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Abstract

Hollow alumina microspheres have been prepared by microwave-induced (MI) plasma pyrolysis of atomized aerosols of precursor solutions
and subsequent calcination at 1300◦C for 2 h. When an aqueous solution of 0.5 mol dm−3 Al(NO3)3 without any additives was used as a
precursor, hollow�-Al 2O3 microspheres with a thick shell wall were prepared after post-calcination at 1300◦C. The addition of a polypropylene
(PO)–polyethylene(EO) blockcopolymer (molecular weight: 2900–6500) to the precursor solution was effective for increasing the yield of
hollow microspheres, but resulted in the formation of many cracks and holes in the thinned shell wall. Hollow alumina microspheres with a
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hin, but strong, shell layer could be prepared by the simultaneous addition of tetraethylorthosilicate.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Preparation of hollow microspheres has been a subject
f extensive investigations because of their wide range of
pplications: catalyst supports,1 ion absorbers,2 drug deliv-
ry systems,3,4 biomaterials,5 electronic,6 electromagnetic7

nd optical materials,8–10 as well as lightweight and/or adi-
batic materials offering economical benefits and energy
aving.11–13Some hollow ceramic microspheres such as sil-

ca balloons, shirasu balloons (shirasu: siliceous ejecta, es-
ecially being widespread mainly in the southern area of
yushu, Japan) and alumina balloons have been already
ommercialized as a lightweight and/or adiabatic material.
owever, silica-based balloons are difficult to be prepared

n uniform and controlled size. Alumina balloons prepared
y a spray method of molten alumina are difficult to apply

o various fields due to their large size, although they ex-
ibit sufficient mechanical strength. Therefore, development
f a tailored fabrication process for hollow microspheres with
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uniform and controlled size is desired for improving the pr
erties of composite materials.

Hollow ceramic microspheres have been prepared by
eral methods, such as spray drying,14 spray pyrolysis,15,16

sol–gel process with and without a template17–20and therma
plasma treatment of metal powder.21 We have also prepare
hollow microspheres of alumina, titania and zirconia wi
mechanofusion system by employing polymethyl metha
late microspheres as a template22–27and by ultrasonic spra
pyrolysis of Al(NO3)3 solution with a specially designe
mist-supply apparatus.28 However, the mechanofusion s
tem is only useful for preparing hollow microspheres la
than several microns in diameter. In the latter ultrasonic s
pyrolysis, the morphology and diameter of the resultant
low ceramic microspheres are usually difficult to be c
trolled.

We have already demonstrated the potential of microw
induced (MI) plasma in preparing various functional cera
materials29,30 as well as in decomposing many hazard
materials in air under atmospheric pressure31–33 or in
waste water.34 This MI-plasma generated by utilizing co
E-mail address:egashira@net.nagasaki-u.ac.jp (M. Egashira). ductive SiC ceramics as a trigger can be operated at
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relatively low power and therefore at low cost, com-
pared with other plasma systems used for fabricating
ceramics.21,35,36

In the present study, therefore, preparation of hollow
Al2O3 microspheres has been attempted by utilizing MI-
plasma pyrolysis of some kinds of precursor aerosols atom-
ized ultrasonically.

2. Experimental

Fig. 1shows an experimental equipment employed for the
preparation of hollow alumina microspheres by MI-plasma
spray pyrolysis of an aqueous Al(NO3)3 solution. A few
pieces of SiC ceramics prepared by crushing a commercial
SiC-based heating element (Siliconit, Siliconit Konetsu Ko-
gyo Co., Ltd.) were set in the plasma reactor (quartz tube,
55 cm in length and 18 mm in internal diameter), as a trig-
ger to generate MI-plasma under atmospheric Ar-based flow-
ing gas (total flowing rate: 2000 cm3 min−1). Microwave
power (400–600 W) was supplied from a 2.45 GHz mag-
netron (Nissin Co., Ltd., MPS-15D).

