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Abstract−Mesoporous aluminas, X-MAs (X=Na, Mg, and Ni) were prepared using stearic acid and its salts as tem-
plates. Sodium stearate, which is more soluble than stearic acid, was an effective template for preparing Na-MA. The
characteristics of Mg-MA prepared using cost-effective template (magnesium stearate) were similar to those for an
MA prepared using stearic acid. Mg ions were easily exchanged with Ni ion by treatment with an acid or base. Thus,
nickel incorporated alumina (Ni-MA) could be directly prepared using nickel stearate, which was acting as a chemical
template and a metal source. The MA and X-MAs had a similar pore size (3.6 nm), a narrow pore size distribution
(DFWHM~1 nm), and a γ-alumina phase. In addition, bimetallic Ni-MAn catalysts were prepared and applied to the partial
oxidation methane as a potential application.
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INTRODUCTION

Activated alumina (AA) is frequently used as a catalyst support
or adsorbent in industrial applications. The discovery of mesopo-
rous silica led to intensive research on the design of mesoporous
materials and its applications [Corma, 1997]. Because mesoporous
alumina (MA) has sponge-like pore structure and uniform pore size,
it is preferred to AA for use in catalytic reactions and adsorption
process [Kim and Yi, 2004].

Ionic surfactants (carboxylic acid and sodium dodecyl sulfate)
[Yada et al., 1997; Carbrera et al., 1999] or neutral surfactants (Tergi-
tol and Pluronic) [Bagshaw and Pinnavaia, 1996] are normally used
as chemical templates in the preparation of MA. In this study, MA
was prepared using stearic acid, and the pore properties of the prod-
uct were controlled by the water content, calcination conditions,
the molar ratio of surfactant to precursor, and the use of either a pre-
or post-hydrolysis [Kim et al., 2002]. MA prepared via the post-
hydrolysis method showed a large surface area (300-500 m2/g) and
the pore size distribution was highly uniform (DFWHM<1 nm). Nickel
catalysts supported on MA had a low deactivation and high selec-
tivity compared with those for AA in a HDC reaction (hydrodechlo-
rination) [Kim et al., 2003b] and POM (partial oxidation of methane)
[Kim et al., 2004a]. In addition, calcined MA proved to be a very
effective adsorbent for the removal of arsenic from aqueous solu-
tions [Kim et al., 2004b].

Sodium hydroxide is used to dissolve the stearic acid in the prep-
aration of MA, since stearic acid is insoluble in the alcohol phase
at room temperature. However, sodium stearate, in which the car-
boxyl group is in the sodium salt form, has a greater solubility. To
examine the possibility of using stearic acid salts as a template, so-
dium stearate was used in the preparation of Na-MA. Whereas its
solubility is excellent compared with that of stearic acid, the cost of
raw material is approximately double that of stearic acid. Magne-

sium stearate is very low in cost and its solubility is similar to that
for sodium stearate. Because of this, Mg-MA was prepared by us-
ing this salt as well [Kim et al., 2003a]. It is noteworthy that other
stearic acid salts might also be useful as chemical templates for pre-
paring X-MAs. When magnesium stearate was treated with the tar-
get metal precursor in either acidic or basic solution, magnesium
ions were exchanged with precursor metal ions due to the differ-
ence in the formation energies of chloride or hydroxide salts. For
example, nickel stearate could be prepared by exchanging nickel
for magnesium, and was used to prepare Ni-MA. After reduction
in the presence of hydrogen, reduced Ni-MA catalyst could be used
in POM reaction.

EXPERIMENTAL

1. Preparation of MA using Stearic Acid
In previous studies, we reported on some synthetic strategies for

preparing MA using pre- and post-hydrolysis procedures [Kim et
al., 2002, 2003c]. The pre-hydrolyzed aluminum precursor in the
pre-hydrolysis method formed an aggregated aluminum sol, leading
to the production of a poorly organized MA [Valange et al., 2000].
Whereas the post-hydrolyzed aluminum precursor, produced by
post-hydrolysis, resulted in well ordered MA. Thus, the post-hydro-
lysis method was selected for preparing the MA. Stearic acid (C17H35

COOH, Sigma) was used as an anionic surfactant, and aluminum
sec-butoxide (Fluka) was used as the aluminum precursor. To en-
hance the solubility of stearic acid in alcohol phase, sodium hydrox-
ide was used. The aluminum precursor and surfactant were dissolved
in sec-butyl alcohol and one with sodium hydroxide, respectively,
and the two solutions were then mixed.

