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a b s t r a c t

The alumina microfibers with mesoporous structure were synthesized by a facile hydrothermal and ther-
mal decomposition route. The as-obtained products were well characterized by XRD, SEM, TEM (HRTEM),
SAED and N2 adsorption–desorption measurement. It was shown that the length and diameter of these
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alumina microfibers are about 10 �m and 300–500 nm, respectively. All these alumina microfibers pre-
pared by the PEG templates with different molecular weight have the different high surface area but
nearly the same pore diameter about 3.5 nm. The calcination experimental result shows that the meso-
porosity of these alumina microfibers can be maintained even at 1373 K. On the other hand, the higher
selective catalytic reduction (SCR) of NO effectiveness present that the as-obtained mesoporous alumina

prop
ydrothermal synthesis
CR-NH3 of NO

have stronger adsorption

. Introduction

Mesoporous materials have been intensively studied with
egard to technical applications as catalysts and catalyst supports
1–3]. In which, mesoporous alumina has been extensively used
s advanced catalysts and catalyst supports due to its low cost,
ood thermal stability and high specific surface area [4–6]. For spe-
ific applications, the mesoporous properties, such as the surface
rea, the pore size and pore volume of the support, have a large
mpact on the catalytic effect. Therefore, great efforts are made
o produce porous alumina with tailored properties to suit differ-
nt applications using anionic, cationic or non-ionic surfactants as
tructure directing agents [7–10]. In these methods, the surfactant
an assembly with the inorganic species to form mesostructured
ore structures and then different surfactants may induce differ-
nt microstructures. All of these efforts obtained the mesoporous
lumina with adjusting surface area, pore size and pore volume by
sing different surfactants. Different from the mechanism of coop-
rative assembly from the starting molecular species commonly

nder the presence of mesoporous structure directing templates,
he recent literatures report a new strategy to synthesis meso-
orous materials by a controlled thermal decomposition process,

n which the mesopores are generated via the thermal decompo-
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hina (No. 50772064) and China Postdoctoral Science Foundation Founded Project
No. 20080440185).
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erty because of its high surface area.
© 2009 Elsevier B.V. All rights reserved.

sition of the salts precursors [11,12]. In such an approach, gases
(such as CO2, CO, water and so on) are generated with the remark-
able shrinkage in the framework of the materials during the thermal
decomposition process, and finally oxides are obtained if the pro-
cess is in air/O2 atmosphere. Therefore, it is possible to create
porous materials easily by controlling the thermal decomposition
process, i.e., preventing extensive shrinkage during the decompo-
sition of salts, which is most important to remaine the morphology
of the nanostructural mesoporous materials. As the best of our
knowledge, no report has been available on the synthesis of meso-
porous alumina with adjusting mesoporous properties by using
this thermal decomposition approach. On the other hand, the
porous alumina have usually been functionalized and tested in
laboratory scale for use as adsorbents or as catalysts for different
chemical reactions [13,14]. However, alumina can have relatively
low thermal stability over time. This is especially true for the
porous materials and limits to their usefulness at high temperature.
Fortunately, using the advantage of preventing extensitive mate-
rials shrinkage during the decomposition of salt precursors, the
obtained mesoporous alumina may have relatively high thermal
stability.

Herein, we describe a facile hydrothermal route to synthesize
uniform ammonium aluminum carbonate hydroxide (denoted as
AACH) microfibers with a high yield in the presence of non-ionic
surfactant poly ethylene glycols (PEG) with different molecular

weight, which has been shown to be a templating agent to the
formation of 1D nanostructure materials [15–18]. The morphology-
remained mesoporous alumina microfibers with adjusting surface
area and pore volume but nearly the same pore size were read-
ily obtained by thermal decomposition of the as-obtained AACH

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:zhuzf@sust.edu.cn
dx.doi.org/10.1016/j.cej.2009.09.030
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roducts. Finally, the adsorption property of these mesoporous
aterials as the catalyst support was measured by means of SCR

echnology.

. Experimental

.1. Preparation of mesoporous materials

Mesoporous materials were prepared through the hydrother-
al reaction of a mixture composed of aluminum sources,

urfactant, pH adjusting regent and solvents. All chemicals are
nalytical-grade regent without further purification. The surfac-
ants used in this study were poly-glycol (PEG) (Kermel, 99%) with
ifferent molecular weight (Mn = 400, 1000, 2000, 4000 and 20,000,
espectively), while the pH adjusting agent used was urea.

