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Monolithic silica aerogels (SiO,) are prepared using the tetraethylorthosilicate (TEOS) as precursor via a rapid su-
percritical extraction method (RSCE). The effect of heat treatment on the textural and physical characteristics of
RSCE-samples are compared with those of the other two conventional supercritical extraction method, i.e. the al-
cohol supercritical extraction (ASCE) and CO, supercritical extraction (CSCE). This new RSCE method offers many
distinct advantages. The precursor recipe employs TEOS, ethanol, water, diluted hydrochloric acid to catalyst hy-
drolysis, and ammonia to accelerate the condensation rate. One advantage is the relative simplicity of this meth-
od: liquid precursors are poured into the supercritical ethanol drying apparatus following the hydrolysis of the
TEOS and the solutions are directly sent to the supercritical extraction point of ethanol without previous aging
and solvent exchanges procedures as would be the case for conventional aerogel. Thus, it is much more cost-
saving and it produces little waste during the overall fabrication. The total fabrication time from mixing the pre-
cursors to taking out can be shortened to as low as 6 h, which is much less time consuming than the conventional
ones (usually ca. 4-7 days). All the as-dried SiO, samples derived from different methods are essentially amor-
phous, and SiO; crystallization first occurs for the ASCE sample at 1100 °C. The average pore diameters of the
as-dried ASCE, CSCE and RSCE samples are 12.70 nm, 14.97 nm and 13.80 nm, respectively, which is consistent
with the results of transmission electron microscopy (TEM) analysis. The specific surface area of the as-dried
RSCE silica aerogel may reach 915.9 m?/g after 700 °C, which is larger than the other two samples. The thermal
conductivities of the different fiber reinforced RSCE SiO, aerogel composites are ca. 0.027 W m~! K~ !, compara-
ble to the ASCE and CSCE aerogel composites. The RSCE method can also be well applied to the fabrication of
aerogels based on other precursor recipes.
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1. Introduction

Silica aerogels are nanoporous materials with distinct nanoparticles
and nanopores, which have high porosity (>99%), low thermal conduc-
tivity (<0.02 W m~ ! K™ 1), high specific surface area (>1000 m?/g) and
low densities (<3 mg/cm?) [ 1-4]. Thus, they have been attractive for use
in a large number of applications, such as drug delivery systems, chem-
ical sensors, thermal insulations, catalyst barriers and comet dust collec-
tors and other areas [5-8]. Silica aerogels are usually made using the sol-
gel technique, and are dried in such a way to avoid pore collapse, leaving
an intact solid nanostructure in a material that is 90-99% air by volume
[9,10]. Thus, the key to making an aerogel is to choose a good drying
method without making any damages to the original skeleton. As is
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well known, there are three drying methods used to fabricate an
aerogel, which are ambient pressure drying, freeze-drying and super-
critical extraction [11].

Ambient pressure drying is designed to dry the gel under ambient
pressure, which always requires chemical processing with a lengthy sol-
vent exchange either to reduce the capillary forces acting on the nano-
structure or to strengthen the nanostructure to withstand the capillary
forces [12-15]. The main advantage of the ambient drying method is
that one does not need expensive and potentially dangerous high-
temperature and high-pressure equipment; however, this method is
time-consuming, and the procedures can be complicated due to the
consecutive chemical modification procedures. The freeze-drying meth-
od was first invented by Pajonk et al. [16], and this technique removes
excess solvent through sublimation. It avoids the generation of a solid-
liquid interface, which results in capillary forces. Thus, many re-
searchers have since attempted to use this method to fabricate aerogels.
The freeze-drying method, always results in powders rather than


http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2017.01.067&domain=pdf
http://dx.doi.org/10.1016/j.powtec.2017.01.067
mailto:xdshen@njtech.edu.cn
mailto:cui2002sheng@126.com
http://dx.doi.org/10.1016/j.powtec.2017.01.067
http://www.sciencedirect.com/science/journal/00325910
www.elsevier.com/locate/powtec

