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ABSTRACT Mesoporous alumina was synthesized using commercial boehmite in the presence of poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) triblock copolymer Pluronic P123. Its calcination at 400°C yielded γ-alumina, in contrast to the ordered
mesoporous alumina (OMA) obtained by hydrolysis of aluminum alkoxide in the presence of the same triblock copolymer. This
synthesis afforded boehmite-based mesoporous alumina (BMA) with better adsorption properties and higher thermal stability in
comparison to the alkoxide-based OMA, which remained amorphous after calcination below 900°C. The BMA materials also exhibited
higher amount of acidic and basic sites as evidenced by ammonia (NH3) and carbon dioxide (CO2) temperature programmed desorption
(TPD), respectively. Dispersion of commercial boehmite precursor under microwave irradiation afforded BMA materials with similar
surface characteristics as those of the corresponding BMA samples obtained under conventional conditions, but showing slightly
lower acidity and better basic properties. Thus, the dispersion method of boehmite can be used to modify the surface properties of
the resulting BMA samples without sacrificing their porosity.

KEYWORDS: boehmite • acidity • γ -alumina • mesoporous alumina • nitrogen adsorption • temperature programmed
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INTRODUCTION

There is a great interest in mesoporous alumina (MA)
catalysts having high surface area, large mesopores,
crystallineporewalls,andgoodthermalstability(1-3).

To obtain MA, ionic and non-ionic surfactants have been
used as structure-directing agents (4). So far, the reported
MA samples often have small mesopores and low pore
volumes. MAs with large and ordered mesopores have been
synthesized via evaporation induced self-assembly (EISA)
using aluminum alkoxides and triblock copolymers such as
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide) (PEO-PPO-PEO) (5, 6). Despite the ordered arrange-
ment of pores, these materials exhibited smaller crystallinity
and lower thermal stability, whereas their formation oc-
curred under strictly controlled conditions. The use of
ordered mesoporous carbons as hard templates resulted in
ordered aluminas with better crystallinity, but with narrow
mesopores; also, this route required additional steps for the
preparation of carbon templates (7). The use of strongly
acidic conditions during self-assembly resulted in major
improvement of long-range ordering of mesopores for MAs
and MA-based mixed oxides (8, 9). This route was recently
extended to the preparation of monoliths with hierarchical
pore structure using triblock copolymers and polyurethane
foam as a co-template (10). The final materials exhibited
larger mesopores than those prepared by using hard tem-
plates, but their pore walls remained amorphous after

calcination in the range of 400-800 °C, whereas the γ-Al2O3

phase was observed between 800 and 1000 °C, with transi-
tion to nonporous R-Al2O3 at 1100 °C.

Nanocrystalline aluminas were reported for different
alumina precursors and surfactant templates. For instance,
some syntheses employing alkaline hydrolysis of aluminum
alkoxides or salts (11, 11-19), aluminate salts (17, 20),
polyoxocations (17, 20), and boehmite (21, 22) resulted in
the samples with disordered mesopores but showing γ-Al2O3

nanocrystalline domains after calcination at 400 °C and
good thermal stability. In the most cases, the hydrolysis of
aluminum species involved the formation of pseudoboeh-
mite-surfactant nanocomposites that upon thermal treat-
ment were converted to the mesoporous γ-Al2O3 phases (8).
Even though the direct self-assembly of boehmite sols with
triblock copolymers resulted in the samples with disordered
textural mesopores, the latter materials also exhibited better
thermal stability than the samples prepared from other
alumina precursors (21). Boehmite is also a major raw
material in industry, largely used for the preparation of
alumina catalysts and supports (1-3). Thus, the synthesis
of MA from this precursor is of great importance. So far, only
aqueous synthesis in the presence of triblock copolymers has
been reported, using relatively large acid/aluminum molar
ratios ([H+]/[Al3+] ) 0.3-3.0), large amounts of water and
long synthesis time (21, 22).