In a typical synthesis, an amount of surfactant PEG was dissolved
n deionized water to form a clear solution, to which 2.0 mmol
l(NO3)3·9H2O was added. After the aluminum salt was totally dis-
olved, 0.36 mol of urea was added. The mixed solution was further
agnetically stirred for 3 h. Then the final mixture was transferred

o a Teflon-lined stainless-steel autoclave and place in an oven at
13 K. After 24 h, the autoclave being cooled to room temperature,
he white precipitation were collected and washed several times
ith deionized water and ethanol to remove the impurities and

hen dried at 353 K in a vacuum oven for 24 h. The surfactant was
emoved by calcination in air at 773 K for 2 h with heating rate of
K/min. To study the phase transformation and thermal stability,
alcination was also conducted at 973, 1173, 1373, and 1573 K in a
emperature-programmed Muffle furnace, respectively.

.2. Characterization of mesoporous materials

The small- and wild-angle XRD patterns of the mesoporous
aterials were recorded on a high resolution X-ray diffractome-

er (XRD, D/MAX 2200pc, Japan). Their diffraction patterns were
btained by using Cu K� radiation of wavelength � = 0.15418 nm.

The morphology of the mesoporous alumina was recorded by
sing a field-emission scanning electron microscope (JSM-6700F,

EOL Japan) operated at 5 kV. The arrangement of the mesopores of
he mesoporous materials was observed by means of a transmis-
ion electron microscope (JEM 2010 from JEOL, Japan) operated at
00 kV.

A volumetric adsorption measurement system (Quantachrome
ova2000e surface area and pore size analyzer) was employed

o measure the adsorption/deposition isotherms of nitrogen on
he mesoporous materials. The samples were evacuated at 773 K
or 2 h before exposing them to nitrogen at 77 K. Their surface
as calculated by the Brunauer–Emmett–Teller (BET) equation and

heir average pore diameter by the Barrett–Joyner–Halenda (BJH)
ethod.
The adsorption property of the mesoporous materials as the cat-

lyst support was measured by using a quartz fix-bed flow reactor
eated with a furnace [19], and 3.0 g mesoporous materials with
diameter of 1 cm and a length of 5 cm were used. The feed gas
ixture contained 1000 ppm NO, 1000 ppm NH3, 500 ppm O2 and

itrogen as balance gas, unless otherwise specified. The effluent
ases from the reactor were analyzed on-line by a quadrupole mass
pectrometer previously calibrated with cylinders of known con-
entrations. The NO conversion was calculated by means of the
ollowing reaction:
NO reduction = Ci
NO − CNO

Ci
NO

× 100 (1)

here Ci
NO is the initial concentration of NO and CNO corresponds

o its concentration once steady state is reached.
Journal 155 (2009) 925–930

3. Results and discussion

Parts A and B of Fig. 1 show that the SEM micrographs of
the precursor of hydrothermally prepared AACH prior to further
heat treatment, it is seen that the sample is made of uniformly
sized microfibers. These fibers were not tangled or interwound.
The length of the fibers is about 10 �m. The magnified SEM image
depicted in Fig. 1B (shown as inset) reveals that the fibers have a
very smooth surface, and both the ends of the fibers shrinked to a
needle-like structure. The inset of AACH precursor shown in Fig. 1B
also reveals that the fiber has a columniform shape with a diam-
eter of about 300–500 nm. Fig. 1C shows the typical XRD pattern
of the as-synthesized sample (PEG-20000), and the XRD patterns
of all as-synthesized samples in our experiments can be indexed
to crystalline ammonium aluminum carbonate hydroxide (AACH)
with a composition of NH4[Al(OOH)HCO3] (JCPDS card no. 42-0250)
[20–24], which is conventionally synthesized by reaction of alu-
minum sulfate with ammonium hydrogen carbonate in the liquid
phase. Recently, Bai et al. reported the synthesis of AACH using
the copolymer controlled homogeneous precipitation route [25].
In our experiment, using PEG with different molecular weight, we
also obtained the AACH microfibers. The high intensities of the XRD
peaks of the as-synthesized samples indicate that the AACH phase
synthesized in this work is high crystalline. The highly intensity of
the (1 1 0) crystal face also exhibits that the AACH crystal preferably
grew along the given direction under the synthesis conditions. No
other diffraction peaks were detected, indicating that no impurity
exists in the AACH precursor. Using the Scherer equation, the cal-
culated crystallite size of AACH microfibers is about 5.983 nm. The
further experimental results exhibited that although the PEG with
different molecular weight were used, the as-synthesized samples
have the same morphology when the molar ratio of Al(NO3)3 to PEG
is controlled to 0.02. If there are no further explanation, all samples
shown in this manuscript is prepared with the Al/PEG molar ratio
of 0.02. This result indicates that the surfactants PEG with differ-
ent molecular weight have the same effect on the forming of the
fiber-like as-synthesized samples. Fig. 1D shows the SEM images
of alumina prepared in the absence of PEG. It is seen that the sam-
ple prepared in the absence of PEG exhibited an irregular particle
morphology with some rodlike particles.

