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Abstract

In the present study, the nanoSiO2 and nanoZrO2 were used as the fillers for linear low-density polyethylene (LLDPE) nanocomposites. In fact,
the LLDPE nanocomposites were synthesized via the in situ polymerization of ethylene/1-octene with a zirconocene/MAO catalyst in the presence
of the fillers. The LLDPE–nanocomposites were further characterized by means of TEM, DSC, 13C NMR and XPS. It was found that productivity
increased more when the nanoZrO2 filler was applied. The similar distribution for both fillers was observed by TEM. Based on the

13C NMR
results, it appeared that the LLDPE nanocomposites obtained from both fillers were random copolymer. In particular, the resulted binding energy
and elemental concentration at surface obtained from XPS measurement were further discussed in more details.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Polymer composites are important commercial materials
with various applications. It is known that materials or fillers
with synergistic properties can be selected to create the polymer
composites with desired properties. However, upon the signi-
ficant development of nanoscience and nanotechnology in the
recent years, nanoscale fillers have brought attraction to
research in polymer composite. As known, polymers filled
with nanoscale fillers are recognized as polymer nanocompo-
sites. Apparently, with addition of nanoscale fillers into poly-
mers, robust materials can potentially be produced due to the
synergistic effects (cooperating for enhanced effects) arising
from the blending process. In general, there are technically three
methods used to produce a polymer composite; (i) a melt mix-
ing [1–5], (ii) a solution blending [6] and (iii) in situ poly-
merization [7]. Due to the direct synthesis via polymerization
along with the presence of fillers, the in situ polymerization is
perhaps considered the most promising technique to produce

polymer nanocomposites with homogeneous dispersion of
nanoscale fillers inside the polymer matrix. Based on the com-
mercial interest of using metallocene catalysts for olefin
polymerization, it has led to an extensive effort for utilizing
metallocene catalysts efficiently [8–11]. With a combination of
knowledge in nanotechnology, polymerization, and metallocene
catalysis, a promising way to synthesize the polymer nano-
composites using a metallocene catalyst is captivating.
In our previous work [12], we revealed that LLDPE nano-

composites could be synthesized via the in situ polymerization
with a zirconocene/MAO catalyst. However, our present study
focussed on further development in order to give a better un-
derstanding on how different nanoscale fillers could interact
inside the polymer matrix. Obviously, this can result in different
properties of polymer nanocomposites obtained.

2. Experimental

All chemicals [ethylene (99.96%) donated by the National
Petrochemical of Thailand, toluene (Exxon), rac-ethylenebis
(indenyl) zirconium dichloride [rac-Et(Ind)2ZrCl2] from Aldrich,
methylaluminoxane (MAO, 2.67 M in toluene) donated by the
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Tosoh Akso, Japan, trimethylaluminum (TMA, 2.0 M in toluene)
from Nippon Alkyls, Japan, 1-octene (98%, Aldrich), nanoSiO2
(Aldrich) and nanoZrO2 fillers] were manipulated under an inert
atmosphere using a vacuum glove box and/or the Schlenk tech-
niques. 1-Octene was purified by distilling over sodium under
argon atmosphere. Toluene was dried over dehydrated CaCl2 and
distilled over sodium benzophenone under argon atmosphere
prior to use.
The nanoZrO2 filler was synthesized by flame spray pyro-

lysis (FSP) as described by Mueller et al. [13]. The primary
particle size of ZrO2 was in the range of 6–35 nm. The crystal
structure consisted of the tetragonal/monoclinic phase (95/5 by
mol%). The nanoSiO2 filler was obtained from Aldrich (30–
40 nm). First, 1 g of the filler reacted with a desired amount of
MAO in toluene at room temperature and was stirred for 30 min.
The solvent was then removed from the mixture. About 20 ml of
toluene was added into the obtained precipitate, the mixture was
stirred for 5 min, and then the solvent was removed. This proce-
dure was done for 5 times to ensure the removal of impurities.
The white powder of nanoscale filler-impregnated MAO was
obtained.
The ethylene/1-octene copolymerization reaction on the

filler-impregnated MAO was carried out in a 100-ml semi-batch
stainless steel autoclave reactor equipped with a magnetic
stirrer. At first, 0.3 g of the nanoscale filler-impregnated MAO
([Al]MAO/[Zr]=3405) and 0.018 mol of 1-octene along with

toluene (to make a total volume of 30 ml) were put into the
reactor. The desired amount of rac-Et(Ind)2ZrCl2 (5×10

