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A facile approach of evaporation-induced self-assembly plus
coating was developed using nonwoven fabrics (NF) as a
sacrificial scaffold, leading to the acquisition of hierarchically
macro/mesoporous alumina monolith. The macropores tem-
plated by NF show a tubular structure of about 10¯m in channel
diameter. The monolith is composed of ordered mesostructured
wall with large-sized mesopores and high thermal stability. The
regularity of the mesopores can be maintained up to 900 °C,
even after the amorphous Al2O3 transforms to crystalline
structure (£-Al2O3). This facile route can be extended to the
preparation of other hierarchically macro/mesoporous monoliths
such as TiO2, ZrO2, ZnO, et al.

The incorporation of macropores in mesoporous structures
is of great interest in recent years because the hierarchically
macro/mesoporous materials are efficient for the treatment of
bulky molecules and transportation of guest species to frame-
work binding sites, which can find substantial applications in
catalysis, sorption, and separation.1­3 The first report of ordered
macro/mesoporous material was produced by Yang and co-
workers in the synthesis of hierarchically porous silica.4

Compared with a pure siliceous counterpart, nonsiliceous
mesoporous materials are more versatile, and considerable
efforts have been devoted in the last decade.5­7 Mesoporous
alumina (MA) is one of the most important nonsiliceous
mesoporous materials with popular industrial applications in
catalysis, catalysis support, and other fields.8 Unfortunately,
mesoporous alumina is usually obtained with wormhole-like
mesopores because of its fast hydrolysis­condensation rate.9 The
synthesis of ordered mesoporous alumina framework has been
proved even more challengeable when incorporated with macro-
pores.10

Recently, Yuan et al.11 provided a facile route of evapo-
ration-induced self-assembly (EISA) to synthesize ordered
mesoporous £-Al2O3 with high thermal stability. On this basis,
Dacquin et al.12 introduced monodispersed latex spheres of
polystyrene bead as the macropore template to synthesize highly
organized macro/mesoporous alumina particles. More recently,
Li et al.13 reported the synthesis of hierarchical £-Al2O3

monoliths with highly ordered 2D hexagonal mesopores in
macroporous walls using PU foam as the sacrificial macropore
skeleton. Herein, we proposed a facile preparation of macro-
porous alumina monoliths with tubular macropores and ordered
mesoporous walls using improved EISA plus coating technol-
ogy, in which nonwoven fabrics (NF) were utilized as the
macropore sacrificial skeleton. PU foam was also employed as
the macropore template for comparison according to ref 13.

Pluronic P123 (Mav = 5800, EO20PO70EO20) and aluminum
isopropoxide were purchased from Aldrich. Nonwoven fabrics
were bought from Beijing Xinlong Corporation. In a typical
synthesis, 0.9 g of P123 was dissolved in 20mL of ethanol at
room temperature with vigorous stirring for 3 h. Then 1.5mL of
67wt% nitric acid and 2.04 g of aluminum isopropoxide were
added into the above transparent solution. The solution was
covered with PE film and stirred at room temperature for about
5 h. A piece of nonwoven fabric was immersed in the above
solution and aged at 25 °C for 24 h. Then the NF immersed sol
was placed in a 60 °C drying cabinet for solvent evaporation.
After 2 days of evaporation and drying, the MA-coated NF
became a light yellow monolith with a degree of mechanical
strength. Calcinations were carried out at 400 °C for 4 h with a
heating rate of 1 °Cmin¹1 and an atmosphere of flowing air. For
calcination at higher temperature, the sample was first calcined
at 400 °C for 4 h and then heated to the destinated temperature
with a rate of 10 °Cmin¹1 and holding time of 1 h.

Powder X-ray diffraction of wide angle (10­90°) and small
angle (0.5­5°) were conducted using a Rigaku Ultima III
diffractometer with CuK¡ radiation. The microstructure and
pore diameters were observed by scanning electron micrographs
(SEM, Hitachi S-3400N) and transmission electron micrographs
(TEM, JEOL JEM-2100F). Nitrogen physisorption measure-
ments were performed at 77K on a Micromeritics ASAP2020
instrument. The Brunauer­Emmett­Teller (BET) calculations of
surface area and Barrett­Joyner­Halenda (BJH) calculations of
pore volume and pore size distribution were performed on the
desorption branches of the isotherms.

Figure 1 presents the small-angle and wide-angle (inserted)
X-ray diffraction spectra of a sample prepared from direct EISA
(MA-400) and samples with NF incorporated as the macropore
skeleton (NF-MA-400 and NF-MA-900). The small-angle X-ray
spectra (SAXS) confirm the ordered mesoporous structure of all
the three samples.14,15 The SAXS of MA-400 shows several
well-resolved peaks, which can be indexed as (100), (110), and
(200) Bragg reflections of p6m space group.10 The structural
regularity remains nearly invariable when NF is incorporated in
NF-MA-400. The ordered mesoporous structure is maintained
even after it was calcined at 900 °C. The wide-angle XRD
indicates that both MA-400 and the NF-MA-400 are composed
of totally amorphous walls. However, this amorphous structure
transforms to crystalline £-Al2O3 (see NF-MA-900 in Figure 1)
when it is calcined at 900 °C for 1 h. The ordered mesoporous
MA with crystalline wall is rarely obtained and definitely
provides this material with high thermal stability.12

