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a b s t r a c t

Mesoporous transition alumina was prepared by spray pyrolysis of an alumisol precursor, without the
use of structure-directing reagents. The prepared alumina exhibited a well-defined mesoporous structure
with narrow pore size distribution (3.0–4.7 nm). Preparation temperature played a major role in the phase
formation and the porosity of prepared alumina. The phase transformation of boehmite to �-Al2O3 and �-

◦
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Al2O3 was observed at 800 and 1200 C, respectively. An increase in preparation temperature resulted in
a decrease in surface area and pore volume and an increase in pore size. Longer residence time promoted
the crystallinity of prepared alumina effectively, but it also led to the formation of particles with smaller
surface area, lower pore volume, larger pore size, and broader pore size distribution. Additionally, while
alumisol concentration had little effect on the surface area, its reduction led to a decrease in pore volume

the f
al st
hermal stability and pore size and caused
exhibited excellent therm

. Introduction

Thermal decomposition of various aluminum hydrates yields a
umber of crystalline variations of alumina, defined as transition
luminas [1]. Due to their particular structural and morphologi-
al properties, transition aluminas have been applied widely in the
atalysis field [2–4]. The performance of conventional alumina is,
owever, frequently limited due to uncontrolled porosity, which

nduces deactivation by coking and plugging and hinders the dif-
usion of reactants and products [5–7]. Most catalysts based on

esostructured alumina exhibit higher catalytic activity than those
ased on conventional alumina [8–10]. For instance, the meso-
orous alumina supported MoO3 catalysts are almost two times
ore active than the conventional commercial MoO3/Al2O3 cata-

yst in thiophene hydrodesulfurization reaction [11]. Preparation of
lumina with high surface area, uniform pore structure and narrow
ore size distribution is, therefore, of tremendous interest for both
echnological applications and fundamental research. As an exten-
ion of the synthesis of mesoporous silica and mesoporous alumi-
osilicates [12], aluminas with ordered mesopores are commonly
repared from self assembly based on sol–gel processes in the

resence of templates. This synthesis method consists of multistep
rocedures including hydrolysis and condensation, filtration and
ashing, and calcination to remove surfactants [13–17]. Whereas,

he collapse of the mesostructure after calcination [18,19], the high

∗ Corresponding author. Tel.: +86 10 62849123; fax: +86 10 62923563.
E-mail address: honghe@rcees.ac.cn (H. He).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.07.046
ormation of bimodal pore size distribution. The as-prepared alumina also
ability, showing great application potential for industry.

© 2010 Elsevier B.V. All rights reserved.

cost of additives, and the complexity of the multistep process limits
the practical application of present synthesis approaches.

Spray pyrolysis, a widely used method for powder generation
in industry [20,21], possesses good flexibility and industrial via-
bility in the preparation of conventional alumina. In this method,
atomized droplets of a precursor solution undergo evaporation
and shrinkage while flowing through a high temperature reactor,
and eventually form solid particles. Previous researches on the
preparation of alumina by spray pyrolysis mainly focused on the
effects of the precursor solution, as well as other experimental
conditions on the morphology [22–25] and phase transformation
behavior of products [26–28]. For example, when different kinds
of inorganic and metallo-organic alumina sources were used as
precursor solutions, alumina particles with different morpholo-
gies were generated, including spherical [22,23], hollow [24], or
doughnut-like [25]. In contrast to morphology, the porosity of
alumina prepared by spray methods has received little attention.
Boissière et al. [29] applied the spray drying method to prepare
alumina mesoporous spheres using AlCl3·6H2O as the Al precursor
and [E(B)]75-[EO]86 block copolymer as the templating agent. Addi-
tionally, Kim et al. [30] prepared mesoporous alumina particles via
spray pyrolysis using Al(NO)3·9H2O and cetyltrimethylammonium
bromide (CTAB) as the Al precursor and pore directing agent,
respectively. The formation of mesostructures in these synthesis

processes was attributed to the use of structure-directing reagents,
however, which may limit practical application due to production
costs. Furthermore, the incomplete decomposition of the additives
and residue of aluminum salts may result in impurely produced
alumina.