Here we report the block copolymer-assisted synthesis
of MA in water-ethanol medium using commercial boeh-
mite powder. The resulting MA samples showed improved
adsorption properties, much better crystallinity, and higher
acidity than ordered mesoporous aluminas (OMAs) prepared
by the self-assembly of alkoxides and triblock copolymers.
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Also, the thermal and chemical stability of boehmite-based
MAs (BMAs) is higher than that of the aforementioned OMAs
calcined at the same temperatures.

EXPERIMENTAL SECTION
Synthesis of BMAs. Typical synthesis of boehmite-based

alumina samples was as follows: 1.20 g of boehmite powder
(Catapal A, Sasol) was dispersed in 15 or 20ml of water acidified
with 0.13ml of concentrated nitric acid ([H+]/[Al3+] ) 0.1) at
70°C for 1 h under conventional heating or microwave irradia-
tion. The resulting sol was transferred to the polymer solution
obtained by dissolving Pluronic P123 in 15 or 20 mL of ethanol
(200 proof) for at least 2 h at room temperature. The boehmite
dispersion and polymer solution were mixed for 5 h. For some
materials, an additional 0.13 mL of concentrated nitric acid was
added to the boehmite-P123 mixture to obtain [H+]/[Al3+]) 0.2.
The gels were allowed to dry in an oven at 60 or 80 °C for 72 h
when the total volume of solution was 30 mL and for 48 h when
the total volume of solution was 40 mL.

The synthesis of ordered mesoporous aluminas (OMA) was
carried out according to the procedure reported by Q. Yuan et
al. (8). In a typical synthesis, about 2.00 g of Pluronic P123
(BASF, EO20-PO70-EO20) was dissolved in 20 mL of ethanol (200
proof) at room temperature for 2 h. Approximately 1.00 g of
aluminum isopropoxide (Acrós Organics) was added to the
polymer solution, followed by addition of 3.2 mL of concen-
trated nitric acid and 20 mL of ethanol (200 proof). The resulting
gel was stirred at room temperature for 5 h and next the solvent
was allowed to evaporate in an oven at 60 °C for 72 h.

All composites materials were calcined at 400, 700, or 900
°C for 4 h in flowing air using 1 °C min-1 heating rate to reach
the specified temperature. Some samples were also calcined in
air at 400 °C for 4 h followed by heating at 1100 °C for 1 h
using 1 °C min-1 and 2 °C min-1 heating rates, respectively,
to reach the aforementioned temperatures.

Ordered mesoporous aluminas were labeled as OMA-T,
where T stands for the calcination temperature of 400, 700,
900, and 1100°C. The boehmite-based mesoporous aluminas
were labeled as Bh/y-z-x/T, where Bh stands for boehmite, y is
the acid to alumina molar ratio (0.1 or 0.2), z is the drying
temperature (60 or 80°C), x is the volume of the solution used
(low volume, LV, regular volume, RV, or regular volume under
microwave conditions, MW) and T is the calcination temperature.

Two reference samples were prepared without the use of
triblock copolymer by dispersing boehmite under the afore-
mentioned conditions in water and [H+]/[Al3+] ) 0.1, followed
by drying at 60 °C for 12 h. These as-recrystallized samples
were calcined under the same conditions as those used for the
polymer-assisted synthesis of BMA; these samples were labelled
as Bh/0.1-AR-T (conventional heating) or Bh/0.1-MW-T (micro-
wave heating).

Characterization. Nitrogen adsorption isotherms were
measured at -196 °C using ASAP 2010 and 2020 volumetric
adsorption analyzers manufactured by Micromeritics (Nor-
cross, GA). Before adsorption measurements, the calcined
alumina samples were degassed under a vacuum for at least
2 h at 200 °C. The specific surface area of the samples was
calculated using the Brunauer-Emmett-Teller (BET) method
within the relative pressure range of 0.05-0.20 (23). Pore
size distributions were calculated using the BJH algorithm for
cylindrical pores according to the KJS method (24, 25) calibrated
for pores up to 19 nm.