Fig. 2 presents the TEM images and SAED patterns of the AACH
precursor (Fig. 2A and B) and the calcined samples synthesized
using PEG-20000 at 773 K (Fig. 2C and D), 1173 K (Fig. 2E and F)
and 1573 K (Fig. 2G and H) for 2 h, respectively. Fig. 2A shows the
TEM image of the AACH microfibers. The SAED pattern (Fig. 2B)
recorded from the face of the crystal having the longest axis (for
example, the circled area in the TEM image) always exhibits the
same single-crystalline pattern, consistent with the [0 0 1] zone of
AACH crystals. The elongated microfiber shape with the exposed
(0 0 1) faces demonstrated that the AACH crystal preferably grew
along the crystallographic c axis under the synthesis conditions.
Fig. 2C, E, and G shows the TEM images of the calcined samples at
773 K, 1173 K and 1573 K for 2 h, respectively. It can be seen that
the diameter of the microfibers decreased after calcination process,
this may be caused by the thermal decomposition of AACH in the
calcination process. On the other hand, the morphology of the alu-
mina microfibers was not markedly altered. With the increasing
of the calcination temperature, the alumina fibers became some
curved, however the essential fiber morphology still remained. It is
also can been seen that, with the calcination temperature increase
to 773 K or 1173 K, the surface of the fibers became more and more

corrugated. As is know, the structure of AACH crystal is composed of
Al–O octahedron chains linked by covalently sharing oxygen atoms.
CO3

2− and NH4
+ ions are located between the chains associated by

weak bonds, such as hydrogen bands. During the decomposition of
AACH, the Al–O bonds remain unchanged while the weaker bonds
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ig. 1. SEM micrographs of as-synthesized AACH precursor (A and B), (C) XRD patt
n the absence of PEG.

etween CO3
2− and NH4

+ ions and Al–O octahedron chains are bro-
en, releasing NH3, CO2 and H2O [24,26,27]. This special structure
f AACH endows the alumina microfibers with high thermal stabil-
ty. During the thermal decomposition process, the AACH precursor
oes not cause dramatic change of the framework, therefore, the
et-liked morphology and the size of the particles remain almost
nchanged, but cracks may be formed and developed in the crystals
s temperature increases. This is beneficial to the remaining of the
ber-like morphology and mesoporous structure. However, when
he calcination temperature was increased to 1573 K, the surface

f the fibers became smooth again (see Fig. 2G), possibly because
f sintering. The selective area electron diffraction (SAED) patterns
f the alumina fibers indicate that, with the increasing of the cal-
ination temperature, the AACH precursor thermally decomposed
nd transformed to amorphous (Fig. 2D), polycrystalline (Fig. 2F)

ig. 2. TEM images and SAED patterns of the AACH precursor (A and B) and calcined sam
sing PEG-20000, respectively. The SAED pattern B is conformed to be [0 0 1] zone of the
icrofiber growth is perpendicular to the [0 0 1] crystallographic axis.
f the AACH precursor, and (D) SEM micrographs of as-synthesized AACH precursor

and single-crystalline alumina after calcination at 773 K, 1173 K and
1573 K, respectively.

In order to further identify the phase transform of the alumina
microfibers during the calcination process, the XRD patterns of the
calcined products of AACH precursor at different temperature are
measured. Fig. 3 shows the XRD patterns of the sample prepared
by using PEG-2000 calcined at different temperatures. After calci-
nation at 773 and 973 K, both alumina samples essentially became
amorphous. By increasing the calcination temperature to 1173 K,
the �- and �-Al2O3 phases were observed. The low intensity of the

XRD peaks indicates the alumina samples calcined at this tempera-
ture has a low crystalline, while the broad peaks demonstrated that
the alumina fibers calcined at 1173 K are nanocrystalline, consistent
with the previous results [26]. Further increasing the calcination
temperature to 1373 K, the �-Al2O3 phase is observed. When the

ples at 773 K (C and D), 1173 K (E and F) and 1573 K (G and H) for 2 h synthesized
AACH crystal (reflections: A (0 2 0); B (2 0 0)) and indicates the direction of AACH
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ig. 3. Wild-angle XRD patterns of as-synthesized samples calcined at different
emperatures for 2 h. (�), (�) and (�) denote the �-Al2O3, �-Al2O3 and �-Al2O3,
espectively.

