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ABSTRACT: Alumina aerogels are obtained by supercritical drying (SCD) in four
solvents of different chemical natures. The phase transformations, the morphological
changes, and the thermal stability during heat treatment in the range 20—1200 °C are
investigated. The as-prepared samples obtained by SCD in MeOH are identified as
crystalline aluminum hydroxide methoxide, and those obtained by SCD in i-PrOH consist
of alumina with small size of crystallite grains. In contrast to alcohol-dried samples, the
initial ether-dried aerogels are amorphous (as determined by X-ray diffraction). \S\Q)

Calcination of the samples causes their crystallization and recrystallization. After heat

treatment at 1200 °C, all samples consisted only of the @-alumina phase. TEM study @amorphous
demonstrated that the nature of the solvent used for SCD significantly affects the aerogel
morphology of the aerogels. Low-temperature nitrogen adsorption investigation of the SCD=supercritical drying
aerogel samples confirms the influence of the nature of supercritical fluid (SCF) on the

structure of the aerogels. Moreover, the nature of SCF affects both the specific surface area and its evolution during heat
treatment.

crystalline

aerogel

1. INTRODUCTION SCD. This work is focused on the influence of the nature of
SCD on the structure and the phase composition of alumina
aerogels and their structural evolution during heat treatment.
This investigation aims to reveal the possibility to reliably
control the chemical and phase composition, the porosity, and
the surface area of alumina aerogels during their synthesis.

Aerogels are unique materials having a low density, a high
porosity, and a large specific surface area. The preparation of
aerogels is a multistage process, which includes gel synthesis by
a sol—gel method, aging and washing in an appropriate solvent
followed by supercritical drying (SCD). Due to their properties,
aerogels can be used as effective thermal' ™ and acoustical
insulators,* sorbents,™ catalyst supports,”® and so on.

2. EXPERIMENTAL SECTION

It is generally assumed that alumina aerogels are capable of In this paper we use the following notation: MeOH, i-PrOH,
providing thermal insulation over a temperature range larger Et,0, and MTBE samples are dried using methanol,
than more common silica aerogels and can serve as a useful isopropanol, diethyl ether, and tert-butyl methyl ether,
material for several applications.” High-surface-area aluminas respectively, as a supercritical fluid.
are widely used as catalysts, catalyst supports, and sorbents.' """ 2.1. Alumina Aerogels Synthesis. Aluminum nitrate,
Moreover, micro- and nanocrystalline aluminas are also widely AI(NO,);-9H,0 (Aldrich, 99+%), propylene oxide (Aldrich,
applied as precursor materials for Al,O;-based ceramics.'” 99.5%), isopropyl alcohol (Aldrich, 99.5+%), methanol

The influence of solvents used for SCD on aerogel properties (Aldrich, 99.8%), diethyl ether, and tert-butyl methyl ether
is still poorly understood. Thajiri et al. reported the effects of (Aldrich, 99%) were used in the as-received state. Alumina sols
SCF (methanol, ethanol, 2-propanol, and CO,) on the were prepared according to the method described in ref 17.

properties of silica aerogels.'” They found that samples Al(NO3)39H,0 (4.6 g, 0.0123 mol) was dissolved in 20 mL of

prepared by SCD in alcohols were covered by the
14—16
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isopropanol and propylene oxide (7.83 g, 0.135 mol) was then
added. The reaction mixture was stirred for 2 min and
transferred to plastic molds, which were sealed by Parafilm, and
the solutions were allowed to gelate at room temperature. Gel
formation typically occurred within 10—15 min. Then the gels
were aged at room temperature for 24 h. Samples were washed
by soaking five times using the solvent mentioned above, and
the solvents were exchanged daily with fresh solvents. After
being washed, the aerogels were dried under supercritical
conditions in the same solvents.

