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Abstract

Mesoporous g-Al2O3 hollow nanorods have been synthesized using aluminum isopropoxide as Al source and Stevia rebaudiana leaf

extract (a complex mixture of eight sweet diterpene glycosides including stevioside, rebaudioside A, rebaudioside B, rebaudioside C,

rebaudioside D, rebaudioside E, dulcoside and steviol bioside) as template to direct the formation of mesoporous alumina on the

aqueous system. Several characterization techniques were used, including XRD, TGA, N2 physical adsorption, FE-SEM, TEM, and

FT-IR. By drying the mixture at 80 1C and then calcining it at 650 1C, a material with high surface area (357 m2/g) and uniform pore

sizes was obtained. The diameter and the length of the synthesized hollow nanorods ranged from 13 to 25 nm and from 40 to 50 nm

respectively.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Alumina has widespread applications in the field of
advanced ceramics and it is mainly used as refractory
materials, electrical insulators, in electronics, as catalysts,
catalytic supports or adsorbents and for ceramic mem-
branes. Particularly, g-Al2O3 is widely used in catalysis or
as adsorbent due to its high porosity and surface area [1].

Recently, the synthesis of nanostructured Al2O3 with 1-
D morphology has drawn attention [2–15] due to their
unique applications in nanodevices under extreme condi-
tions such as high temperatures.

These nanostructures have been synthesized following a
diversity of synthetic routs, some of which include the use
of templates. Zhu et al. reported the synthesis of Al2O3

with a fiber morphology and large porosity using a
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nonionic surfactant [2,3]. Moreover, the synthesis of
Al2O3 nanotubes and nanowires has been performed from
anodic porous Al2O3 membranes [4–6], by thermal eva-
poration [7], electrochemically [8], using the sol–gel
method [9], by coating and filling of carbon nanotubes
[10], and by hydrothermal or solvothermal treatments [11].
In addition, Ma et al. [12] reported the synthesis of
boehmite and g-Al2O3 nanorods by a solvothermal route
using AlCl3 � 6H2O in water-aniline binary mixtures, as
well as the synthesis of g-Al2O3 nanorods using
AlCl3 � 6H2O, NaOH and sodium dodecilbenzene sulfonate
in water–dimethylbenzene mixtures [13]. Li et al. [14]
reported the synthesis of g-Al2O3 nanorods by an arc-
discharge method from Fe and Al powders. Tang et al. [15]
showed the preparation of boehmite nanoneedles, nanor-
ods and nanotubes by the hydrothermal method from
Al(NO3)3 � 9H2O. Hou et al. [16] applied a hydrothermal
method for the synthesis of boehmite nanotubes and
nanorods using aluminum tricloride and sodium amide.
Hollow mesoporous structures have emerged as rapidly

growing research themes and have been widely applied in
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Fig. 1. TGA curves of the pure boehmite and as-synthesized sample dried

at 80 1C (A1 and A2, respectively). XRD patterns of pure boehmite and

as-synthesized sample dried at 80 1C (B1 and B2, respectively).
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many important fields, such as catalysis, controlled release
of drugs, confined synthesis, opto-electronics, and energy
storage, owing to their properties of low density, high
surface areas, and interstitial hollow spaces [17]. Several
synthetic strategies for hollow mesoporous structures have
been developed, including well known hard/soft-templat-
ing methods, Kirkendall or Ostwald ripening effects, and
selective etching [18]. Templating is the common method
to fabricate hollow materials. However, these templates are
mostly used to prepare hollow spherical micro-sized
particles [19].

Nowadays, much research is oriented to the develop-
ment of eco-friendly synthesis methods, using less toxic
and low cost chemicals as reactants. In recent years, S.

rebaudiana leaf extract, which contains a complex mixture
of eight sweet diterpene glycosides including stevioside,
rebaudioside A, rebaudioside B, rebaudioside C, rebaudio-
side D, rebaudioside E, dulcoside and steviol bioside [20]
has been successfully used for the synthesis of gold and
silver nanoparticles [21–23]. To our best knowledge,
the synthesis of nanosized porous metal oxides using
S. rebaudiana has not been reported.