A plastic tube equipped with a polyethylene thin
film at one end was set perpendicular over an ul-

trasonic vibrator (Honda Electric Co., Ltd., HM-303N,
2.4 MHz) at a distance of 0.5–1.0 cm in water. The
tube was then filled with an aqueous Al(NO3)3 solution
(0.5 mol dm−3). In some cases, to the solution was added a
polyoxypropylene(PO)–polyoxyethelene(EO) blockcopoly-
mer (PE10500 (molecular weight (MW): 6500, EO content:
50%), PE9400 (MW: 4600, EO content: 40%) or PE6400
(MW: 2900, EO content: 40%) from BASF Japan Co.,
Ltd.) in 0.1 mmol dm−3 or tetraethylorthosilicate (TEOS,
Si(OCH2CH3)4, from Kishida Chemical Co., Ltd.) in
0.523–15.7 mmol dm−3.

The aerosol of an Al(NO3)3 solution generated by
the ultrasonic vibrator was carried up by Ar flowing
(100 cm3 min−1) and then was introduced into a plasma reac-
tor by an additional Ar–O2 carrier gas (Ar: 1800 cm3 min−1,
O2: 100 cm3 min−1). Alumina powders deposited down
plasma streamer inside the reactor were post-calcined at
1300◦C for 2 h in air.

The powders with and without the post-calcination were
characterized by a transmission electron microscope (TEM,
JEOL Ltd., JEM-2010 or JEM-100S), a scanning elec-
tron microscope (SEM, Hitachi, Ltd., S-2250N) and X-ray
diffraction analysis (XRD, Rigaku Corp., RINT 2000). The
emission spectrum of the MI plasma was analyzed with a
Fig. 1. Schematic drawing of a preparation apparatus of hollo
w alumina microspheres using ultrasonic spray and MI-plasma.
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photonic multi-channel analyzer (C7473, Hamamatsu Pho-
tonics K. K.).

3. Results and discussion

3.1. Emission spectra of MI-plasma

Fig. 2 shows emission spectra of MI-plasma gener-
ated from SiC ceramics under various flowing gases at
a microwave power of 500 W. Under pure Ar flowing
(1800 cm3 min−1), many emission peaks ascribable to neu-
tral Ar atom were observed in the wavelength range of
200–950 nm as observed in the case of inductively coupled
plasma (ICP) under pure Ar flowing,37,38as shown inFig. 2a,
but no peak originating from Ar ions37–40appeared under the
present conditions. In addition, small peaks assignable to OH
radical (281–295 nm and 306–325 nm), H (ca. 434 nm and

F
g
a
a

ca. 486 nm), N2+ (ca. 388 nm, ca. 389 nm, ca. 391 nm and
ca. 428 nm) and NH (ca. 336 nm) appeared, probably due to
trace amounts of H2O and N2 remaining inside the plasma
reactor. Besides them, an emission peak of Na atom was
observed.

The intensity of emission peaks ascribable to Ar atom
drastically reduced and then four prominent O emissions
appeared at ca. 778 nm, ca. 673 nm, ca. 845 nm and ca.
927 nm,40,41 as shown inFig. 2b, when O2 gas at the flow
rate of 100 cm3 min−1 was mixed with the Ar flowing.

When the aerosol of distilled water, which was atomized
by the ultrasonic wave of 2.4 MHz, was introduced, the rel-
ative intensity of emissions from OH radical to those of O
atom increased, as shown inFig. 2c, but the intensities of all
spectra became weak, probably due to consumption of the
microwave power to heat the aerosol. When the aerosols of
aqueous Al(NO3)3 solutions were mixed, three strong emis-
sions assignable to Al atom (ca. 309 nm, ca. 396 nm and ca.
669 nm) were additionally observed together with large and
broad AlO emissions between 420 and 560 nm.42 In the case
of ICP,38 oxide emissions are generally observed in the pre-
heating zone, where incomplete desolvation and decomposi-
tion processes are taking place. The appearance of the AlO
emission peaks implies formation of some species with Al-
O bonding, e.g., Al(OH)3, AlOOH or Al2O3, in the plasma
streamer.
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ig. 2. Emission spectra of MI-plasma generated under various flowing
ases. (a) Ar (2000 ml min−1), (b) Ar (1900 ml min−1)–O2 (100 ml min−1),
nd Ar (1900 ml min−1)–O2 (100 ml min−1) containing (c) water aerosol
nd (d) with aerosol of 0.5 mol dm−3 Al(NO3)3 aqueous solution.

