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Abstract: As an environmentally friendly method, spray
pyrolysis has been widely used to produce a variety of
metal oxides and composite metal oxides. Spray pyroly-
sis is used to synthesize amorphous ALO, and y-ALO,. A
pyrolysis temperature ranging from 1073 to 1273 K and
a collector temperature ranging from 273 to 283 K result
in amorphous Al O,. To strengthen the stability of the
amorphous ALO,, La** was added to modify amorphous
ALO, with different La** concentrations. With a particle
residence time of 2.6-3.0 s in the calciner, the pyrolysis
temperature of y-AL O, was obtained at 1373 and 1273 K,
respectively. Microstructural and morphological analy-
ses conducted by using X-ray diffraction, scanning elec-
tron microscopy, high-resolution transmission electron
microscopy, and infrared absorption spectrum showed
that the obtained alumina are amorphous or v crystalline
forms flake.

Keywords: y—A1203; amorphous A1203; modified lanthanum
particles; spray pyrolysis.

1 Introduction

Alumina has abundant applications in the ceramics indus-
try and heterogeneous catalysis, and it has been widely
used as absorbents, abrasive materials, ceramics, and
biomaterials [1-5]. To achieve such capabilities, alumina
should have unique properties, such as high refractive
index [6], high dielectric constant, chemical and thermal
stability [7], and high transparency [4].

Different and contradictory properties of alumina
make it versatile according to our tendency. For example,
we can use it for optoelectronic applications; good
homogeneity with both good density and dielectric
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characteristics as well as a low surface roughness [8] make
alumina an important material for the ceramic industry.
It has been found that amorphous ALO, has extensive
application in catalysis, coatings, microelectronics, and
thin film devices because of their chemical, thermal, and
mechanical stability [9-11]. At the same time, y-ALO, is an
important mesoporous material, which has been inten-
sively studied with regard to technical applications as
catalysts and catalyst supports [12, 13]. It has been exten-
sively used as advanced catalysts and catalyst supports
because of its low cost, good thermal stability, and high
specific surface area [14, 15].

Commercial alumina is usually manufactured by the
precipitation of aluminum salts [16], sol-gel processing
of aluminum alkoxides [17, 18], powder processing tech-
nology using various inorganic, and organic aluminum
precursors [19-21]. Compared with the previously men-
tioned method, spray pyrolysis is the result of the decom-
position of single inorganic precursors in the air, which
is a “green” method. At the same time, hydrogen chloride
produced by the exhaust gas is absorbed directly, so the
entire process has the advantage of short residence time,
high production efficiency, low operating cost, and energy
consumption. During the preparation process, atomized
droplets of a precursor solution undergo evaporation
and shrinkage while flowing through a high-temperature
reactor and eventually form particles. Because of evapora-
tion, precipitation, drying, and decomposition occurring
in a dispersed phase and a single step, it becomes pos-
sible to control the key particle properties (size, morphol-
ogy, chemical composition, etc.) easily by controlling the
process parameters (residence time and decomposition
temperature) [22-27]. The spray pyrolysis technique is
based on the ultrasonic generation of micrometric-sized
aerosol droplets and their decomposition at intermedi-
ate temperatures (273-1073 K). Therefore, this method is
a continuous flow process and is more economical and
more green than other approaches (such as sol-gel pro-
cesses) that involve multiple steps [28-31].

From an industrial point of view, rare earth elements
are important owing to their unique properties and wide
range of applications in various fields such as electron-
ics, magnetism, metallurgy, phosphors, catalysts, glass,
laser, and ceramic technology [32-34]. Because La?* has
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more structural defects, the addition of La can enhance
the thermal stability of y-ALO, [35], and it was added in
the amorphous ALQ, to study the influence of La on the
thermal stability of it.

The present work focuses on the mass production of
high surface area Al,0, nanopatrticles using inexpensive
precursors developed from natural minerals, such as
bauxite, and the effect of the precursor on the pore struc-
ture of alumina prepared by the spray pyrolysis method
[19, 36]. In this work, the amorphous and the gamma
crystal types of alumina were obtained by controlling the
respective conditions. Microstructural and morphologi-
cal analyses were conducted by using X-ray diffraction
(XRD), scanning electron microscopy (SEM), high-resolu-
tion transmission electron microscopy, and infrared (IR)
absorption spectrum.

2 Materials and methods
2.1 Amorphous AL,0, particle synthesis

Solutions of A1C13-6HZO (AR >99.0%; Sinopharm Chemical Reagent
Co. Ltd., Shanghai, China) were used as the precursors. The concen-
tration of the precursors was 20.0 wt%. The schematic representation
of the spray pyrolysis equipment (Northeastern University in Shen-
yang, Liaoning Province, China) shown in Figure 1 is as follows: the
spray pyrolysis system consisted of a homemade atomizer, a corun-
dum tube located inside a tubular furnace, three cyclones as the col-
lectors, a gas buffer tank, and a tail gas absorber. Precursor droplets
were sprayed by expanding compressed air through the atomizer.

