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Abstract Silica acrogel (SA) is a nanoporous material
and has attracted increasing attention in the field of
thermal insulation in recent years. In this work, the
thermal stability and pyrolysis characteristics of the
methyltrimethoxysilane (MTMYS) silica acrogel (MSA)
prepared in pure water were investigated experimental-
ly. The MSA shows a high thermal stability with the
onset and peak temperature (7,5, and T, about
417 °C and 476 °C, respectively, in the pyrolysis pro-
cess. The oxidation kinetics reveals that the pyrolysis of
MSA can be divided into three stages with the average
apparent activation energy (E) of each stage being
382.8 kJ/mol, 364.4 kJ/mol, and 328.9 kJ/mol, respec-
tively. The pre-exponential factor (A) has the same
tendency with the E. The TG-FTIR analysis demon-
strates that the CO, and H,O are the main volatiles
during the pyrolysis process and all of them increase
against the temperature. It is further observed that the
production of CO, presents a linear increase, and the
H,O shows an obvious two-stage form along with the
temperature. Compared with other hydrophobic SAs,
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the MSA has a larger 7,5 and 7). and much larger
E, indicating better thermal safety. The research out-
comes provide a technical guide to analyze the thermal
pyrolysis of hydrophobic SA and put a new insight to
reduce their thermal hazards, which is beneficial to the
development of higher-performance nanoporous silica
aerogels for the thermal insulation field.
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Introduction

Silica aerogels (SA) as a well-recognized three-dimen-
sional mesoporous (2-50 nm) material usually consist
of more than 90% pores and less than 5% solid skeletons
(Hiising and Schubert 1998; Huang et al. 2020), which
were initially prepared by Kistler in 1931 (Kistler 1931,
1932). This unique porous structure creates a low den-
sity, ultra-low thermal conductivity, and super-high spe-
cific surface area (Li et al. 2020), which enable the wide
application of SA in thermal insulation areas, such as
residential and industrial buildings (Cuce et al. 2014),
industrial pipelines (Meador et al. 2009), electronic
devices (Zhao et al. 2015), and spacecrafts (Randall
et al. 2011). With the development of low-cost prepara-
tion technology (Huber et al. 2017; Koebel et al. 2016),
the usage of SA in thermal insulation field will contin-
uously increase, while the related research is needed
critically to supported the trend.
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As an excellent insulation nanomaterial, its thermal
stability and pyrolysis characteristics deeply affect the
coverage of the practical applications. Ignoring the ther-
mal hazard would result in low efficiency, failure of
thermal insulation, or even bringing fire risk to the
public. On this aspect, a lot of studies have been carried
out to address the thermal decomposition or degradation
of typical polymer insulation materials, e.g., polyure-
thane (PU) (Jiang et al. 2015), extruded polystyrene
(XPS), expanded polystyrene (EPS), etc. However, the
flammability and pyrolysis characteristics of pure hy-
drophobic SA are rarely attracting the public’s attention,
though our previous studies (Li et al. 2016) have con-
firmed the significance.

A few studies have been done on the fire safety of
aerogel composite materials. In Motahari et al. 2015,
Motahari et al. prepared polypropylene (PP)/SA com-
posites and studied their thermal and flammable prop-
erties (Motahari et al. 2015). In Martinez et al. 2016,
Martinez et al. evaluated the thermal behavior of poly-
ester fiber reinforced SA composites and confirmed
their fire classification of B-sl, d0 (Martinez et al.
2016). Other studies also concentrated on the polymer
aerogel composites, such as poly(vinyl alcohol)/SA
(PVOH/SA) (Chen et al. 2014), and clay aerogels
(Finlay et al. 2008; Guo et al. 2013). A more basic
problem, namely, the thermal decomposition or degra-
dation of pure SA, should be paid more attention (Wu
etal. 2020b), as it plays an important role in determining
the thermal hazards before the wide adoption in practice.

Current SAs can be divided into different types due
to various silica source and diverse preparation technol-
ogies, including solvent, modifiers, modification
methods, and drying methods. For the application of
thermal insulation, hydrophobic SA is the most fre-
quently used type, which can resist the moisture in air
and maintain efficient thermal insulation for a long term.
It is widely reported that the hydrophobicity of SA
primarily derives from introduced non-hydrolysable or-
ganic groups (e.g., alkyl) (He et al. 2019; He and Chen
2017; Lietal. 2019). However, these introduced organic
groups not only create the hydrophobicity but also bring
a potential thermal hazard, especially when exposed
under thermal radiation or fire (Wu et al. 2020a).