dx.doi.org/10.1016/j.cej.2010.07.046
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:honghe@rcees.ac.cn
dx.doi.org/10.1016/j.cej.2010.07.046
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(from 10.0 wt% alumisol at 1000 C with a carrier airflow rate of
3.0 L min−1) at 300, 600 and 900 ◦C for 30 h, respectively, with a
heating rate of 5 ◦C min−1 from 25 ◦C to the corresponding calcina-
tion temperature.
Fig. 1. Schematic diagram

In the current study, transition alumina with mesoporous struc-
ure was synthesized by alumisol spray pyrolysis without using
tructure-directing reagents. The crystalline structure, porosity,
nd morphology of the as-prepared alumina were well charac-
erized, and the effects of certain crucial preparation parameters,
uch as preparation temperature, residence time, and precursor
oncentration, were investigated. In addition, the thermal stability
f the mesoporous structure was also investigated, and a possi-
le mesopore formation mechanism was proposed based on the
esults.

. Experimental

.1. Particle synthesis

The spray pyrolysis system consisted of a home-made atomizer,
diffusion dryer, a corundum tube located inside a tubular furnace

SK-2.5-14K, Huabei Experiment Instrument, China), and a filter
ollector (Fig. 1). Precursor droplets were sprayed by expanding
ompressed air through the atomizer in which alumisol was stored.
fter passed through the diffusion dryer, these partly dried droplets
ere carried into the corundum tube housed inside the tubular

urnace, and the resultant pyrolysate was finally collected by a filter
ampler. The temperature of the tubular furnace was controlled
nd adjusted in the range of 500–1200 ◦C. Particle residence time
n the furnace was controlled by varying the airflow rate from 0.4
o 3.0 L min−1, corresponding to a residence time of 5.97–0.80 s.

A stable boehmite phase alumisol (AlOOH, Lot No. 2205,
awaken Fine Chemicals Co., Ltd.) with an initial concentration
f 10.0 wt%, calculated according to Al2O3 content, was used as
he precursor solution. Impurities in the alumisol, such as inor-
anic salts, were below the detection limit of ion chromatography
information from Kawaken Fine Chemicals Co., Ltd.). The pH
alue of the alumisol was 3.7 measured by a pH-meter (pHs-
5, Shanghai Leici Factory, China), and the viscosity was 4 mPa s
easured by an Ubbelohde viscometer (53210, Schoott, German).

he alumisol concentrations in the experiments were 0.1, 1.0
nd 10.0 wt% (as Al2O3 content) and were diluted with deionized
ater (18 M�).
.2. Post thermal treatment

To investigate the thermal stability of the mesoporous struc-
ure, post calcination in a ceramic fiber muffle furnace (TM0614P,

ichem, China) was carried out by heating the prepared particles
e spray pyrolysis system.

◦

Fig. 2. (A) The adsorption–desorption isotherms and (B) the corresponding pore size
distributions of the samples prepared from 10.0 wt% alumisol at different prepara-
tion temperature with a carrier airflow rate of 3.0 L min−1.
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Fig. 3. The reproducibility of mesoporous structure. (A) The adsorption–desorption
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alumina samples ranged from 3.0 to 4.7 nm, with the major pore
size approximately 3.85 nm.
sotherms and (B) the corresponding pore size distributions of samples (10.0 wt%
lumisol at 1000 ◦C with carrier airflow rate 3.0 L min−1) collected from tow batches.

.3. Characterization of prepared particles

The surface area and pore structure (volume and size) of the
amples were determined with a physisorption analyzer
Autosorb-1C-TCD, Quantachrome, USA) by N2 adsorption–
esorption at −196 ◦C. The surface area (SBET) was determined
y applying the Brunauer–Emmmett–Teller (BET) method to
he adsorption isotherm in the range of 0.05–0.35. The pore
olume (VBJH) and the pore diameter (DBJH) were determined by
he Barrett–Joyner–Halenda (BJH) equation from the desorption
sotherm. The instrument errors of SBET, VBJH, and DBJH determined
y at least three tests for one sample were ±0.76%, ±1.1%, and
0.03%, respectively.