1 ol-
l i-
c -
m ely
p arti-
c hown
i
s rela-
t ro-
s of a
m e
h ry as
No change in emission spectrum, in comparison to
hown inFig. 2d, was induced by the addition of PO–E
lockcopolymer or TEOS, probably due to their low conc

rations in the Al(NO3)3 aqueous solution.

.2. MI-plasma pyrolysis of atomized Al(NO3)3 aqueous
olution

Fig. 3shows TEM and SEM photographs of alumina
roparticles prepared by MI-plasma pyrolysis of atom
l(NO3)3 aqueous solution without any additives prior
alcination. The as-prepared microparticles were sphe
ndependently of their sizes (the diameter: 0.2–2.0�m), as
hown inFig. 3a(i). The ratio of the yield of hollow m
rospheres, including incomplete hollow structure, to
f solid microparticles was below 40%. Besides such m
pheres, many hexagonal nanoparticles (15–20 nm in d
ter) were observed as inFig. 3a(ii). Post-calcination a
300◦C for 2 h in air led to an increase in the yield of h

ow microspheres, as seen inFig. 3b(i), but some solid m
roparticles, mostly below ca. 0.5�m in diameter, still re
ained. In addition, fine particles, which have been lik
roduced by grain growth of many hexagonal nanop
les, were observed around hollow microspheres, as s
n Fig. 3b(i). The SEM photograph shown inFig. 3b(ii)
hows that the surface of the hollow microspheres is
ively smooth. Moreover, the hollow structure of the mic
pheres can be recognized from the fractured section
icrosphere at the left side ofFig. 3b(ii). However, thes
ollow microspheres are considered to be unsatisfacto
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Fig. 3. TEM and SEM photographs of microparticles (a) as-prepared from 0.5 mol dm−3 Al(NO3)3 aqueous solution and (b) post-calcined at 1300◦C for 2 h.

Fig. 4. XRD patterns of microparticles (a) as-prepared from 0.5 mol dm−3

Al(NO3)3 aqueous solution and (b) post-calcined at 1300◦C for 2 h.

a lightweight material, because their shell walls are rather
thick.

Fig. 4a shows an XRD pattern of the as-prepared micro-
spheres via the MI-plasma pyrolysis of the atomized aerosol

Fig. 5. XRD patterns of Al2O3 microparticles (a) as-prepared from
0.5 mol dm−3 Al(NO3)3 aqueous solution mixed with 0.1 mmol dm−3

PE6400 and (b) post-calcined at 1300◦C for 2 h.
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Fig. 6. TEM photographs of Al2O3 microparticles prepared from 0.5 mol dm−3 Al(NO3)3 aqueous solution mixed with 0.1 mmol dm−3 PO–EO blockcopoly-
mers ((a) PE10500, (b) PE9400 and (c) PE6400). (i) As-prepared and (ii) post-calcined at 1300◦C for 2 h.

