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Abstract—The framework and/or textural porosity of mesoporous aluminas (MA), which have great potential for
use in applications such as adsorbents and catalytic supports, is dependent on the conditions used in their preparation.
The nanoporosity of MA affects their adsorption capacity and catalytic activity, and the bulk morphology of an MA
is related to the development of the framework and/or textural porosity. An MA with a well-developed framework pore
was found to have a smooth surface, while an MA with a well-developed textural pore had a coarse and aggregated

morphology.
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INTODUCTION

The specific features of mesoporous materials, which have a high
surface area, large pore volume, narrow pore size distribution and
uniform pore structure, indicate their high potential for use as ideal
adsorbents and catalytic supports. For example, mesoporous alu-
minas (MA) show high uptake capacities for heavy metal ions, or-
ganic dyes and arsenic from aqueous solutions [1,2] due to their
large surface area. In addition, metal supported MA can be used as
an efficient catalyst for hydrogenation, hydrodechlorination, and
others, because of their thermal, chemical, and mechanical stability
[3,4]. Tailor-made MA can be easily prepared by a post-hydrolysis
method at ambient conditions [5-8], and Ni/AL,O, with nanoporos-
ity with nickel salts of stearic acid can be prepared in a one-step
synthesis [9].

According to the polymerization behavior of metal alkoxides in
an aqueous phase [10], primary particles grow by Ostwald ripen-
ing, and the final particles can be 1-20 um in size. Primary particles,
which have a framework pore induced by a template (e.g., stearic
acid), are aggregated and then form a secondary pore (i.e., textural
pore) in the void between one and other particles. Framework and
textural pores have an effect on adsorption capacity and catalytic
efficiency [11]. The former serves as support for the active sites for
adsorption and catalytic reactions, and occupy most of the surface
area. The latter might enhance the accessibility of target materials to
inner framework pores, but show an irregular pore structure. Mercier
et al. [12] reported that in an amorphous silica gel to which ligands
had been grafted, the narrow pore channels were blocked, thus cre-
ating a bottleneck. In contrast, the uniform pore morphology of a
mesoporous molecular sieve leads to a grafted material in which
the access of ions to all the functional sites is unrestricted. Kim and
co-workers [11] reported that the mercapto concentration showed a
low correlation with pore size and the surface area of the supports,
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but was strongly dependent on the framework pore volume.

The activity of MA is affected by the pore types, and it would
be predicted that the bulk morphology of MA is correlated with its
pore type. Namely, MA with well-developed framework pores might
show a solid morphology. In this work, we investigated the effect
of framework and/or textural nanoporosity on the bulk morphology
of MAs.

EXPERIMENTAL

Water and sec-butyl alcohol were used as an initiator for con-
densation and as a surfactant solvent, respectively. The aluminum
source and surfactant were separately dissolved in sec-butyl alco-
hol, and the two solutions were then mixed. Small amounts of water
were slowly added dropwise to the mixture at rate of 1 ml/min, re-
sulting in a white precipitate. The rest of the experimental proce-
dure has been described elsewhere [5]. The molar ratio of this reac-
tion mixture was 1 Al(sec-BuO); : 0.2 carboxylic acids : 0.04 NaOH :
5 sec-BuOH : 4-48 H,0 (within appropriate 1 M HNO;).

N, adsorption/desorption experiments were carried out by using
a Micromeritics ASAP 2010 analyzer. The surface morphology of
the mesoporous alumina was examined by SEM (Model XL-20,
Philips). The porosity of calcined samples was characterized by trans-
mission electron microscopy (TEM) on a JEM-2000EXII. NMR
spectra were obtained on a Varian-Inova spectrometer (300 MHz)
at MAS frequency of 6 kHz.

RESULTS AND DISCUSSION

The surface morphologies of the prepared mesoporous aluminas
were analyzed by SEM. As shown in Fig. 1, the morphology of MA
was different with the preparation conditions employed. MA-1 (Fig.
1a) showed aggregated particles with a coarse surface which was
composed of primary small particles, while MA-2 (Fig. 1b) revealed
a solidified smooth surface. The particle size of MA-2 was also lar-
ger than that of MA-1. MA-3 (Fig. 1c) has features of both MA-1
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Fig. 1. SEM images and N2 adsorption/desorption isotherms of (a) MA-1 (well-developed textural porosity), (b) MA-2 (well-developed
framework porosity), and (c) MA-3 (well-developed textural and framework porosity).

and MA-2, and, thus, showed a solidified coarse surface. The parti-
cle size of MA-3 was intermediate between MA-2 and MA-1. Sim-
ilarly, SBA-16 [13] is a family of mesoporous silica, with a poly-
hedral or spherical shape, depending on the preparation conditions
used, and MCM-41 [14] had a spherical or wedge shape.