The crystalline structure of the samples was determined by
powder X-ray diffractometer (XRD; X’Pert PRO, PANalytical,

etherlands) using Cu K� (� = 1.54 Å) radiation at 40 kV and 40 mA
ith scans from 10 to 90◦ in increments of 0.026◦. Peak positions

nd relative intensities were characterized by comparison with
CDD files.

Infrared experiments were performed with a Fourier transform
nfrared spectrometer (FT-IR; 6700, Thermo Nicolet, USA). All spec-
ra reported here were recorded at a resolution of 4 cm−1 for 100
cans.

The particle size distributions of samples were measured on line
sing a scanning mobility particle sizer (SMPS; TSI 3936, USA) con-
isting of a nano differential mobility analyzer (DMA; TSI 3085,

SA) and a condensation particle counter (CPC; TSI 3025A, USA).
he particle size data from the SMPS were taken over the size range
rom 10 to 700 nm.
Fig. 4. (A) XRD patterns of alumina particles prepared from 10.0 wt% alumisol, car-
rier airflow rate of 3.0 L min−1, and different temperature from 500 to 1200 ◦C. (B)
FTIR spectra of samples obtained at 1200 and 800 ◦C, and the difference spectrum
between them.

The morphologies of samples were examined by: 1. Scanning
electron microscopy (SEM; SUPRA 55, NEISS, German) at 10 kV;
2. High resolution transmission electron microscopy accompa-
nied with an X-ray energy dispersive spectroscopy (HRTEM-EDS;
JEOL JEM-2011, Tokyo, Japan) at 200 kV; 3. Transmission electron
microscopy (TEM; H-7500, Hitachi, Japan) with an accelerating
voltage of 40 kV.

3. Results and discussion

3.1. Effect of preparation temperature

Fig. 2A shows the N2 adsorption–desorption isotherms for the
samples prepared at 500, 800, 1000, and 1200 ◦C with 10.0 wt% alu-
misol and a 3.0 L min−1 carrier airflow rate. All isotherms exhibited
a type-IV curve with a H2-type hysteresis loop, characteristic of
mesoporous particles with interconnected pore networks [31–33].
Fig. 2B shows the pore size distributions obtained from the BJH
method on the basis of the desorption data. The pore sizes of these
The BET surface areas and pore structure parameters (volume
and size) of the samples are summarized in Table 1. Monotonous
decrease of the BET surface area and the pore volume occurred
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Fig. 5. SEM micrographs of samples produced from

ith an increase in preparation temperature. The pore diameter
ncreased from 4.100 to 4.622 nm when the temperature rose from
00 to 1000 ◦C, but decreased to 3.843 nm at a preparation temper-
ture of 1200 ◦C. According to previous research [34], the dilation
f pores always contributes to a decrease in surface area and pore
olume and a simultaneous increase in pore diameter. In this study,
similar phenomenon was exhibited for samples prepared at 500,
00 and 1000 ◦C. For the sample prepared at 1200 ◦C, however, the
ore diameter decreased together with the BET surface area and
ore volume, which may be due to pore structure collapse at this
emperature. It was reported that specific surface area loss during
eating is related to phase transformation [35]. The BET surface area
as reduced by 12.5% with an increase in temperature from 500

o 800 ◦C and by 41.7% from 1000 to 1200 ◦C, implying that phase
ransformations took place from 500 to 800 ◦C and from 1000 to
200 ◦C.

The reproducibility of mesoporous structure was verified by
epeated BET measurements of samples prepared at the same con-
ition but collected from different batches. For example, the pore
tructure of two batches of sample prepared from 10.0 wt% alu-
isol at 1000 ◦C with carrier airflow rate 3.0 L min−1 is shown in
ig. 3. It illustrates that the difference of the adsorption–desorption
sotherms and the corresponding pore size distributions between
wo batches was negligible. Therefore, the preparation of meso-
orous alumina via spray pyrolysis method is consistent and
eproducible.

able 1
he specific surface area and pore structure (volume and size) of alumina particles
repared from 10.0 wt% alumisol, carrier airflow rate of 3.0 L min−1, and different
reparation temperature.