Small amounts of water were slowly added dropwise to the mix-
ture at a rate of 1 ml/min. This resulting suspension was stirred for
an additional 24 hr. The pH of the reactant solution was adjusted
by the addition of 1 M HNO3 solution. The product was dried at
room temperature for 48 hr. The resulting materials were calcined for
3 hr at 450 oC in air. The molar ratio of the mixture was 1 Al(sec-
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BuO)3 : 0.2 C17H35COOH : 0.04 NaOH : 5 sec-BuOH : 4-8 H2O.
2. Preparation Na-MA using Sodium Stearate

The procedure was the same as that used in the preparation of
MA except sodium stearate (C17H35COONa, Fluka) was used in
the organic phase. The molar ratio of the mixtures were 1 Al(sec-
BuO)3 : 0.2 C17H35COONa : 5 sec-BuOH : 4-8 H2O.
3. Preparation of Mg-MA using Magnesium Stearate

The magnesium salt of stearate acid ((C17H35COO)2Mg, Riedel-
De-Häen) has one head group with two tail groups and is 125 times
cheaper than stearic acid. The molar ratio of the mixture was 1 Al
(sec-BuO)3 : 0.1 (C17H35COO)2Mg : 5 sec-BuOH : 4-8 H2O.
4. Preparation of Ni-MA using Nickel Stearate

The magnesium ion of magnesium stearate can be used as a sub-
stitute for the nickel ion of nickel nitrate by treatment with NH4OH,
resulting in the formation of nickel stearate ((C17H35COO)2Ni). The
product was then separated by centrifugation at 4,500 rpm. The solid
fraction, isolated from the NH4OH-treated reactant by filtration, was
used as both a chemical template and a metal source. The molar
ratio of this reaction mixture was 1 (C17H35COO)2Mg : 1 Ni(NO3)2·
6H2O : 1-8 NH4OH : 40 sec-BuOH. The procedure for the prepara-
tion of Ni-MA was the same as that of MA. The molar ratio of this
reaction mixture was 1 Al(sec-BuO)3 : 0.1 (C17H35COO)2Ni : 5 sec-
BuOH : 4-8 H2O.
5. Potential Application: Partial Oxidation of Methane

The catalytic activities of the Ni-MA catalysts were examined
in a fixed-bed apparatus at atmospheric pressure. Each calcined cat-
alyst (200 mg) was charged in a tubular quartz reactor and pre-re-
duced with a mixed stream of hydrogen (10 ml/min) and nitrogen
(20 ml/min) as the carrier gas at 700 oC for 4 hr. A mixed feed of
CH4 (10 min−1) and O2 (5 min−1) was then continuously fed into the
reactor together with the N2 carrier gas (20 min−1). The feed ratio
of the CH4/O2 was maintained at a stoichiometric ratio of 2. The
products were analyzed by gas chromatography using a TCD detec-
tor. Argon and Carbosphere (60/80 mesh) were used as a carrier
gas and as a column material, respectively.
6. Characterizations

N2 adsorption/desorption analyses were carried out with a Micro-
meritics ASAP 2010 analyzer, and powder X-ray diffraction (XRD,
M18XHF-SRA, MAC/Science) patterns were recorded to deter-
mine the degree of crystallinity of prepared samples. The porosity
of the MA was characterized by transmission electron microscopy
on a JEM-2000EXII instrument. 27Al MAS NMR spectra were ob-
tained on a Varian-Inova spectrometer (300 MHz) at a MAS fre-
quency of 6 kHz.

RESULTS AND DISCUSSION

1. Template Effects of X-MAs
Stearic acid and its salts have different solubility in an alcohol

phase. Stearic acid salts such as sodium stearate are easily dissolved
in an alcohol. Thus, a variety of stearic acid salts (i.e., sodium stea-
rate, magnesium stearate, and nickel stearate) was selected as tem-
plates in this study. As shown in Fig. 1, FT-IR results suggest that
the mechanism of formation of the product is the same, irrespec-
tive of whether stearic acid or salt is used. The as-made MA showed
a strong band at 1,335-1,440 cm−1 assigned to symmetric -COO−

stretching, and a band at 1,550-1,650 cm−1 assigned to asymmetric

-COO− stretching (Fig. 1(a)). This spectrum was almost the same
as that for as-made Na-MA (Fig. 1(b)). This indicates that the car-
boxyl group (-COOH, 1,700 cm−1) of stearic acid was transformed
into a carboxylic salt (-COO−) in the solvent, after which the salts
might have been combined with the aluminum precursor. The mech-
anism involved is similar to the mediated pathway through charge
matching (S−M+I−) when mesoporous silica is prepared using an
ionic surfactant [Huo et al., 1994]. Therefore, different salts, such
as magnesium stearate and nickel stearate, can be used equally as
well as chemical templates for MA via a charge matching pathway
as evidenced by FT-IR. In fact, the FT-IR spectra of as-made Mg-
MA and Ni-MA were the same as those of as-made MA and Na-
MA.

