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Abstract Highly thermally stable alumina-based aerogels
are synthesized by the acetone—aniline in situ water for-
mation method and modified by partially hydrolyzed alu-
minum tri-sec-butoxide at different temperatures (25, 45,
and 60 °C). The effects of modification, especially mod-
ification temperature, on microstructure and thermal stabi-
lity of alumina-based aerogels are investigated. After the
modification, the morphologies of alumina-based aerogels
change from the network structures with interconnected
needle-like particles to those with stacked sheet-like parti-
cles, resulting in a better heat resistance. The thermal sta-
bility of alumina-based aerogels enhances with the
increasing modification temperature, whereas the high
temperature (more than 60 °C) would lead to the dissolution
of wet gels during the modification process due to the high
solubility. After annealing at 1200 °C for 2h, the 45 °C-
modified alumina-based aerogel exhibits the best thermal
stability with the lowest linear shrinkage of ~7% and the
highest specific surface area of 154 m%/g. In addition, the
modified aerogels remain in the 6-Al,0O; phase while the
unmodified one transforms into a-Al,O5 phase after 1300 °C
annealing. The alumina-based aerogels are further reinforced
by incorporating with mullite fiber felt and TiO,. The
obtained composites show ultralow thermal conductivities of
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0.065, 0.086, and 0.118 W/mK at 800, 1000, and 1200 °C,
respectively.
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Abbreviations

ASB aluminum tri-sec-butoxide
TMEO trimethylethoxysilane
EtOH ethanol

1 Introduction

Owing to the large specific surface area, ultralow thermal
conductivity, catalytic activity and better heat resistance
than silica aerogel, alumina-based aerogels have drawn
great interest in the applications of high temperature thermal
insulation and catalysts over the past few decades [1-10].
However, metastable alumina phase will easily transform to

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-017-4380-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-017-4380-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-017-4380-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-017-4380-5&domain=pdf
mailto:xiaodong_wang@tongji.edu.cn
mailto:shenjun67@tongji.edu.cn

508

J Sol-Gel Sci Technol (2017) 84:507-514

crystallographic stable a-Al,O3; phase with a great loss of
surface area and collapse of the porous structure after
heating above 1150 °C [11], which limits their high tem-
perature applications. Therefore, many efforts have been
dedicated to improving the thermal stability of alumina-
based aerogels [12-22].

It has been reported that incorporation of silica is an
effective method to improve the thermal stability of alumina
aerogel [11-13, 16, 19-22]. For example, Horiuchi et al.
[11] used aluminum tri-isopropoxide and tetraethoxysilane
as precursors to prepare silica-doped alumina (SDA) aero-
gels with a surface area of 150 m%/g after heated at 1200 °C.
Silica was found to be effective for inhibiting the crystal
growth and phase transition of alumina, thus maintaining
large specific surface area after heat treatment. Osaki et al.
[16] prepared alumina cryogels with a dopant of 10 wt%
silica from aqueous boehmite sol and found that y-Al,O;
phase still remained after heating at 1200 °C for 5 h and the
surface area were 47 m*/g. Mardkhe et al. [21] produced 5
wt% SDA with a high surface area of 160 m*/g after heated
at 1100 °C that silica improved the thermal stability of
alumina by formation of an interfacial silica—alumina phase
between primary crystallite in the agglomerate. It has also
been found that the addition of some rare-earth, such as La
and Ba, can inhibit the phase transition and the formation of
a-Al,O3, thus improving the thermal stability of alumina
aerogels [23, 24]. Mizushima et al. [23] added SiO,, La,03,
BaO, and SiC whisker into alumina aerogels to enhance the
specific surface area of the alumina aerogel at a temperature
over 1200 °C.

