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ABSTRACT

Preparation conditions of silica monoliths for high performance liquid
chromatography (HPLC) were systematically studied. The monoliths
eventually formed were examined in many aspects, including mechanical
strength, skeleton size, through pore size, BET surface area, pore volume,
etc. The mechanism of mesopore formation and parameters affecting
mesopore structures, such as cytyltrimethylamine bromide (CTAB) in the
reaction mixture and after-treatment with ammonium hydroxide, were
also studied in detail.

Key Words: Preparation conditions; Silica monolith; Cytyltri-
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INTRODUCTION

For nearly two decades, columns packed with spherical silica particles of
5um have been widely used in high performance liquid chromatography
(HPLC).["! But, with the progress in separation science and technology, high
column efficiency and fast analysis becomes increasingly necessary. Though
high column efficiency may be realized by reducing the particle size, it is
sometimes not adopted in actual applications due to the accompanying high
backpressure. So, particles of 5um act as a compromise between column
efficiency and backpressure for the time being.

Fast analysis necessitates an increase in velocity of mobile phase, but
simultaneously generates an increase in plate height and backpressure. This was
partly overcome by perfusion particles whose perfusion pores make convective
mass transfer possible. Convective mass transfer can set up a balance between
stationary phase and mobile phase quickly, which permits raising the velocity of
mobile phase without sharply decreasing the column efficiency, and realizing
fast analysis. But, due to the high porosity of perfusion particles, the back-
pressure is so low that most of the mobile phase flows around the particles rather
than through the perfusion pores, diminishing the convection effect. And then,
fast analysis is not so practical by using such packings. Therefore, advancement
in HPLC seemed to be hindered until the emergence of the silica monolith.

Silica monoliths were introduced as HPLC stationary phases by Nakanishi
et al. in the last decade,”® ' and then it was commercialized by Merck KGaA.
The most distinguishing character of silica monolith lies in its bimodal pore
structure, namely mesopores and through pores. The former, existing on the
surface of the silica skeletons, provide sufficient phase ratio for the chromato-
graphic adsorption—desorption process, while the latter offers a network
through which the mobile phase would flow. This novel pore structure enables
fast separation while keeping high column efficiency. This has already been
demonstrated by Cabrera et al.!'* In their report, baseline separation of three
parabens was achieved in 1min at a flow rate of 9mL/min of the mobile
phase, while the backpressure was just 100 bar. Tanaka also reported the fast
separation of nine polypeptides within 5 min.!'*! Their research demonstrates
that silica monoliths integrate fast analysis as well as high column efficiency,
and they naturally attracted increasing attention in recent years.!'>!¢!

Silica monoliths are synthesized by means of sol—gel technology in which
hydrolysis and polycondensation of alkoxysilane take place in the presence of
water-soluble polymer. The water-soluble polymer induces phase separation in
the process, forming a silica phase and a solvent phase. After washing and
calcination, the former becomes the silica skeleton while the latter forms the
through pores. Mesopores could be obtained by eroding the silica skeletons
with bases. Tanaka et al. have demonstrated that silica monoliths with different
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skeleton sizes and through pore sizes could be acquired by altering the
polymer additive.'”) Nakanishi et al. reported that mesopore size of silica
monoliths could be tailored by urea treatment, ranging from 3 to 500 nm."’

In this paper, we explored the relationship between microstructure of a
silica monolith and its mechanical strength, and the effect of cytyltrimethyl-
amine bromide (CTAB), which was widely used in the synthesis of ordered
mesoporous materials, on the mesopore formation of the silica monolith.
Moreover, the conditions for preparing of silica monoliths were also investi-
gated systematically.

EXPERIMENTAL
Reagents and Materials

Tetramethoxysilane (TMOS) was obtained from the Chemical Factory of
Wuhan University (Wuhan, China). Acetic acid, CTAB, methanol, and
poly(ethyleneglycol) (PEG, M,,=10,000) were purchased from Shanghai
General Chemical Reagent Factory (Shanghai, China). Water was distilled
from a quartz apparatus. Disposable plastic syringes of 5 mL were purchased
from Nanchang Medical Instrumental Company (Jiangxi, China).