−5 M)
and TMA ([Al]TMA/[Zr]=2500) was mixed and stirred for 5 min
aging at room temperature, separately, then was injected into the
reactor. The reactor was heated up to polymerization temperature
at 70 °C. To start reaction, 0.018 mol of ethylene was fed into the
reactor. After, all ethylene was consumed, the reaction was ter-
minated by addition of acidic methanol. After filtration, washing
with methanol and drying at room temperature, white powder of
nanoZrO2 (SiO2)-filled polymer was obtained.
The polymer sample was then characterized using the dif-

ferential scanning calorimetry; DSC (NETZSCH DSC 200),
transmission electron microscopy; TEM (JEOL-TEM 200CX),
X-ray photoelectron spectroscopy; XPS (Shimadzu AMICUS
with VISION 2 control software), and 13carbon nuclear mag-
netic resonance; 13C NMR (JEOL JMR-A500).

Table 1
Characteristics of LLDPE nanocomposites

Characteristics LLDPE–
nanoSiO2

LLDPE–
nanoZrO2

1) Productivity (kg polymer/mol cat. h) 1319 6924
2) Melting temperature, Tm (°C) 90 94
3) Copolymer type (obtained from 13C NMR) Random Random
4) C 1s binding energy (eV) 286.5 285.7

Fig. 1. TEM micrographs of the LLDPE–nanoSiO2 and LLDPE–nanoZrO2.

Fig. 2. 13C NMR spectra of the LLDPE–nanoSiO2 and LLDPE–nanoZrO2 and
their triad distribution identification (E refers to the ethylene sequence and O
refers to the 1-octene sequence).
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3. Results and discussion

In the present study, we synthesized the LLDPE–nanoSiO2 and
LLDPE–nanoZrO2 composites via the in situ polymerization with a
zirconocene/MAO catalyst. At low amounts of the MAO impregnated-
fillers, the activities of catalyst were very low. Hence, the amount of
filler at 0.3 g which was corresponding to the ratio of [Al]MAO/[Zr]=
3405 was applied. After polymerization, the white powder of LLDPE
nanocomposites was obtained. The characteristics of LLDPE nano-
composites are shown in Table 1. It was found that the productivity of
LLDPE–nanoZrO2 synthesized via this specified condition was much
higher than that of the LLDPE–nanoSiO2 about 5 times. This was
probably due to the strong interaction between MAO and the nano-
SiO2. The melting temperature (Tm) obtained by DSC showed only
slight difference in Tm of the two samples. As known, images from
high resolution transmission electron microscopy (TEM) are an es-
sential component of nanoscience and nanotechnology, therefore, TEM
was performed in order to determine the distribution and dispersion of
fillers. The TEM images of the LLDPE–SiO2 and LLDPE–ZrO2 are
shown in Fig. 1. As seen from both two images, the nanoscale fillers
appeared as a group of spherical-like particles indicating the agglo-
meration of the primary particles. It only indicated that the nanoscale
fillers were well distributed inside the polymer matrix, but somehow
were poorly dispersed due to the agglomeration. There was no signi-
ficant difference based on the TEM images for the LLDPE–nanoSiO2
and LLDPE–nanoZrO2.
Among a number of important aspects for making a polymer com-

posite, one has to mention how the microstructure of polymer is altered
with the addition of nanoscale fillers. Technically, the nanoscale fillers
added should not affect the polymer microstructure, but only change
the physical properties based on the macroscopic point of view. It has
been known that up to now 13C NMR is one of the most powerful
techniques used to identify the microstructure of polymer, especially
polyolefins. The 13C NMR spectra obtained from LLDPE–nanoSiO2
and LLDPE–nanoZrO2 are shown in Fig. 2. The resulted