The aim of the study carried out in this research work
was to synthesize mesoporous g-Al2O3 hollow nanorods an
aqueous medium by using S. rebaudiana leaf extract as
template.

2. Experimental

2.1. Preparation of the S. rebaudiana leaf extract.

Portions of 1.2 g of leaves of S. rebaudiana were
extracted with 50 mL of hot water (65 1C) for 3 h, as
described by Nishiyama et al. [24]. The crude extract was
filtered through a Whatman qualitative filter paper no. 1.

2.2. Synthesis

Synthesis of mesoporous g-Al2O3 was carried out from
aqueous solutions employing aluminum isopropoxide
(Sigma-Aldrich) as precursor and S. rebaudiana leaf extract
as template. In a typical preparation, 4.2 g of aluminum
isopropoxide was dissolved in 54 mL of distilled water.

The formation of alumina using metal alkoxide as
precursor usually takes place according to the following
reaction scheme [25]:

Al(OR)3þ2H2O-AlOOHþ3ROH (1)

2AlOOH -
600 1C

Al2O3þH2O ð2Þ

The resultant solution was magnetically stirred at room
temperature for 2 h, and then, the extract was added
dropwise. The pH value was adjusted to 5 using a diluted
acid nitric aqueous solutions. The obtained solution was
evaporated and dried at 80 1C for 48 h and the resulting
solid was calcined to remove the template. This was carried
out in a tubular furnace under air atmosphere, with a
heating rate of 5 1C/min up to 650 1C and kept at the
maximum temperature for 6 h.
2.3. Characterization

Characterization was carried out by X-ray diffraction,
using a Siemens D-5005 diffractometer and CuKa radia-
tion in the 2y range between 51 and 701, operating at 40 kV
and 20 mA. Thermogravimetric analysis (TGA) was per-
formed from room temperature up to 750 1C in a Du Pont
990 thermogravimetric analyzer under an air flow
(100 mL/min) at a heating rate of 10 1C/min. Fourier
transform infrared (FT-IR) spectra were recorded for
samples prepared before and after calcination employing
a Perkin Elmer 100 spectrometer in the range of 2000–500
cm�1. The textural properties of the calcined oxide were
characterized by N2 adsorption porosimetry (Micromeri-
tics, ASAP 2010). The sample was degassed at 300 1C
under vacuum. Nitrogen adsorption isotherm was mea-
sured at liquid N2 temperature (77 K), and N2 pressures
ranging from 10�6 to 1.0P/P0. The surface area was
calculated following the Brunauer–Emmett–Teller (BET)
method [24] and the pore size distribution was obtained
according to the Barret–Joyner–Halenda (BJH) method
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[26].The morphologies were observed by field emission
scanning electron microscopy (FE-SEM), using a Quanta
250 FEG scanning electron microscope (accelerating
1 μm

5 μm

Fig. 3. FE-SEM image of sample g-Al2O3 after calcination at 650 1
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Fig. 2. XRD patterns of synthesized g-Al2O3.
voltage of 30 kV). The evaluation by transmission electron
microscopy (TEM) was performed in a Hitachi 7100
microscope. All samples were prepared by suspending the
powders in an ethanol-based liquid and placing the
suspension onto a carbon/collodion-coated 200 mesh
copper grid.
3. Results and discussion

The study of the thermal decomposition of the as-
synthesized samples could help understand the interaction
between the diterpene glycosides and the inorganic
precursor.
According to Eqs. (1) and (2), the presence of boehmite

was expected as an intermediate product, prior to the
calcination step. Fig. 1(A1, A2) present, respectively, the
TG curves of pure boehmite and as-synthesized sample
0.25 μm