Preparation of Silica Monoliths

Silica monoliths were prepared by a sol-gel process as in previous work,
with modifications.'®) Generally, TMOS, PEG, acetic acid, and CTAB (when
necessary) were mixed together. After the mixture was vigorously stirred at
273 K for 20 min, it was drawn into a syringe and put into an oven at 313 K for
reaction. Twenty hours later, gelation took place within the syringe, forming
the wet silica gel. After remaining at room temperature for 2 days, the wet gel
was washed, sequentially, with water and methanol. Then, it was dried at
313 K for 3 days. Finally, the monolith was placed in a crucible and sintered at
873 K for 2 h. The ratio of the reactants is summarized in Table 1.

Mechanical Strength Evaluation

To evaluate the mechanical strength of the silica monoliths, external
pressure experiments were performed. Briefly, silica monoliths were packed
together with silica particles (ca. 1 ~2 pum) in a stainless steel column, and
then flushed with methanol at 100 kg/cm?” for 24 h. Afterwards, the monoliths
were taken out to observe their integrity.
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Table 1. The starting compositions of reactants and assigned codes for

monoliths.

TMOS PEG CH;COOH CTAB

(mL) (2) (0.01 mol/L) (2) Assigned codes
4 1.0 10mL — Monolith 4

5 1.0 10mL — Monolith 5

6 1.0 10 mL — Monolith 6-10

7 1.0 10 mL — Monolith 7

6 0.8 10mL — Monolith 6-8

6 1.1 10 mL — Monolith 6-11

6 1.2 10mL — Monolith 6-12

6 1.0 10mL 0.7 Monolith CTAB-07
6 1.0 10mL 2.4 Monolith CTAB-24

Ammonium Hydroxide Treatment

In order to obtain suitable mesopores, some of the monoliths underwent
ammonium hydroxide treatment. Usually, the monoliths were put into a
container filled with different concentrations of ammonium hydroxide, and
then heated to 313K for 8 h. After washing away the ammonium hydroxide
with water, the monoliths were thoroughly dried for measurement of sur-
face area and pore size. Table 2 gives the concentrations of ammonium

hydroxide in detail.

Characterization

assigned codes for monoliths.

A Hitachi Model X-650 scanning electron microscope was used for SEM
observations (Tokyo, Japan). Slices of cross-section were cut off from the

Table 2. The starting compositions of reactants, treating conditions, and

TMOS PEG CH;COOH NH; - H,0

(mL) (2) (0.01 mol/L) (mol/L) Assigned codes
6 1.0 10mL 0 Monolith 6-10

6 1.0 10mL 0.01 Monolith NH3-001
6 1.0 10mL 1 Monolith NH3-1

Copyright © 2003 by Marcel Dekker, Inc. All rights reserved.
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monoliths and vapor deposited with gold for scanning electron microscope
analysis at 25kV.

Surface area and pore size analyses were carried out on a Coulter SA 3100
Plus surface area and pore size analyzer (Florida, USA). Briefly, monolithic
samples were ground into pieces and heated at 573 K in vacuum for 3h to
remove any physically adsorbed substances before analysis. Nitrogen
adsorption—desorption isotherms were determined at 77 K.

RESULTS AND DISCUSSION

The Influence of TMOS Concentration on Mechanical
Strength of Silica Monoliths

The silica monoliths, prepared with different ratios of reactants according
to the same procedure, are listed in Table 1. Figure 1 shows the photos of
Monolith 4, Monolith 5, Monolith 6-10, and Monolith 7 after pressure
application. Under an external pressure of about 100kg/cm?® Monolith 4
collapsed quickly into small pieces, and Monolith 5 split into two parts; while
Monolith 6-10 and Monolith 7 kept their integrity well. The collapse of
Monolith 4 indicates that its skeleton was not well interconnected and, thus,
could not withstand external pressure. The fracture of Monolith 5 suggests that
its skeleton was just partly connected. However, Monolith 6-10 and Monolith 7
could withstand the applied pressure and eventually kept their integrity.
Obviously, the skeletons of Monolith 6-10 and Monolith 7 were uniform
and highly interconnected. These results illustrated that the concentration of