13C NMR
spectra were assigned typically to the LLDPE obtained from the
copolymerization of ethylene/1-octene. The triad distribution was
identified based on the method reported by Randall [14] where E refers
to the ethylene sequence and O refers to the 1-octene sequence. It can
be observed that both samples exhibited the similar 13C NMR patterns
indicating the similar molecular structure. Upon the calculation
described by Galland et al. [15], the distribution of comonomer was
random as also shown in Table 1. This was similar to what we have
found in our previous work when no filler was added [10]. However, as

seen from Fig. 2, it showed that the degree of 1-octene incorporation
for LLDPE–nanoZrO2 was slightly higher.
Although 13C NMR showed that the molecular structure of polymer

did not change upon the addition of the nanoscale fillers, it cannot
differentiate interaction arising from different fillers inside the polymer
matrix. Hence, a more powerful characterization technique was neces-
sary for such a purpose. Here, we used the X-ray photoelectron spec-
troscopy (XPS) to identify different interactions inside the polymer
matrix. Since XPS is one of the most powerful techniques used for
many applications in surface analysis, so it is also interesting to extend
the use of XPS in order to probe the different interactions of the
polymer nanocomposites. A plot of the binding energy (BE) for C 1s
obtained from XPS for both LLDPE–nanoSiO2 and LLDPE–nano-
ZrO2 is shown in Fig. 3. BE for the LLDPE–nanoSiO2 was found to
be 286.5 eV whereas the BE for LLDPE–nanoZrO2 was 285.7 eV
(Table 1). Obviously, as seen from Fig. 3, the shift of BE was observed
with different nanoscale fillers due to perhaps a different interaction
between the fillers and polymer matrix. In fact, the binding energy
between 285.7 and 286.5 eV was assigned to the C–C bond in the
polymer chain under a different environment. It must be noted that the
samples used in this study are insulators. The insulators are always a
problem in XPS due to the sample charging. The problem can be
partially alleviated, but shifts in BE of several eV can still occur in the
presence of charging. To overcome the charging problem, the samples
must be coated with a very thin layer of gold by sputtering. It is
common practice in XPS to refer the BE to the C 1s electrons that are to
be measured. Hence, the energy reference for Ag metal (368.0 eV for
3d5/2) was used in this study. Besides the BE obtained from XPS, the
amounts of Si and Zr atomic and mass concentrations at surface (the
depth for XPS is ca. 5 nm) were also determined as shown in Table 2.
Surprisingly, with the same amount (0.3 g) of the nanoscale fillers
added to the polymer, the penetration of them was totally different. As
seen in Table 2 for the mass concentrations, it can be observed that only
0.16% of Zr was found at the surface. This indicated that the ZrO2 filler
penetrated more deeply into the polymer matrix. In contrast, it was
found that 19.15% of Si was present at the surface. It was suggested
that the SiO2 filler preferred to be located on the surface more. There-
fore, a different location of fillers in the polymer matrix would result in
a different interaction indicating the slight shift of BE of the C–C bond
in the polymer chain as seen by XPS.

4. Summary

In summary, the LLDPE–nanoSiO2 and LLDPE–nanoZrO2
were synthesized via in situ polymerization using a zircono-
cene/MAO catalyst. With the use of nanoZrO2, the productivity
increased more pronouncedly about 5 times. The distribution of
both nanoscale fillers obtained from TEM was similar. It also

Fig. 3. A plot of binding energy for C 1s obtained from XPS of LLDPE–
nanoSiO2 and LLDPE–nanoZrO2.