2 X. Wuetal./ Powder Technology 312 (2017) 1-10

aerogels; thus, the as-prepared samples are also called cryogels. The
most frequently used method to make aerogels is the supercritical
method, which involves alcohol supercritical extraction (ASCE) and
CO, supercritical extraction (CSCE). The ASCE method uses a high tem-
perature (above 260 °C) and high pressure (above 8 MPa) that is beyond
the critical point of the alcohol solvent in an autoclave or other pressur-
ized vessel [17-19]. Many studies have shown that the processing pa-
rameters including solvent fill volume, pre-pressure, temperature and
pressure, greatly affect the textural and physical properties of the as-
dried aerogels [20]. The CSCE method is based on the supercritical ex-
traction of CO,, which has a much lower critical-point temperature
than the alcohol mixture [21-23]. Thus, it is considered as a much
safer way to create an aerogel. These supercritical methods both require
a series of aging and solvent exchanges for the wet gels. This is especial-
ly true for the CSCE method because it is a low-temperature supercriti-
cal extraction system. These two procedures occupy the majority of the
fabrication time required to produce an aerogel. On the other hand, dur-
ing the aging and solvent exchange process, copious volumes of solvent,
such as ethanol and n-hexane, are used and a large amount of environ-
mentally harmful waste is produced. Thus, an attempt to find a way of
fabricating aerogels via a one-step precursor to the aerogel processes
is worthwhile. Anderson et al. [24-26] attempted to develop a one-
pot method to prepare different types of oxide aerogels using a hydrau-
lic hot press acting on a steel mold. The fabrication time can be much de-
creased and the samples can be made hydrophobic and transparent
through this one-step method. However, the dimensions of the derived
samples are limited and the specific surface areas are smaller than the
samples obtained from the conventional ASCE and CSCE methods,
which is unfavorable for many applications, including high-temperature
thermal insulations and catalyst barriers. Herein, we present a new proce-
dure for producing silica aerogels using the rapid supercritical extraction
method (RSCE) and completed within as little as 6 h; this method doesn't
need a solvent exchange process, produces little waste, and retains the su-
perior textural and physical properties characteristic of the conventional
ASCE and CSCE drying methods. The as-prepared samples have a large
specific surface area at elevated temperatures, and the effects of heat
treatment on the properties of the silica aerogels are evaluated in detail
and compared with ASCE and CSCE samples in this article.

2. Experimental procedures
2.1. Synthesis

Tetraethylorthosilicate (TEOS, analytical pure, Sinopharm Chemical
Reagent Co., Ltd.) was used as silicon source. Hydrochloric acid (HCI,
1 mol L™, Shanghai Zhongshi Chemical Co., Ltd) and ammonia solution

(NH;-H-0, 0.3 mol L™, Wuxi City Yasheng Chemical Co., Ltd.) were
used as catalysts. Deionized water (homemade) was used as hydrolysis

(b)
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agent and absolute ethyl alcohol (EtOH, analytical pure, Wuxi City
Yasheng Chemical Co., Ltd.) as solvent. All of the reactants and solvents
were used as received without further purification. In a typical synthe-
sis, TEOS (22.4 mL, 0.1 mol) was first dissolved in a mixture of water
(7.2 mL, 0.4 mol) and ethanol (92 mL, 1.6 mol). Secondly, appropriate
amount of HCI (0.3 mL, 0. 3 mmol) was added to the mixture, stirring
for about 60 min at 50 °C for full hydrolysis. Thirdly, desired amount
of NH3-H,0 (3 mL, 0.9 mmol) was added to the solution. The solution
was further stirred for 5 min, after which the solutions were directly
placed in an autoclave using a container with volume of 0.5 L. The
RSCE drying apparatus and the processing parameters are shown in
Fig. 1. After the vessel was sealed, it was firstly purged by N, three
times to drive out the air, and then it was pressurized to 4 4+ 0.2 MPa
by N,. The temperature of the vessel was first raised from room temper-
ature to 270 °C with a heating rate of 2 °C/min, and maintained at that
level for 2 h. The automatic vessel pressure was controlled at 10 +
0.2 MPa. At the end, the vent valve was opened to depressurize the ves-
sel to ambient pressure with a depressurization rate of ca. 20 bar/h by
regulating the back pressure regulator, thus affording the RSCE-SiO,
aerogel. The total processing time was as short as 6 h, as indicated by
Fig. 1(b). In order to evaluate the heat treatment on the textural and
physical properties on silica aerogels with different drying methods in-
cluding RSCE, ASCE and CSCE samples, the ASCE and CSCE silica aerogels
are fabricated with the conventional sol-gel technique, including aging,
solvent exchange and supercritical drying using the same recipe. The
wet gels were both aged at room temperature for 1 d and subsequently
soaked in a bath of absolute ethanol in an oven of 50 °C for 5 d to ex-
change the water and reaction byproducts from the pores of the mate-
rials. The total time from mixing the precursors to obtaining the
aerogels was ca. 7 d for these two conventional supercritical drying
methods. It is noted that the as-dried silica aerogels are denoted as
ASCE-25, CSCE-25 and RSCE-25, respectively, and the RSCE sample
heat treated at 700 °C (heating rate of 3 °C/min) with holding time of
2 h is denoted as RSCE-700, as is the same case for other samples.