Figure 2a shows the morphology comparison of the as-
synthesized MA-coated NF monolith and the monolith after
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calcination at 400 °C. The as-synthesized monolith exhibits a
light-yellow color similar to pure MA solid reported by Yuan
et al.11 The sample retains the monolithic state after being
calcined at 400 °C, and obvious shrinkage of about 26% in linear
dimensions can be observed. The framework of the NF-MA-400
monolith was further inspected by SEM as shown in Figure 2b.
An interconnected macroporous framework is observed with
tubular macropores of about 20¯m in diameter. The formation
of tubular macropores is associated with the NF sacrificial
scaffold. The P123-directed aluminum supramolecular group
was coated on the fabric when it was immersed in the alumina
precusor contained solution. The macropore template (NF) was
gradually eliminated under calcination, leading to the formation
of tubular pores at the location of NF fabrics. The diameter of
the tubular pores can be modified by choosing different kinds of
nonwoven fabrics.

Figure 2c reveals the refined microstructure of the NF-MA-
400 sample under TEM observation. Stripe-like domain is
observed from the (110) direction, which is actually mesosized
channels parallelly aligned to each other. Inseted in Figure 2c
shows the mesostructure observed from the (001) direction,
which directly reveals the 2D hexagonal mesopores arranged in
a high regularity. This morphology further confirms that the
macrosized channels are connected with ordered mesoporous
walls. The ordered mesostructure can be maintained up to
900 °C as indicated by both SAXS and TEM characterizations
(TEM not shown here). For the 900 °C calcined sample, high-
resolution TEM image (Figure 2d) reveals the existence of
several crystalline particles with distinct lattice fringes. The
spacing of the lattice fringe is estimated to be 0.139 nm, which is
in accordance with the (440) lattice plane of £-Al2O3.

N2 physisorption isotherms exhibit typical type IV curves
with H1-shaped hysteresis loops in all the three samples,
indicating their uniform cylindrical mesopores (Figure 3a).

The physisorption measurements reveal a high BET surface
area and a pore volume, 270m2 g¹1 and 0.75 cm3 g¹1, for the
MA-400 sample.14 When the macropore scaffold is introduced
for NF-MA-400 and NF-MA-900, the BET surface area and pore
volume decreased to 183, 159m2 g¹1 and 0.30, 0.33 cm3 g¹1,
respectively. The connections among the macropores and
mesopores take up a large amount of the surface area, leading
to the decrement of mesopore volume as well as the total surface
area. Figure 3b presents the BJH pore-size distributions derived
from the desorption branches of the isotherms. The MA-400
shows mesopores having a diameter of around 9.9 nm, while the
NF-MA-400 and NF-MA-900 show smaller mesopores of 6.0
and 6.3 nm. The pore size obtained from physisorption is in
agreement with that observed from TEM images. Further
calcinations at higher temperatures exhibit little effect on the
pore size distribution, which once again reveals its good thermal
stability.

From the above results, the preparation of hierarchically
macro/mesoporous alumina monoliths undergoes four steps: sol
preparation, impregnation, solvent evaporation, and calcination.
To obtain highly ordered mesoporous sol precursor, the key
factors include suitable selection of aluminum source and strict
control of water concentration.9,11 The calcination process is also
vital for the preparation of ordered macro/mesoporous alumina
monolith. When the MA-coated PU foam was directly calcined
in a muffle furnace under flowing air, only disordered
mesoporous particles can be obtained.13 The ordered meso-
structure disappeared and the macroporous monolith collapsed.

Figure 2. (a) Optical image of the sol-coated NF monolith
before and after 400 °C calcination, (b) SEM image of NF-MA-
400, (c) TEM images of NF-MA-400, and (d) HRTEM image of
NF-MA-900.

Figure 3. (a) N2 isotherms of MA-400, NF-MA-400, and NF-
MA-900 and (b) corresponding BJH pore size distribution
derived from the desorption branches of the isotherms.

Figure 1. Small-angle and wide-angle (inserted) X-ray dif-
fraction spectrums of MA-400, NF-MA-400, and NF-MA-900.
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This may due to the removal of P123 and PU foam occurring at
almost the same temperature. The intensive reaction of PU foam
and O2 would ultimately destroy the P123-directed regular
mesostructure. In this letter, two-step calcination was employed,
first in a tubular furnace under flowing Ar and then in a muffle
furnace with flowing air, to eliminate P123 and PU foam
separately. Then the ordered mesostructure was retained and the
monolith with macroporous architecture was preserved. From a
catalytic perspective, the high thermal stability will definitely
provide the novel hierarchically macro/mesoporous £-Al2O3

monolith with broad applications.16

In summary, a macroporous alumina monolith with ordered
mesoporous walls was prepared by a facile EISA plus coating
route with nonwoven fabric (NF) as the macropore sacrificial
scaffold. These materials show high thermal stability and narrow
pore size distribution. The macroporous structure can be obtained
using other sacrificial scaffold (e.g., PU foam), and this route can
be expanded to the preparation of other hierarchically macro/
mesoporous monoliths such as TiO2, ZrO2, ZnO, et al.
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