In order to eliminating the influence of the irrelevant
factors, a simple and easily synthetic hydrophobic SA
was chosen for this study. In this study, we firstly
prepared methyltrimethoxysilane (MTMS)-based silica
aerogels (MSA) in pure water under ambient drying
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(APD) and performed the basic characterization. Then
we focused on the thermal stability and pyrolysis pro-
cess of the MSA and tried to clarify their pyrolysis
mechanism. Furthermore, the oxidation kinetics was
performed using an iso-conversional method to explore
the pyrolysis characteristics of MSA. This study shows
a good example to further explore the thermal decom-
position or degradation of hydrophobic SA aerogels,
which is of great importance to their practical thermal
insulation applications, and beneficial to the develop-
ment of SA nanomaterials in thermal insulation field.

Experimental section
Aecrogel preparation

Methyltrimethoxysilane (MTMS, Aldrich, 98%) was a
precursor and other chemicals including hydrochloric
acid (HCI, 36.5%), ammonium hydroxide (NH;-H,O,
25.0~28.0%), and cetyltrimethylammonium bromide
(CTAB, 99.5%) were chemical pure grade from
Sinopharm Chemical Reagent Co., Ltd. (SCRC, China)
and used as received.

A typical two-step, acid-base catalyzed sol-gel meth-
od was adopted. Firstly, 5-mL MTMS, 30-mL, water
and 0.01-g CTAB were mixed in a 100-mL beaker.
During the mixing process, 0.3 mL of 0.1 M HCI was
added to the mixture, and then the mixture was kept in
45 °C water bath to hydrolyze for 30 min. Subsequently,
0.6 mL of 1 M NH3-H,O was dropped into the mixture
to trigger the gelation. Usually the gelation occurs with-
in 1 h at room temperature from the point of NH3-H,O
addition. At last, the obtained wet gels were dried under
ambient pressure at 60 °C, 80 °C, and 120 °C for 2 h,
respectively, to generate MTMS silica aerogels (MSA).

Conventional characterization

The bulk density (p,) of SA was measured by weighing
a lump of aerogel of regular geometric shape. The
porosity of SA can be then estimated by:

Porosity = (1&) x 100% (1)

where pg is the skeleton density of silica, usually
2200 kg/em’.
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A transient hot wire method was used to test the
thermal conductivities of the specimens by a thermal
constant analyzer (TC3000E XIATECH, China) under
25 °C. Field emission scanning electron microscopy
(SEM, SIRION200, FEI) was employed to observe the
microstructures of the specimens. A contact angle mea-
surement (CA, SL200K, KINO) was used to character-
ize the hydrophobicity of the sample by putting 3-uL
water droplets on the sample surface.

Thermogravimetry (TG)

A TA instrument SDT Q600 thermal analyzer was used
for thermogravimetry and differential scanning calorim-
etry (TG-DSC) analysis on SA at the heating rate of 10,
15, and 20 °C/min, respectively. The experiments were
conducted at room temperature to 1000 °C in air which
was simulated with mixing 80% N, and 20% O,. In the
test, the alumina sample crucible was used to load the
specimens and three identical samples were tested at
each heating rate to ensure the repeatability of the
experiments.

Thermogravimetry-infrared spectroscopy (TG-IR)

Fourier transform infrared (FTIR) spectrometer (Nicolet
iS50) was employed to characterize the volatiles
evolved from the TG furnace under air atmosphere at a
heating rate of 10 °C/min. Toward this end, the FTIR
and the TG instruments were connected by a transfer
line, which was heated and kept at 200 °C to avoid the
condensation of the volatiles during the pyrolysis.

Kinetics methods

According to the Arrhenius equation, the relationship
between the reaction rate and the reaction temperature
can be obtained in a chemical reaction as follows:

D pdtp(0) )
where A is the pre-exponential factor; £ is the apparent
activation energy based on Arrhenius equation; R is the
ideal gas constant; 7is the reaction temperature; flv) is a
certain function of conversion to reflect the reaction
model, and « represents the conversion rate of the
reaction, which can be calculated by the ratio of the
real-time mass loss to the total mass loss.