alcination temperature increasing to 1573 K, a typical XRD pat-
ern of the �-Al2O3 phase (JCPDS Card no. 46-1212) was obtained.
he shape and high intensities of the peaks indicate that the Al2O3
hase is indeed well crystallized. All of the peaks can be index to
-Al2O3, and the measured lattice constants of a and c of this hexag-
nal phase are 4.763 and 12.987 Å, respectively, which is in good
greement with theoretical values (a = b = 4.759 Å and c = 12.993 Å,
espectively). No other diffraction peaks were detected, indicating
hat no impurity exists and the precursor have completely trans-
ormed into the �-Al2O3 phase.

Fig. 4 shows that the TEM images of the typical alumina
ber obtained after calcination of the AACH precursor at 773 K
Fig. 4A–C) and 1373 K (Fig. 4D) for 2 h at different magnifications.

fter calcination at 773 K (Fig. 4A–C), it can been seen that the
esoporous alumina microfibers prepared by PEG templates with

ifferent molecular weight show wormhole-like appearance and
o significant order in pore arrangement. This is in good agreement
ith absence of high order peaks in X-ray diffraction pattern (see

Fig. 4. TEM images of the typical alumina fibers after calcination at
Journal 155 (2009) 925–930

curve 773 K in Fig. 3). In this paper, the surfactant PEG is not used
as a directing template for the mesoporous structure but for the
fiber-like structure, and the mesopores are generated via the ther-
mal decomposition of salt precursor AACH from nanometer sized
polyhedron particles, which is totally different from the mecha-
nisms of cooperative assembly from the starting molecular species
commonly under the presence of mesoporous structure direct-
ing templates. Thus, the obtained mesoporous alumina microfibers
show no significant order in pore arrangement. After calcination
at 1373 K (Fig. 4D), although the formation and afterwards crys-
tallite growth of �-Al2O3 phase, together with the interparticle
sintering and increasing of the grain size, result in the dramatically
decrease of the wormhole-like mesopores, the surface of the fibers
is still corrugated, showing the existence of the wormhole-like
mesopores structure. The N2 adsorption–desorption experimental
result shown that the pore volume and surface area of the alumina
microfibers prepared with PEG-400 retained at about 0.28 cc/g and
87 m2/g, respectively. These indicate that the mesoporosity of this
alumina material can be maintained at 1373 K and the prepared
alumina microfibers using have the high thermal stability.

Fig. 5 shows the N2 sorption isotherms and BJH pore size dis-
tribution curves of the samples prepared by PEG templates with
different molecular weight, respectively. All isotherms are of typi-
cal type IV with hysteresis loop, indicating the alumina microfibers
are mesoporous materials. All samples synthesized in the pres-
ence of PEG displayed steep capillary condensation and evaporation
steps within the pressure range of P/P0 = 0.4–0.7, implying they
have a narrow mesopore size distribution. This is also confirmed
by the BJH pore size distribution curves of the samples prepared
by PEG templates with different molecular weight (Fig. 5B). All BJH
pore size distribution curves show a narrow normal distribution

between 2 and 5 nm, and the pore size distribution centered at
about 3.5 nm pore diameter. The characteristics of the mesoporous
alumina microfibers prepared by PEG templates with different
molecular weight after calcination at 773 K for 2 h were shown in
Table 1. It can been seen that, although prepared by PEG templates

773 K (A–C) and 1373 K (D) for 2 h at different magnifications.
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Fig. 5. Nitrogen adsorption–desorption isotherms (A) of mesoporous alumina microfibers prepared by PEG with different molecular weight and its pore size distribution (B).
Calcination condition: 773 K, 2 h.

Table 1
Characteristics of the mesoporous alumina microfibers. Calcination condition: 773 K, 2 h.