Preparation temperature SBET (m2 g−1) VBJH (cm3 g−1) DBJH (nm)

500 ◦C 327.1 0.3411 4.100
800 ◦C 286.3 0.3253 4.367

1000 ◦C 270.3 0.3241 4.622
1200 ◦C 157.7 0.2430 3.843
t% alumisol with temperatures from 500 to 1200 ◦C.

One of the major restrictions in the application of conventional
alumina is deactivation by coke formation and pore plugging. The
deactivation rate is greatly enhanced by wider pore size distribu-
tion and additional micropores contributing to the specific surface
area [15]. With narrow pore size distribution, uniform pore struc-
ture, and high surface area, the as-prepared alumina from the
present study has great application potential within the catalysis
field.

The X-ray diffraction spectra of particles prepared at 500, 800,
1000 and 1200 ◦C are displayed in Fig. 4A. It shows that for the
sample prepared at 500 ◦C, the boehmite phase (ICDD no. 83-2384)
of the alumisol precursor was maintained. The main peaks at 2�
36.3◦, 39.5◦, 45.9◦, and 66.9◦ due to �-Al2O3 (ICDD no. 49-0134)
were, however, observed in the spectra of samples prepared at 800,
1000 and 1200 ◦C. This indicates that the thermal decomposition
of boehmite was combined with the bulk phase transition of alu-
mina as the preparation temperature increased above 800 ◦C. For
the sample prepared at 1200 ◦C, some peaks at 19.5◦, 32.6◦, 36.9◦,
and 39.4◦ were also observed characteristic of �-Al2O3 (ICDD no.
23-1009). The formation of the �-phase was further confirmed by
FTIR measurement, as shown in Fig. 4B. Although the spectra of
the samples prepared at 1200 and 800 ◦C showed some similarity,
absorption bands at 568, 694, 752, and 820 cm−1 in the differ-
ence spectrum between them clearly confirmed the existence of
�-Al2O3 [36,37]. As convincing support of the XRD results, the FTIR
measurement confirmed that the surface and bulk phase transition
from �-Al2O3 to �-Al2O3 both took place at 1200 ◦C, although the
formation of the �-phase was only in the beginning stage.

Several previous studies have reported on the transforma-
tion behavior of boehmite sol during heat treatment from room
temperature to 1300 or 1400 ◦C in air for several hours [38,39].

◦
Results show that the boehmite phase persists until 200 C; �-Al2O3
appears at 400 ◦C, and �-Al2O3 forms when the calcination tem-
perature is between 400 and 600 ◦C; �- to �-Al2O3 transformation
occurs at 1000 ◦C and �-Al2O3 becomes the major phase at 1100 ◦C;
�- to well crystallized �-Al2O3 takes place at 1200 ◦C. Thus, the



C. Liu et al. / Chemical Engineering Journal 163 (2010) 133–142 137

F emperatures from 500 to 1200 ◦C; (E) HRTEM micrograph of samples prepared at 1000 ◦C,
a reflected in the analysis result).
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ig. 6. (A)–(D) TEM micrographs of samples produced from 10.0 wt% alumisol with t
nd (F) the corresponding EDS analysis (Cu grid was used as the sample holder and

ehydration and subsequent crystallization of boehmite sol can
e described as: boehmite → �-Al2O3 → �-Al2O3 → �-Al2O3 → �-
l2O3. A similar transformation sequence was observed in the
resent study, although the �- and �-phase formation temperatures
800 and 1200 ◦C, respectively) were higher than the previously
eported values (400 and 1000 ◦C), and the formation of �-Al2O3
id not occur at 1200 ◦C. The absence of �-Al2O3 and the shift
f phase transformation temperatures may be due to the short
esidence time here (0.80 s). It has been reported that prolonged
esidence time affects phase transformation behavior [40], which
ill be discussed in Section 3.2.

