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Abstract The boehmite nanofibers were prepared by
using NaAlO, and Al,(SO4); as the starting materials
without any surfactant. The phase transitions of the
boehmite nanofibres against different temperature were
studied and various phases were derived from well-crys-
tallized boehmite nanofibers. All these phases had the same
morphology even after high temperature calcination. In
addition, the retention of specific surface area of the sam-
ples were very high because of the limited aggregation
occurred in calcinations for each sample. For instance, the
7-Al,O3 obtained at 500 °C had the specific surface area
(208.56 m%/g) with an average pore diameter of 6.0 nm.
With the further increase of the calcination temperature,
the nanofibers became shorter and coarsening, which
resulted in the decrease of the specific surface area. It is
worthwhile to notice that the BET surface areas (40.97 m?/
g) and the pore volume (0.27 cm?/g) of the fibrous struc-
tures obtained after 1200 °C calcination are substantially
higher than that of the non-fibrous alumina because of the
morphology maintenance.
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Introduction

Alumina (Al,0O3), besides its stable phase «-Al,O3, has a
variety of metastable structures, including -, -, 6-, and
0-Al,05 [1, 2].. Those Al,O3 are widely used as sorbent [3]
or support for catalysts [4, 5] in refining [6—12], petro-
chemicals and fine chemicals processes [13]. The useful-
ness of a specific alumina in each of these processes
requires a favorable combination of textural properties,
including surface area, pore volume, and pore size distri-
bution as well as the surface acid/base characteristics. To
this end, considerable efforts have been directed toward the
preparation of nanostructure Al,O3. Various morphologies
of Al,Os, such as membrane [14], nanowires [15], nano-
sheets [16], nanobelts [15], nanofibers [17, 18], and whis-
kers [19] had been obtained by a variety of methods in the
past a few years. The concept of surfactant templating has
been introduced into the synthesis of most nanostructured
Al,O3, which cause high cost and environmental problems.
Hence, a template free approach to the preparation of
nanostructured Al,O3; would be highly appreciated.
Normally, conventional Al,O3; formed through the
thermal dehydration of a crystalline boehmite via a
sequential metastable transition: Boehmite — y —» 6 — 60
— 0-Al,O5 [20-22]. However, most Al,O5; derived from
solution precursors often have atomically disordered
framework walls that lack the structural stability and sur-
face characteristics of a transition alumina. As a result, y-
Al,Oj3 can be obtained at temperatures above 800 °C [23,
24], but such conditions inevitably compromise the poor
structure and cause a drastic deterioration in textural
properties because of the sintering of the primary particles
and consequential framework contraction [23-25]. More
severely deteriorated are J-, 0-, a-Al,O5 formed at even
higher temperatures. So far, the preparation of high surface
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area alumina samples formed at high temperatures is still
demanding and challenging.

In this study, we prepared the boehmite nanofibers in the
absence of any surfactant [26-28], and studied their phase
transitions and morphology changes.

Experimental
Preparation of the boehmite nanofibers

The boehmite nanofibers were synthesized as follows:
100 mL of NaAlO, solution containing 29.5 g NaAlO,
(0.36 mol)was added dropwise to 0.4 mol/L Aly(SOy);
solution with vigorous stirring, and the stirring were kept
until a homogeneous solution was formed. The obtained
suspension (pH ~8.5) was sealed into a Teflon-lined
stainless autoclave and kept at 180 °C for 24 h without any
stirring or shaking. A white precipitate was recovered. The
precipitate was then centrifuged, washed, and dried in air at
60° for 24 h to obtain the boehmite nanofibers.

Preparation of the Al,O3 nanofibers

The boehmite nanofibers were calcined at 400, 450, 500, 600,
700, 800, 1000, and 1200 °C for2 hto convert the boehmite to
Al,Oj3. The temperature ramp rate was 10 °C/min.

Analysis and characterization

X-ray powder diffraction (XRD) patterns were recorded on a
Rigaku D/MAX 2500 X-ray diffractometer with a graphite
monochromator and Cu Ko radiation (4 = 1.54178 A).
Thermogravimetry and differential thermal analysis (TG-
DTA) curves were obtained on a Q600SDT TGA-DTA-
DSC Synchronous detector in the temperature range
10-1000 °C with a heating rate at 10 °C/min~" in N, flow
(100 mL/min). The specific surface area, pore volume, and
pore size were measured using the N, sorption method with
a Micromeritics ASAP 202 instrument. A GEOL-2100
microscope transmission emission microscopy (TEM) was
used to identify the crystal structure of the samples.