The wide-angle XRD measurements were conducted for the
calcined samples using a PANanalytical, Inc. X’Pert Pro (MPD)
Multi Purpose Diffractometer with Cu KR radiation (1.5406 Å),
an operating voltage of 40 kV, 0.020° step size, 3 s step time,
and 10.0° < 2θ < 80.0° range at room temperature.

The TG measurements were performed on a TA Instruments
TGA 2950 thermogravimetric analyzer using a high-resolution
mode. The curves were recorded in flowing air with a heating
rate of 10 °C min-1 up to 800 °C.

The NH3 and CO2-TPD experiments were performed using a
Micromeritics Auto Chem II Chemisorption Analyzer (Norcross,
GA)) equipped with a thermocouple detector (TCD). Approxi-
mately 0.20 g of each sample were loaded in a quartz tube
micro-reactor supported by quartz wool and degassed at 500
°C for 1 h before NH3 and for 2 h before CO2 using a heating
rate of 5 °C min-1 in flowing He (50 cm3 min-1). Next, the
samples were cooled to 180 °C and exposed to flowing 5%
NH3-He (50 cm3 min-1) for 1 h and finally purged in flowing
He for 1 h; however, CO2 chemisorption was done at 120 °C.
In the TPD experiments, the samples were heated to 500 °C
using 10 °C min-1 heating rate and kept at this temperature
for 30 min in the case of NH3 or to 750 °C and kept at the latter
temperature for 60 min in the case of CO2. The amounts of
desorbed NH3 and CO2 were obtained by integration of the
desorption profiles and referenced to the TCD signals calibrated
for known volumes of analysis gases.

For scanning electron microscopy analysis (SEM), the samples
were manually ground using Agatha mortar, mounted on
graphite tape and carbon coated using SPI Module carbon
coater. The SEM images were obtained with help of a Hitachi
S-4300 field emission SEM (FE-SEM) at an accelerating voltage
of 2-5 kV and 350-45 000× magnifications.

RESULTS AND DISCUSSION
The powder XRD patterns of dispersed boehmite precur-

sors are shown in Figure 1 A. After dispersion of boehmite
in aqueous solution of HNO3 ([H+]/[Al3+] ) 0.1) at 70°C for
1 h, the recrystallized sample exhibited similar crystallinity
to that of the starting boehmite. However, the sample
dispersed in the same solution under microwave irradiation
at 70 °C for 1 h exhibited less intense and broader diffraction
peaks. The latter shows that under microwave conditions,
boehmite is dispersed with simultaneous amorphization of
its crystallites. The 27Al-NMR spectra of dispersed boehmite
at 70 °C (see Figure 1S in the Supporting Information) show
peaks assigned to boehmite at ∼8.9 ppm and to small
monomeric and oligomeric aqueous Al3+ species at 0.5ppm
(26).

The TG profiles (Figure 2S in the Supporting Information)
show an increase in the amount of water in the dispersed
boehmite samples. Catapal A has ∼22 wt % H2O, which
corresponds to Al2O3 · 1.6H2O, and can be considered a pse-
udoboehmite (1). After dispersion, the weight change was
∼33%, which corresponds to Al2O3 · 2.8H2O. The TG profiles
(see Figure 2S in the Supporting Information) for all boehmite-
P123 nanocomposites are similar, showing one broad decom-
position step (∼70 wt %) in the range of 200-400°C. The
composites obtained from alkoxide precursor exhibit three
decomposition steps at lower temperatures.

After calcination at 400°C, all BMA samples exhibited
nanocrystalline domains corresponding to different transition
alumina phases (see Figure 1 caption). The samples obtained
from boehmite dispersed under microwave irradiation ex-
hibited crystallinity above 700 °C calcination. The assigned
phases were the same as those for other boehmite materials.
Their powder diffraction patterns (see Figure 3S in the
Supporting Information) were similar to those shown in
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Figure 1B for the BMA sample prepared using the low acid
concentration and low volume of solvents (Bh/0.1-60-LV).
The alkoxide sample, OMA, was completely amorphous until
calcination at 900 °C, see Figure 1B. The latter was con-
verted into nonporous R-Al2O3 after 1 h calcination at 1100
°C (see the XRD pattern for OMA in Figure 4S in the
Supporting Information), whereas such conversion did not
occur for the boehmite-based sample treated at 1100 °C
because of kinetic effects; in this case, δ+θ-Al2O3 phases
were identified.