SEM micrographs in Fig. 5 show that all particles were highly
pherical-shaped without aggregating to irregular particles, even
hen the preparation temperature increased to 1200 ◦C. The par-

icle surface was a little coarse and showed a pleated morphology.
EM and HRTEM micrographs of particles are presented in Fig. 6.
t clearly shows that an interconnected worm-like pore network

as involved in the porous spherical particles. As shown in the

nset image of Fig. 6E, the microscopic voids with a diameter
f 4–5 nm were due to the presence of mesopores, which con-
orms to the N2 adsorption–desorption analysis results. Moreover,
he EDS analysis in Fig. 6F confirms the exclusive presence of the
onstitutive elements (Al and O) as well as high compositional

Fig. 7. Size distributions of prepared particles. Data presented as line and symbol
curves (left x-axis) were SMPS results of particles prepared from 10.0 wt% alumisol
with temperatures from 500 to 1200 ◦C. Data showed as column graph (right x-axis)
was the size distribution of particles prepared at 1000 ◦C determined by counting
particles in representative SEM micrographs.
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at 1200 C was, therefore, prolonged to investigate its influence on
the phase transformation behavior of prepared alumina, as resi-
dence time is considered an important determinant of crystallinity

◦

ig. 8. XRD patterns of alumina particles prepared from 1.0 wt% alumisol at 1200 ◦C,
ith different residence time controlled by varying the airflow rate from 0.4 to

.0 L min−1.

niformity. Previous research has demonstrated that some water-
oluble metal salts, such as nitrates, chlorides, and sulfates, may
ntroduce impurities that have an adverse effect on subsequent
rocessing and the properties of products [41]. The high purity

f alumina prepared in this present study indicates that alumisol
s an optimal precursor in the synthesis of alumina using spray
yrolysis.

ig. 9. Effect of residence time on (A) the adsorption–desorption isotherms and
B) the corresponding pore size distributions of particles prepared from 1.0 wt%
lumisol at 1200 ◦C, and a carrier airflow rate of 0.4–3.0 L min−1.
Journal 163 (2010) 133–142

Representative SEM graphs of particles prepared at 1000 ◦C
were selected to determine the size distribution by counting the
particle size (Fig. 7, column graph). More than 800 particles were
counted to obtain the number concentration result. The particle
size distributions of prepared alumina were also measured by on-
line SMPS analysis (Fig. 7, line and symbol curves), which was in
good agreement with the result obtained from SEM micrographs. In
addition, the SMPS results show that alumina particles prepared at
different temperature exhibited similar size distributions. It implies
that temperature has minor effect on the particle size distribution,
which is similar to the result of Kim et al. [24]. Meanwhile, it is
interest to notice that although the particle sizes distributed in
a comparatively broad diameter range, the mesopore size distri-
butions were still narrow. It indicates that the change of particle
diameter has no significant effect on the mesoporous structure of
prepared particles.

3.2. Effect of residence time

As discussed above, while the phase transformation from �-
Al2O3 to �-Al2O3 occurred at 1200 ◦C, the �-phase was not well
defined due to limited preparation temperature. The residence time

◦

[40]. The residence time at 1200 C was increased from 0.08 to 5.97 s
by changing the flow rate from 3.0 to 0.4 L min−1. Further increases

Fig. 10. (A) The adsorption–desorption isotherms and (B) the corresponding pore
size distributions of the particles produced from 10.0, 1.0 and 0.1 wt% alumisol at
1000 ◦C, with a carrier airflow rate of 3.0 L min−1.
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ig. 11. (A) SMPS measurement results; (B) and (C) SEM micrographs of alumina pr

n residence time were not available due to the minimum flow rate
equired for atomization. In addition, the relatively high viscosity
4 mPa s) of 10.0 wt% alumisol restricted atomization at low flow
ates. The original alumisol was, therefore, diluted to 1.0 wt% to
nsure the spray process.