Results and discussion

The powder XRD patterns of the boehmite nanofibers and
various Al,O5 samples obtained at 400, 450, 500, 600, 700,
800, 1000, and 1200 °C are shown in Fig. 1. The XRD
pattern of the boehmite nanofibers (Fig. 1a) exhibit the
typical reflections of boehmite phase (Ref: JCPDS no.
21-1307) without any impurity peak. The strong sharp
reflections indicate that the boehmite nanofibers have a
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well-formed crystalline structure. It can be seen that dif-
fraction peaks of the sample obtained at 400 °C (Fig. 1b)
were the same as that of boehmite, which indicates that the
boehmite nanofibers are stable at 400 °C. Fig. 1c exhibits
the typical reflections of y-Al,O5; phase (Ref: JCPDS no.
10-0425), which proves that the boehmite structure trans-
formed to y-Al,O; when the calcinations temperatures
were between 400 and 450 °C. The y-Al,O5 structure was
well maintained until the calcination temperature up to
800 °C, as shown in Fig. 1d—g. When the calcination
temperature was raised to 1000 °C, new diffraction peaks
emerged at 32.8, 45.6, 46.5, and 66.9°, respectively, which
should be attributed to 6-Al,O3, as shown in Fig. 1Th. With
a further increase of the calcination temperature from 1000
to 1200 °C, the samples transited to hybrid phases with
0-Al,05 (Ref: JCPDS no. 35-0121) and «-Al,O3 (Ref:
JCPDS no. 10-173).

The mass loss of the boehmite nanofibers was measured
by TG-DTA method to investigate the thermal behavior
and mass change during the calcination process [29, 30].
The measured TG-DTA-DTG curves of the boehmite
nanofibers are shown in Fig. 2. It exhibits four mass loss
steps according to the TG curve and two endothermic
peaks in the DTA curve. The endotherm peak centered at
78.9 °C and mass loss to ~224.6 °C corresponds to the
removal of surface adsorbed water with the associated
mass loss of 3.7%. A second mass loss at 224.6-526.6 °C
with an endotherm peak centered at 481.1 °C can be
attributed to the removal of the hydroxyl group, which
corresponds to the lattice changes coinciding with the
transformation of boehmite to y-Al,O5 [31]; the associated
mass loss was 12.9%. This is in agreement with the XRD
results, as shown in Fig. 1. The third step (526.6-800.9 °C)
is related to the further dehydroxylation of the y-Al,O5 [32,
33]; the associated mass loss was 1.1%. The last mass loss

Intensity/a.u.

Fig. 1 XRD patterns of the boehmite nanofibers (a) and samples
obtained at (b) 400 °C, (¢) 450 °C, (d) 500 °C, (e) 600 °C,
(f) 700 °C, (g) 800 °C, (h) 1000 °C, (i) 1200 °C
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Fig. 2 TG-DTA-DTG curves of the boehmite nanofibers

between 800.9 and 1000 °C corresponds to the formation
of 5—A1203.

Figure 3 show the TEM images of the boehmite
nanofibers and the samples calcined at 400, 450, 500, 700,
800, 1000, and 1200°, respectively. It can be seen that the
starting boehmite nanofibers have a length over 50 nm and
a thickness of about 6 nm (Fig. 3a). And all the samples
obtained at different temperature show similar fibrous
morphology, even at 1200°. It implies that the fibrous
structure has strong resistance to sintering even if they
were calcined at high temperatures. The thickness of

Fig. 3 TEM images of the
boehmite nanofibers (a) and the
samples obtained at (b) 400 °C,
(¢) 450 °C, (d) 500 °C,

(e) 600 °C, (f) 700 °C,

(g) 800 °C, (h) 1000 °C,

(i) 1200 °C

100 mm

40
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Fig. 4 The pore size distributions of samples obtained at different
calcination temperature

nanofibers is 7-8 nm after calcined at 400 °C for 2 h. It
becomes finer (6—7 nm) with the increase of calcination
temperature from 400 to 500 °C. This is related to the
combined effect of dehydration and condensation as above
mentioned. Half of the oxygen atoms from the boehmite
layers are removed because of condensation of protons and
hydroxyls between layers, thus, causing the rearrangement
which leads to the phase transitions. The phase transition is
accompanied by a decrease in the size of the crystallites.
With the increase of the calcination temperature, the
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Table 1 Properties of the boehmite nanofibers and Al,O5 obtained at various temperatures

T/° Sprr/m*/g! Pore volume/cm®/g D/nm Calculated surface areas/m*/g~" Phase identification
400 179.59 0.47 7.5 177.18 Boehmite

450 195.65 0.54 6.5 192.31 7-AlL,O3

500 208.56 0.53 6.0 208.33 7-Al,03

600 198.23 0.51 6.2 201.61 7-Al,O3

700 172.81 0.49 7.0 178.51 y-Al, 05

800 144.80 0.54 8.5 147.06 7-AlLLO3

1000 92.66 0.54 12.6 93.37 0-Al,04

1200 40.97 0.27 24.5 41.86 0-AlL,05 + a-Al,05

average diameter of the Al,O3; nanofibers is enlarged from
6.0 nm at 500 °C to 24.5 nm at 1200 °C, while the length
was reduced simultaneously.