of an aqueous Al(NO3)3 solution (0.5 mol dm−3). Four crys-
tal phases existed,�-Al2O3 (corundum),�-Al2O3, �-Al2O3
and �-Al2O3. Among the latter three transition phases of
alumina,�-Al2O3 was the largest amount in the as-prepared
powder. In our previous study, where the atomized aerosols of
aqueous Al(NO3)3 solutions were pyrolized in an electric fur-
nace heated at 1300◦C for 1 h,23 only �-Al2O3 was obtained.
Therefore, it is considered that rather complex reactions have
occurred in the present MI-plasma pyrolysis. By referring
to the data shown inFig. 4a, the nanoparticles observed in
Fig. 3a(ii) can be ascribed to�-Al2O3 due to their hexago-
nal morphology. They may have been prepared from small

droplets of the aqueous Al(NO3)3 solution, while hollow mi-
crospheres has arisen from large ones. Small droplets are be-
lieved to transform easily to�-Al2O3 by instantaneous and
complete evaporation of water, followed by thermal decom-
position of Al(NO3)3. In the case of large droplets, however,
evaporation of water and then condensation of Al(NO3)3 are
anticipated to be limited to the surface region of the droplets at
the initial stage. Then, transition phases of alumina (�-Al2O3,
�-Al2O3 and�-Al2O3) are considered to be formed as a shell
wall via aluminum hydroxide or aluminaum oxyhydroxide
as an intermediate43. The mass transportation from the core
of the droplet to the surface during successive evaporation
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of water will thicken the shell wall. Hollow microspheres
are considered to be formed by such a process. This may
be the main reason for the appearance of the hollow struc-
ture only for particles larger than 0.5�m in diameter. Since
such a process is rather time-consuming in comparison with
the reaction in small droplets, transformation to�-Al2O3 is
considered to be limited. From these considerations, the as-
prepared hollow microspheres are likely to be composed of

F
0
P
t

transition phases of alumina. These transition phases could
be transformed into thermodynamically stable�-Al2O3 by
post-calcination at 1300◦C for 2 h in air, as shown inFig. 4b.

3.3. Effect of additives in Al(NO3)3 aqueous solution

Three kinds of PO–EO blockcopolymers were added to the
aqueous Al(NO3)3 solution in an attempt to obtain a well-
developed hollow structure for the alumina microspheres.
XRD patterns of the microparticles obtained with the ad-
dition of PE6400 are shown inFig. 5. Very similar XRD
patterns were also observed for the addition of PE10500 and
PE9400. The amount of�-Al2O3 in the as-prepared pow-
der slightly increased with the addition of PE6400. This
may have arisen from additional heating due to combus-
tion of the PO–EO blockcopolymers mixed in the droplets.
However, a little amount of�-Al2O3 and�-Al2O3 still re-
mained even after the post-calcination, although the main
phase was�-Al2O3. Therefore, organic residues from the
PO–EO blockcopolymers may inhibit the transformation of
�-Al2O3 and �-Al2O3 into �-Al2O3. TEM photographs of
the hollow alumina microparticles obtained by employing
the three kinds of PO–EO blockcopolymers are shown in
Fig. 6. The addition of the PO–EO blockcopolymers in the
precursor solution resulted in enlargement of the diameter of
the as-prepared hollow alumina microspheres and thinning
o t the
ig. 7. SEM photographs of Al2O3 microparticles prepared from
.5 mol dm−3 Al(NO3)3 aqueous solution mixed with 0.1 mmol dm−3

O–EO blockcopolymers ((a) PE10500, (b) PE9400 and (c) PE6400) af-
er post-calnication at 1300◦C for 2 h.

F
A
(
c

f the shell wall, compared with those prepared withou
ig. 8. XRD patterns of Al2O3 microparticles prepared from 0.5 mol dm−3

l(NO3)3 aqueous solution mixed with 0.1 mmol dm−3 PE6400 and TEOS
(a) 15.7, (b) 2.62 and (c) 0.523 mmol dm−3). (i) As-prepared and (ii) post-
alcined at 1300◦C for 2 h.
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Fig. 9. TEM photographs of Al2O3 microparticles prepared from 0.5 mol dm−3 Al(NO3)3 aqueous solution mixed with 0.1 mmol dm−3 PE6400 and TEOS
((a) 15.7, (b) 2.62 and (c) 0.523 mmol dm−3). (i) As-prepared and (ii) post-calcined at 1300◦C for 2 h.

