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Nano boehmite with unprecedented high surface area and pore
volume (802 m? g%, 2.35 cm® g™%) was prepared using a facile,
green and efficient surfactant-free synthesis method. The structure
of the material is characterized by the presence of plates with
varying thicknesses and morphologies. The calcined samples show
curved and rolled plates with a nanotube-like appearance.

Nanoscience and nanotechnology, in which the objects or fea-
tures studied are typically in the range of 1-100 nm, have been
among the most important developing areas in the last few
years. Synthesis, characterization, and application of nano-
particles are of fundamental importance to this field. In this
regard, a large number of methods such as co-precipitation,
sol-gel processes including hydrolytic and non-hydrolytic,
hydrothermal, solvothermal, microwave-assisted, and sono-
chemical methods, template utilization, and biomimetic
methods, or a combination of two or more of the above men-
tioned methods, have been developed for the controlled syn-
thesis of the desired nanoparticles.'”

Utilization of surfactants in nanomaterial synthesis is of
particular importance due to their tendency to affect the
chemical, physical, and structural properties of the latter, such
as size, shape, porosity, and dispersibility.*® However, usage
of surfactants is not without its own drawbacks, such as their
uncertain biocompatibility in addition to their irreversible
adsorption on the surface of nanoparticles. Often the latter
case leads to an unpredictable and undesirable impact on
their properties, resulting in the reduction of the accessible
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surface which is a crucial point to be considered especially
when catalytic applications are the goal.>”®

The commonly used media for surfactant-free synthesis of
inorganic nanoparticles over time have been aqueous or non-
aqueous and these could be under hydrolytic or nonhydrolytic
conditions. Some important features of the surfactant-free
methods such as higher yields, lower impurities, utilization of
green solvents, simplicity, and greater accessible surface area
make them both scientifically and economically interesting.”°**
However, the aqueous approach led to certain limitations being
observed, such as low or lack of crystallinity, need for strict
control of synthetic conditions, and complicated hydrolytic
behavior arising from the dual character of water as a solvent
and ligand."*™"® An obvious alternative to the aqueous approach
is to exclude water and this has drawn a considerable amount of
interest. In this method, organic species play a large role in the
synthesis of the nanoparticles but detailed information regard-
ing the mechanism is not yet clearly understood."”*°

Among the wide variety of different nanomaterials, which have
been prepared from different routes as mentioned above, nano-
crystalline aluminum oxides occupy a particularly interesting
niche. They have been used in many industrial processes as adsor-
bents, in catalysis, as catalyst components, in optics, electronics,
high performance ceramics, and in many other applications.>*>*
Syntheses of these materials with enhanced properties, in particu-
lar, their surface area, pore volume, morphology, and dimension-
ality continue to receive extraordinary attention.>>

Alumina (Al,0;) and boehmite (AIOOH) have already been
prepared by a wide variety of methods, among which is the
Bayer process, a famous industrial method for the large scale
production of aluminum oxides.>*? However, this method
still has a few shortcomings such as the large amount of
impurities accompanying the products which hampers the
utilization of these aluminum oxides as the substrate material
for LEDs (light emitting diodes) and other applications*® An
alternative method is the utilization of aluminum alkoxides as
pure molecular precursors.’ In 1986 Fanelli reported the reac-
tion of aluminum sec-butoxide in 2-butanol, the parent
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alcohol, with in situ generated water from alcohol dehydration
at 250 °C in an autoclave reactor and obtained high surface
area amorphous aluminum oxide.*" A similar reaction in the
presence of acid led to the formation of boehmite along with
aluminum sulfate with lower surface area (50 m* g™'). Jun
et al. not too long ago presented a method for the preparation
of high surface area boehmite and alumina via hydrolysis of
aluminum alkoxides in their parent alcohols.**

Herein, we describe a method for the preparation of high
surface area nano boehmite and alumina by using a surfac-
tant-free modified sol-gel route which has been performed in
a shorter time with higher surface area and different
morphologies to the ones previously reported. A particular
feature of this method is avoiding the use of any surfactants as a
template and the utilization of pure aluminum alkoxides in
their parent alcohol and subsequent hydrolysis of the precursors
in the presence of a small portion of aqueous solution of an
organic acid with short drying times. The versatility of this
method should allow for the synthesis of a wide variety of other
single or mixed metal oxide nanomaterials as well as the
synthesis of highly pure in situ prepared doped semiconductors.
Furthermore, modifications of the surface of these nanoparticles
make them valuable candidates for targeting applications.