Table 2
Elemental distribution on the surface of LLDPE nanocomposite and the binding
energy measured by XPS

Polymer nanocomposite Peak B.E.
(eV)

FWHM
(eV)

Atomic conc.
(%)

Mass conc.
(%)

LLDPE–nanoZrO2 O 1s 533.3 1.386 1.79 2.37
C 1s 285.7 1.419 98.19 97.47
Zr 3d 185.7 0.756 0.02 0.16

LLDPE–nanoSiO2 O 1s 534.3 2.368 29.99 32.35
C 1s 286.5 1.740 59.90 48.50
Si 2p 104.6 1.944 10.11 19.15
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showed that both LLDPE–nanocomposites exhibited the
similar 13C NMR spectra indicating that only random copo-
lymer was obtained. In particular, the XPS measurement indi-
cated only a slightly different interaction for those LLDPE–
nanocomposites. It was found that the different location of the
nanoscale fillers rendered the BE shift of the C–C bond in the
polymer chain.
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Abstract

Solvothermal reaction of aluminum isopropoxide (AIP) in mineral oil at 250–300 ◦C over 2 h duration provides �-alumina powder, which
transforms directly to �-alumina after calcination at high temperature. The mechanism of the crystallization process appears to be the initial
formation of a spherical complex which subsequently decomposes further to precipitate a solid. This mechanism is suggested by XRD, IR,
TG/DTA, SEM and TEM characterization of the powder formed. �-Alumina attains a critical crystallite size around 15 nm through accretion on
calcination and then transforms directly to �-alumina through nucleation and growth process. Direct �-phase transformation of �-alumina powders
rather than passage through �-alumina can be explained by the absence of the cation contamination and the higher crystallinity of �-alumina in
the AIP decomposition process.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Solvothermal; Direct transformation; �-Alumina

1. Introduction

Alumina is one of the most common crystalline materials
used in many applications such as adsorbents, coatings, soft
abrasives, catalyst and catalyst support [1–3] due to its fine par-
ticle size, high surface area and catalytic activity. The structural
stability of alumina also makes it an important constituent of
many protective oxides formed on the surface of high tempera-
ture metals and alloys.
There are many metastable polymorphs of transition alu-

mina, including �-alumina. �-Alumina is normally prepared by
the dehydration of gibbsite (<200 nm) [3–5]. It transforms to
�-alumina at temperature around 650–750 ◦C before final trans-
formation to �-alumina at 1000–1100 ◦C. Both transformations
lead to loss in the surface area and changes in surface properties.
Three different unit cells have been proposed for �-alumina.

∗ Corresponding authors. Tel.: +66 63116537; fax: +66 34219368.
E-mail address: okornm@yahoo.com (O. Mekasuwandumrong).

Stumpf et al. [6] suggested that �-alumina has a cubic unit
cell with lattice parameter of 7.95 Å, whereas other researchers
[4] proposed hexagonal unit cells with either a= 5.56 Å and
c= 13.44 Å or a= 5.57 Å and c= 8.64 Å. Hexagonal �-alumina
possess a layered structure, in which the hexagonal arrange-
ment of oxygen is inherited from the structure of gibbsite
and aluminum occupies octahedral sites within the hexagonal
structure.
Recently, Inoue et al. [7–10] have examined the thermal

decomposition of metal alkoxides in inert organic solvents, e.g.
glycols, and demonstrated that various kinds of novel crystalline
product, including �-alumina, can be directly obtained without
bothersome procedures such as purification of the reactants or
handling in inert atmosphere.
Nanocrystalline �-alumina prepared from the thermal

decomposition of AIP in inert organic solvent has high thermal
stability. It transforms directly to �-alumina at the temperature
around 1150 ◦C, without passing into the �-phase [7,11,12],
resulting in neither the loss in surface area nor the change
in surface properties. Moreover, the abrupt crystal growth

0254-0584/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2006.01.040
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Table 1
The physical properties of as-synthesized products obtained by the thermal decomposition of AIP in mineral oil in various reaction conditions

Reaction conditions Phase Crystallite
size (nm)

SBET (m2 g−1) St (m2 g−1)a Pore volume
(cm3 g−1)b

Mode pore
diameter (nm)c

Temperature (◦C) Time (h)

250 0 Amorphous – 7 7 0.03 11.8
250 2 �-Alumina 9 192 186 0.64 13.3
250 6 �-Alumina 10.8 149 189 0.43 11.5
270 2 �-Alumina 10.2 180 210 0.52 11.5
300 2 �-Alumina 9.4 124 138 0.45 14.2

a Calculated from the initial slope of the t-plot.
b Total nitrogen uptake at relative pressure of 0.98.
c Calculated from the desorption branch of the isotherm using the BJH method.

occurring during phase transformation can be effectively
controlled. Therefore, nanocrystalline �-alumina can be simply
obtained via the direct transformation from nanocrystalline
�-alumina. In this paper, we provide results for the reaction of
AIP in mineral oil, including morphology of the synthesized
particles and the phase transformation behavior.