Figure 1. Photographs of monoliths. (A) Monolith 4; (B) Monolith 5; (C) Monolith

6-10; (D) Monolith 7.
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TMOS can affect the mechanical strength of the silica monoliths. From
Monolith 4 to Monolith 7, as shown in Table 1, the concentration of TMOS
gradually increased. A higher concentration of TMOS, after hydrolysis, could
generate more silanol groups in the reaction solution, which would further
react and establish a skeleton with a high level of interconnections. Therefore,
the mechanical strength of the monolith increases with the increase in TMOS
concentration.

Influence of TMOS Concentration on Pore Structure
of Silica Monolith

In the above section, we have presented that only Monolith 6-10 and
Monolith 7 possessed favorable mechanical strength for HPLC, so the
influence of TMOS concentration on pore structures was studied on these
two monoliths. When several drops of water were put onto Monolith 6-10 and
Monolith 7, simultaneously, it can be found that water was adsorbed by
Monolith 6-10, while it made Monolith 7 crack into pieces, as shown in
Figure 2.

Agren et al.!'”) have reported that inorganic clusters first formed in TEOS
sol, then, the small clusters aggregated together to form large skeletons, which
were responsible for micropores and mesopores of the final ceramic mate-
rial.l'”} Likewise, in our experiment, the silica monolith skeletons resulted
from condensation of primary particles (namely inorganic clusters) that were
produced by hydrolysis of TMOS. Gaps between primary particles are the
embryonic forms of micropores or mesopores. Smaller primary particles

Figure 2. (A) Monolith 6-10 before water treatment; (B) Monolith 6-10 after water
treatment; (C) Monolith 7 before water treatment; (D) Monolith 7 after water treatment.
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produce smaller gaps and, thus, smaller initial pores. Since the concentration of
TMOS for preparation of Monolith 7 was greater than that for Monolith 6-10,
smaller primary particles and smaller pores in Monolith 7 should be obtained.

The gaps between primary particles in the silica monolith are related to
the capillary pressure. A small decrease in the gap size would result in a
striking increase in capillary pressure. When water was introduced into
Monolith 7, the capillary pressure increased and was over the strength
limitation of Monolith 7, leading to its collapse. The same observation was
found in aerogels. When aerogel was exposed to a moist atmosphere, the small
pores in it adsorb water, leading to the increase in capillary pressure and
collapse of the aerogel..'® For Monolith 6-10, gaps between primary particles
are relatively large, and the capillary pressure is relatively small. Therefore,
Monolith 6-10 could keep its form well when adsorbing water, due to the small
capillary pressure.

Influence of PEG Quantity on Mechanical Strength of
Silica Monolith

To evaluate the influence of PEG quantity on the mechanical strength of
silica monolith, the amount of TMOS and acetic acid were kept constant while
PEG quantity increased gradually. The results show that PEG quantity also
plays an important role in the mechanical strength of a silica monolith. Under
the pressure application, Monolith 6-8 easily became a pile of slices, while
Monolith 6-10, Monolith 6-11, and Monolith 6-12 kept their original shapes,
as shown in Fig. 3. A similar experiment has been carried out by Nakanishi
et al.,'”) but they have not focused research on mechanical strength of the
monolith.