As reported extensively, the iso-conversional method
is easy to calculate the apparent activation energy with-
out knowing the reaction mechanism. Compared to the
single heating rate method (e.g., Coats-Redfern method
(Santos et al. 2004; Ebrahimi-Kahrizsangi and Abbasi
2008)), the iso-conversional method is considered to be
more reliable. The Flynn-Wall-Ozawa method (FWO)
and Kissinger-Akahira-Sunose method (KAS) are the
two representative iso-conversional methods (Bigda and
Mianowski 2006; Collazzo et al. 2017; Vlaev et al.
2007; Xu and Chen 2013a, 2013b; Ahmad et al.
2017), which have been used widely in the thermal
kinetics. In this work, we adopted the FWO and KAS
to calculate the apparent activation energy and mutually
verified the reliability of the results.

Flynn-Wall-Ozawa method (FWO)

The FWO method is an integral conversional
method to get relevant parameters suiting for some
integral measurements, e.g., thermogravimetry
(TG). For the FWO method, the Doyle’s approxi-
mation was used to serve the temperature integral
(Doyle 1962), and then the FWO method can be
described as follow:

AE E
Ing = ln(7> —1ng(04)—5.3305—1.052ﬁ (3)

where ( is the heating rate, « is the conversion
value, and g(«) is the integral form of the reaction
model. The plot of In3~1/T is a straight line in
the series of measurements with various heating
rates at the fixed conversion value. The slopes of
the fitting lines are employed to calculate apparent
activation energy.

Kissinger-Akahira-Sunose method (KAS)

The KAS method is another integral method similar to
the FWO method based on the following equation (Wu
et al. 2020a, 2020b; Zhang et al. 2019):

3 AR E
In—=1In -
T Eg(a) RT

(4)

After obtaining the curve with ln(ﬁ/Tz) and 1/7,
apparent activation energy can be calculated from the
slope.
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The pre-exponential factor (A) can be calculated as
follows (Xu and Chen 2013a, 2013b; Maia and de
Morais 2016; Kim et al. 2010):

Ea 2
A = BE,exp (RTm> /RT, (5)
in which T, represents the peak temperature on DTG,
which was determined under the commonly used
heating rate of 10 °C/min (Wu et al. 2018; Cheng
et al. 2017; He et al. 2017; Gurav et al. 2009), unless
specified.

Results and discussion
Properties of silica aerogels
Microstructure

Figure 1 is the typical microstructure of the as-prepared
MSA, in which the coralloid skeletons with micropo-
rous structure in Fig. la are similar to that of ref.
(Kanamori and Nakanishi 2011). The highly porous
and finer structure in Fig. 1b shows that the skeletons
look like the branches of corals with slightly crossing
and connecting between each other. Actually, the skel-
etons are still comprised of crosslinked silica nanoparti-
cles (<< 100 nm). Besides, it is hard to find the regular
and intact particles in the MSA, which is very different
from the MSA prepared in an ethanol/water co-solvent
system (Luo et al. 2019). This may be presumed that

Fig. 1 SEM pictures of the MSA
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they have been replaced by short branches formed by
the fusion of several initial particles.

The other relevant parameters are listed in Table 1.
The density is as low as 0.077 g/m® and the porosity is
high up to 96.50%. The typical thermal conductivity of
the as-prepared MSA in this work is about
0.0395 W m ' K™', which is lower than that the reported
MSA (Cai and Shan 2015), presenting an obvious ad-
vantage in thermal insulation performance. However,
compared to the classical TEOS-based aerogels (Li
et al. 2018), the MSA still has a larger thermal conduc-
tivity. The reason should be ascribed to the micro-
skeletons and pores in the MSA, which provide better
and more thermal passages for heat. In spite of that, the
thermal conductivity of the prepared MSA is still com-
petitive as insulation materials.