~7

Figure 1: Schematic diagram of automated spray pyrolysis
experimental device. (1) Corundum tube, (2) tubular furnace, (3) the
first-stage cyclone, (4) the first-stage collector, (5) the second-level
cyclone separator, (6) the second-stage collector, (7) the third cyclone,
(8) the third-stage collector, (9) flow controllers, (10) tail gas absorber,
(12) lifting device, (12) air compressor, (13) into the tank, (14) solution,
(15) hose, (16) injection pipe, (17-19) water bath temperature control.
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After passing through the diffusion dryer, these partly dried drop-
lets were carried into the corundum tube housed inside the tubular
furnace, and the resultant pyrolysate was finally collected by a fil-
ter sampler. The temperature of the tubular furnace was controlled
and adjusted in the range of 1073-1273 K. Particle residence time
in the roaster was controlled by varying the airflow rate from 2.0 to
3.21 min", corresponding to a residence time of 0.7-1.0 s and a collec-
tor temperature of 273-278 K by an ice water bath.

2.2 La*-modified amorphous AL,0, particles

Solutions of AlICl-6H,0 and LaCl-6H,0 (AR, >99.0%; Sinopharm
Chemical Reagent Co. Ltd.) were used as the precursors. The con-
centration of the AlClL, was 20.00 wt% and LaCl, was 0.23 wt%, 0.46
wt%, 0.63 wt%, the detailed synthesis process was given in the pre-
ceding paragraph, and the roasting temperature was controlled and
adjusted in 1073 K, with a residence time of 0.7-1.0 s and a collector
temperature of 293-318 K.

2.3 v-AL,0, particle synthesis

The detailed synthesis process was given in the Figure 1, and the
roasting temperature was controlled and adjusted in the range of
1173-1373 K, with a residence time of 2.6-3.0 s and a collector tem-
perature of 293-318 K.

2.4 Characterization of prepared particles

The crystalline structure of the products was determined by a powder
XRD (X’Pert Pro, PANalytical Corporation, The Netherlands) with Cu Ko
[33, 34] radiation (A=0.154 nm) at 40 kV and 40 mA. The scan rate was
4° 26-min?, and the scan ranged from 10° to 90° 26. Peak positions and
relative intensities were characterized by comparison with the Interna-
tional Centre for Diffraction Data files. IR spectra were measured with
a Perkin Elmer Spectrum GX Fourier transform-infrared spectrometer
(IRAffinity-1, Shimadzu, Japan). The transmission electron microscope
(TEM) examinations were performed using a TEM instrument (Tecnai
(G220; FEI, Hillsboro, OR, USA) operating at 200 kV. A1203 samples were
collected directly onto Cu microgrids, and a droplet of suspending lig-
uid was deposited onto a Cu microgrid and allowed to dry. SEM images
were obtained on a Zeiss ULTRA plus SEM (Zeiss Ultra Plus, Zeiss,
Oberkochen, Germany) equipped with energy-dispersive X-ray spec-
troscopy (EDS), which was used to observe the SEM microstructure.

3 Results and discussion

Figure 2 shows the XRD patterns of samples obtained by
pyrolysis at different temperatures. It can be seen that the
XRD patterns consist of three broad diffuse peaks between
diffraction angles 20° and 80°. The sample obtained at a
temperature of 1073 K (Figure 2A) shows some small shape
peak, which indicates some crystalline phase mixed with
the primary amorphous structures. When the pyrolysis
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Figure 2: XRD patterns of amorphous ALO, at different pyrolysis
temperatures: (A) 1073 K, (B) 1173 K, (C) 1273 K, collector tempera-
ture at 273-283 K, and particle residence time in the calciner for
0.7-1.0s.

temperature is up to 1173 and 1273 K, there is no appar-
ent crystalline phase corresponding to the sharp crystal-
lization peak in (Figure 2B and C), indicating that this
sample is in the amorphous structures. As the pyrolysis
temperature is 1173 K, its pattern shows broad diffuse
backgrounds, but the amorphous diffuse peak is shape,
and the amorphous diffuse peak of 1173 K is sharper than
that of 1273 K, showing that it has the trend of further crys-
tallization. Thus, the threshold overheating temperature
for the fully amorphous structure of amorphous AL O, is at
least 1173 K, below which it may have an intersection with
the crystallization position.

Figure 3 depicts XRD patterns of the AlL,O, particles
modified by La*, and no crystalline peak is detected from
all particles obtained with each La** concentration. Thus,
the particles can be considered as amorphous structure
because La>" has more structural defects, which can effec-
tively improve the stability of amorphous AL O,

Figure 4 presents the XRD patterns of y-ALO, at differ-
ent pyrolysis temperatures. As the pyrolysis temperatures
are 1373 and 1273 K, their pattern peaks are identified as
y—Ale3 peaks at 19.44°, 37.59°, 39.47°, 45.84°, and 67.00°.
When the pyrolysis temperature is down to 1173 K, there is
no apparent crystalline phase corresponding to the sharp
v-ALO, peak, indicating that this sample have a certain
percentages of the amorphous structure.