2.2. Characterizations

Thermal gravimetric analysis (TGA) and differential scanning calo-
rimetry analysis (DSC) were performed by NETZSCH STA449C. Thermo-
gravimetric analyzer under a constant nitrogen flow of 30 mL/min at a
heating rate of 10 °C/min to 1200 °C. X-ray diffraction (XRD) patterns
were recorded using a Rigaku Smart Lab 3000, a diffractometer with
CuKo; radiation (N = 0.15406 nm). The X-ray tube was operated at
35 kV and 30 mA. Scanning electron microscopy (SEM) was conducted
using a LEO-1530VP field emission scanning electron microscope. Pho-
tographs of the aerogels were taken with a transmission electron micro-
scope (TEM) using JEOL JEM-2100 (UHR) operating at the acceleration
voltage of 200 kV. Surface areas, pore volume and pore distribution
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Fig. 1. (a) Diagram of the supercritical ethanol drying apparatus: (1) N, cylinder; (2) N, inlet valve; (3) vent valve; (4) liquid vent valve; (5) automatic pressure control valve; (6) pressure
sensor; (7) thermal couple; (8) vessel; (9) controller; (10) back pressure regulator; (11) flow meter, and Fig. 1 (b) processing parameters used during RSCE process.
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Fig. 2. Photographs of SiO, aerogels derived from different supercritical drying methods (a) ASCE-25, (b) CSCE-25 and (c) RSCE-25.

were measured by nitrogen adsorption/desorption measurement by
using a 3Flex Version 3.01 surface area and pore distribution analyzer
after the samples were degassed in a vacuum at 300 °C for 5 h. FTIR
spectra was taken with a Nicolet Avatar 330 FT-IR with a Smart Orbit Di-
amond ATR attachment using a resolution of 4 cm~! and 32 scans. The
thermal conductivities of the fiber reinforced aerogels were investigat-
ed by the measuring apparatus (TPS2500, Hot Disk, Sweden) using a
transient plane heat source method at room temperature of 25 °C.

3. Results and discussion

Fig. 1 shows a diagram of the RSCE drying apparatus and the pro-
cessing parameters used during the RSCE process. As shown in
Fig. 1(a), the RSCE drying apparatus is simple and convenient and is ac-
tually a sealed reactor capable of high temperature and high pressure.
The processing parameters in Fig. 1(b) show the total process for

fabricating an RSCE aerogel, which can be divided into three two-hour
stages. The first 2 h are for gelation, strengthening and aging. After the
liquid solution is poured into the vessel, it gels quickly with an increase
in temperature and pressure; thus, it undergoes an aging and strength-
ening stage during the high-temperature and high-pressure conditions
within the vessel, whereas this process occurs at an ambient pressure
(1 bar) and low temperature (<50 °C) for the ASCE and CSCE methods.
The second 2 h are for supercritical extraction, during which stage the
ethanol becomes a supercritical fluid, with no solid-liquid interface
and no capillary forces acting on the skeleton. The third stage which in-
volves the cool down stage that is necessary for subsequent manipula-
tion. Thus, the total processing time can be shortened to 6 h, which is
substantially faster than the conventional ASCE and CSCE methods.
Fig. 2 exhibits photographs of the ASCE, CSCE and RSCE silica aerogels.
The ASCE and CSCE samples are somewhat white, opaque and smooth,
while the RSCE sample has a relatively optically transparent appearance.
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Fig. 3. XRD patterns of SiO, aerogels heat treated at different temperatures using different supercritical drying methods (a) as-dried, (b) 700 °C, (c) 1000 °C, and (d) 1100 °C. Note that the

sharp peaks at 37°, 43°, 63° and 76° are due to the aluminum sample holder.
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Fig. 4. Schematic diagram of SiO, sols growth in the supercritical drying process.