FTIR and hydrophobicity

The FTIR spectra of MSA are presented in Fig. 2. It can
be seen clearly that the prominent peaks ranging from
1000 to 1150 cm™" correspond to the symmetric and
asymmetric modes of Si—O-Si and the typical Si-OH
groups appear around 3400 cm™' and 1650 cm . The
marks of successful surface modification are C—H bonds
and Si—C bonds which are both derived from non-
hydrolysable Si—CHj3 groups. For C—H bonds, the com-
mon wavenumber is approximately 2960 cm™'. Both
Si—C and C—-H bonds constitute the chemical founda-

tions for the hydrophobicity. The contact angle (CA) of
MSA is about 136" as shown in Fig. 2b, which indicates
a nice hydrophobicity of the MSA.
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Table 1 Physicochemical parameters of the MSA

Sample Density (kg/m3) Porosity (%) Thermal conductivity (W/m/K)
MSA 0.077 £ 0.007 96.50 £ 0.32 0.0395 £ 0.0021
Thermal stability air and degenerating properties [22]. The 7., indicates

Figure 3 shows the representative TG-DSC curves for
the MSA. From the test start to ~400 °C, a slight weight
loss can be observed, which belongs to the evaporation
of residuals in the MSA, such as water, unreacted pre-
cursor, or their derivatives and the surfactant, CTAB
(Luo et al. 2019).

The main weight loss of the MSA occurs during
400~600 °C, corresponding to the thermal oxidation of
organic groups, i.e., Si—-CHj groups on the MSA. At the
same time, there exists an evident peak on the DSC
curve, indicating the attribution of exothermic reaction
for the thermal oxidation of Si—CHj groups (He et al.
2019). After 600 °C, the weight of the MSA still de-
creases gradually till close to 1000 °C. At this stage, the
weight loss primarily ascribe to the condensation reac-
tion among the remained and generated Si-OH groups
(Zhuravlev 2000; Huang et al. 2017). The mass of the
residual is about 85%.

To further address the thermal stability, we have
analyzed several special parameters on the TG-DSC
curves, namely, the Tp5er Tpeqr and T, which repre-
sent the beginning, peak, and end temperatures of a
thermal reaction. For hydrophobic SAs, e.g., MSA,
when the temperature exceeding the 7., the hydro-
phobicity would vanish gradually, transferring to
hydrophilia, which results in absorbing water vapor in

60
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Fig. 2 a FTIR spectra and b contact angle of the MSA

the fastest reaction rate at this specific temperature.
Here, the T4 corresponds to the exothermic reaction
of the thermal oxidation of Si—-CHj; groups. Table 2 has
listed the detailed 7,501, Tpear» and T,y from the DSC
curves of the MSA.

It can be seen in Table 2 that the 7,501, Tpeai» and Tpq
all increase with the heating rate. Furthermore, the 7.
changes more obviously with the heating rate, when
compared to the 7,4 It is noted that the average 7,
reaches as high as 416.8 °C, which is far higher than that
of trimethylsilyl (TMS) modified hydrophobic SAs,
with the usual 7 0f 240~300 °C (Li et al. 2017). This
can demonstrate that compared to the common TMS
modified hydrophobic SAs, the MSA possesses higher
thermal stability, which gives an advantage for practical
thermal protective applications.

Oxidation kinetics and thermodynamics

This section focused on the study of the thermal oxida-
tion kinetics and thermodynamics for the MSA. Accord-
ing to the thermal stability analyses, the 7,,,,., and T,,,;
of the MSA are 416.8 °C and 593.4 °C, respectively. To
concentrate more on the thermal oxidation kinetics of
the MSA, a temperature range within 400~600 °C from
the TG curves was selected for further analysis as it can
avoid the disturbance from unrelated thermal chemical

(b)

CA =136.42°
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reactions. The fitting lines of In(5)~ 1/T" and In(5/ °)~1/
T at each conversion rate &« =0.1 —0.9 are presented in
Fig. 4. It can be seen that each fitting line at a specific «
presents higher linearity, which obeys quite well with
Egs. (3-4).

Figure 5 presents the changes of the E along the
conversion rate from 0.1 to 0.8, which can be divided
into three stages. Within o€ (0.7, 0.8), the £ has an
obvious increase. Note that the apparent activation en-
ergies calculated when o > 0.8 are not reliable. Because
some residue which no longer decomposed in the final
stage may cause an error in calculating kinetic parame-
ters. As mentioned in the thermal stability section, the
weight loss continues till close to 1000 °C. When ex-
ceeding a certain temperature (< 7,,,), the weight loss
becomes complex, which not only includes a small part
of the thermal oxidation of Si-CH; groups but also
contains the condensation reactions of Si-OH groups.