Nano boehmite and y-alumina were prepared using an
accessible and reliable surfactant-free method which does not
need any expensive template and stabilizer. It also involves the
hydrolysis of clear solutions of either aluminum 2-propoxide
or aluminum 2-methoxyethoxide, as single source molecular
precursors, in 2-propanol and 2-methoxyethanol (their parent
alcohol), respectively. Hydrolysis was performed by addition of
a small portion of aqueous solution of acetic acid followed by
reflux and aging for 24 h. One of the key factors in this step is
the reflux temperature which is determined by the type of the
utilized alcohol. Boiling temperatures of 2-propanol and
2-methoxyethanol are about 83 and 125 °C, with the latter
being in the suitable range for preparation of nano boehmite.
The side-product of the reaction in this stage is liberated
alcohol which is also the solvent in addition to a small
amount of water and an organic acid. In contrast to the
aqueous method, the alcohol was simply recovered by taking
advantage of the lower surface tension of the mixture through
distillation at lower temperatures using a rotary evaporator
thus reducing energy consumption while simultaneously
avoiding time consuming filtration. The samples were then
dried at 120 mbar, and mild temperature (70 °C) in a short
time (3 h) to remove acetic acid. The obtained powders from
aluminum 2-propoxide and aluminum 2-methoxyethoxide
molecular precursors are named Al-1 and Al-2, respectively and
were characterized by wide angle X-ray diffraction (WA-XRD),
N, adsorption-desorption, and TEM measurements.

Fig. 1 shows the WA-XRD data of the dried samples at
70 °C. The data reveals formation of the boehmite phase in
both cases (JCPDS card no. 00-005-0190). Since the reflux
temperatures of the samples were at the boiling point of their
parent alcohols, Al-2 was reacted at a higher temperature and
consequently showed better crystallinity. Subsequently, both
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Fig. 1 Wide-angle XRD patterns for samples Al-1 and Al-2 dried at
70 °C.

samples were calcined at 600 and 800 °C. The wide-angle XRD
patterns for the samples Al-1 and Al-2 are depicted in Fig. S1
and S2,} respectively. In both cases, calcination at 800 °C results
in conversion of boehmite to y-alumina as the crystalline phase
(JCPDS card no. 10-0425). For Al-1 the formation of y-alumina is
already observed at 600 °C, whereas for Al-2 no significant reflec-
tions were detected for the sample calcined at 600 °C.

Fig. 2 depicts the N, adsorption-desorption isotherms and
pore size distributions of the as-prepared and calcined samples
at 600 and 800 °C. According to the IUPAC classification, these
isotherms exhibit classical type IV isotherms.”* The clearly
observed type IV isotherms along with hysteresis loops are
typical for mesoporous materials. Moreover, it is evident that
the hysteresis loops of Al-1 and Al-2 are not similar. For Al-2 -
hysteresis loops of type H2 are observed while Al-1 exhibits no
limiting uptake in the range of high P/P° and reveals hysteresis
loops of type H3. It has already been established that there
exists a correlation between the shape of the hysteresis loop and
the texture properties of mesoporous materials such as pore
size, pore size distribution, and their connections. The data of
Al-1 indicates the presence of non-rigid aggregates of the plate-
like framework giving rise to slit-shaped mesopores. For Al-2 on
the other hand, the appearance of its isotherm already suggests
the presence of both micropores and mesopores within its pore
structure. This was confirmed via applying the De-Boer thickness
method to obtain the micropore areas (see Fig. S3 and Table
S1t). The shape of its hysteresis loop is indicative of the presence
of pore blocking effects as seen from the sudden step-down
upon closing up, a major characteristic of the H2. Despite the
utilization of the same procedure in preparation of the samples,
different structural data were obtained, which demonstrates the
importance of the selected precursors on their characteristics.