The XRD patterns of particles prepared with different residence
ime (Fig. 8) show that all samples were a mixture of �-Al2O3 (ICDD
o. 49-0134) and �-Al2O3 (ICDD no. 23-1009), in which �-Al2O3
as the dominant phase. However, sharper diffraction peaks with

onger residence time implies that crystallinity was effectively pro-
oted by prolonged residence time. Caiut et al. [28] have reported

hat short residence time (a few seconds) in the hot zone of the
pray pyrolysis process restricts the complete transformation of
oehmite to �-Al2O3. Results in the present study indicate that, in
ddition to preparation temperature, phase transformation is also
etermined by residence time.

The effect of residence time on the surface area and pore struc-
ure was studied and is shown in Fig. 9. As residence time was
rolonged, SBET and VBJH decreased and DBJH increased. Although
he mesoporous structure remained unchanged (as shown in
ig. 9A), the prolonged calcination step could result in aggravating
inter, and eventually influence surface area and pore volume.

.3. Effect of alumisol concentration

The close connection between the precursor solution and
roduct properties of the spray pyrolysis process has attracted

ignificant attention. The effect of precursor concentration on the
orosity of prepared alumina was investigated in this study.

Three weight concentrations (10.0, 1.0, and 0.1 wt%) of alumisol
ere selected to investigate the influence of concentration on pore

tructure. As seen from Fig. 10, all particles presented an isotherm
d from 1.0 wt% and 0.1 wt% alumisol at 1000 ◦C, with carrier airflow rate 3 L min−1.

characteristic of mesoporous structure and had similar BET sur-
face area, while pore volume and pore size increased with alumisol
concentration. It should be noted that when the alumisol concen-
tration was reduced to 0.1 wt%, a bimodal pore size distribution
(Fig. 10B) was shown to exist. Mesopores with a major pore size
of approximately 4.87 nm and micropores smaller than 2 nm were
both present.

A possible explanation for the formation of a bimodal pore distri-
bution is proposed as follows: the droplets generated from 0.1 wt%
alumisol formed particles with less Al2O3, which meant less Al2O3
contributed to the mesoporous framework of the final particle.
Consequently, larger pores tended to form after the evaporation
of water, while smaller pores tended to form after the collapse of
the unstable framework structure, and a bimodal pore distribution
occurred.

SEM micrographs of alumina prepared from different concen-
tration (Fig. 11B, C, Fig. 5C) imply that although the spherical shape
was remained, the regularity of morphology reduced due to the
decrease in concentration. Meanwhile, it tended to produce smaller
particles with reduced precursor concentration. As demonstrated
by SMPS measurements in Fig. 11A, the major particle diameters
were 180, 102 and 91 nm for alumisol concentration of 10.0, 1.0 and
0.1 wt%, respectively. The results confirm that lower concentration
conduces to smaller particles.

3.4. Thermal stability
Despite the wide use of mesoporous alumina for catalyst sup-
port, loss of surface area and porosity can occur when they are
heated above 500 ◦C [11,14]. The thermal stability of mesoporous
alumina represents, therefore, one of the key points in its potential
application as a catalyst support. In this study, thermal treatments
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ig. 12. (A) SBET, (B) VBJH and (C) pore size distribution of alumina after post calci-
ation at 300, 600, and 900 ◦C for 30 h, respectively. Alumina was prepared from
0.0 wt% alumisol at 1000 ◦C, with a carrier airflow rate of 3.0 L min−1.

n the temperature range of 300–900 ◦C were performed for 30 h
ver alumina prepared from 10.0 wt% alumisol at 1000 ◦C, with a
arrier airflow rate of 3.0 L min−1. The influence of post calcina-
ion on the surface area, pore volume, and pore size distribution is
hown in Fig. 12. The thermal treatment resulted in a decrease in
ET surface area, as shown in Fig. 12A, but it should be noted that the
urface areas were still greater than 200 m2 g−1 even after calcina-
ion at 600 ◦C for 30 h, and greater than 100 m2 g−1 after calcination
t 900 ◦C for 30 h. As the calcination temperature increased, the
ore volume exhibited a slight decrease especially for samples
alcinated at a temperature lower than 600 ◦C (Fig. 12B), and mean-

hile there is a slight increase in major pore size (Fig. 12C). This

mplies that post calcination had little effect on the pore structure of
he as-prepared alumina particles. The mesoporous structure was
ot destroyed but maintained a uniform arrangement after ther-
al treatment. In addition, the XRD results in Fig. 13 demonstrate
Fig. 13. XRD patterns of alumina calcinated at 300, 600 and 900 ◦C for 30 h. Alu-
mina was prepared from 10.0 wt% alumisol at 1000 ◦C, with a carrier airflow rate of
3.0 L min−1.