Nitrogen adsorption isotherms for the BMA samples
studied are type IV as shown in Figure 2A and Figure 5S in
the Supporting Information. Adsorption isotherms for the
OMA samples exhibit steep capillary condensation steps and
H-1 hysteresis loops characteristic for uniform cylindrical
mesopores. The desorption branches for the OMA samples
calcined at 400 and 700 °C are stepwise and end at the
limiting pressure of the hysteresis loop closure indicating the
presence of some pore constrictions. The BMA samples have
hysteresis loops characteristic for the materials with meso-
pores between aggregated small particles. The calculated

pore size distribution curves, Figure 2B, confirm the unifor-
mity of mesopores in OMA, whereas the boehmite materials
have about twice larger mesopores and also broader PSDs
than those for OMA. The adsorption parameters for the
samples studied are summarized in Table 1 and Table 1S in
the Supporting Information. These data show that the boe-
hmite-based samples prepared in the presence of block
copolymer exhibited larger pore volumes than those pre-
pared without polymer or these obtained from alkoxide
precursor (see Tables 1 and 1S in the Supporting Informa-
tion).

Also, the BMA samples showed higher acidity than OMAs
calcined under the same conditions (see Figure 3). This
acidity was estimated by integration of the NH3-TPD profiles
shown in Figure 3 and in Figures 7S and 8S in the Suppport-
ing Information (the acidity data are summarized in Table
1 and Table 2S in the Supporting Information). Although
OMA showed similar acidity to that of the recrystallized
boehmite and calcined at 700 °C, ∼540 µmol of NH3 g-1;
this parameter increased to ∼765 µmol of NH3 g-1 for Bh/
0.1-60-RV/700. Also, the sample prepared from the micro-
wave-dispersed boehmite had much higher amounts of sites
than OMA/700, as a result of better crystallinity and higher
specific surface area. In general, this parameter decreased
for all series with increasing calcination temperature. Nev-
ertheless, the BMA samples calcined at 1100 °C still had
relatively high surface areas (at least 100 m2 g-1), exhibited
transition phases, and had superior acidities in comparison
to those of OMA after calcination at the same temperature.

The numbers of basic sites estimated using CO2-TPD (see
Figure 3) were also higher for the BMA samples compared
to the OMA materials. For instance, these values for the

FIGURE 1. XRD patterns (A) for boehmite powder and re-crystallized
boehmite after dispersion in HNO3 aqueous solutions at 70 °C for
1 h and drying at 60 °C for 12 h using conventional (AR) and
microwave (MW) conditions and (B) for the materials prepared in
the presence of Pluronic P123 and calcined at different tempera-
tures; black lines refer to the samples obtained from boehmite and
grey lines refer to the samples prepared from alkoxide precursor.
Assignments: (A) boehmite (JCPDS 1-774), and (B) γ-Al2O3 at 400 and
600 °C (JCPDS 1-1303), δ-Al2O3 at 900 °C (JCPDS 47-1770), and δ+θ-
Al2O3 after calcination at 1100 °C (JCPDS 47-1770 and 23-1009,
respectively) for the boehmite-generated samples, and R-Al2O3 for
the alkoxide-derived sample (JCPDS 10-173).

FIGURE 2. (A) Nitrogen adsorption isotherms at -196°C for the
selected samples calcined at 700 °C for 4 h in flowing air and (B)
the corresponding PSD curves calculated by the KJS method (24, 25).
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samples Bh/0.1-60-RV/700 and Bh/0.1-60-MW/700 are 599
and 629 µmol of CO2 g-1, respectively; they are higher than
545 µmol of CO2 g-1 obtained for OMA. The strength of basic
sites, estimated on the basis of maximum desorption tem-
perature was similar for all three samples, being in the range
of 630 (OMA) to 670 °C (Bh/0.1-60-RV/700).