0.5 μm

C: (A) 8000� , (B) 60,000� , (C) 14,000� , and (D) 60,000� .
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dried at 80 1C. With the aim of comparing, pure boehmite
was synthesized in the absence of the extract. The dehy-
droxylation of boehmite to g-Al2O3 is known to occur at
temperatures higher than 300 1C, and it involves a theore-
tical weight loss of 15% [27]. This was observed in the
temperature range 100–500 1C in the pure boehmite sam-
ple (Fig. 1-A1). Nevertheless, the observed weight loss at
the former temperature interval for the as-synthesized
sample was much higher than the theoretical value
(37.1%). This could be attributed to the decomposition
of the diterpene glycosides–boehmite complex also gener-
ated in the synthesis medium during the dehydroxylation
of boehmite. The TGA of the as-synthesized sample
(Fig. 1-A2) showed several weight losses between 30 and
550 1C, while no changes were evident above 550 1C. This
TG curve could be divided into three regions of weight
loss. The first one (zone I) between 25 and 150 1C
corresponds to the desorption of physisorbed water
[27,28]. Weight loss in the 150–300 1C region (zone II),
was attributed to removal of most of the template [27,28].
Zone III, (300–600 1C) could be assigned to the loss of
water associated with the phase change to form g-alumina,
and decomposition and elimination altogether of the
remaining organic compounds that helped form the pore
structure. The ‘‘plateau’’ observed above 550 1C in the TG
curve indicated that a stable phase had been formed.

X-ray diffraction patterns corresponding to the pure
boehmite (JCPDS Card 21-1307) and as-synthesized sam-
ple are presented in Fig. 1-B1 and B2. The location of
some broad and weak peaks observed in the case of the as-
synthesized sample dried at 80 1C confirmed the presence
of the boehmite phase [29–31]. The (020) reflection is
especially important [29–31], since it is a characteristic of
compounds with laminar structure perpendicular to the
[010] direction. Furthemore, the reflection (020) presents a
greater d-spacing (6.88 Å) as compared to the pure
50  nm

Fig. 4. TEM image of sample g-Al2O3 after calcination at 650 1C: (A) 105,000
boehmite (6.27 Å) [29–31]. This can be attributed to the
presence of intercalated water molecules between boehmite
octahedra double layers [32,33]. Bokhimi et al. [32], and
Baker and pearson [33], proposed that this particularly
occurs in boehmite samples of very small crystal size.
Another possibility regards the hydroxyl groups bonded to
aluminum atoms on a crystal surface. The oxygen atoms of
these hydroxyl surfaces have a free orbital that gives rise to
hydrogen bonds when crystals grow perpendicularly to the
surface. If crystal growth is hindered, these oxygen atoms
can react easily with the aqueous environment. In an acidic
medium, which is the present case, the free orbital will
react with a proton, forming an aquo ligand bonded to an
aluminum atom [32,33].
In addition, it was observed that the intensity of the

(020) peak in the boehmite standard used in this research
(Fig. 1-B2) was greater than the other peaks. Therefore,
the (020) planes are the prefered growth direction
of AlOOH.
The crystalline properties of the synthesized g-Al2O3 are

shown by the XRD pattern in Fig. 2. The XRD trace
presents two main peaks placed at d-spacings of 0.197, and
0.140 nm, corresponding respectively to the (400) and (440)
reflections of g-Al2O3 [27]. The general shape of the DRX
trace agrees with the poor crystallinity of this type of
transitional phase.
Fig. 3 shows FE-SEM micrographs of the calcined

sample. These results confirm that the alumina particles
formed at 650 1C have laminated structure (Fig. 3A). On
the other hand, it seems that these structures consist of
aggregates of nanoparticles with a tubular morphology
and particle size around 50 nm (Fig. 3 A–D).
The laminar structure of the synthesized alumina is

intrinsically consistent with the plate like morphology, which
is a characteristic of the boehmite phase [27,29–32]. This was
attributed to the topotactic transformation of boehmite that
50 nm

� and (B) 167,000� . The circle shows the open end of a hollow nanorod.
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takes place during calcination at temperatures around
600–800 1C [34]. These results are consistent with the charac-
terization made by XRD and TGA, which suggested the
presence of boehmite as an intermediate stage.