that the �-phase was the major phase even after the calcination
at 900 ◦C for 30 h, although some peaks at 19.5◦, 31.7◦, and 60.2◦

were observed as characteristic of �-Al2O3 (ICDD no. 46-1131). Both
the N2 physisorption measurements and the XRD results indicate
improved thermal stability of the as-prepared alumina, especially
for the samples calcinated below 600 ◦C.

It has been reported that a possible approach to improve the
thermal stability of metastable alumina is to dope the oxide frame-
work with rare earth (La, Ce, Pr, Nd, Sm, Yb) or alkaline earth (Ca,
Sr, Ba) cations [42,43]. The addition of dopants, however, can com-
plicate the preparation process and introduce impurities, which
may limit industrial application. In the present study, thermal treat-
ment had limited influence on the mesoporous structure, indicating
significant potential applications of the as-prepared alumina in
catalysis and other areas.

3.5. Possible formation mechanism of mesopores

The general spray pyrolysis process always involves four major
steps [34,41,44,45]: generation of droplets from a precursor solu-
tion; shrinkage of droplet size due to evaporation; conversion of
the precursor into oxides; and formation of solid particles. Evapo-
ration of the solvent, diffusion of the solute, drying, pyrolysis, and
sintering may occur in the formation of particles, among which sol-
vent evaporation has been demonstrated to be critical to product
porosity. Tsai et al. [44], for example, indicated that the formation
of porous particles is due to a high solvent evaporation rate. Kim
et al. [24] also proved that a higher rate of droplet evaporation
could result in larger pore size and even create hollow-structured
nanoporous particles.

In this study, alumisol was used as the precursor solution and
water was the solvent. As shown in Fig. 14, the morphology of the
suspended colloidal particles characterized by TEM was rod-shaped
with a width of 2–3 nm and a length of 20 nm. Water evaporated
from the atomized alumisol droplets, resulting in the formation
of viscous saturated droplets, in which cross-linked colloidal rods
formed the porous structure framework. Further evaporation of
water through the interspaces of the framework led to the forma-
tion of pores. When the droplet was completely dehydrated at high
temperature, the conversion of the precursor into oxide occurred.
Preparation temperature and residence time play a crucial role
in the evaporation rate of water during the saturation and dehydra-
tion step, and the high evaporation rate in this study was conducive
to the formation of a uniform mesoporous structure. Precursor con-
centration determined the contribution of the aluminum precursor
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Fig. 14. Schematic diagram of the possible mesoporous particle formation proc

o the mesoporous framework in the final particles, and eventu-
lly affected the porosity. The detailed influence of the size and
orphology of colloidal particles and the phase transformation of

oehmite to �-Al2O3 on the porosity is worth further investigation.

. Conclusions

Transition alumina was prepared by a one-step spray pyrolysis
f alumisol precursor, without using structure-directing reagents.
he prepared alumina exhibited a well-defined mesoporous struc-
ure with a narrow pore size distribution centered at approximately
.85 nm. Preparation temperature was a decisive factor in phase
ormation and porosity of the prepared alumina. Prolonged res-
dence time effectively promoted the crystallinity of prepared
lumina, but the subsequent sinter resulted in the formation of
articles with smaller surface area, lower pore volume, and larger
ores. Alumisol concentration was the main determinant of particle
ize, but it had little effect on the surface area. The present study
ighlighted the improved thermal stability of prepared alumina.
tabilization of the mesostructure, combined with high surface
rea and narrow pore size distribution, make the as-prepared alu-
ina an ideal candidate for catalytic applications. Our approach

lso offers a flexible and economical opportunity for the industrial
roduction of mesoporous alumina.
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