Figure 4 shows the pore size distributions of all the
Al,O5 samples obtained at different calcination tempera-
ture, which were calculated from N, isotherms measure-
ments by using the Barrett-Joyner-Halenda method [34].
The calculated results of all the samples are listed in
Table 1. The pore volume should be attributed to the inter-
crystallite voids of the randomly stacked alumina nanofi-
bers. The broad distributions of pore size of the samples are
owing to the random stacking and irregular shape of the
voids. The most probable pore size is about 11 nm in a
range of 3—40 nm for y-Al,O5 obtained at 500°. It can be
seen that both the most probable pore size and the width of
the pore distribution at half height are increasing with the
increase of calcination temperature. However, the pore
volume is almost constant for the samples calcined
between 400 and 1000 °C. It confirms the pore volume
contribution to the inter-crystallite voids of the randomly
stacked alumina nanofibers. When the calcination temper-
ature rise from 1000 to 1200 °C, the samples convert to
hybrid phases of 0-Al,O3 and a-Al,03, the fibrous structure
appear faint sintering accompanying the decrease of pore
volume. However, the samples always retained the prop-
erty of being porous, which induced by the fibrous structure
that has considerable strong resistance to sintering during
calcination.

The specific surface areas calculated from fibrous size
observed from TEM measurements are consistent with the
experimental values as shown in Table 1, which suggests
the samples are monodispersed nanoparticles. This is in
good agreement with the TEM images (Fig. 3) and
explains the almost invariable pore volume between 400
and 1000 °C. The y-Al,O3 nanofibers obtained at 500° has
the highest specific surface area with average pore diameter
of 6.0 nm according to Table 1. There is an increase of
specific surface area with the increase of calcination tem-
perature from 400 to 500 °C. It is related to the finer fibers
brought by the combined effect of dehydration and
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condensation. The phase conversion is followed by a
decrease in the size of the crystallites and a corresponding
increase in the specific surface area. It can be seen that
there is a descending trend for the specific surface area as
the calcination temperature increased from 500 to 1200 °C.
The first event in the temperature range 500-800 °C is
attributed to the coarsening and shortening of y-Al,O3
nanofibers. The second event from 800 to 1200 °C is
because of the transition of - to x-Al,O3; and the coars-
ening of Al,O3 nanofibers. The transition of y- to a-Al,O3
involves a reconstructive recrystallization process, which
leads to the fibrous structure faint sintering. In this article,
the fibrous 0-Al,O5 appears when the calcination temper-
ature increased to 1000° accompanying the almost invari-
able pore volume. The result of the specific surface areas
calculated from TEM images in agreement with Sggr
obtained from BET measurement suggests that 0-Al,Oj is
monodispersed nanosize particles. It is reasonable to
deduce that the main fall of the specific surface area is
related to the coarsening and shorten of Al,O; nanofibers.
After calcined at 1200 °C for 2 h, the specific surface area
is 40.97 m*g~", and the remaining pore volume was
0.27 cm?/g. Even though, it is still substantially larger in
comparison with the non-fibrous Al,O3 because of the
maintenance of fibrous shape [23, 35-37]. As a result, such
a fibrous structure exhibits large porosity and strong
resistance to sintering when calcined at high temperatures
so that these Al,O3 nanofibers can be used as supports for
catalysts working at high temperatures, for instance, such
as combustion catalysts.

Conclusions

In this study, the variations in the structure of fibrous crys-
tallites of alumina, derived by calcinations of the well-
crystallized boehmite nanofibers at different temperatures in
air were investigated. The morphology retention of the pre-
pared nanofibers during the transformation from boehmite
to a-Al,O3 is exceedingly good. With the increase of
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calcination temperature, the shape of the Al,O3 nanofibers
becomes shorter and coarsening, inducing a gradual decrease
of the specific surface area. The specific surface area and the
pore volume of Al,O; obtained after 1200 °C calcination can
attain values of 40.97 m%g~" and 0.27 cm®/g, respectively,
which can be attributed to the high retention of its fibrous
shape.
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