Figure 5 shows that the TEM images of the amor-
phous ALO, (Figure 5A and B) were obtained at a pyroly-
sis temperature of 1273 K, a residence time of 0.7-1.0 s, a
collector temperature of 273-278 K by ice water bath and

Figure 3: XRD patterns of amorphous ALO, modified by different
La3* concentrations (A) LaOCl 1 wt%, (B) LaOCl 2 wt%, (C) LaOCl

3 wt%, pyrolysis temperatures of 1073 K, collector temperature of
273-283 K, particle residence time of 0.7-1.0 s.
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Figure 4: XRD patterns of y-Al,0, at different pyrolysis tempera-
tures: (A) 1173 K, (B) 1273 K, (C) 1373 K, collector temperature of
293-318 K, and particle residence time of 0.7-1.0 s.

Y-ALO, (Figure 5C and D) at pyrolysis temperature 1373 K,
a residence time of 2.6-3.0 s, and a collector temperature
of 293-318 K by water bath. It can be seen from the TEM
images that the Al O, particles exhibit a flake particle with
a particle size distribution between 5 and 20 um. The main
reason is that droplets would turn into spherical shells at
a high temperature, and these shells may burst into frag-
ments because of the gas generated in them. In Figure 5B,
the diffraction pattern is an amorphous ring proving that
alumina crystals did not grow, which is consistent with



308 —— 7Z.Wang etal.: Synthesis of amorphous AL 0O, and y-AL,0, by spray pyrolysis

. Ir-,w_;gﬂ

Figure 5: TEM images and SAED patterns of the amorphous Al,0, at 1273 K (A and B) and y-Al,0, samples at 1373 K (C and D).

XRD diffraction diagram. Figure 5D shows a selected area
electron diffraction pattern taken from the sample with a
pyrolysis temperature of 1373 K and a residence time of
2.6-3.0 s, indexed in accordance with the y-ALO, phase
(JCPDS=29-0063), having a defect spinel structure [37, 38].

The FT-IR spectra of amorphous ALO, prepared by
spray pyrolysis are shown in Figure 6. The band at 3457 cm?!
is due to the stretching mode of hydroxyl groups (from
surface water and adsorbed water). The band at 1643 cm?
is due to the bending mode of water molecules, and the
content forms La** during the ALO,. Then the hydrolysis of
the La’* cation takes place, and the resulting protons gener-
ate Brgnsted acid sites. Therefore, the amount of Brgnsted
acid sites is increased. The broad band at 755 cm? can be
ascribed to the Al-O vibration of (AlO,) [39, 40]. As La is
added in the aluminum chloride solution, pyrolysis occurs
at 1073 Kinstead of crystallization. Therefore, adding La can
effectively inhibit crystallization because of slow cooling.
The experimental results are consistent with XRD analysis.
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Figure 6: FT-IR spectra of amorphous AL O, (A) pyrolysis tempera-
ture at 1273 K, residence time of 0.7-1.0 s, collector temperature
of 273-278 K; (B) 1173, 0.7-1.0 s, 273-283 K; (C) 1073, 0.7-1.0 s,
273-283 K, LaOCl 3 wt%; (D) 1073, 0.7-1.0 s, 273-283 K, LaOCl

2 wt%,; (E) 1073, 0.7-1.0 s, 273-283 K, LaOCl 1 wt%.
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Figure 7: SEM images and EDS patterns of the amorphous Al,0, at 1273 K (A and B) and -Al,0, samples at 1373 K (C and D).

The SEM images and the EDS patterns of the amor-
phous Al O, and y-AL,O, are shown in Figure 7. We can see
that the ALO, sample is a flake particle with a particle size
distribution between 5 and 20 um, which is consistent
with the TEM images. The EDS examination confirms the
presence of Al and O from the sample, and the existence of
C elements is due to the conductive adhesive.

4 Conclusions

By changing the pyrolysis temperature, the particle resi-
dence time in the roaster, and the temperature of the col-
lector, the amorphous Al O, and the y crystal structure of
ALO, were successfully prepared by spray pyrolysis. The
effect of the pyrolysis temperature, the particle residence
time in the roaster, and the temperature of the collector on
the crystal shape is very obvious. Previous studies showed
that La®* can effectively improve the stability of the y-AL,O,,
and it was found to be helpful to the stability of the amor-
phous Al O, in this work. The proposed spray pyrolysis to
synthetic ALO, was simple, cheap, efficient, and free of

pollution, which makes it very suitable for scale-up pro-
duction. Furthermore, LaAlO, can be made with amor-
phous AlLO, and microcrystalline LaOCl solid solution
precursor by this “green” synthetic method, which will be
mentioned in another article.
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