Figure 3. Photographs of monoliths. (A) Monolith 6-8; (B) Monolith 6-10; (C)
Monolith 6-11; (D) Monolith 6-12.
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Many researchers have verified that the phase separation takes place
during the sol—gel transition reaction.”” > In a homogeneous system consisting
of polymers and small molecules capable of polymerization, as the polymeri-
zation of small molecules progresses, the Gibbs free energy of the system
increases. According to the lowest energy principle, phase separation takes
place to compensate the increase in Gibbs free energy of the system. In the
system we investigated, because of hydrolysis and condensation reaction, the
Gibbs free energy of the system increased and induced spinodal decomposi-
tion and then caused phase separation. The spinodal decomposition resulted in
the formation of transient co-continuous phase domains that coarsened with an
elapse of time, and, simultaneously, the inorganic composition underwent sol—
gel transition. The gel finally froze the transient co-continuous domains as
permanent gel morphology and, thus, formed silica monoliths containing
through pores.™ Therefore, the phase separation speed and sol—gel transition
speed are responsible for the mechanical strength and morphology of the final
monoliths. The increase in PEG quantity reduces the speed of Gibbs free
energy increase, resulting in a relatively slow phase separation. The postpone-
ment of phase separation leads to the formation of fine silica skeletons
that provide abundant cross-linking sites for reaction and they strengthen
the monolith. Monolith 6-10, Monolith 6-11, and Monolith 6-12 are in that
situation. However, in the case of Monolith 6-8, due to a decrease in the
amount of PEG, the phase separation took place more quickly, resulting in
formation of a bulky skeleton and bulky solvent phases. Bulky skeletons
cannot offer the same degree of cross-link between skeletons as fine skeletons
do, leading to low mechanical strength. Therefore, Monolith 6-8 collapsed
under the pressure application.

Influence of PEG Quantity on Skeleton Size and
Through Pore Size of Silica Monolith

As discussed in the above section, the variation of PEG quantity can
influence the mechanical strength and the structure of the silica monolith. So,
SEM experiments were performed on Monolith 6-10, Monolith 6-11, and
Monolith 6-12 to observe their skeletons and through pores. Figure 4 depicts
that skeleton size and through pore size decreased with an increase in PEG
quantity. The skeleton size and through pore size of Monolith 6-10 were found
to be ca. 2 and 3.5 um, while those of Monolith 6-11 and Monolith 6-12 were
ca. 1.3, 1.6, 1.0, and 1.2 um, respectively. The variation in skeleton size and
through pore size with the varying PEG quantity can be explained by a “phase
separation” mechanism.” > As discussed above, the domain size (sum of
skeleton size and through pore size) depends on how far it can coarsen before
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© D)

Figure 4. (A) SEM of Monolith 6-10 (x1000); (B) SEM of Monolith 6-10 at high
magnification (x10,000); (C) SEM of Monolith 6-11 (x1000); (D) SEM of Monolith
6-12 (x1000).

it is frozen by the final gel. In the present case, the increase in PEG quantity
retarded the onset of phase separation, but had little effect on sol-gel
transition, indicating that transient co-continuous phase domains were frozen
by sol-gel transition in the early stage of phase separation, resulting in the
formation of small domain size, and then small skeleton size and through-pore
size. So, if the amount of TMOS and acetic acid were kept constant, more PEG
quantity caused the smaller skeleton size and through pore size.
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An SEM image of Monolith 6-10 at high magnification is shown in
Fig. 4 (B). The clear profile and straight cross section indicate that the
monolith has reasonable mechanical strength because, if the monolith were
soft, the cross section would be irregular rather than straight.

Effect of CTAB on Mesopore Size of Silica Monolith

Since ordered mesoporous silica was successfully synthesized by using
quaternary ammonium surfactants as templates,!'***) CTAB was widely used
in the preparation of different mesoporous oxides.”?!! We introduced CTAB in
the preparation of monolithic columns and evaluated its effect on mesopore
formation of silica monolith.

As shown in Table 1, Monolith CTAB-07 and Monolith CTAB-24 were
prepared by addition of CTAB of 0.7 and 2.4 g, respectively, into the reaction
mixtures. Their nitrogen adsorption—desorption isotherms are shown in Fig. 5.
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Figure 5. Nitrogen adsorption—desorption isotherms for Monolith CTAB series. (A)
Monolith CTAB-07; (B) Monolith CTAB-24.
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It can be seen that they exhibit Type IV adsorption characteristic with H1
hysteresis loop, suggesting the mesopores of the silica monoliths with
cylindrical shapes.”>**! The isotherms show no remarkable adsorption uptake
at pressures below 0.05 p,, suggesting no presence of micropores; and
thereafter, a monotonous increase in amount adsorbed until 0.75 p,, indicating
the occurrence of multilayer adsorption; a sharp increase in adsorption repre-
sents the emergence of capillary condensation; and finally, a small increase in
adsorption until p, shows no macropores existing in the monoliths.