Besides, Zu et al. [25, 26] proposed a series of mod-
ification techniques to enhance the thermal stability of SDA
aerogels to 1300 °C by inhibiting the crystal growth and the
phase transition of alumina aerogels. The resulting alumina-
based aerogel shrinks little and possesses a high specific
surface area of 136 m?/g after heated at 1200 °C for 2 h. In
particular, partially hydrolyzed alkoxide modification plays
an important role in the process of modification, thus
affecting the properties of the resulting aerogels. However,
similar to the aging process, the modification is a dynamic
process with the dissolution and re-precipitation [27], which
is influenced by temperature, pH, and concentration. Hence,
it is necessary to further study the influence of modification
temperature on the thermal stability of alumina-based
aerogels.

In this work, heat resistant alumina-based aerogels were
prepared by modification of partially hydrolyzed aluminum
tri-sec-butoxide (ASB) at different temperatures (25, 45,
and 60°C) and ethanol supercritical fluid drying. The
effects of modification, especially modification temperature
on microstructure, phase transition, and the thermal stability
of alumina-based aerogels were investigated. In order to
improve the mechanical properties and reduce their high-
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temperature thermal conductivity, the alumina-based aero-
gels were reinforced by mullite fiber felt and TiO, particles,
leading to excellent heat resistance and ultralow high-
temperature thermal conductivities.

2 Experimental
2.1 Synthesis

The alumina-based wet gels were prepared via acetone-
aniline in situ water formation method [26]. Firstly, ASB
was added into the mixture of ethanol and distilled water at
60 °C with stirring and then cooled down to room tem-
perature. Secondly, ethanol-diluted nitric acid was added
into the mixture with stirring. Thirdly, an appropriate
amount of acetone, aniline, and trimethylethoxysilane
(TMEOQO) was added into the above mixture. The molar ratio
of ASB, EtOH, H,O, HNOs;, acetone, aniline, and TMEO
was kept at 1:3.5:0.4:0.02:1.8:1.8:0.2. After stirring for 10
min, the mixture was transferred into glass beakers and then
gelation occurred at room temperature (25 °C) within 2 h.
After aging and solvent exchanged, the wet gels were
soaked in the solution of partially hydrolyzed ASB at dif-
ferent temperatures (25, 45 and 60 °C) for 3 days. The
solution of partially hydrolyzed ASB was prepared by dis-
solving ASB in the mixture of ethanol and distilled water in
a molar ratio of ASB, EtOH and H,O = 1:110:0.5. Corre-
spondingly, the un-modified samples were directly soaked
in ethanol at room temperature (25 °C) for the same time.
The wet gels modified at 60 °C dissolved, which is not
possible to be dried by supercritical drying. The samples of
un-modified, modified at room temperature (25°C) and
modified at 45°C were labeled as A0, A25 and A45,
respectively. All these wet gels were dried by supercritical
ethanol to obtain the alumina-based aerogels. The as-
prepared aerogels were heated to different temperatures
(1000, 1200, and 1300 °C) with the same heating rate of
10 °C/min, kept for 2h then cooled naturally in muffle
furnaces. The alumina-based aerogels are further reinforced
by incorporating with polycrystalline mullite fiber felt and
opacifier (TiO;). The mullite fiber was purchased from
Tianjin Morgan Kundom High-tech Development Co., Ltd.
(China). The composites are composed of 48 wt% mullite
fiber, 43 wt% Al,O3-based aerogels and 9wt% TiO,
particles.

2.2 Characterizations

The morphology of the aerogels was characterized by
scanning electron microscopy (XL30FEG, Philips, The
Netherlands) and a transmission electron microscope
(JEOL-1230, Jeol Ltd., Japan). The crystal phase of the
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aerogels were analyzed by powder X-ray diffraction (XRD)
in a Rigata/max-C diffractometer using Cu-Ka radiation
(DX-2700, Hao Yuan Instrument, China). The specific
surface area and pore-size distribution were measured by a
N, adsorption analyzer (TriStar 3000, Quantachrome
Instruments, USA) using the BET N, adsorption/desorption
technique. The compression modulus was measured by a
universal tensile testing machine (CMT5000, Mattes,
China). The high-temperature thermal conductivity was
measured by a flat thermal conductivity instrument (Pbd-
02p, China).