Nitrogen adsorption isotherms and the corresponding
PSDs for the samples after NH3-TPD measurements are
shown in Figure 7S in the Supporting Information; the
corresponding data are listed in Table 1 and in Table 1S in
the Supporting Information. Although the boehmite materi-
als were practically unchanged after TPD measurements, the
alkoxide ones exhibited lower surface area and pore volume.
The recrystallized material showed larger pore volume as a
result of its exposure to NH3 and consecutive heating cycles
at 500 °C. The latter results provide preliminary evidence
for the better thermal and chemical stability of boehmite-
based mesoporous aluminas prepared in the presence of
triblock copolymers, which is highly desirable for catalytic
applications.

The SEM images for the BMA materials dispersed under
conventional and microwave conditions are shown in Figure
4 and Figure 9S in the Supporting Information. All synthesis
gels afforded large monolithic particles that were preserved
after calcinations at temperatures up to 800°C. The Bh/0.1-
60-RV/400 sample shown in Figure 4A has a particle surface
composed of larger alumina spherical aggregates than those
in Bh/0.1-60-MW/400 (Figure 4B). These images also show

distinct morphologies (see Figure 9SA-D in the Supporting
Information) for the current BMA samples than those previ-
ously reported for the transition alumina phases obtained
by direct dehydroxylation of crystalline boehmite and gibb-
site precursors (28), or for boehmite prepared from alkoxide
precursors (29). Similar alumina aggregates were reported
for the BMA materials prepared after dispersing boehmite
in HNO3 solutions without the use of structure directing
agents (29).

The MA materials with flowerlike and fiberlike morphol-
ogies have been prepared using hydrothermal alkaline
conditions for hydrolysis of Al2(SO4)3.18H2O in the presence
of sodium tartrate (30) or Al(NO3) · 9H2O in the presence of
P123 as structure directing agents (31), respectively. Al-
though the former work shows the time-dependent forma-
tion of spherical boehmite particles and their transformation
into hollow particles via partial AlOOH dissolution, the latter
shows the effect of boehmite dispersion under hydrothermal
conditions in the presence of triblock copolymers for the
preferential growth of fibers. The present synthesis per-
formed under acidic conditions with slow evaporation fa-

Table 1. Parameters Obtained from Nitrogen Adsorption at -196°C, and NH3 Temperature Program
Desorption (TPD) Data; Values in Parentheses were Obtained from Adsorption Isotherms for the Samples after
NH3-TPD Experimentsa

sample (700 °C) SBET (m2/g) VSP (cm3/g) wKJS (nm) nNH3 (µmol/g) ASA (m2/g)

Bh/0.1-AR 96 (236) 0.10 (0.28) 5.28 (5.81) 538 45
Bh/0.2-60-RV 286 1.15 16.32 660 56
Bh/0.1-60-RV 308 (333) 1.08 (1.15) 14.16 (14.24) 765 64
Bh/0.1-60-MW 314 (312) 1.13 (1.15) 14.96 (15.45) 629 53
OMA 235 (186) 0.46 (0.38) 8.56 (8.83) 540 45

a SBET, specific surface area calculated in the relative pressure range of 0.05-0.20 using the BET equation; VSP, single-point pore volume
calculated from the amount adsorbed at relative pressure of 0.99; wKJS, pore width at the maximum of the pore size distribution (PSD) calculated
by the KJS method calibrated for the 2-19 nm mesopore range (24, 25); nNH3, amount of acid sites calculated by integration of the TPD profile;
ASA, active surface area obtained from nNH3 by using 0.14 nm2/molecule for the average value of the cross-sectional area of ammonia molecule
(27).

FIGURE 3. Comparison of NH3-TPD profiles for the boehmite-based
(Bh/0.1-60-RV/700 and Bh/0.1-60-MW/700) and alkoxide-based (OMA-
700) alumina samples with the corresponding CO2-TPD profiles
(inset).