Table 2 The special temperature parameters on DSC curves
under various heating rates

Sample  A(Cmin™") T °C)  Tpear CC) Ty (°C)
MSA 10 406.7 472.1 576.2
15 419.6 475.5 596.6
20 4243 479.2 607.3
Ave. 416.8 475.6 593.4

“The T,z shows a level of variation due to the combination of
other thermal chemical reactions at the end of the pyrolysis
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Temperature (°C)

Hence, the increasing of the £ in this stage actually
corresponds to the range of o€ (0.7, 0.8).

At the T4, the linear fit of In(3)~1/T and In(3/
T*)~1/T is shown in Fig. 6, in which the fitting lines of
the two methods are almost overlapping. As annotated
in Fig. 6, the 7)., under the three heating rates ranges in
472.1-479.2 °C, while the corresponding « is within
0.39-0.42. The calculated E based on the FWO and the
KAS methods are 427.2+51.0 kJ/mol and 449.4 +
53.7 kJ/mol, respectively. This is very close to the E at
a = 0.4, which further indicates that the 7)., happens at
a=04.

When the « increases from 0.4 to 0.7, as shown in
Fig. 5, the E decreases obviously, which indicates that
certain intermediates during the pyrolysis can facilitate
the thermal oxidation of Si-CHj; groups (Li et al. 2016).
Within «a € (0.1,0.4), the E increases slightly to the
highest, about 400 kJ/mol.

In summary, the whole pyrolysis can be divided into
three stages, as listed in Table 3. The changes of the
apparent activation energy with « present an evidence
that the thermal oxidation reaction of the MSA is a
multistep process. As we know, the apparent activation
energy is the energy which must be provided to trigger a
chemical reaction. The larger the apparent activation
energy is, the harder the chemical reaction will happen.
Therefore, a higher E implies the better thermal stability
and thermal safety performance of the MSA.

The E expresses the average of the specific stage,
which is calculated from apparent activation energies
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Fig. 4 Fitting lines at various conversion rates based on (a) FWO method and (b) KAS method

(by FWO method) at given « in the corresponding
stage.

Furthermore, the pre-exponential factor (A) and the
apparent activation energy (£) are illustrated in Fig. 7.
The pre-exponential factor (A) is calculated according to
Eqgs. (5) through the average £ obtained from the two
methods and the 7,, from the TG-DSC curves under
10 °C/min.

Seen from Fig. 7, the change of A keeps the same
trend with that of the apparent activation energy (E).
Generally speaking, the A reflects the frequency of
molecular collisions, which can be directly related to

material structure and reaction types to some extent
(Turmanova et al. 2008). In this study, the A ranges
from 1.13 x 10?° to 1.35 x 10?°. During Stage I (o=
0.1~0.4), the A increases instantly close to the
highest value at & = 0.4, indicating a rapidly increas-
ing molecular collision and a sharp need of energy
to support the pyrolysis of the MSA (Yuan et al.
2017). In this process, the change of the E also
shows a very similar trend. During Stage II (o=
0.4~0.7), the reduced E caused by certain interme-
diates trigger the thermal oxidation reaction more
easily, which also results in a decreasing A. At the

Fig. 5 Variations of 550 -
the apparent activation energy ;
with different conversion rates,
a=0.1-08 500 £
450 —

S 400 F
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P E

= 350

W

300 |
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200 E
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end of the thermal oxidation of Si-CHj; groups
during Stage III (av=0.7~0.8), other thermal reac-
tions such as the condensation of Si—OH groups
could happen. Under this circumstance, the E in-
creases and more energy is then needed to overcome
the barrier for these chemical reactions. Meanwhile,
the increased A means that the frequency of colli-
sions increases to promote the reaction.

Pyrolysis process

The combination of TG and FTIR (TG-FTIR) can be
used to characterize the volatiles in real-time gener-
ated during the whole pyrolysis process, which has
been presented in a 3D spectrogram shown in Fig. 8.
The specific volatile can be confirmed by the char-
acteristic wavenumber or bands and the profile of
the given volatile can be acquired by the absorbance
against the temperature. It can be seen from Fig. 8

Table 3 Three stages of the thermal oxidation process

Stage « —
E (kJ/mol)
I 0.1,0.4) 379.1
I 0.4,0.7) 357.5
11 (0.7, 0.8) 326.9

@ Springer
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that these volatiles are generated violently after
400 °C, which are quite consistent with the TG-
DSC results.
The detailed spectral results are presented in Fig.