2. Experiment

2.1. Sample preparation

Twenty-five grams of aluminum isopropoxide (AIP; Aldrich; >97%) was
suspended in 100ml of mineral oil (liquid paraffin; Ajax; specific gravity
0.830–0.890; CAS No. 8012-95-1) in a test tube, which was then set in a 300ml
autoclave. In the gap between the test tube and the autoclave wall, 30ml of
mineral oil was added. The autoclave was purged completely by nitrogen and
heated up to the desired temperature, in the range of 250–300 ◦C, at a rate
of 2.5 ◦Cmin−1, and held at that temperature for the desired period of time
(0–2 h). After the mixture was cooled down, the resulting powders were repeat-
edly washed with acetone and dried in air.
Parts of the product obtained was calcined in a box furnace by heating-up to

the desired temperature (1000–1200 ◦C) at a rate of 10 ◦Cmin−1. The calcination
process was held at that temperature for 1 h.

2.2. Characterization

Powder X-ray diffraction (XRD)wasmeasured on a SIEMENSXRDD5000
using Cu K� radiation. The crystallite size was calculated from the Scherrer
equation. The value of the shape factor,K, was taken to be 0.9 and�-aluminawas
used as an external standard. Infrared (IR) Spectrawere recorded on aNICOLET
FT-IR Impact 400 spectroscopy using an ex situ IR technique. The thermal
behavior of the samples were analyzed on a Perkin-Elmer Diamond TG/DTA
thermal analyzer at a heating rate of 10 ◦Cmin−1 in a 40mlmin−1 flow of dried
air. Nitrogen adsorption isotherm and BET surface area of the samples were
measured by amicromeritics medel ASAP 2000 using nitrogen as the adsorbate.
The primary particles of alumina samples were observed by a JEOLTEM-200cx
transmission electron microscope operated at 100 kV. Morphologies of alumina
products were observed on JEOL scanning electron microscope.

3. Results and discussions

Table 1 summarizes the physical properties of obtained prod-
ucts before calcination. The products synthesized from the
decomposition of AIP in mineral oil at 250, 270 and 300 ◦Cwith
a holding time exceeding 2 h are �-alumina, while the product
obtained from heating the system up to 250 ◦C without hold-
ing time is amorphous. The amorphous product has much lower
BET surface area and pore volume than all crystalline prod-

ucts. �-Alumina obtained by the reaction at 250 ◦C for 2 h has
the highest BET surface area and pore volume. When the reac-
tion temperature is increased or the holding time is prolonged,
BET surface area and pore volume of the obtained product is
decreased by the coagulation of primary particles due to ther-
mal effect.
The IR spectra of the products are shown in Fig. 1. All

as-obtained powders show two adsorption bands attributed
to water of crystallization at 3500–3200 cm−1 (υ(OH)) and
1640 cm−1 (�(OH)) [13]. The amorphous powder obtained by
quenching from 250 ◦C shows a strong adsorption bands at
1340–1470 cm−1 due to the isopropyl hydrocarbon groups [13].
As the holding time or reaction temperature is increased, the
adsorption bands due to the organic group decrease and even-
tually disappear. The characteristic bands of boehmite were
detected at 773 and 615 cm−1 [10] in the products obtained
from 2 h reaction at 250 and 300 ◦C. This observation can be
explained by the formation of boehmite by hydrolysis of AIP
with water produced during the reaction.
Fig. 2 shows the results from the thermogravimetric analy-

sis, i.e. TGA and DTA plots, of all powders prepared in mineral
oil using various reaction conditions. Two weight decrease pro-
cesseswere detected from the amorphous powder corresponding
on one endothermic and exothermic process. The first decrease
in mass at around 80–200 ◦C, accompanied by the endothermic
peak inDTAsignal, is attributed to the desorption of physisorbed
water. The second sharp mass decrease in TGA plot with sharp
exothermic peak in DTA plot at around 300 ◦C is attributed to
the combustion of organic moiety. The overall mass loss of this