However, the cost of sodium stearate is twice that of stearic acid.
This high cost of templates is undesirable in terms of industrial ap-
plications. Magnesium stearate is 125 times cheaper as well as more
soluble than stearic acid. The mechanism of formation of Mg-MA
appears to be similar to that of Na-MA, and an Mg-MA sample with
3.5 nm pores could be successfully synthesized. It should be noted
that the preparation of Mg-MA using an inexpensive template is
feasible for mass production for industrial applications.

In a catalytic reaction such as HDC and POM, a nickel catalyst
supported on MA was used [Kim et al., 2003b, 2004a]. When nickel
stearate was used as a chemical template as well as a nickel source,
a Ni/Al2O3 catalyst could be easily produced without any additional
metal impregnation step. Because the heat energy of Mg(OH)2 is
higher than that of Ni(OH)2 (Table 1), nickel stearate was prepared
by the exchange of magnesium ions in magnesium stearate with
nickel ions, using an NH4OH treatment. In addition, nickel stearate
was obtained by treatment with HCl due to the low heat of forma-
tion energies of MgCl2 compared to NiCl2 [Kim et al., 2003d]. Ni-
MA with a slightly increased pore (3.8 nm) was prepared by using
this procedure. The nickel in Ni-MA was directly incorporated into
the alumina framework. The nickel and magnesium contents of Ni-
MA were dependent on the initial metal contents, and, in a typical
sample, were 8 and 2 wt%, respectively. The magnesium content
could be decreased to below 1 wt% by repeated purification. The
ratio of nickel and magnesium was adjusted by altering the initial

Fig. 1. FR-IR spectra of non-calcined (a) MA, (b) Na-MA, (c) Mg-
Ma, and (d) Ni-MA.
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molar ratio of magnesium stearate to the nickel precursor. Ni-MAn
with different metal ion ratios (Ni/Mg=7.4/2.3, 7.6/7.1 and 7.8/15.8
for Ni-MA1, Ni-MA2, and Ni-MA3, respectively) were tested in
the POM reaction as a potential application.

Other stearic acid salts could also be prepared by the exchange
of metal ions with magnesium ions based on thermodynamic data

(Table 1). Namely, Co-MA, Cu-MA, and Pt-MA could be prepared
using cobalt, copper, and platinum stearate, respectively.
2. Pore Properties of MA and X-MAs

As shown in Fig. 2 and Table 2, the mesostructures of the MA
and X-MAs (X=Na, Mg, and Ni) prepared with stearic acid and its
salts were somewhat different. The N2 adsorption/desorption iso-

Table 1. Heat of formation data for chloride and hydroxide salts

Chloride form salts MgCl2 NiCl2 CoCl2 CuCl2 PtCl2

Hydroxide form salts Mg(OH)2 Ni(OH)2 Co(OH)2 Cu(OH)2 Pt(OH)2

∆H (kcal/mol) −153 −75 −76 −48 −34
−221 −129 −131 −108 −87

Fig. 2. N2 adsorption/desorption isotherms of (a) MA, (b) Na-MA, (c) Mg-MA, and (d) Ni-MA.

Table 2. Pore properties of the prepared mesoporous aluminas

Sample Template/cost ratio D (nm) DFWHM
b (nm) SBET (m

2/g) VP (cm3/g)

MA C17H35COOH/1 3.49 0.89 485 0.50
Na-MA C17H35COONa/2 3.59 1.09 241 0.29
Mg-MA (C17H35COO)2Mg/0.008 3.56 1.03 311 0.31
Ni-MA (C17H35COO)2Ni/0.015a 3.80 0.78 399 0.64

a
Price of nickel stearate=price of (magnesium stearate+nickel nitrate).

bFull width at half maximum of pore size distribution.
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therm was a typical type of IV isotherm and an H2 hysteresis loop,
indicating mesoporous porosity. The framework porosity at 0.4-
0.7 P/Po in the N2 isotherm indicates that the porosity is contained
within the uniform channels of the templated framework, while the
textural porosity at 0.8-1 P/Po is indicative of a porosity arising from
non-crystalline intra-aggregate voids and spaces formed by inter-
particle contacts. MA and Mg-MA had a mainly framework po-
rosity, while Na-MA and Ni-MA showed both framework and tex-
tural porosity. It might be due to the effect of different cations in
head group of templates. Therefore, the pore properties of MA and
X-MAs are affected slightly by the type of surfactant used (Table
2). However, both MA and X-MAs have a similar pore size (3.6
nm) and narrow pore size distribution (DFWHM~1.0 nm). Because
the alkyl chain length of the surfactants is identical, the pore sizes
are essentially the same. In addition, the pore uniformity and the
surface area of the X-MAs are superior to that for AA, which shows
an irregular pore distribution and a small surface area (ca 100 m2/g).