The RSCE sample is approximately 10 cm in length with a diameter that is
larger than 5 cm, and it can be easily fabricated on a large scale when
necessary. In our experiments, we have adjusted the TEOS concentration
(10%, 15%, 20%, 25%, 30%, 40% and 50%) in the total solution. Results show
that the 10% recipe forms powders rather than an aerogel. The 50% recipe
possesses a much higher bulk density than the conventional aerogels,
which is also not appropriate for aerogel based thermal insulation

usage. The 15% recipe forms an aerogel with many cracks on its surface
while the other four samples keep monoliths. In addition, the bulk densi-
ties of these five samples are 0.116 g/cm?, 0.084 g/cm?, 0.122 g/cm?,
0.145 g/cm?, and 0.219 g/cm?, respectively. Photographs of the five sam-
ples (The original shapes of these five samples are cylindrical just as
shown in Fig. 2(c)) are shown in Fig. S1. It is found that with the increase
of TEOS concentration, the samples become more transparent due to a
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Fig. 5. FTIR spectra of SiO, aerogels derived from different supercritical drying methods and heat treatment temperatures.
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Fig. 6. TG and DSC curves of as-dried silica aerogels under flowing nitrogen derived from
different drying methods.

much more concentrated pore size distribution (Fig. S2 left top inlet)
within the aerogel structures. Fig. S2 shows the nitrogen sorption iso-
therms and the pore size distribution of the as-dried silica aerogels with
different TEOS concentrations. Note that the 40% recipe possesses a signif-
icantly larger volume adsorbed (vertical coordinate) than other samples;
however, it doesn't mean that the sample possesses the largest specific

O . 400w
WO 30ewm

surface area since the specific surface area is correlated with the saturated
adsorption capacity rather than volume adsorbed. The specific surface
area and bulk density vary with the TEOS concentration, as is shown in
Fig. S3. The largest BET area corresponds to the 20% recipe, which also
possesses the largest porosity; thus, the TEOS concentration used for
this study is 20% within the full article. The theoretical density of a silica
aerogel can be calculated using the following equation:

(1)

" Vi Veon + Vieos + Vio

The bulk densities of the three ASCE, CSCE and RSCE silica aerogels
are 0.14 g/cm?, 0.20 g/cm® and 0.09 g/cm?, which are larger than the
theoretical density (0.05 g/cm?); these densities are caused by the vol-
ume shrinkage during the solvent exchange period and the decreased
total volume when mixing the solutions. Because the skeletal density
of the aerogels is ca. 2.05 g/cm?, the porosities calculated are 93.2%,
91.2% and 95.6%. Thus, the RSCE sample has the largest porosity of the
three samples, and it can be fabricated on a large scale and in different
shapes, as indicated by Fig. 2(c). The largest porosity can be explained
by the aerogel fabrication process; the precursor solution undergoes hy-
drolysis and condensation when using the two-step process. As is well
known, the two processes can be described by the following reactions:
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Fig. 7. SEM images of silica aerogels derived from different drying methods and heat treatment temperatures: (a) ASCE-25; (b) CSCE-25; (c) RSCE-25; (d) ASCE-700; (e) CSCE-700;

(f) RSCE-700; (g) ASCE-1000; (h) CSCE-1000 and (i) RSCE-1000.
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Fig. 8. TEM images and diffraction rings of silica aerogels heat treated at 1000 °C derived from different drying methods: (a-c) ASCE-1000; (d-f) CSCE-1000 and (g-i) RSCE-1000.

Hydrolysis:

Si(OC;Hs), + nH,0-Si(OC;Hs), (OH), + nC;HsOH (M

Condensation:

-Si-OH + (HO),, + Si(OC,Hs), , —-Si-O-Si(OH),, ; (OCoHs), , + H,0 (2)

The bulk density can be varied by adjusting the silica mass ratio in
the precursor solution, which is appealing for further applications, in-
cluding scale-up of the process.

Fig. 3 presents the XRD patterns of the SiO, aerogels heat treated at
different temperatures using different supercritical drying methods.
The sharp, intense peaks at 37°, 43°, 63° and 76° shown in Fig. 3 are
due to the aluminum sample plate. For the as-dried samples, there is a
single broad diffraction peak at ca. 22°, which corresponds to amor-
phous silica, and no other phases are observed within the three sam-
ples. With increasing heat-treatment temperatures, the broad peak
becomes sharper, whereas there are no new phases below 1000 °C.
When the heat-treatment temperature increases to 1100 °C, the
cristobalite phase begins to emerge in the ASCE sample, as indicated
in Fig. 3(d). The CSCE sample remains amorphous silica at temperatures
as high as 1100 °C, which is due to the lower supercritical temperature
(ca. 50 °C) of this method compared to the ASCE and RSCE methods;
thus, the driving force of crystallization is decreased for of the as-
prepared sample. However, the RSCE sample also remains amorphous
at such a high temperature, which reveals that the RSCE process inhibits
silica crystallization, and this is favorable for larger specific surface areas
at elevated temperatures. This phenomenon can be explained by the
different reaction mechanisms of the ASCE and RSCE methods. In the