Alumina microfibers Molecular weight of PEG BET surface area (m2/g) Total pore volume (cc/g) BJH pore diameter (nm)

Al2O3-1 400 465 0.66 3.5641
Al2O3-2 1,000 406 0.57 3.5561
Al O -3 2,000 373 0.38 3.5670

T adsor

w
s
s
d
t
t
m
s
a
p
h
w
U
m
m
w
h
m
a
m

2 3

Al2O3-4 4,000 282
Al2O3-5 20,000 356

he pore diameters were calculated from the desorption branches of their nitrogen

ith different molecular and all samples have the different BET
urface area and total pore volume, the BJH pore diameter of all
amples are same about 3.5 nm. The little changes in the BJH pore
iameter of the mesoporous alumina microfibers prepared by PEG
emplates with different molecular weight may be caused by the
iny difference of the calcination condition. Simultaneously, the

olecular weight of the template has a prominent effect on the
urface area and total pore volume of the obtained mesoporous
lumina microfibers, i.e., the mesoporous alumina microfibers pre-
ared by using the PEG templates with little molecular weight have
igher surface area and total pore volume. This may be contacted
ith the short chain length of the PEG with small molecular weight.
sing the synthesis method in this paper, we can obtain the alumina
icrofibers with mesoporous structure, which have the different
esoporous parameters, through simple adjusting the molecular

eight of the surfactant PEG. The above data suggest the PEG, which
as been shown to be a templating to the formation of 1D nano-
aterial, indeed played a role in the formation of the fiber-like

lumina. However it has little contribution to the formation of the
esoporosity of the alumina microfibers. These mesopores may

Fig. 6. Small-angle XRD patterns of as-synthesized samples calcined at 773 K (A) and
0.35 3.5441
0.42 3.5446

ption–desorption isotherms.

be formed with the amorphous alumina framework during gases
burning out in the thermal calcination process [11,12].

Small-angle powder X-ray diffraction (XRD) patterns of alumina
microfibers prepared by PEG templates with different molecular
weight and calcined at different calcination temperatures were pre-
sented in Fig. 6. All XRD patterns exhibit one low angle peak in 2� at
around 0.9◦, which signifies the presence of mesoporous structure
with a pore structure lacking long range order, this is in good agree-
ment with the TEM images of the calcined alumina microfibers.
The small-angle XRD of the alumina microfibers at different cal-
cination temperature also indicate that the mesoporosity of this
alumina material can be maintained at 1373 K. The experimental
results shown that the mesoporous alumina prepared in this study
have high thermal stability.

In order to test the adsorption property of the as-synthesized

alumina microfibers with mesoporous structure, the catalytic
activity in terms of NO conversion has been studied for some as-
synthesized mesoporous materials as a function of temperature.
Steady-state isothermal experiments at three different temper-
atures (350, 400 and 450 ◦C) were carried out. Experimental

PEG-20000 assisted as-synthesized sample calcined at different temperatures.
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ig. 7. Stationary conditions. NO conversion with alumina microfibers synthesized
sing PEG with different molecular weight. Calcination condition: 773 K, 2 h.

onditions were chosen to be close as possible to real conditions.
ig. 7 shows the NO conversion rate of the three mesoporous alu-
ina prepared by PEG templates with different molecular weight

Mn = 1000, 4000, and 20,000) as a function of temperature. The
atalystic activity of three mesoporous alumina without doped cat-
lysts is quite similar under stationary conditions. NO conversion
aries from 60% to nearly 80%, showing a dependence on temper-
ture. As expected for a catalytic process, a higher temperature
auses higher NO conversions to a certain extend. The higher NO
onversion in this study is mainly caused by the high surface area
f the as-synthesized alumina microfibers with mesoporous struc-
ure.

. Conclusions

The AACH microfibers have been synthesized by a facile
ydrothermal route in the presence of PEG templates with different
olecular weight. By calcining the as-prepared AACH microfibers,

he alumina microfibers with mesoporous structure were obtained,
ell inheriting the shapes of the AACH microfibers. The length
nd diameter of these alumina microfibers are about 10 �m and
00–500 nm, respectively. All these alumina microfibers prepared
y the PEG templates with different molecular weight have the dif-
erent high surface area but the nearly same pore diameter about
.5 nm. The results indicated that the PEG template indeed played

[

[
[

Journal 155 (2009) 925–930

a role in the formation of the fiber-like alumina, but the mesopores
within the alumina microfibers may be formed with the amor-
phous alumina framework during gases burning out in the thermal
calcination process. Especially, the mesoporosity of these alumina
microfibers can be maintained at 1373 K. This shows that the ther-
mal stability of mesoporous alumina prepared by this method is
very high. The higher adsorption property of the as-obtained meso-
porous alumina is mainly due to its high surface area. Due to its
unique mesoporous and high thermal stability, those as-prepared
alumina microfibers may have potential applications in catalysts
and catalyst supports even in high temperature.
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