In low angle XRD patterns for mesoporous aluminas, only one
peak appeared at 2θ between 0.5-3o (Fig. 3). The generation of X-
ray peaks results from a difference in the scattering power (or scat-
tering contrast) between two building blocks (amorphous wall, and
pore channel contained with air and helium) of mesoporous mate-
rials. This indicates that the mesoporous aluminas have different

Fig. 3. Low angle XRD patterns of mesoporous aluminas.

Fig. 4. TEM images of (a) MA, (b) Na-MA, (c) Mg-MA, and (d) Ni-MA.

pore structures compared to hexagonal mesoporous silicas such as
MCM-41 or SBA-15, which exhibit three peaks at 2θ between 0.5-
5o. Thus, the mesoporous aluminas prepared here have a sponge-
like pore channel structure with a random pore distribution, whereas
MCM-41 has a 1D cylindrical pore structure with a highly regular
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pore distribution. These results are consistent with the following
TEM data as shown in Fig. 4.

In all of the MA and X-MAs, the developed framework pores
had a sponge-like appearance, which confirms the advantage of hav-
ing an interconnected pore system. A similar pore morphology was
found for disordered mesoporous silica (i.e., HMS type) and alu-
minas when ionic or neutral surfactants were used in their prepara-
tion. An interconnected pore structure has the advantage of a re-
duced diffusion limitation and an enhanced molecular accessibility
to active sites on the inner surface [Kim et al., 2004c].
3. Phase Determination of MA and X-MAs

Aluminas have a variety of crystalline structures and show three
major peaks in the spinel structure of MA, as shown in Fig. 5. The
cubic spinel structure (space group, Fd3m), usually denoted as AB2O4,
possesses an fcc sublattice of oxygen ions with A and B cations oc-
cupying the tetrahedral (AlIV) and octahedral (AlVI) interstices [Wolver-
ton and Hass, 2001]. In addition, unoccupied tetrahedral and octa-
hedral interstices of the oxygen sublattice are present. The total ratio
of cation to anion for the spinel structures is 3 : 4, and thus creating
an Al2O3 phase (cation : anion=2 : 3) in the spinel structure that ne-
cessitates the creation of vacancy defects on the cation sublattice.
Among the various alumina phases, γ-, η- and δ-aluminas have spi-
nel structures.

XRD patterns of MA and X-MAs typically show the character-
istic peaks of activated alumina. The pattern for Mg-MA was similar
to that of MA, while the peaks were left-shifted and the width of
the peaks became narrow without any magnesium peaks. This was
due to the different ionic radius of magnesium ions and the charac-
teristic peaks of the magnesium spinel structure, which were over-
lapped with those of the activated alumina phase. The ionic radii of
sodium (Na+) and magnesium (Mg2+) are 0.97 Å and 0.66 Å, respec-
tively. In Na-MA, no sodium ions penetrate into the interior of the

structure, namely, the cation vacancy of the surface, because of its
large ionic radius. As a result, it was likely that sodium was present
only on the surface of the Na-MA, and not on the inside of the crys-
tal. Because of this, sodium ions were easily removed by washing,
while magnesium ions were able to penetrate into the interior of
the structure. Mg-MA forms a crystalline structure that contains
magnesium. Because the ionic radius of magnesium is larger than
that of aluminum, magnesium within an alumina structure expands
the lattice parameter of Mg-MA, followed by a left-shift in the XRD
peak. In addition, magnesium ions occupy the cation vacancy and
reinforce the structure of alumina, and, as a result, the peak width
is narrowed.

The γ- and η-aluminas generally exist as spinel alumina because
their structures are very closely related to that of Mg spinel (Mg
Al2O4). The XRD patterns of both activated aluminas are similar,
and it is not easy to distinguish the phase. Therefore, the coordina-
tion of Al atoms to the activated alumina was investigated by 27Al
MAS NMR (Fig. 6).