Table 1 summarizes the physicochemical properties of Al-1
and Al-2 including BET surface areas, pore volumes and mean
pore diameters.

Remarkably, Al-1, the nano boehmite prepared from the
aluminum 2-propoxide precursor shows an extraordinary high
specific surface area of 802 m”> g~' paired with a high pore

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Nitrogen adsorption—desorption isotherms of Al-1 (top) and Al-2
(bottom) dried at 70 °C, and calcined at 600 °C and 800 °C represented
with red, blue, and green symbols, respectively.

Table 1 Pore structure parameters of the samples obtained from alko-
xide precursors

Calcination Total pore

temperature  BET surface volume Average pore
Compound  (°C) area(m®’g™") (em®g™')  width (nm)
Al-1 — 802 2.35 11.7

600 343 2.07 24.1

800 242 1.77 29.2
Al-2 — 420 0.30 2.9

600 239 0.40 6.7

800 149 0.37 9.9

volume of 2.35 cm® g™, This is in contrast to the common obser-
vation in the case of aluminas derived from aqueous based syn-
thesis, which show an inverse relationship between the total pore
volume and the surface areas. In fact, for Al-1 the pore volume
shows a direct relationship to the surface area, with both para-
meters decreasing at higher calcination temperatures. Similar
trends are observed for Al-2, however, with the exception of a
comparatively low total pore volume for the as-prepared sample.
Interestingly, the average pore size distribution of both samples
shows related trends (see Fig. S4 and Table S2+).

This journal is © The Royal Society of Chemistry 2016

View Article Online

Communication

The TEM images of samples Al-1 and Al-2 obtained after
vacuum drying and calcination (600 and 800 °C) are depicted
in Fig. 3 and 4, respectively. The samples dried at 70 °C show
the presence of plates with varying thicknesses which are

Fig. 3 (Top, left) TEM image of Al-1 dried at 70 °C and expanded part
from the area in the red rectangle (top, right); (bottom, left) TEM image
of Al-1 calcined at 600 °C; (bottom, right) TEM image of Al-1 calcined at
800 °C. Not labeled scale bars: 50 nm.

Fig. 4 (Top, left) TEM image of Al-2 dried at 70 °C and the expanded
part from the area in the red rectangle (top, right); (bottom, left) TEM
image of Al-2 calcined at 600 °C; (bottom, right) TEM image of Al-2 cal-
cined at 800 °C. Not labeled scale bars: 50 nm.
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folded and show aggregation (Fig. 3 and 4, top). High tempera-
ture treatment at 600 and 800 °C not only leads to formation
of y-alumina but also results in a change of morphology
leading to more curved and partially rolled plates with a nano-
tube-like appearance (Fig. 3 and 4, bottom).

A remarkable advantage of the presented method is the
avoidance of any non-green, environmental polluting organic
solvents in addition to the ease of recovery of the employed
alcohol. The use of small amounts of water and an organic
acid facilitates elimination of the alcohol and distillation pro-
cesses at lower temperatures leading to conservation of the
structure and enabling the preparation of high purity
materials.

To conclude, the presented procedure represents a surfac-
tant-free method for the synthesis of boehmite (AIOOH) and
y-alumina (Al,0;) with substantially high surface area and
pore volume from easily prepared non-commercial aluminum
alkoxides. The ability to recover and reuse the solvent in a
short time is economically favorable, and hydrolysis using a
small portion of aqueous organic acid facilitates both the dis-
tillation and drying processes.
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