SCD was performed as follows. Liogel (gel before drying)
samples were put into a stainless steel autoclave (V = 40 mL).
The autoclave was filled with a solvent (V =~ 20 mL) and
heated. The system was heated to a temperature of 15—20 °C
above the critical point of the solvent. The heating rate was
approximately 50 °C/h. The critical point is 235 °C for i-PrOH,
239 °C for MeOH, 193 °C for Et,0O, and 224 °C for MTBE.
When the required temperature was reached (the pressure in
the autoclave was 20—22 MPa for all solvents), the valve was
opened and the pressure decreased down to the ambient value
in 2 h. The autoclave was then evacuated in 20—30 min (2—5
mmHg), cooled to room temperature, and opened. Moreover
we have prepared some additional samples which were dried at
a temperature significantly exceeding the critical, ie., we
prepared alumina aerogel samples by the SCD in Et,O and
MTBE at 270 °C. These samples were prepared to identify the
effect of drying temperature on the structure of the samples.

Each aerogel sample was divided into several parts and then
they were annealed in a muffle furnace in an air atmosphere at
300, 500, 800, 1000, and 1200 °C for 24 h. The 700 and 900 °C
annealing points were additionally carried out for i-PrOH
samples. The furnace was heated to the required temperature at
a rate of approximately 5 °C/min.

2.2. Investigation Methods. The specific surface area of
the aerogels was determined by measuring low-temperature
nitrogen adsorption with an ATX—06 analyzer using the 8-
point BET method. X-ray diffraction (XRD) analysis was
carried out on a SIEMENS D-500 diffractometer (Cu Ka,
radiation). The grain size was estimated using the Powder Cell
software package. The Scherrer equation was used to estimate
the crystallite grain size in case when no crystal structure with
known positions of atoms could be attributed to the lines in X-
ray profile. The microstructure of the obtained samples was
examined on a JEM—2100 transmission electron microscope at
an accelerating voltage of 200 kV.

The simultaneous TGA/DSC analysis was performed on TA
Instruments SDT Q-600 (250 mL-min~' air flow, constant
heating rate mode at 10 °Cmin™") up to 1200 °C. A sample
weight was approximately 10 mg.

3. RESULTS AND DISCUSSION

The convenient and mild epoxide-based procedure proposed
by Simpson'® was used for alumina aerogel preparation. This
procedure is based on the ability of alkene oxides to scavenge
acids irreversibly, facilitating slow and controlled aluminum
salts hydrolysis (Scheme 1).

A 3-fold excess of the epoxide compound is used because of
the acid catalyzed side reaction of alkene oxide with water,
which does not remove acid from the reaction mixture. The
hydroxylated aluminum species condense further to form a
solid phase, an alumina gel, which is then transformed into
aerogel by SCD.
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Scheme 1. Chemistry of Epoxide Facilitated Aluminum Salt
Hydrolysis
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3.1. Transmission Electron Microscopy. Figure 1 shows
the results of TEM investigation of the as-prepared aerogel
samples. The TEM images show that the materials consist of an
interconnected network of nanometer-sized particles.

It is clearly seen that the microstructure of the samples
depends on the solvent used for SCD (Figure 1)

The i-PrOH sample consists of agglomerated regions with an
irregular shape (Figure 1a). The size of these regions is about 7
nm. In the dark-field TEM image of i-PrOH sample (Figure 1b)
crystallite particles are observed. Their size is approximately 2
nm.
The MeOH sample consists of fibrous regions with a fiber
diameter of 4—7 nm and various fiber lengths. The fibers are
interconnected and form a tangled structure (see the
representative fibrous structure in Figure 1c). A similar fibrous
morphology is commonly reported for the alumina materials
prepared from alkoxide precursors.”'”'**° The crystallite size
can be clearly seen in a dark-field image (Figure 1d). The
individual crystallites are about 4 nm in diameter and have
irregular shape.