As shown in the N, adsorption/desorption isotherms, mesopo-
rous aluminas as well as mesoporous silicas might reveal a correla-
tion between surface morphology and nanoporosities. The porosity
of MA varied with the synthesis conditions used, and hysteresis
curves were found near relative pressures 0.5 and/or 0.9. Tanev et
al. [15] defined and classified these terms as framework porosity
and textural porosity. Framework porosity represents the porosity
contained within the uniform channels of a templated framework,
while textural porosity represents porosity arising from non-crys-
talline intra-aggregate voids and spaces formed as a result of inter-
particle contact. MA-3 contains both framework and textural poros-
ity. MA-1 with a coarse surface and MA-2 with a smooth surface
display the well-developed textural (0.8-1.0 P/P,) and framework
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Fig. 2. TEM images of (a) MA-1, (b) MA-2, and (c) MA-3.
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(0.4-0.7 P/P,) porosity in their N, isotherms, respectively. The tex-
tural porosity in MA-1 is present in most of the adsorbed volume,
and thus a large pore size would be expected, compared to MA-2
and MA-3 with framework porosity as the main pore. Therefore,
the N, isotherm and SEM results show that the bulk morphology
of mesoporous alumina is correlated with nanoporosity.

This feature was similarly found in the case of MCM-41, reported
by Grun and co-workers [14]. The relation between nanoporosity
and surface morphology is also discussed in their report based on
N, isotherms and SEM data. The sample no. 7 particle is smooth
and spherical and did not show a hysteresis loop for textural poros-
ity in the N, isotherm, while sample no. 10, with a high hysteresis
loop in 0.8-1.0 P/P,,, had an amorphous and rough surface. This char-
acteristic between morphology and nanoporosity was the same as
that of the MA sample. Therefore, the solidity and roughness of par-
ticles were dependent on the existence of textural porosity.

The difference in nanoporosity with particle morphology could
be confirmed by TEM analysis (Fig. 2). For MA-1 (Fig. 2a), since

4!#'




Effect of framework or textural nanoporosity on the bulk morphology of mesoporous aluminas 681

Table 1. Pore properties of mesoporous aluminas

Sample [H,O)/[AI(Bu'O),] Pore size/nm FWHM of PSD“nm Surface area/m’g” Pore volume/cm’g™
MA-1 48 7.7 2.9 386 1.0
MA-2 8 3.5 1.0 485 0.5
MA-3 4 3.5 1.4 420 0.6

“Full width at half maximum of pore size distribution.

the primary particle, with a diameter of 20-40 nm, forms aggregates,
the void fraction between the aggregates formed textural pores and
a coarse surface as shown in the SEM image (Fig. 1a). In the case
of MA-2 and MA-3, the pores were wormhole or sponge-like in
appearance, indicating the advantage of a highly inter-connected
pore system.

The pore properties of the MA prepared are summarized in Table
1. As shown in the SEM and TEM results, MA-1 showed a large
pore size, which was a textural pore induced by the aggregation of
small primary particles. The excess water used in the preparation
of MA-1 made the concentration of template diluted, and inhibited
the formation of a condensed structure. To complete the hydrolysis
of the aluminum alkoxide used, approximately 1.5 molar ratio of
water/aluminum precursor is required. When an appropriate amount
of water was used, as in the case of MA-2 and MA-3, the pore size
distribution was found to be very narrow, and the surface area in-
creased, as opposed to MA-1. For the stoichiometric ratio, the pore
size remained the same due to the chemical template, while the sur-
face area (264 m*/g) and pore volume (0.2 cm’/g) decreased dra-
matically. The ratio satisfied the minimal requirement for hydroly-
sis, which restricted the complete condensation of precursor and
the complete mixing of micelles.

The crystalline phase of calcined MA was confirmed by Al MAS
NMR analysis. Typical active alumina used in industrial applications
is j~ and 7ralumina, generally known as spinel aluminas because
their structures are very closely related to that of an Mg spinel. The
XRD patterns of both active aluminas are similar, and it is not easy
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Fig. 3. A1 MAS NMR patterns of MA-2.

to distinguish the phase. Therefore, the coordination of Al atoms to
the active alumina was investigated by 7 Al MAS NMR. As shown
in Fig. 3, 4 and 6-coordinated Al atoms were found to be present.
The ratio of Al” to Al" for calcined MA-2 was 2.6. The percent-
age of 4-coordinated Al present is reported to be 75+4% Al” in 5
alumina and 65+4% Al in 7-alumina [8,16]. Namely, the Al"/
Al" value is 2.4-3.8 in jalumina and 1.6-2.3 in 7-alumina. There-
fore, the MA-2 alumina in this study is yalumina.

In conclusion, we report here on the effect of framework or tex-
tural nanoporosity on the bulk morphology of mesoporous alumi-
nas. MA-1 with a well-developed framework porosity showed a
solidified smooth surface, while MA-2 with a well-developed tex-
tural porosity had a coarse and aggregated morphology. MA-3 with
both framework and textural porosity has features similar to both
MA-1 and MA-2. The framework and textural porosity were induced
by the template and aggregates of primary particle, respectively.
Based on SEM, TEM, and N, isotherms, it should be noted that the
nanoporosity of MA is correlated on the bulk surface morphology.
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