3 Results and discussion

3.1 The mechanism of partially hydrolyzed ASB
modification

Figure 1 shows the schematic of modification of partially
hydrolyzed ASB. The surface of alumina-based gels were
covered by active OH groups which makes it possible to be
modified by reaction with OH groups [27]. The partially
hydrolyzed ASB can be expressed as AI(OH),(OC4Ho);_.
When the wet gels are immersed in the solution of partially
hydrolyzed ASB, AI(OH)x(OC4Hy);.x will react with the
-OH groups on the surface of alumina nanoparticles,
involving in dehydration and dealcoholization reactions as
follows:

—Al — OH+(OH),Al(OC4Hy);_, —
—Al— O — Al(OH),_,(OC4Hy), ,+H,0

—Al — OH+(OC4Hy),_,Al(OH), —

—Al — O — Al(OH), (OC4Hy), ,+C4sHoOH

As the reaction processed, the size of alumina nano-
particle gets larger and the strength of skeleton is enhanced.

Alumina gels are composed of alumina secondary particles
connected by necks. As we know, the solubility of the
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Fig. 1 Schematic of alumina-based wet gels modified with partially
hydrolyzed ASB

surface of particles is higher than the surface of necks [27].
Therefore, a progress of dissolution and re-precipitation
happened during the modification results in the coarsening
of necks that strengthen the skeletons of alumina gels. Apart
from this, the solubility of wet gels will significantly
increase with the increase of the temperature.

3.2 The effect of modification temperature on
morphology

Figure 2 exhibits the sample images of the obtained
alumina-based aerogels before and after heat treatment at
1200 °C for 2 h. The as-prepared aerogels are brown and
fade after heated at 1200 °C due to the decomposition of the
carbonaceous organic groups in the aerogels [29]. As shown
in Table 1 and Fig. 2, after heated at 1200 °C the unmo-
dified aerogel AO shrinks as high as 38%, whereas the A25
and A45 shrinks only 14 and 7%, respectively. It suggested
that the modification with partially hydrolyzed ASB can
significantly reduce the shrinkage of alumina-based aero-
gels during the heat treatment and the effect of modification
increased with the elevation of modification temperature.

Figures 3 and 4 show the morphology of the alumina-
based aerogels before and after heat treatment at 1200 °C.
As seen from the SEM (Fig. 3a—c), the morphology of
alumina-based aerogels change from the network structures
with interconnected spheroidal agglomerates to those with
stacked sheet-like agglomerates after the modification. After
heat treatment at 1200 °C for 2 h, the unmodified sample AO
becomes dense with the collapse of pore structures, whereas
the modified samples remain a loose structure although the
sheet-like agglomerates grow larger. Besides, the stacking
structure of A45 is more loosely than A25. In the TEM
images, we also clearly observed the morphology change of
alumina nanoparticles. The unmodified alumina-based
aerogel (A0) exhibits randomly interconnected network,
which is made up of needle-like nanoparticles, whereas the
modified ones (A25 and A45) show larger sheet-like par-
ticles. As mentioned in 3.1, after the modification of par-
tially hydrolyzed ASB, the alumina nanoparticles grow
larger and the necks become coarser. It is worth noting that
A45 has larger and thicker sheet-like nanoparticles. After
heat treatment at 1200 °C for 2 h, the unmodified alumina-
based aerogel is composed of spheroidal and rod-like par-
ticles, whereas the modified ones are composed of larger
sheet-like particles and some rod-like particles. The mor-
phology evolution illustrated that the modification brings
the alumina-based aerogels lager sheet-like particles and
stronger skeletons, which avoid their sintering at high
temperature.