The ether samples (both Et,0 and MTBE samples) are
composed of interconnected spherical regions with a diameter
of 2—8 nm (Figure leg). Such a “colloidal” type of
microstructure is typical of for many main group and transition
metal oxide aerogel materials.'” Small spherical crystallites
approximately 1 nm in diameter are visible in a dark-field TEM
image of the ether sample (Figure 1£h).

3.2. X-ray Diffraction. The results of XRD analysis also
demonstrates that the structure and the phase composition of
the aerogel samples depends on the solvent used for SCD.
Results of the XRD measurements are collected in the Table 1.

All samples can be divided into two groups, namely ether
(Et,0 and MTBE) samples and alcohol (MeOH and i-PrOH)
samples.

Figure 2 shows the X-ray diffraction patterns of the MTBE
and Et,O samples in the as-prepared state and after the
annealing at 500, 800, 1000, and 1200 °C respectively. The
XRD patterns of Et,O samples do not differ from those of the
MTBE aerogels.

The as-prepared ether samples are amorphous (as
determined by XRD). Their fwhm (full width at half-
maximum) is about 12° and annealing at 300 °C does not
change this state. When the calcination temperature increases
up to 500 °C, crystallization of the samples begins and a cubic
phase appears in the structure (PDF 00—074—2206). The
spectrum of the sample annealed at 500 °C contains broad
diffraction peaks, which demonstrate a crystalline structure with
small grain size of the material. When the annealing
temperature increases, the XRD peaks gradually become
narrower. The sample annealed at 1000 °C has a clearly
defined crystalline structure of the cubic Al,O; compound
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Figure 1. TEM images of as-prepared i-PrOH (a and b), MeOH (c and d), MTBE (e and f), and Et,O (g and h) samples; a, ¢, e, and g are bright

field images and b, d, f, and h are dark field images, respectively.

Table 1. Systematization of Phase Composition for the
Alumina Aerogels Samples Depending on the Annealing
Temperature”

i-PrOH MeOH Et,0 MTBE

as-prepared C Al-H-M A A
300 C Al-H-M A A
500 C AlI-H-M + T C C
700 C

800 C T C C
900 C

1000 R+C+M T C C
1200 R R R R

“Letters A, C M, T, and R denote amorphous, cubic (00-074-2206),
monoclinic (00-035-0121), tetragonal (00-046-1131), and rhombohe-
dral (00-046-1212) alumina phases, respectively. Al-H-M means
aluminum hydroxide methoxide (00-022-1538).

(PDF 00—074—2206) with a grain size of about 4 nm. A
further increase in the temperature gives rise to recrystallization
of the sample. The sample annealed at 1200 °C contains a-
AL Oy crystallites with a rhombohedral lattice (PDF 00—046—
1212). The sample annealed at 1200 °C is well crystallized as
its fwhm is about 0.18°, which is comparable to the fwhm of the
standard sample.

In contrast to the ether aerogels, the as-prepared alcohol
samples have a fine-grained crystalline structure and their phase
composition is different for the MeOH and i-PrOH aerogels.

The X-ray diffraction peaks of the initial i-PrOH sample are
rather broad. Nevertheless, peak widths (FHWM is about 6.5°)
do not allow us to call the sample amorphous (Figure 3b).
These peaks correspond to the alumina compound with a cubic
lattice (PDF 00-074-2206). The grain size of crystalline
aluminum oxide is about 2 nm, which is in good agreement
with TEM data. Annealing of the i-PrOH sample at 300 °C
does not change the phase composition. No recrystallization of
the sample is observed when the calcination temperature
increases 700 °C. The diffraction peaks become narrower,
indicating the formation of a structure with a larger grain size.
According to our estimations, the grain size increases to 4 nm.

In the diffraction pattern of the i-PrOH samples annealed at
700 °C a peak from another alumina phase (PDF 00-035-0121)
appears at 26 & 32.8°. This peak is the highest peak of this
phase according to the PDF data. Its appearance means that
phase formation begins at this temperature.