Fig. 1. IR spectra of as-synthesized products at various reaction conditions.
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Fig. 2. TG and DTA data of the as-synthesized products.

amorphous sample is around 45%, which is lower than theo-
retically loss for AIP decomposition (75%). It is indicated that
the starting AIP partially decomposes in mineral oil during the
heating-up process. The remaining organic moieties from the
partial decomposition of AIP reside in the amorphous product.
The nitrogen adsorption isotherms of as-synthesized prod-

ucts are shown in Fig. 3. All the crystalline samples exhibit the
hysteresis loop with type-A adsorption characteristic, which is
corresponding to the presence of two-ended tabular pore struc-
ture. On the other hand, the amorphous product shows the type-E
hysteresis loop,which is an indication for the presence of tabular,
through short pores with winded parts of various widths [14,15].
These pores are formed among the primary particles of alumina.
Fig. 4 presents the pore size distribution of as-synthesized. All
crystalline products exhibited the typical characteristic of meso-
pore system with pore size around 10 nm. It is shown that all
products have narrow size distribution.
Fig. 5 shows themorphologies of as-synthesized and calcined

samples observed by SEM. Spherical particles with average
diameter around 1.8�m were observed in the amorphous prod-
ucts prepared by quenching the reaction after the temperature
had reached 250 ◦C (Fig. 5a). For the reaction with the holding

Fig. 4. Pore size distribution of as-synthesized product.

time prolonged to 2 h, similar spherical particles in the products
can still be observed. However, the average size of the particles
decreases to 1.2�m (Fig. 5b). These particles are secondary
aggregates of nanocrystalline �-alumina. With the increase of
reaction temperature to 300 ◦C, size of the secondary particles
further decreases to 1�m (Fig. 5c). The results suggest that
AIP decomposes stepwise in the inert solvent during heating-up

Fig. 3. The nitrogen adsorption isotherms of as-synthesized products.
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Fig. 5. SEM images: (a) as-synthesized product prepared by quenching reaction in mineral oil at 250 ◦C, (b) as-synthesized product prepared in mineral oil at 250 ◦C
for 2 h, (c) as-synthesized product prepared in mineral oil at 300 ◦C for 2 h and (d) product (b) calcined at 1150 ◦C.

process, which results in an intermediate complex suspending
in mineral oil. SEM micrographs confirms that this complex
assumes a spherical shape. During the holding period, the com-
plex further decomposes giving the nanocrystalline �-alumina
aggregated in form of spherical particles. The decrease in par-
ticle size with the increase in holding time and reaction tem-
perature is due to the loss of the organic moiety in the complex
by further decomposition. In this case, there are two nucleation
processes. The first nucleation process is the formation of tiny
droplets of the intermediate complex. This process is related to
the salting out phenomena. During the partial decomposition of
organicmoieties, the decomposed intermediate is supersaturated
in the solution and it is salted out forming the glassy droplets.
Because the number of droplets formed in mineral oil is small,
the droplets grow and large spherical particles are obtained. The
second nucleation step is the formation tiny crystallites of �-
alumina. The morphology of products obtained in this work is
different from �-alumina obtained from the reaction in toluene
[12]. This result will be further discussed.
According to Derjaguin–Landua–Verwey–Overbeek

(DLVO) theory, the energy barrier between two particles, which

inhibit agglomeration, is expressed as follow:

Vb =
(

Aκα

12

)
+ 2πε0εrκαφ2

where A is the effective Hamaker constant, κ the Debye–Huckel
parameter, α the particle diameter, ε0 the permittivity in the
free space, εr the dielectric constant of the continuous phase
and φ is the particle surface potential. Because of the constant
ionic strength of the solvent, ε0 and κ is constant, the max-
imum repulsive force estimated from the second term of the
right hand side of the equation (2πε0εrκαφ2) is determined
by the dielectric constant, particle size and repulsive force.
Mineral oil (liquid paraffin) is the mixtures of long straight
chain hydrocarbon produced as the bottom product from dis-
tillation. The dielectric constant of long chain hydrocarbon is
around 1.9–2 (C13H28 = 2.02, C14H30 = 2.05, C19H40 = 2.09),
which lower than toluene (2.379). According to the quite low
dielectric constant of mineral oil, the particles become discrete
and form spherical particles. Fang and Chen [16] reported that,
for the synthesis of TiO2 by the reaction of TiCl4 in a mixed
solvent of n-propanol and water, the spherical particles were

Fig. 6. TEM images: (a) as-synthesized product prepared in mineral oil at 250 ◦C for 2 h and (b) product (a) calcined at 1150 ◦C.
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Fig. 7. The XRD patterns of powder synthesized by the reaction of AIP in mineral oil calcined at various reaction conditions: (a) 250 ◦C for 0 h and (b) 300 ◦C for
2 h.

formed in the solvent with n-propanol/water ratio resulting in
the lowest value of dielectric constant.
Transmission electron micrographs of the as-obtained pow-

der and calcined powder are shown in Fig. 6. The as-synthesized
�-alumina products are comprised of agglomerated primary
particles having average diameter around 10 nm. As shown in
Table 1, the crystallite size calculated by XRD peak broadening,
using the Scherrer equation, is 9 nm. Good agreement between
both values indicates that each primary particle observed by
TEM is a single crystal of �-alumina.
The XRD patterns of calcined product are shown in Fig. 7.

The amorphous product remains amorphous even after calcina-
tion at 600 ◦C (Fig. 7a). However, after calcination at 1000 ◦C,
�-alumina is observed. The �-phase transformation takes place
at temperature around 1150 ◦C and completes at 1200 ◦C. It
should be noted that the peak at 42.5◦, which is correspond-
ing to �-alumina, is not detected. This indicates that �-alumina
is not formed by calcination of the amorphous product. There-
fore, the formation of �-alumina occurs only in the inert organic
solvent. For the calcination of �-alumina obtained from thermal
decomposition of AIP at 300 ◦C for 2 h (Fig. 7b), �-alumina
transforms to�-alumina directly at temperature around 1100 ◦C.
No �-alumina was detected. The �-to-� phase transformation is
completed at temperature around 1200 ◦C. Phase transformation
sequences of products obtained from other reaction conditions
are summarized in Table 2.
After calcination, the secondary particles still remain spher-

ical with unchanged average particle size, regardless of the
crystalline phase (see Fig. 5d). Some finger-like primary parti-
cles aggregating on the spherical secondary particles were also
observed after the calcination at 1200 ◦C. TEM micrographs of
calcined samples clearly show two groups of primary particles
after the phase transformation. The first group is the spherical �-

alumina particles, which do not transform to �-alumina. These
particles have crystallite size calculated from the Scherrer equa-
tion that is the same as particle size observed by using TEM. The
second group of primary particles is the finger-like �-alumina
transformed from the low-temperature transition alumina nano-
crystals via the nucleation and growth mechanism (see Fig. 6b).
The direct phase transformation of �- to �-alumina is a

specific property for powders prepared by the decomposition
of AIP in an inert organic solvent. In our previous work, it
has been proposed that the direct phase transformation is the
result from the absence of contaminating cations in crystals,
as well as high crystallinity of the synthesized product due to
the small amount of water adsorbed on the surface. Chou and
Nieh [17] have reported that the nucleation of �-alumina occurs
along (2 2 0) crystallographic plane of �-alumina in nanocrys-
talline oxide synthesized by radio frequency reactive sputtering
deposition. Johnston et al. [18] have reported that �-alumina
prepared by laser ablation synthesis directly transforms into
�-phase and they have attributed that the particle size of the prod-
uct is well below the grain size limit for super plastic alumina
(500 nm). Bahlawane and Watanabe [19] prepared anhydrous
alumina which transformed directly to �-alumina by sol–gel
method. Shek et al. [20] have reported that amorphous powders
prepared by oxidation of pure aluminum metal crystallize to
�-alumina, which directly transforms to �-alumina at 1370K.
They have attributed this result to the facilitation of nucleation
of �-alumina by the strain relaxation of the transition alumina
lattice. However, relaxation of the �-alumina structure should
decrease the energy level of �-alumina and disturb the nucle-
ation of more stable phases. Simpson et al. [21] have reported
that samples prepared via electron-beam evaporation of alumina
onto a sapphire substrate held at room temperature crystallize to
�-alumina, which transforms into �-alumina without formation