ASCE method, the wet gel is formed at room temperature and ambient
pressure. The gel skeleton is somewhat strengthened via the aging and
solvent exchange processes; whereas some —Si—OH remains that does
not undergo condensation reactions within the gel skeleton because of
its rigid network and steric effects. According to the Ostwald-
Freundlich's [27] equation, the solubility of a solid material is relative
to the size of its particles and the temperature, as described by the fol-
lowing equation:

s=so eXp(Z'yslvm/RgTr) 3)

where Sy is the solubility at a flat interface (r = ), vy is the surface ten-
sion, V, is the molar volume, Ry is the ideal gas constant, T is the temper-
ature and r is the radius of curvature along the principal sections of the
curved interface. Thus, the solubility increases with a decrease in particle

Table 1
Pore structures of different SiO, aerogels heat-treated at different temperatures.

sample Specific surface Average pore  Pore volume Average micropore
area (m?/g) diameter (nm) (cm’/g) diameter by HK
method (nm)
ASCE-25 980.8 12.70 3.97 0.902
CSCE-25 732.2 14.97 1.94 0.652
RSCE-25 961.9 13.80 3.53 0.871
ASCE-700  856.7 21.20 3.64 0.604
CSCE-700  641.0 17.21 224 0.591
RSCE-700  915.9 17.07 3.24 0918
ASCE-1000 350.8 20.92 1.67 0.627
CSCE-1000 174.3 19.38 0.82 0.626
RSCE-1000 258.6 19.71 1.08 0.626
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Fig. 9. Nitrogen sorption isotherms (left) and micropore analysis using Horvath-Kawazoe method (right) of as-dried SiO, aerogels derived from different drying methods. Insets: the

corresponding BJH desorption pore size distributions.

size and an increase in temperature. That is to say, the small silica primary
particles dissolve in the solution and begin to precipitate on the surface of
the large gel skeleton, as is shown in Fig. 4. Thus, in the RSCE method,
when the precursor solution is placed under high-temperature and
high-pressure conditions in the vessel, the small silica particles dissolve
and precipitate on the large secondary particles with multiple pores in-
cluding Types [, II, and IIL. (Note that Type I refers to the pores between
the primary particles, Type Il refers to the pores that are larger than the
secondary particles, and Type III refers to the pores that are smaller than
the secondary particles) [28]. According to the pore size distributions of
the three as-dried samples in Fig. 9, it is found that the most probable
pore diameter for the ASCE-25 is ca. 15 nm, and it is much more intense
than the RSCE-25 sample. This phenomenon further verifies that the exis-
tence of three types of pores within the RSCE-sample. Thus, when it is
heated, the energy can be partly consumed for structural adjustment for
the RSCE-25 sample due to the hierarchical pores. SEM images in
Fig. 7(c) and (f) also provide similar evidences. There are also some
large pores for the RSCE-25 sample except for the main mesopores, how-
ever, after heat treatment at 700 °C, the structures become more homoge-
neous with the disappearance of the large pores. Therefore, the RSCE
sample undergoes the dissolution-precipitation process, possessing a sub-
stantially smaller bulk density and a higher porosity, which also results in
the inhibition of SiO, crystallization within the sample.

Fig. 5 shows the FT-IR spectra of the silica aerogels derived from differ-

the as-dried ASCE and RSCE samples, the peaks at 1080 and 466 cm ™!
represent the symmetrical stretching and bending vibrations of the
Si—0—Si groups, respectively [29]. The peak at 794 cm~ ! is related to
the antisymmetric stretching vibration of the Si—0—Si groups, and the
intense peak at 3421 cm™ ! is the characteristic peak for O—H [6].
Adsorbed water molecules show a peak at approximately 1633 cm™,
and the weak peak appearing around 1396 cm™! is attributed to
the —CH stretching modes of the non-hydrolyzed ethoxy groups [30].
The bands at 2981, 2934 and 2901 cm™ ! are attributed to the —CH sym-
metric stretching vibration and asymmetric stretching vibration, and the
band at approximately 1446 cm™ ' is due to the other —CH stretching
[30-32]. The peak at 565 cm™ ! is due to the stretching vibration of
Si—0—Si with defects, and the 971 cm™! peak is related to the —Si—OH
stretching vibration. As shown in Fig. 5(b), there are only peaks corre-
sponding to Si—O—Si and —Si—OH, many other peaks are
absent, such as those of the —CH vibrations, which indicates that these
groups decomposed during heat treatment at 700 °C, as follows:

= SI—O—C2H5 + 302(g)—> =Si—OH + 2C02(g) + 2H20(g) (4)

Furthermore, after the heat treatment at 1000 °C, the —OH is also con-
sumed to form the -Si-O-Si bond, as shown by the following reaction:

ent supercritical drying methods and heat-treatment temperatures. For =S5i—OH + HO-Si=—=5i—0-Si= + H,0( (5)
o 0.T
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Fig. 11. Nitrogen sorption isotherms (left) and micropore analysis using Horvath-Kawazoe method (right) of SiO, aerogels derived from different drying methods which are heat treated at

1000 °C.

For the CSCE sample, the apparent difference is that the peaks corre-
sponding to the —CH vibration are much weaker than those observed
with the ASCE and RSCE methods, which may be due to the longer su-
percritical drying time that provides a longer time for the —OC,Hs reac-
tions of the wet gel in the vessel.

Fig. 6 presents the TG and DSC curves of the as-dried SiO, composite
aerogel derived from different supercritical drying methods. The thermo-
gram profiles of the three samples can be divided into three main regions:
(1) 20-200 °C; (2) 200-600 °C and (3) 600-1200 °C. It is observed that
the RSCE and ASCE samples exhibit similar thermogram files, whereas
they are substantially different from the CSCE thermogram. The first re-
gion is caused by the evolution of physically adsorbed ethanol and
water within the pores, combined with a broad endothermic peak at ca.
100 °C[32,33]. Because the ASCE and RSCE samples experience a signifi-
cantly higher temperature during the supercritical drying process, the hy-
drophobic property is, therefore, obtained because of the consumption of
the hydrophilic groups, including the —OH. Thus, the mass loss in the first
region is much smaller than that of the CSCE sample. The second region is
caused by the decomposition of organic groups, such as —CHs and
—GC,Hs, which generates gases including H,O and CO,. This region con-
tains the majority of the total weight loss, along with a weak exothermic
peak at ca. 460 °C; this peak is not observed for the CSCE sample. This re-
sult is consistent with the former FTIR analysis, which indicates that the
quantity of the organic groups is substantially less than the quantity in
the other two samples. It is worth noting that in the third region, there
is some weight gain, rather than weight loss, and two weak, broad exo-
thermic peaks are observed at ca. 900 °C. These peaks are caused by the
—OH decomposition, as shown in reaction 5. The weight gain in this re-
gion stems from nitrogen adsorption within the pores, while the skeleton
shrinks and solidifies at elevated temperatures.

Fig. 7 shows the microstructures of the silica aerogels derived from dif-
ferent drying methods and heat-treatment temperatures. The images are
shown at 20000-45000 x magnification with a 200-nm scale bar present
on the left of each image. It is found that all of the as-prepared aerogels
present a framework that is similar to strings of pearls, and the particles
are distinguishable [34]. The ASCE-25 and CSCE-25 are similar, and
show an open nanostructure with visible pores smaller than 100 nm;

Table 2

the diameters of the silica particles are primarily in the range of 20 to
30 nm. Some pores with diameters larger than 200 nm exist in the
CSCE-25 sample. The RSCE-25 has a substantially more open structure
and a great number of pores larger than 200 nm than the two convention-
al samples. This is caused by the inhomogeneous growth of the silica sols
within the vessel at a high temperature and a high pressure, which also
resulting in the aforementioned three types of pores within the structure.
The gel skeletons are strengthened under the more moderate conditions
of the conventional aging and solvent exchange procedures for the ASCE
and CSCE samples. With heating to a temperature <700 °C, the porous sil-
ica lattices are clearly visible, but portions of the aerogels contain a greater
density of rounded clusters of silica [26]. The diameters of the silica parti-
cles change little, indicating good thermal stability of silica aerogels at
high temperatures. It is found that some of the pores with diameters larg-
er than 200 nm increase in the CSCE-700 sample, which can be explained
by the volume shrinkage and pore collapse [21]. With further heat treat-
ment at 1000 °C, the ASCE-1000 exhibits a disordered, porous structure
typical of a colloidal gel, and the nanoparticles are uniformly distributed
to form a framework surrounded by irregular pores. The CSCE-1000 pos-
sesses some dense regions at such an elevated temperature, and the
nanoparticles appear to grow close to each other, forming substantially
fewer pores. On the other hand, the RSCE-1000 sample remains com-
posed of homogeneous nanoparticles and nanopores, which are favorable
for applications in thermal insulations and chemical sensors at elevated
temperatures.