At a calcination temperature of 1000 °C, we observed the
entire set of diffraction lines of this monoclinic phase. After
annealing at this temperature, the i-PrOH sample consisted of a
mixture of the following three phases: cubic alumina (PDF 00-
074-2206), monoclinic alumina (PDF 00-035-121), and
rhombohedral a-alumina (PDF 00-046-1212). It should also
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Figure 2. XRD patterns for MTBE- (a) and Et,O- (b) samples for the as-prepared sample and annealed samples. The phases detected in the samples
are denoted as follows: four diamonds, cubic alumina (00-074-2206), one diamond, a-alumina (00-046-1212). Only the most intensive peaks are

denoted in the sake of clarity.
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Figure 3. X-ray diffraction patterns for MeOH (a) and i-PrOH samples (b), annealed at various temperatures. The phases detected in the samples
are denoted as follows: curved-sided diamond, aluminum hydroxide methoxide (00-022-1538); A, tetragonal alumina (00-046-1131); four
diamonds, cubic alumina (00-074-2206); ®, monoclinic alumina (00-035-0121); and 4, a-alumina (00—046—1212). Only the most intensive peaks

are denoted in the sake of clarity.

be noted that FWHMs of these three phases are different.
Rhombohedral a-alumina is well crystallized. fwhm of cubic
phase is still considerably larger than the instrumental
broadening and the grain size is estimated to be about 5 nm.
As to the monoclinic phase, its fwhm is not so large and its
grain size is about 23 nm. The X-ray diffraction pattern of the i-
PrOH sample annealed at 1200 °C contained only the
reflections from the well-crystallized @-alumina phase (PDF
00-046-1212).

The phase composition of the MeOH samples differs from
that for others aerogels. According to the X-ray diffraction
pattern in Figure 3a the as-prepared MeOH sample consists of
aluminum hydroxide methoxide (AIO(OH),(OCHj;)5)
(PDF 00-022-1538). The grain size of this phase (approx-
imately 4 nm) was estimated by the Scherrer equation. It
should be noted that the formation of this phase was
predictable. It is known®' that the addition of methanol to an
aqueous solution of sodium aluminate at 60 °C leads to the
formation of aluminum hydroxide methoxide.

When the annealing temperature reaches 500 °C, a new
phase forms. The X-ray diffraction pattern of the MeOH
samples calcined at 500 °C contains peaks of aluminum
hydroxide methoxide phase and very broad peaks of another
phase. The peak widths complicate identification of the phase
composition of this sample; nevertheless, the tetragonal
alumina compound (PDF 00-046-1131) gives the best fit to
the set of diffraction peaks. The relative peak intensities of
aluminum hydroxide methoxide phase, i.e., its volume fraction,
decrease in comparison with the MeOH samples annealed at a
lower temperature. With a further increase in the calcination
temperature, the diffraction peaks become narrower. The
MeOH samples annealed at 800 and 1000 °C contain the
tetragonal alumina phase (PDF 00-046-1131). The XRD
patterns of the MeOH samples annealed at 1200 °C and
those of the samples dried in other solvents demonstrate the
presence of only a-alumina phase (PDF 00-046-1212).

All samples annealed at 1200 °C are well crystallized as its
fwhm is about 0.18°, which is comparable to the fwhm of the
standard sample. It means that it is not correct to estimate the
crystallite size by the peak broadening. Thus, we have calculated
the a-alumina grain size by means of TEM. Figure 4
demonstrate the microstructure of the Et,O sample annealed
at 1200 °C. TEM measurements gave us the grain size value
~220 nm (see Figure 4).
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500 nm

Figure 4. TEM image of Et,0 sample annealed at 1200 °C.