Figure 6 shows pore size distribution curves of Monolith 6-10, Monolith
CTAB-07, and Monolith CTAB-24. It can be seen that the mean pore size
increased by the introduction of CTAB. It is interesting that Monolith
CTAB-07 exhibited two peaks, resulting from two kinds of pores with
different diameters [Fig. 6(B)]; one similar to that of Monolith 6-10 and
another one at higher pore size, while Monolith CTAB-24 gave one peak that
is between those of Monolith CTAB-07. These results imply that the mesopore
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Figure 6. Pore size distribution of Monolith 6-10 and Monolith CTAB series. (A)
Monolith 6-10; (B) Monolith CTAB-07; (C) Monolith CTAB-24.

MarceL DExkER, INC. m
270 Madison Avenue, New York, New York 10016 &

Copyright © 2003 by Marcel Dekker, Inc. All rights reserved.



19: 48 23 January 2011

Downl oaded At:

Copyright © 2003 by Marcel Dekker, Inc. All rights reserved.

2892 Shi, Feng, and Da

structure of the silica monoliths can be controlled by the addition of CTAB at
different concentrations into the reaction mixture. In the preparation of
mesoporous silica film, by using cetyltrimethylammonium chloride (CTAC)
as a templating agent, Nagamine et al. found that the pore diameter increased
as the ratio of CTAC /tetracthoxysilane (TEOS) decreased. They attributed the
result to the intermediation between a silica wall and a CTAC micelle by a
water layer whose thickness increases with the increase in the H,O/CTAC
ratio.”*! The mesopore sizes of the resulting Monolith CTABs in our
experiment are greater than that of the mesoporous silica film prepared by
Nagamine et al., but they have the same varying trend in the mesopore size
with the variation in the concentration of CTAB or CTAC. Therefore, the first
peak, as shown in Fig. 6(B), similar to that of Monolith 6-10 obtained in the
absence of CTAB, is contributed from PEG; while the second peak might be
ascribed to the synergetic effect of CTAB and PEG. However, only one broad
peak in Fig. 6(C) might result from the overlap of the two peaks due to the
shift of the second peak to small pore size.

Influence of Ammonium Hydroxide Treatment on
Physical Characteristics of Silica Monolith

In addition to organic additives, base eroding was a common means for
improving the pore structures of silica materials. In order to evaluate the effect
of base treatment on silica monoliths, Monolith 6-10 was treated with
ammonium hydroxide of different concentrations, as listed in Table 2. The
isotherms of the base-treated Monolith 6-10 obtained from nitrogen
adsorption—desorption (not shown) were similar in shape to those in Fig. 5.
But, with the increase in the base concentration, the hysteresis loop shifted to
higher relative pressure gradually. Figure 7 shows the pore size distribution
curves of the base-treated monoliths. It can be seen that, from Monolith 6-10
to Monolith NHs-1, the mean pore size shifts to higher values with the
increase in the concentration of ammonium hydroxide, accompanied by spread
of pore size distribution.

The treatment with ammonium hydroxide induces a dissolution-repreci-
pitation process in the monolith, as shown in Table 3, which increases the
mean pore size and the pore volume, but decreases the specific surface area.
These results are consistent with that reported by Tanaka et al..*! However,
we used different treatment procedures from those of their work. In their
research, the monoliths were treated at the wet gel status by using urea or
ammonium hydroxide, while we did it after calcinations, avoiding the defor-
mation of the monolith.
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Figure 7. Pore size distribution of Monolith NHj series. (A) Monolith 6-10; (B)
Monolith NH3-001; (C) Monolith NH;-1

CONCLUSION

Silica monoliths were prepared by sol-gel technology. The results show
that monolithic columns suitable for different HPLC applications can be easily
obtained by altering the starting composition of reactants or after-synthesis
treatment. Methods for increasing the mesopore size were studied. Treatment

Table 3. Characteristics of several monoliths.