Table 2
The crystallite size calculated by the Scherrer equation and phase of the as-synthesized and calcined products

Reaction condition Crystallite size and phase of alumina after treat at various temperatures (◦C)

Temperature (◦C) Time (h) As-synthesized 1000 1100 1150 1200

250 0 – (Amorphous) 6.2 (�) 16.5 (�), 31.1 (�) 33.7 (�) – (�)
250 2 9 (�) 9.2 (�) 9.6 (�) 12.3 (�), 36.4 (�) 68 (�)
250 6 10.8 (�) 11.2 (�) 12.5 (�) 15.2 (�), 39.2 (�) 77.2 (�)
270 2 10.2 (�) 9.4 (�) 10.3 (�) 15.6 (�), 33.5 (�) 97.5 (�)
300 2 9.4 (�) 10.8 (�) 14.2 (�), 39.5 (�) 14.6 (�), 41.3 (�) 44.7 (�)
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of other intermediate phases. They have attributed this result to
the epitaxial growth of�-alumina on the sapphire substrate. Ogi-
hara et al. [22] have prepared monodispersed, spherical alumina
by the controlled hydrolysis of aluminum alkoxide in a dilute
solution containing octanol and acetonitrile. They have found
that the amorphous product crystallizes to �-alumina at 1000 ◦C
which converted to �-alumina at 1150 ◦C without intermediate
phase. However, they did not give any explanation for this result.
It has also reported that �-alumina formed by thermal decom-
position of aluminum sulfate transforms into �-alumina directly
[23–25].
The crystallite sizes of calcined products are summarized in

Table 2. The crystallite size of is initially about 9–10 nm. �-
Alumina grows to 16 nm upon calcination but the growth stop at
this size even after the calcination at high temperature. At higher
calcination temperature, only�-alumina was observed. It is sug-
gested that �-alumina grows to the critical size and then abruptly
transforms into �-alumina. The result suggests that the critical
size of �-alumina, beyond which it is unstable and undergoes
phase transformation into �-alumina, is around 16 nm. Once
the phase transformation takes place, the primary particles grow
drastically and then become sluggish. The �-phase transforma-
tion is considered to occur through a nucleation and growth
mechanism [26,27]. Investigations on the phase transformation
after the crystallite size has reach the critical size have been
reported by many researchers [28–30]. Yen et al. [28,29] have
found that, during the phase transformation, there is a critical
size for �-alumina (around 22 nm) at the nucleation stage, which
initiates the formation of �-alumina nucleus.

4. Conclusion

Thermal decomposition of AIP in mineral oil at temperature
between 250 and 300 ◦C with holding time of 2 h results in the
micro-spherical particles formed by agglomeration of nanocrys-
talline �-alumina. On the contrary, the powder obtained during
the heating-up process to 250 ◦C is amorphous. The fact that
�-alumina is not formed by the calcination of the amorphous
intermediate confirms that �-alumina is formed only by AIP
decomposition in the inert organic solvent. It is suggested that a
spherical particle of complex moieties forms through stepwise
decomposition of AIP in the solvent. With the prolonged hold-
ing time or increased reaction temperature, this complex sheds
organic moieties and solid-state phase of �-alumina is formed.
After calcination at high temperature, �-alumina transformed
to �-alumina directly. The crystallite size of �-alumina is ini-
tially around 9–10 nm and grows upon the calcination to the
critical size of 16 nm, beyond which �-alumina transforms to �-
alumina. This direct transformation behavior of nanocrystalline
�-alumina is attributed to the absence of cations and the less
defect structure.
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