Fig. 4 shows the TEM image of the g-Al2O3 nanopar-
ticles. It is clearly observed that synthesized g-Al2O3

consists of a large quantity of hollow nanorods with
lengths around 50 nm and ranging diameters from 13 to
25 nm. The observed morphology in the synthesized
materials could be the result of a complex system of
intermolecular interactions between the diterpene glyco-
sides molecules and the alumina precursor, with the
subsequent formation of a hybrid organic–inorganic com-
posite. It has been reported that classic hydrogen bonds
may cause mainly the formation of discrete (0D) supra-
molecular structures, molecular dimers, and in some cases
the formation of 1D chain structures [35,36]. In this sense,
observations of the structural formula of steviol bioside
have indicated that the hydrophilic part of the molecule
has dimensions that are comparable with the hydrophobic
tetracyclic fragment. These compounds may therefore
interact preferentially and form lamellar structures with
alternating layers composed of predominant hydrophilic
and hydrophobic molecular fragments [35].

On the other hand, under synthesis conditions, the
diterpene glycoside molecules could be solvated since the
water and isopropyl alcohol are present in the reaction
medium [35]. Also, glycoside residue and tetracyclic mole-
cular frame would be situated one above the other forming
an intramolecular cavity [35]. Subsequently, the interaction
of the boehmite inorganic precursor with the former
structure and the heating treatment at 650 1C would allow
the production of alumina with the morphology of
hollow rods.

Fig. 5 shows the N2 adsorption–desorption isotherms
and pore size distribution of synthesized g-Al2O3. This
material presented a type IV isotherm (as defined by
IUPAC) [22] which is a characteristic of mesoporous
materials. The appearance of a type H2 hysteresis loop
indicates the presence of ‘‘ink-bottle’’ type pores in the
mesoporous Al2O3 [22]. The physisorption measurements
revealed a high BET surface area (357 m2/g) and a pore
size distribution centered at 4.8 nm. In addition, it was
observed that the pore sizes of the mesoporous g-Al2O3

seems irrespective of the rods diameter of the g-Al2O3

nanorods. Therefore, the mesoporous structure was prob-
ably originated mainly from the voids between grains after
calcinations. This agrees with the morphology observed by
SEM (Fig. 3). TEM micrographs indicated that most
hollow nanorods possess closed ends and only a fraction
presents one or both open ends (Fig. 4B). This could
justify the shoulders observed in the pore-size distribution
curve at 11 and 14 nm diameters (Fig. 5B).

Fig. 6(A) shows the FT-IR spectrum of the as-
synthesized sample with S. rebaudiana extract. The most
characteristic signals correspond to the absorption bands
around 1659 cm-1 and 1419–1445 cm-1, which can be
assigned to the stretching vibrational [37] modes of
carboxilate groups (COO-) generated in the synthesis
medium. These carboxilate groups are bound to the
aluminum atoms present on the surface of the boehmite.
Furthermore, the strong signal at 1380 cm-1, could reveal
the presence of free carboxilate groups that are not
coordinated to the aluminum atoms [37]. This can be
attributed to the acid hydrolysis of the stevioside [38], a
diterpenoid glycoside (Fig. 7B and C) which can generate
diterpenic molecules like steviol and isosteviol as products
[38]. Both compounds, could interact with the metal
monohidroxide (boehmite) through these carboxilate
groups, and coordinate similarly to the formation of
aluminum ionic complexes in solution.
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FT-IR absorption bands were observed in the sample
calcined at 650 1C (Fig. 6B) and were associated with
structurally different aluminum superficial sites. On the
surface of alumina particles, two coordinatively different
types of aluminum ions can be found [39–42]: tetrahedral
(Td) and octahedral (Oh), with coordination numbers of
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four and six, respectively. The FT-IR spectra show
absorption bands in the range of 500–750 cm�1 due to
the stretching vibrations of AlO bonds of the octahedrally
coordinated Al. On the other hand, bands due to
vibrations of AlO bond in AlO4 units are present around
750–900 cm�1 [39–42].

4. Conclusions

Mesoporous g-Al2O3 hollow nanorods were synthesized
through a facile, low-cost and non-surfactant-templating
synthesis route. S. rebaudiana leaf extract was used to
direct the formation of the porous structure. The alumina
powders obtained exhibited an high surface area (357 m2/g)
and uniform pore sizes. The particle size of the alumina
synthesized in this research ranged in diameter from 13 to
25 nm with lengths between 40 and 50 nm.
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