sharp XRD peaks for all these samples,
indicating a well-ordered hexagonal structure of MCM-41.
These results are consistent with previously reported results
that the incorporation of aluminum into silica framework do

(IR IR

Fig. 5. The SEM micrographs of the mesoporous sam-
ple with hollow TWT structure prepared from
the compositions of 1 C,TMAX : 2.10 SiO; :
0.68 NaOH : 0.29 H,SO4 : (0-1.0) CyOH : (200-
300) H,O by a gradual neutralization process. A.
SEM micrograph of C1sTMACI; B. SEM micro-
graph of 1 C;4TMAB : 0.80 C4OH; C. SEM mi-
crograph of 1 Ci4sTMACI : 0.96 C4OH; D. SEM
micrograph of 1 C;,TMAB : 0.35 CcOH.
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not have a significant effect on the ordering of meso-structure.
However, examining the N, adsorption-desorption isotherms
of these samples (Fig. 6B), one can clearly see that a sharp in-
flection which is common to all these samples exists at p/po =
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Fig. 6. The XRD patterns and N, adsorption-desorption
isotherms of the mesoporous sample in Fig. 1-4.
A. XRD patterns; B. N, adsorption-desorption
isotherms. I. sample of Fig. 1; II. sample of Fig.
2; III. sample of Fig. 3; IV. Sample of Fig. 4C;
V.sample of Fig. 4D. In Fig. 6B, the amount ad-
sorbed for sample II, I11, IV, V was increased by
200, 400, 600, 800 cm?/g STP, respectively.

J. Chin. Chem. Soc., Vol. 47, No. 5, 2000 1081

0.32. This inflection is typical of a capillary condensation pro-
cess and the p/po value corresponds to a pore size of about 2.6
nm (calculated from the BJH method), except for a smaller
pore size for sample V. The pore size distribution of these
samples is also narrow, and the full width at half maximum
(FWHM) is only about 0.15 nm. From the corresponding
TEM micrographs, we found that those sample (particulate)
showing little structural defects also give no or little adsorp-
tion hysteresis. However, all the tubular samples (II to V)
have an additional and uncommon type-H3 hysteresis loop
(de Boer’s classification) at p/po between 0.5 and 1. Here, we
define the size of hysteresis loop in the isotherm as the differ-
ence in N adsorption volume between the desorption and ad-
sorption branches in the aforementioned range. The size of the
hysteresis loop is the highest for sample II in which are also
observed the most abundant voids. The existence of such a
type-H3 hysteresis loop can be attributed to the formation of
void defects in the MCM-41 hexagonal matrix, in which the
sharp drop of isotherm in the desorption hysteresis curve as
due to pore-blocking of those voids.

CONCLUSIONS

In this paper, we have examined the different tubular
morphologies made from quateriumn ammonium surfactant,
co-surfactant, and silicates. The central hollow channel of the
micron-size tubules could have various sizes or do not exist at
all. Regardless of these differences, all the tubular MCM-41
materials possess void defects in the framework. This leads to
an effectively interconnected 3D nanochannel system. This
void defects promote the transport of adsorbents or reagents in
applications.

We also found that although the surfactant hydropho-
bicity is rather restricted for the formation of tubules, one
could use co-surfactant(alcohol) or adjusting water content to
promote the formation of tubules. This make possible some
limited room of adjustment to form tubular MCM-41 with dif-
ferent pore size.
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