As was previously described, SCD was performed in different
supercritical fluids (MeOH, i-PrOH, Et,0, and MTBE) at 255,
250, 215, and 240 °C, respectively. As was shown by XRD, the
phase composition of the ether samples differed from that of
the alcohol samples. Specifically, the ether samples are
amorphous (as determined by XRD) and the alcohol samples
have a fine-grained crystalline nature. This difference can be
explained by two factors: different drying temperatures and
different natures of a supercritical fluid. Additional experiments
were carried out to reveal the decisive crystallization factor for
our samples. We performed SCD in both ethers at 270 °C,
which is even higher than the SCD temperature in alcohols.
The X-ray diffraction patterns of these samples are shown in
Figure 5. It is clearly seen that the diffraction maxima are
extremely wide for both samples (fwhm is approximately
11.5°), revealing their amorphous nature. Hence, it can be
concluded that the nature of solvent rather than the drying
temperature is the decisive factor of crystallization in our
samples.

Alcohols are much more polar solvents compared to aprotic
ethers. They can efficiently solvate both cations and anions
facilitating a redissolution—reprecipitation processes and
leading to the formation of a crystalline structure. Therefore,
both alcohol samples are crystalline with small grains and both
ether samples are amorphous. It should also be mentioned that
methanol and i-PrOH differ significantly in their solving ability.
It is known that the solubility of SiO, in methanol is an order of
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Figure S. X-ray diffraction patterns of Et,0O and MTBE samples dried
at 270 °C.

magnitude higher than that in other alcohols.”” Based on this
fact, the solubility of Al,O; in methanol is expected to be higher
than that in i-PrOH. We believe that the increased solubility in
methanol makes it possible to form a crystalline structure with
the largest crystal size.

3.3. Low Temperature Nitrogen Adsorption. BET
curves are shown in Figure 6.

—— i-PrOH
——MeOH
—s—Et0
——MTBE

S (m’/g)

400 600

T cale. (°C)

800 1000 1200

Figure 6. BET curves for the i-PrOH, MeOH, Et,0, and MTBE
samples annealed at various temperatures.

It is obvious from Figure 6 that the BET curves can be
divided into two groups. The ether and MeOH samples
demonstrate a monotonic decrease in the specific surface area
with increasing calcination temperature. The BET curve of the
i-PrOH samples differs from the other curves. An increase in
the calcination temperature for the i-PrOH samples to 500 °C
is accompanied by a substantial decrease in the specific surface
area. Unlike other samples, a further increase in the
temperature leads to a local maximum at approximately 850—
900 °C.

It was shown earlier (see XRD data) that recrystallization of
the i-PrOH sample occurred in the same temperature region.
The results published in ref 23 revealed that the recrystalliza-
tion of Al,O; can result in a decrease in the grain size which
implies an increase in the specific surface area. This process is
likely to cause the local maximum in the BET curve of the i-
PrOH sample.

3.4. Thermal Analysis. The data of thermal analysis of the
aerogels prepared by SCD in all solvents are presented in
Figure 7. It follows from the TGA curves that the sample mass
loss occurs at two stages. The first stage is extended to 200 °C
and corresponds to the remove of physically bound water and
organic solvents (alcohols and ethers). During the second stage
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(between 200 and 600 °C), slow oxidation of chemically
bonded organic substances takes place.

The process of removing of the volatiles (water and organic
solvents) adsorbed on the aerogel surface is typically
characterized by an endothermic peak in DSC curves. However,
in our case, we did not observe a significant endothermic peak
in this temperature range. This fact can be explained by a small
amount of adsorbed solvents and water and by the overlapping
of this endothermic effect with the more intense exothermic
peak corresponding to the oxidation of chemically bonded
organic substances. Let us conventionally denote it further on
as an oxidation peak. Now we consider thermal analysis data for
each sample in detail.

MeOH samples exhibit an oxidation peak at T & 340 °C.
The weight loss in the temperature range evidence the
oxidation of organic substances. However, XRD analysis data
show that an annealing temperature above 300 °C is the onset
of recrystallization of MeOH aerogel, when the AIO-
(OH)(5(OCHs)os phase is substituted by the tetragonal
alumina phase. Thus, the peak in the DSC curve at 340 °C
can be referred to both oxidation and recrystallization.