@ Springer
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Fig. 2 Sample images of the
alumina-based aerogels before
and after heat treatment at 1200
°C for 2 h, respectively. a AO; b
A25; ¢ A45

¥

7 -’}‘:As.-prepai'ed

)
’
N
¥

3.3 The effect of modification temperature on specific
surface area and pore structure

As shown in Table 1, the density of dried alumina-based
aerogels increases a little and the specific surface area
decreases from 304 to 200 m%/g after the modification. The
reason is that the modification leads to the formation of
lager sheet-like particles, which reduces the mesopores and
the specific surface area. After heat treatment at 1200 °C,
the specific surface area of unmodified aerogel A0 drama-
tically decreases from 304 to 72 m%/g, whereas those of the
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(a) As-prepared

1200°C

1200°C

1200°C

modified aerogels A25 and A45 remain 139 and 154 m%/g,
respectively. Moreover, the 45 °C-modified aerogel A45
possesses a lager specific surface area than the 25 °C-
modified sample A25 after heat treatment at 1200 °C. This
indicates that modification effectively enhances the specific
surface area of alumina-based aerogels at higher tempera-
ture and an appropriate temperature is important for the
modification.

Figure 5 presents the N, adsorption/desorption isotherms
and pore size distribution of alumina-based aerogels before
and after heat treatment. The isotherms are type IV curves
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Table 1 Textural properties of P s oa b 2 d

the alumina-based aerogels after Sample  Modificat-ion Densny3 Sger (M7/g) d° (nm) AL/Ly" (%)

.. X o (mg/cm”)

supercritical drying (300 °C) and

heat treatment at 1200 °C 300°C  1200°C  300°C  1200°C  1000°C  1200°C
A0 No 102 304 72 28.0 14.2 9 38
A25 25°C 124 232 139 16.9 12.2 2 14
A45 45°C 139 200 154 15.2 - 0 7

# The bulk density of dried aerogels, which was determined by p = m/V

® BET-specific surface area

¢ Average pore diameter obtained from nitrogen desorption branch and Barrett—Joyner—Halenda (BJH)

method

4 Shrinkage after heat treatment. L, is the original diameter of the sample and AL is the diameter decrement
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Fig. 3 SEM images of the alumina-based aerogels before and after heat treatment at 1200 °C for 2h. a A0;.b A25. ¢ A45. d A0-1200°C. e

A25-1200 °C. f A45-1200 °C

with type H3 hysteresis loop in the IUPAC classification,
which is the characteristic of a mesoporous structure with
aggregates of slit-shaped pores induced by plate-like parti-
cles [30]. As displayed in Table 1 and Fig. 4d—f, the average
pore diameters of the modified alumina-based aerogels are
smaller than that of the unmodified samples. The modified
aerogel A25 exhibits smaller variation of pore size dis-
tribution than the unmodified aerogel AO before and after
heat treatment at 1200 °C, which confirms that the pore
structure of modified alumina-based aerogels can be well
reserved after heated at elevated temperature. However, the
pore size distribution of A45 shows no maximum in the
testing range, and becomes wider after heat treatment at
1200 °C, which probably attribute to the collapse of
mesopores and the formation of large pores above 100 nm.

3.4 The effect of partially hydrolyzed ASB modification
on crystal phase

Figure 6 presents the XRD patterns of the alumina-based
aerogels after heating at different temperatures. All the as-
prepared aerogels are composed of boehmite AIO(OH)
(PDF no. 21-1307) [31], which designated as b in Fig. 6.
A45 shows more narrow and intense peaks, indicating
higher degree of crystallinity than that of A25 and unmo-
dified sample AO. It is well known that the as-prepared
metastable boehmite undergoes a series of phase transitions
to stable a-Al,O5 with the increasing annealing temperature
(boehmite - y - 8 - a-Al,03) [31]. After heating at 1000 °C
for 2 h, all the alumina-based aerogels change to the mixed
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Fig. 4 TEM images of the alumina-based aerogels before and after heat treatment at 1200 °C for 2h. a A0. b A25. ¢ A45. d A0-1200°C. e