Fig. 8 shows the TEM images and diffraction rings of the silica aerogels
from different drying methods, which are heat treated at 1000 °C. Note
that Fig. 8(b), (e) and (h) are higher magnifications of Fig. 8(a), (d) and
(g). In combination with the aforementioned discussions, the TEM images
reveal that the networks of the resulting aerogels consist of homogeneous
and connected spheroidal particles with many surrounding nanopores.
According to the schematic diagram in Fig. 4, the specific surface area of
the silica aerogels can be calculated as follows:

2
S:Nx4nR§:ﬂ: 26R (6)
§HRS «p P(2Ro)

Thermal performances parameters of different fiber reinforced RSCE SiO, aerogel composites.

Reinforcement ~ Weight increase /%  Density/(g cm~3)

Thermal conductivity/(W m~' K~1)

Thermal diffusivity/(mm? s~')  Specific heat capacity/(M] m > K~ ')

Silica-rich fiber  38-45 0.20 0.028
Glass fiber 52-55 0.20 0.027
Basalt fiber 25-30 0.27 0.027

0.631 0.044
0.812 0.033
0.497 0.054

a: weight gain of the fiber reinforced aerogel composite based on the fiber mass.
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where N is the number of primary particles per unit of the aerogel, p is the
skeleton density (2.05 g/cm?) of the silica particles and Ry is the radius of
the primary particles. Thus the diameters of the secondary particles can
be obtained using the following equation [35]:

6
2Rp = 5 )

According to Table 1, the specific surface areas of the ASCE-1000,
CSCE-1000 and RSCE-1000 are 350.76 m?%/g, 174.32 m?/g and
258.57 m?/g, respectively; thus, the diameters of the secondary particles
are 8.1 nm, 16.4 nm and 11.0 nm, respectively. These results are in
agreement with the TEM results that show that the CSCE-1000 sample
has the largest secondary particles, as indicated by Fig. 8(e). It seems
that the particle size of the CSCE aerogels after 1000 °C treatment in-
creases obviously due to the grain growth, which is not consistent
with the XRD result in Fig. 3d. This is because since the specific surface
area of the CSCE-25 sample is the lowest among the three as-dried sam-
ples (Table 1), the primary particle diameter is larger than that of the
other two (Eq. (7)). Thus, the actual grain growth of the as-dried CSCE
sample is not as obvious as the TEM shows. In addition, although the
grain growth is observed, the SAED pattern (Fig. 8(f)) exhibits some dif-
fraction rings, which is a convincing evidence for its amorphous state.
Therefore, the CSCE-1000 sample still highly porous with mesoporosity
and a non-crystalline structure after heat treatment at a maximum tem-
perature of 1000 °C, which is actually consistent with the results of the
XRD patterns [36]. On the other hand, the accuracy of the XRD measure-
ment is limited for samples with part crystallization, thus maybe the dif-
fraction peaks couldn't be detected for the CSCE-1100 sample due to the
low crystallization of the sample. With further heat treatment at
1200 °C, the cristobalite phase is obvious in the CSCE sample (Fig. S4).