BET surface Pore volume
Samples (nm) area (sqm/g) (mL/g) Mean pore size
Monolith 6-10 285.84 0.84799 11.32
Monolith NH3-001 196.05 0.87261 16.56
Monolith NH5-1 140.86 0.9251 24.00
Monolith CTAB-07 249.57 0.83008 11.95/14.35
Monolith CTAB-24 257.12 0.8445 12.66

Copyright © 2003 by Marcel Dekker, Inc. All rights reserved.
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with ammonium hydroxide was a powerful means to increase the mean pore
size, but with sacrifice of the pore size distribution. Introduction of additives
such as CTAB is another practical way to widen the pore size without notable
increase in pore size distribution.

ACKNOWLEDGMENTS

The authors gratefully acknowledge National Nature Science Foundation

of China (Grant: 20275029) and the Excellent Young Teachers Program of
MOE, P.R. China.

Copyright © 2003 by Marcel Dekker, Inc. All rights reserved.

) 7

REFERENCES

. Guiochon, G. Optimization in liquid chromatography. In High-Perfor-

mance Liquid Chromatography—Advances and Perspectives; Academic
Press: New York, 1980; Vol. 2, 1-56.

. Ishizuka, N.; Minakuchi, H.; Nakanishi, K.; Soga, N.; Tanaka, N.

Designing monolithic double-pore silica for high-speed liquid chromato-
graphy. J. Chromatogr. A 1998, 797, 133-137.

. Nakanishi, K.; Soga, N. Phase-separation in silica sol-gel system contain-

ing polyacrylic-acid. 1. Gel formation behavior and effect of solvent
composition. J. Non-Cryst. Solids 1992, /39, 1-13.

. Nakanishi, K.; Soga, N. Phase-separation in silica sol-gel system contain-

ing polyacrylic-acid. 2. Effects of molecular-weight and temperature. J.
Non-Cryst. Solids 1992, 139, 14-24.

. Nakanishi, K. Pore structure control of silica gels based on phase

separation. J. Porous Mater. 1997, 4, 67—112.

. Minakuchi, H.; Nakanishi, K.; Soga, N.; Ishizuka, N.; Tanaka, N. Effect of

domain size on the performance of octadecylsilylated continuous porous
silica columns in reversed-phase liquid chromatography. J. Chromatogr. A
1998, 797, 121-131.

. Motokawa, M.; Obayashi, H.K.; Ishizuka, N.; Minakuchi, H.;

Nakanishi, K.; Jinnai, H.; Hosoya, K.; Ikegami, T.; Tanaka, N. Monolithic
silica columns with various skeleton sizes and through-pore sizes for
capillary liquid chromatography. J. Chromatogr. A 2002, 967, 53—63.

. Ishizuka, N.; Minakuchi, H.; Nakanishi, K.; Hirao, K.; Tanaka, N.

Chromatographic characterization of macroporous monolithic silica pre-
pared via sol-gel process. Colloids and Surfaces A: Physicochem. Eng.
Aspects 2001, /87, 273-279.

MaRrceL DEKKER, INc.
270 Madison Avenue, New York, New York 10016



19: 48 23 January 2011

Downl oaded At:

Preparation Conditions of Silica Monoliths for HPLC 2895

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Nakanishi, K.; Shikata, H.; Ishizuka, N.; Koheiya, N.; Soga, N. Tailoring
mesospores in monolithic macroporous silica for HPLC. J. High Resol.
Chromatogr. 2000, 23, 106-110.

Ishizuka, N.; Kobayashi, H.; Minakuchi, H.; Nakanishi, K.; Hirao, K.;
Hosoya, K.; Ikegami, T.; Tanaka, N. Monolithic silica columns for high-
efficiency separations by high-performance liquid chromatography. J.
Chromatogr. A 2002, 960, 85-96.