A25-1200 °C. f A45-1200 °C
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Fig. 5 N, adsorption/desorption isotherms of aerogels a A0, b A25, and ¢ A45 before and after heated at 1200 °C for 2h. BJH pore size

distribution of aerogels d A0, e A25, and f A45 before and after heated at 1200 °C for 2 h
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Fig. 6 The XRD patterns of the alumina-based aerogels before and after heated at 1000, 1200, and 1300 °C for 2 h, respectively. a AO. b A25. ¢
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Fig. 7 Photographs of the alumina-based aerogels reinforced by
mullite fiber felt and TiO, (10 cm x 10 cm X 2 cm) before (a) and after
(b) heated at 1200 °C, and ¢ high temperature thermal conductivities

phase of y-Al,O3 (PDF no. 47-1308) and 6-Al,0O53 (PDF no.
35-0121). After heating at 1200 °C for 2 h, all the samples
transform to 6-Al,O5 phase. After further heating at 1300 °©
C for 2 h, A25 and A45 still remain in §-Al,O5 phase, while
AQ transforms into a-Al,O; phase (PDF no. 46-1212),
which indicates that the phase transition of #-Al,O5 to a-
Al,O5 at 1300 °C is inhibited by modification. The reason
could be explained as follows. The vacancy concentration
on the neck of alumina-based aerogels is large, which is
favorable for rearrangement of atoms and nucleation of a-
Al,O5 [11]. The necks among the alumina nanoparticles are
coarsened by modification of partially hydrolyzed ASB,
reducing the nucleation sites of a-Al,O3, thereby inhibiting
the formation of the a-Al,O3 phase [26].

3.5 Alumina-based aerogel reinforced by mullite fiber
felt and TiO, particles

Alumina-based aerogels are very brittle, which limits their
practical application. In order to improve the mechanical
properties of alumina aerogels, they are reinforced by
mullite fibers felts (with diameter of ~3 pm). Moreover, we

for the commercial polycrystalline mullite fiber and alumina aerogel/
mullite fiber/TiO, composites

use TiO, particles (with diameter of ~0.4 pm) as opacifier to
block the thermal radiation at elevated temperature. Fig-
ure 7a, b shows the sample photos of the alumina-based
aerogels reinforced by mullite fiber felt and TiO, particles
before and after heated at 1200 °C for 2 h. There is no linear
shrinkage, indicating that the obtained composite materials
have excellent thermal stability. The compression modulus
of the composite material is 1.46 MPa which is much higher
than the mullite fiber of 0.05 MPa. As presented in Fig. 7c,
the high temperature thermal conductivities of alumina
aerogels reinforced by mullite fiber and TiO, at 800, 1000,
and 1200 °C are 0.065, 0.086, and 0.118 W/m-K, respec-
tively, which are much lower than those of the commercial
polycrystalline mullite fiber [25] (0.22, 0.30, and 0.41 W/
m-K, respectively). The commercial polycrystalline mullite
fiber does not contain TiO, opacifier. The high temperature
thermal conductivities of obtained composite materials are
lower than the core—shell Al,O; aerogel/mullite fiber
composite, as reported by Zu et al. [25]. With such excellent
thermal insulation properties, the composite materials are
expected to be applied for high temperature thermal
insulations.
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4 Conclusions

In summary, the effects of partially hydrolyzed ASB mod-
ification, especially modification temperature, on micro-
structure and thermal stability of alumina-based aerogels are
comprehensively investigated. After the modification, the
morphologies of alumina-based aerogels change from the
network structures with needle-like particles to those with
larger stacked sheet-like particles, resulting in a better heat
resistance. In addition, the modification with partially
hydrolyzed ASB inhibits the phase transition of metastable
alumina-based aerogels to stable a-Al,Os, thus reduces the
loss of their specific surface area at elevated temperature.
The process of the modification is greatly influenced by the
modification temperature. When the temperature is above
60 °C, the wet gel dissolves which makes it difficult to
obtain aerogels by supercritical drying. The 45 °C modified
aerogel shows the best thermal stability with the lowest
linear shrinkage of ~7% and the highest specific surface
area of 154 m%/g after heated at 1200°C for 2h. The
obtained alumina-based aerogels reinforced by mullite fiber
felt and TiO, particles have no shrinkage after heated at
1200 °C for 2h, and exhibit ultra-low high temperature
thermal conductivities of 0.065, 0.086, and 0.118 W/mK at
800, 1000, and 1200 °C, respectively. The resulting aero-
gels and their composites are promising candidates for high
temperature thermal insulators.
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