In general, as-made aluminas mainly have 6-coordinated Al atoms,
in the form of layered aluminum hydroxide. After calcination, tetra-
hedral (AlIV) and octahedral (AlVI) coordinated Al are produced as
the result of dehydration and the dehydroxylation of aluminum hy-
droxide, and pentahedral (AlV) coordinated Al is produced by migra-
tion toward the tetrahedral and/or octahedral sites. 27Al NMR stud-
ies indicate 75±4% AlVI in γ-alumina and 65±4% AlVI in η-alumina,
respectively [Sohlberg et al., 2001]. As shown in Table 3 and Fig.
6, the calculated ratios of AlIV : AlV : AlVI of MA, Mg-MA, and Ni-
MA are 28.2 :0.0 : 71.8, 23.2 : 0.7 : 76.1, and 17.0 : 5.0 : 78.0, respec-
tively, and the phase of all the aluminas is close to γ-alumina.

Fig. 5. XRD patterns of (a) MA, (b) Na-MA, (c) Mg-Ma, and (d)
Ni-MA.

Fig. 6. 27Al MAS NMR spectra of (a) MA, (b) Mg-MA, and (c) Ni-
MA.

Table 3. 27Al MAS NMR data for mesoporous alumina

Sample
Population (%) Position (ppm)

AlIV AlV AlVI AlVI/AlIV AlIV AlV AlVI

MA 28.2 0.0 71.8 2.55 69.289 - 4.315
Mg-MA 23.2 0.7 76.1 3.28 69.289 36.802 4.315
Ni-MA 17.0 5.0 78.0 4.58 76.788 31.804 1.816
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However, the chemical shift position of Ni-MA was slightly dif-
ferent to that for MA (Table 3). In the case of inverse bimetallic spi-
nels such as NiAl2O4, nickel oxide, supported on the active alumina,
allows Ni2+ ions to diffuse into the surface lattice vacancies of the
alumina spinel structure [Chokkaram et al., 1997]. The surface lat-
tice vacancies of the tetrahedral coordinated Al are occupied by Ni2+

ions that diffused in during dehydroxylation and dehydration, and,
as a result, the electron field of AlIV is deshielded compared to that
of AlIV with vacancies. Therefore, the position of the chemical shift
(δ) of tetrahedral Al atoms in Ni-MA (Alδ

IV=76.788) was shifted to
the left (deshielding), compared to that in MA (Alδ

IV=69.289). This
migration of nickel ions into the alumina matrix is a common phe-
nomenon associated with metal supported catalysts and may be lim-
ited to the first few layers of the support [Kim et al., 2003d]. For
pentahedral Al, unsaturated Al is produced due to the formation of
oxygen vacancies as the result of the dehydroxylation of precur-
sors. This AlV coordinated Al serves as an electron acceptor and func-
tions as Lewis acid sites.
4. Potential Applications of MA and X-MAs

In this study, bimetallic Ni-MAn (n=1, 2, 3) with different metal
ratios (Ni/Mg=7.4/2.3, 7.6/7.1 and 7.8/15.8 for Ni-MA1, Ni-MA2,
and Ni-MA3, respectively) were evaluated for use in the POM reac-
tion as a potential application. The reaction was performed at a high
temperature (700 oC). Thus, as-made Ni-MAn was thermally treated
at 800 oC, and calcined Ni-MAn was then reduced at 750 oC. While
the surface area of Ni-MAn was decreased to 110 m2/g due to the
sintering effect, mesoporosity was maintained. In XRD data, Ni-
MA catalyst treated at 800 oC maintained the same characteristic
peaks of γ-alumina, which calcined at 400-550 oC. It should be noted
that a bimetallic catalyst has a high thermal stability. As shown in
Fig. 7, methane conversion for Ni-MAn changed with the metal
ratio. Ni-MA2 and Ni-MA3 showed a higher conversion and was
more stable than Ni-MA1 during an 11 hr reaction. In POM reac-
tion as a potential application, there existed the optimum metal ratio
of nickel to magnesium, and its ratio was about 1. While nickel met-
al mainly acted as an active site, magnesium enhanced the thermal
stability of framework and suppressed the deactivation of POM.

CONCLUSIONS

MA and X-MAs (X=Na, Mg, and Ni) were prepared by using
four different templates, including stearic acid, sodium stearate, mag-
nesium stearate, and nickel stearate. The pore properties of the X-
MAs were similar to those of MA. This clearly shows that stearic
acid salts could be used as templates for the preparation of X-MAs.
The preparation of Mg-MA using an inexpensive template was fea-
sible for mass production in industrial applications. By treatment
with an acid or base, magnesium ions in magnesium stearate were
readily exchanged with other metal ions. Thus metal incorporated
alumina could be easily and directly prepared using metal stearate
as a chemical template and a metal source. The POM reaction, as a
potential application, was conducted using bimetallic Ni-MAn cat-
alysts, and showed a high thermal stability and a low deactivation.
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