FIGURE 4. SEM images for (A) Bh/0.1-60-RV/400 and (B) Bh/0.1-60-
MW/400 showing distinct morphologies for the materials obtained
from boehmite dispersed under conventional (larger granules) and
microwave conditions.
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vored growth of particles in 3D and without a preferred
orientation, such as fibers or platelets.

The previously proposed mechanism of formation of the
BMA materials assumed the block copolymer-assisted ag-
glomeration of boehmite-generated species into sandwich-
type structures (19, 21, 31), whereas the hydrothermal
synthesis of MA by alkaline hydrolysis of AlCl3 in the pres-
ence of sodium polyacrylate also afforded samples with
fiberlike morphology, which was explained on the basis of
the time-dependent orientation effects of a nematic phase
formed by polyacrylate with a charge balance effect between
the positively charged sodium ions and the negatively
charged pseudo-boehmite framework.

However, none of the previous studies using triblock
copolymers accounted for the formation of nearly spherical
aggregates as building units for much larger 3D monolithic
BMA structures. Thus, we propose that after formation of
layered-type structures involving small oligomeric aluminum
species identified by 27Al-NMR and triblock copolymers,
these aqueous species provide connectivity between larger
pseudo-boehmite nanoparticles formed in solution (see 27Al-
NMR in Figure 1S in the Supporting Information and the
mechanism shown in Scheme 1). The 3D pseudo-boehmite-
triblock copolymer superstructure grows by agglomeration
of the spherical particles, resulting in materials with thicker
pore walls and better crystallinity.

Also, boehmite dispersed under microwave irradiation
exhibits smaller crystallite sizes than those dispersed under
conventional hydrothermal conditions. These gels afforded
materials composed of smaller spherical BMA particles and
consequently smoother surfaces. Thus, this finding shows
some possibilities for the control of the size of BMA particles
after self-assembly with P123 and the crystallinity of the final
materials. Although materials prepared under conventional
conditions exhibited higher number of acid sites than amor-

phous OMA and the microwave-assisted samples, the latter
exhibited the slightly higher number of basic sites.

CONCLUSIONS
The use of dispersed boehmite in acidified aqueous

solution in the synthesis of MA in the presence of triblock
copolymer afforded the BMA samples with large mesopores,
large pore volume, high surface area, high crystallinity,
greater acidity, and better thermal stability than the soft-
templated MA samples obtained from alkoxide precursor
and the other alumina samples prepared without polymer
templates. Porosity of the BMA materials is comparable to
that of alumina aerogels (32). The presence of large meso-
pores in the BMA samples can be beneficial for catalytic
applications such as Fischer-Tropsch synthesis, where large
pore alumina-supported catalysts are preferred (33). This
study also clarifies the mechanism of formation of the BMA
materials, which involves the block copolymer-assisted ag-
glomeration of boehmite-generated species into sandwich-
type structures as illustrated in Scheme 1 (19, 21). In
addition, these species provide connectivity for the forma-
tion of larger pseudo-boehmite nanoparticles in solution,
resulting in much more stable BMA materials after template
removal.

Most importantly, the BMA samples from boehmite
dispersions prepared under conventional and microwave
conditions exhibited similar specific surface areas and the
same transition alumina phases after calcination g700 °C.
However, the number of acid and basic sites between the
two sets of samples was different, showing that it is possible
to tailor the surface properties of alumina materials by using
the same starting reagents, without additives and pH adjust-
ments. These results are of great importance for the future
applications of MA as catalysts, supports (1-3, 34-36), and
membranes (37) for which numbers and types of acid and
basic sites are directly linked to the activity of the MA
materials (36) and to their interactions with metal catalysts
(34, 35, 38). Although these properties are directly linked
to the transition alumina phases, the transition from an
amorphous into a crystalline material with the defective
spinel structure ensures the types of aluminum sites and
vacancies associated with the desired surface acidity and
catalytic activity (34).
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