In the DSC curves for i-PrOH samples, we observed several
exothermic peaks at 330, 440, 823, and a minor peak at 1100
°C. The peaks at low temperatures (330 and 440 °C) can be
attributed to oxidation peaks. The two remaining peaks
correspond to recrystallization observed by means of XRD,
ie, the appearance of the monoclinic phase at 800 °C and
crystallization with the formation of a-alumina at 1200 °C.

Three exothermic peaks at 337, 845, and 1100 °C were
observed in the DSC curve of MTBE samples. The very broad
peak with a maximum at 800 °C corresponds to the formation
of cubic alumina. This finding correlates well with the XRD
data. According to the XRD spectra, cubic alumina forms in the
temperature range 300—1000 °C. Clear reflections of this
crystal structure are observed for the samples annealed at 800
°C. The exothermic peak at 1100 °C corresponds to the phase
transition from cubic alumina to rhombohedral a-alumina.

Two DSC peaks at 345 and 790 °C are observed for Et,O
samples. As in the previous cases, the first peak is attributed to
oxidation and the beginning of crystallization. As in the case of
the MTBE sample, the maximum at 790 °C corresponds to
completion of the formation of cubic alumina. In addition to
these two broad peaks, a narrow intense exothermic peak at 245
°C is seen. Dialkyl ethers, but not MTBE, are known to form
peroxides easily (Scheme 2).** Therefore, this peak can be
explained by the thermal decomposition of diethyl ether
peroxide formed due to the oxidation of adsorbed Et,O by
atmospheric oxygen.

4. CONCLUSIONS

Alumina aerogels were prepared by SCD in solvents of different
chemical natures. The influence of various SCFs on the
properties of aerogel was investigated. The phase trans-
formations, the morphological changes, and the thermal
stability of alumina aerogels during heat treatment were
investigated. The as-prepared ether aerogels were identified
by XRD as amorphous materials. The phase transformations
within the annealing temperature range 20—1200 °C were as
follows: amorphous aerogel alumina with a cubic lattice (PDF
00-074-2206), a-alumina (PDF 00-046-1212). The initial
MeOH samples were identified as aluminum hydroxide
methoxide (PDF 00-022-1538). The phase transformation
path in the range 20—1200 °C for MeOH was as follows:
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Figure 7. Thermal analysis data (TGA and DSC) for the alumina aerogel samples dried in MeOH (a), iPrOH (b), Et20 (c), and MTBE (d).

Scheme 2. Oxidation of Diethyl Ether by Atmospheric
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aluminum hydroxide methoxide (PDF 00-022-1538), mixture
of two phases, namely, aluminum hydroxide methoxide (PDF
00-022-1538) and tetragonal alumina phase (PDF 00-046-
1131), tetragonal alumina phase (PDF 00-046-1131), a-
alumina (PDF 00-046-1212). The as-prepared i-PrOH samples
were identified as crystalline alumina with small grains of cubic
lattice (PDF 00-074-2206). The phase transformations during
annealing were as follows: alumina with cubic lattice (PDF 00-
074-2206), mixture of two phases (PDF 00-074-2206 and PDF
00-035-0121), mixture of several phases, namely, alumina with
a cubic lattice (PDF 00-074-2206), rhombohedral a-alumina
(PDF 00-046-1212) and monoclinic alumina (PDF 00-035-
0121), a-alumina phase (PDF 00-046-1212).

The observed variety of the phase transformations is thought
to be caused by different solubility of alumina liogels in
supercritical fluids of different nature.

The investigation of aerogel samples by low-temperature
nitrogen adsorption confirms the influence of the nature of
SCF on the structure of aerogels. It was shown that the nature
of SCF affects both the specific surface area and its evolution
during heat treatment.

Therefore, the main structural characteristics of the prepared
aerogels were shown to be adjusted by changing the nature of
the SCD solvent.
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