PO–EO blockcopolymers (seeFig. 3). In addition, the diam-
eter of the microspheres tended to increase with increasing
the molecular weight (MW) of the PO–EO blockcopolymers.
Such changes in morphological size may be induced by gases
(e.g., CO, CO2 and H2O) evolved by rapid decomposition or
combustion of the PO–EO blockcopolymers during the hol-
lowing process. On the other hand, the addition of the PO–EO
blockcopolymers caused formation of many large cracks and
holes in the thin alumina shell walls after post-calcination,
as shown in TEM (Fig. 6(ii)) and SEM (Fig. 7) photographs.
In addition, the cracks and holes became large with increas-

ing the MW of the PO–EO blockcopolymers and then with
increasing the diameter of microspheres.

In the next experiments, therefore, co-addition of TEOS
was tested for the aqueous Al(NO3)3-PE6400 solution, in or-
der to diminish the cracks and holes after post-calcination.
Fig. 8 shows XRD patterns of the as-prepared and post-
calcined powders prepared from the precursor solution con-
taining various amounts of TEOS. When 15.7 mmol dm−3

TEOS was added, mullite phase appeared in the XRD pat-
tern of the as-prepared powder, together with�-Al2O3 and
three kinds of transition phases of alumina. In this case, the
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Fig. 10. SEM photographs of Al2O3 microparticles prepared from 0.5 mol dm−3 Al(NO3)3 aqueous solution mixed with 0.1 mmol dm−3 PE6400 and TEOS
((a) 15.7, (b) 2.62 and (c) 0.523 mmol dm−3) after post-calcination at 1300◦C for 2 h.

three transition phases could not be transformed into�-Al2O3
even after calcination at 1300◦C for 2 h in air, as shown
in Fig. 8a(ii). Namely, the diffraction peaks of�-Al2O3 in-
creased slightly as a result of the post-calcination, whereas
those of�-Al2O3 decreased. A similar tendency in phase tran-
sition was observed for the powder prepared from the precur-
sor solution containing 2.62 mmol dm−3 TEOS (seeFig. 8b),
but the intensity of�-Al2O3 phase was much higher than
those of the transition phases after post-calcination. When

the amount of TEOS was reduced to 0.523 mmol dm−3, the
main phase after post-calcination became�-Al2O3, though
small peaks from�-Al2O3 and�-Al2O3 still remained.

Fig. 9shows TEM photographs of alumina microparticles
prepared from aqueous Al(NO3)3–PE6400 solutions contain-
ing different amounts of TEOS. It is obvious that the ad-
dition of the smallest amount of TEOS (0.523 mmol dm−3,
Fig. 9c) is effective for reducing the formation of cracks and
holes after post-calcination, as shown inFig. 9c(ii). From
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SEM photographs of these hollow microshperes after post-
calcination inFig. 10, it is apparent that the surface of the mi-
crospheres is rather smooth. Si-components dispersed among
the alumina nanoparticles are anticipated undoubtedly to en-
hance the mechanical strength of the shell wall of the hollow
microspheres.

4. Conclusion

Hollow alumina microspheres have been prepared by MI-
plasma pyrolysis of atomized aerosols of precursor solutions
and subsequent calcination at 1300◦C for 2 h. When an aque-
ous solution of 0.5 mol dm−3 Al(NO3)3 without any additives
was treated in MI-plasma, the yield of hollow microspheres
among the resultant particles was less than 40%. In addition,
hollow microspheres were composed mainly of�-Al2O3, �-
Al2O3 and �-Al2O3 phase. Besides hollow and dense mi-
crospheres in micron-size, many hexagonal nanoparticles of
�-Al2O3 (15–20 nm in diameter) were also formed. Post-
calcination of the as-prepared particles resulted in an increase
in the yield of hollow microspheres and also in enhanced
transformation into�-Al2O3. Addition of PO–EO block-
copolymers to the precursor solution was effective for in-
creasing the yield of hollow microspheres, but resulted in an
i on of
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