Tanaka, N.; Kobayashi, H.; Ishizuka, N.; Minakuchi, H.; Nakanishi, K.;
Hosoya, K.; Ikegami, T. Monolithic silica columns for high-efficiency
chromatographic separations. J. Chromatogr. A 2002, 965, 35-49.
Nakanishi, K.; Minakuchi, H.; Soga, N.; Tanaka, N. Double pore silica gel
monolith applied to liquid chromatography. J. Sol-Gel Sci. Techn. 1997, &,
547-552.

Cabrera, K.; Wieland, G.; Lubda, D.; Nakanishi, K.; Soga, N;
Minakuchi, H.; Unger, K.K. SilicaROD™—a new challenge in fast
high-performance liquid chromatography separations. Trends Anal.
Chem. 1998, /7 (1), 50-53.

Minakuchi, H.; Ishizuka, N.; Nakanishi, K.; Soga, N.; Tanaka, N.
Performance of an octadecylsilylated continuous porous silica column
in polypeptide separations. J. Chromatogr. A 1998, 828, 83-90.
Cabrera, K.; Lubda, D.; Eggenweiler, H.M.; Minakuchi, H.; Nakanishi, K.
A new monolith-type HPLC column for fast separations. J. High Resol.
Chromatogr. 2000, 23, 93-99.

Leinweber, F.C.; Lubda, D.; Cabrera, K.; Tallarek, U. Characterization of
silica-based monoliths with bimodal pore size distribution. Anal. Chem.
2002, 74, 2470.

Agren, P; Pendleton, P.; Rosenholm, J.B. Microstructural analysis of the
effects of poly(ethylene glycol) on an acid catalyzed sol-gel derived
ceramic material. Adsorption 1999, 5, 305-312.

Wagh, P.B.; Ingale, S.V. Comparison of some physico-chemical properties
of hydrophilic and hydrophobic silica aerogels. Ceram. Int. 2002, 28,
43-50.

Kresge, C.T.; Leonowicz, M.E.; Roth, W.J.; Vartuli, J.C.; Beck, J.S.
Ordered mesoporous molecular-sieves synthesized by a light-crystal
template mechanism. Nature 1992, 359, 710-712.

Beck, J.S.; Vartuli, J.C.; Roth, W.J.; Leonowicz, M.E.; Dresge, C.T,;
Schmitt, K.D.; Chu, C.T.-W.,; Olson, D.H.; Sheppard, E.W;
McCullen, S.B.; Higgins, J.B.; Schlenker, J.L. A new family of mesopor-
ous molecular-sieves prepared with liquid-crystal templates. J. Am. Chem.
Soc. 1992, 114, 10834-10843.

MarceL DExkER, INC. m
270 Madison Avenue, New York, New York 10016 &

Copyright © 2003 by Marcel Dekker, Inc. All rights reserved.



19: 48 23 January 2011

Downl oaded At:

2896 Shi, Feng, and Da

21. Kenneth, J.B.J.; Ashley, S.S.; Mary, E.G-K.; Justo, H.B. Oriented films of
mesoporous MCM-41 macroporous tubules via pulsed laser deposition.
Micropor. Mesopor. Mater. 2000, 38, 97—-105.

22. Cohan, L.H. Sorption hysteresis and the vapor pressure of concave
surfaces. J. Am. Chem. Soc. 1938, 60, 433-435.

23. Nawrocki, J.; Rigney, M.P; McCormick, A.; Carr, PW. Chemistry of
zirconia and its use in chromatography. J. Chromatogr. 1993, 657,
229-283.

24. Nagamine, S.; Kurumada, K.I.; Tanigaki, M.; Endo, A. Effects of catalytic
acid and templating surfactant concentrations on mesostructure of sub-
millimeter-thick mesoporous silica by solvent evaporation synthesis.
Micropor. Mesopor. Mater. 2001, 49, 57-64.

Received November 17, 2002
Accepted April 9, 2003
Manuscript 6017

Copyright © 2003 by Marcel Dekker, Inc. All rights reserved.

({E‘P MaRrceL DEKKER, INc.
s 270 Madison Avenue, New York, New York 10016