Figs. 9-11 exhibits the nitrogen sorption isotherms and the pore size
distribution of the silica aerogels from different drying methods, which
are heat-treated at different temperatures. Both the ASCE and RSCE
samples exhibit a hybrid of type II and type IV isotherms, which is
caused by the range of pores extending from the mesoporous region
to the macroporous region, as is justified by the SEM images. All the
curves corresponding to the CSCE samples belong to type IV with a
type H1 hysteresis loop, according to the IUPAC classification, which is
characteristic of a mesoporous structure with cylindrical pores [37-
40]. This phenomenon indicates that some large pores occur in the
ASCE and RSCE samples, while the pores in the CSCE samples are rela-
tively homogenous. The presence of some pores larger than 200 nm in
CSCE-700, as indicated by Fig. 7(e), suggests an apparent weakening
of the saturation region. The desorption cycles for all of the isotherms
have a hysteresis loop, which is generally attributed to the capillary con-
densation that occurs in mesopores. The pore diameters of the peaks for
the RSCE-25 and RSCE-700 samples are not apparent, as shown in the
top left insets; after heat treated at 1000 °C, the peak shifts to ca.
25 nm. The pore diameter of the peak for the ASCE samples shifts
from ca. 15 nm to approximately 25 nm, which is consistent with the re-
sults in Table 1. For heat treatments at 700 °C and 1000 °C, the peaks re-
main nearly the same for the CSCE samples. The most probable
micropore diameters for the ASCE and CSCE samples are 0.5 nm and
0.4 nm, respectively, whereas the pore diameter ranges from 0.5 nm
to 0.6 nm for the RSCE sample, justifying the results of the average mi-
cropore diameter by the HK method, as indicated by Table 1. According
to the data in Table 1, it is evident that the specific surface areas decrease
with an increase in the heat treatment temperature, which is due to the
structural adjustment, damage to the porous network and shrinkage of
the pore structure, as is shown in the SEM images [41]. The BET specific
surface areas of the CSCE samples possess the smallest values, regardless
of the heat treatment temperatures. This finding is supported from the
fact that the secondary particles of the CSCE samples first appear at elevat-
ed temperatures, as indicated by the TEM results. It is noted here that
ASCE-25 has a larger BET specific surface area (980.8 m?/g) than the

other two samples, justifying the homogenous structures in the SEM im-
ages. The BET specific surface area of RSCE-25 is also as high as 961.9 m?/g,
which is much higher than the values of different types of aerogels [24-
26,42]. After heat treatment at 700 °C, the RSCE sample has a large specific
surface area (915.9 m?/g), which is even larger than the value for ASCE-
700, and it is favorable to thermal insulations and catalyst barriers at ele-
vated temperatures. After further heat treatment at 1000 °C, the specific
surface area of the RSCE-1000 sample is still as large as 258.57 m?%/g, indi-
cating a good thermal stability at elevated temperatures. The pore vol-
umes of the ASCE-25, CSCE-25 and RSCE-25 are 3.97 cm’/g, 1.94 cm’/g
and 3.53 cm’®/g, respectively, and are comparable to the values from refer-
ence [24]. For the ASCE-25, CSCE-25 and RSCE-25, respectively, the bulk
densities are 0.14 g/cm?, 0.20 g/cm? and 0.09 g/cm?, and the porosities
are 93.2%, 91.2% and 95.6%, respectively; thus, it can be calculated that
the corresponding pore volumes are 6.66 cm’/g, 4.56 cm®/g and
10.62 cm®/g; these results are significantly higher than the testing results.
Therefore, the total pore volume measured from the N, adsorption anal-
ysis is largely underestimated, and a large fraction of macropores is ig-
nored because of the limitations of this method. As is shown in Table 2,
the thermal conductivities of the different fiber reinforced RSCE SiO,
aerogel composites are as low as 0.028 Wm~ ' K~',0.027Wm~ ' K™!
and 0.027 W m~! K~ respectively, comparable to the ASCE
(0027Wm~'K~1,0029Wm~ 1K1, 0.031 Wm~! K~ ') and CSCE
aerogel composites (0.027 W m~! K~!, 0028 W m~' K},
0.034 W m~! K1), which appear suitable for efficient insulation uses.

4. Conclusions

Monolithic silica aerogels are prepared using the TEOS as precursor
via an RSCE method. This new RSCE method offers many distinct advan-
tages including shortening the fabrication time to as low as 6 h, produc-
ing no toxic waste, largely saving preparation cost. The textural and
physical characteristics of RSCE-samples are compared with the con-
ventional ASCE and CSCE samples. All the as-dried SiO, samples derived
from different methods are essentially amorphous, and SiO, crystalliza-
tion first occurs for the ASCE sample at 1100 °C. The nanoparticles ap-
pear to grow and close to each other containing much less pores
within the CSCE samples, thus resulting in the smallest specific surface
area at elevated temperatures. The average pore diameters of the as-
dried ASCE, CSCE and RSCE samples are 12.70 nm, 14.97 nm and
13.80 nm, respectively, which is consistent with the TEM results. The
specific surface area of the as-dried RSCE silica aerogel is as large as
915.9 m?/g after 700 °C, which is even larger than that of the other
two samples. The thermal conductivities of the different fiber reinforced
RSCE SiO, aerogel composites are as low as ca. 0.027 Wm™ ' K™, com-
parable to the ASCE and CSCE aerogel composites. The RSCE method can
also be well applied to the fabrication of aerogels based on other precur-
sor recipes, and it can be applied to many applications such as thermal
insulations, chemical sensors and catalyst barriers.
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