9, which takes the volatiles pyrolyzed under 800 °C
as an example. The remarkable absorption peaks at
2323 em !, 2360 cm ', and 668 cm ! correspond to
CO,, which mainly ranges in 2217-2391 c¢cm™ ' and
586726 cm ' (Liu et al. 2008; Wang et al. 2011;
Ding et al. 2016). However, the CO absorption peak
located at 2000-2260 cm ' (Wang etal. 2011) is hard
to be observed. The absorption peaks during 3500—
4000 cm ' and 1300-1800 cm ' are attributed to

water (Ding et al. 2016). The pyrolysis of the MSA

is a complicated process which is controlled by the

combination effects of heat and oxygen. It is specu-

lated that some low molecular weight organics are
formed during the pyrolysis process, which are oxi-
dized to water and carbon dioxide finally. The vola-
tiles from the pyrolysis process are summarized and
listed in Table 4.

The FTIR spectrums of the volatiles at the specific
temperatures from 100 to 800 °C is illustrated in Fig. 10,
in which all the spectrums at various temperature show a
similar profile, just with some differences on the inten-
sity. It can be seen that the absorbance intensities of all
the volatiles, including CO, and H,0, increase with the
rising temperature.

More detailedly, the change of CO, and H,O
against the temperature is presented in Fig. 11. It is
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Fig. 7 Thermodynamic parameters for the pyrolysis process of the MSA. a apparent activation energy and b the pre-exponential factor (A)

for the pyrolysis process of the MSA

found that the absorbance of CO, linearly increases
with the temperature during the whole pyrolysis pro-
cess as shown in Fig. 11a. The absorbance of the
wavenumbers at 2360 c¢cm ', 2323 c¢cm !, and
668 cm ! follows the same tendency, which further
indicates the formation of CO,. In Fig. 11b, the water
with the wavenumbers at 3739 cm ! and 1512 cm™!
shows a similar variation of the absorbance, which
can be divided into two stages with a turning point of
about 417 °C (i.e., T,,se)- During the Stage I, the

Fig. 8 TG-FTIR spectra of the
volatiles during the pyrolysis

0.03

0.02

27°0eq10SAY

absorbance increases rapidly, which is mainly as-
cribed to the evaporation of residual water and the
pyrolysis products (water). The absorbance at Stage
IT generally maintains stable, which is derived from
the water generated by the condensation between
silicon hydroxyl groups (Si-OH). The profiles of
CO, and H,O from the pyrolysis process are reported
for the first time, which have an important meaning
to further understand the preparation and thermal
hazard of hydrophobic SAs.

@ Springer



334 Page 10 of 14

J Nanopart Res (2020) 22: 334

0.020

1512

0.005

Absorbance
o o
L 2
o (4]

0.000

2323
2360
3739

500 1000 1500 2000

2500 3000 3500 4000

Wavenumber (cm™)

Fig. 9 FTIR of the volatiles at 800 °C

Comparison between the MSA and other hydrophobic
SAs

This section focused on the thermal performance
comparison between the MSA and other hydropho-
bic SAs. The related parameters are summarized
and listed in Table 5, in which MTSA, DSA, and
TSA represent methyltrichlorosilane (MTCS),
dimethyldichlorosilane (DMDCS), and
trimethylchlorosilane (TMCS) modified hydropho-
bic SAs, respectively.

It can be seen that the density of the MSA is
obviously lower than those of the MTSA, DSA
and TSA. The MSA still can satisfy most of the
practical applications, though the thermal conduc-
tivity is slightly higher than the others. Besides, it
is easy to prepare the monolithic MSA via ambient
pressure drying (Luo et al. 2019), while the same
technology usually results in cracking into gran-
ules for the MTSA, DSA, and TSA (He et al.
2015). This feature can further expand the practi-
cal applications of the MSA. The outstanding char-
acteristics of the MSA belong to their higher ther-
mal stability and better thermal safety, which can
be supported by the far larger Tpnser, Tpear, and E

Table4 A summary of volatiles and functional groups during the
pyrolysis

Volatiles/functional groups Wavenumber range (cm ')

H,O 1300-1800, 3500-3964
CO, 586-726, 2217-2391
CO 20002260

Hydroxyl group (-OH) 1300-1400

@ Springer

when compared to those of the MTCSA, DSA,
and TSA. Based on these results, it is indicated
that the thermal hazard of the MSA is much less
than the other typical hydrophobic SAs, which is
of great benefit to the practical thermal insulation
applications.

Conclusions

The methyltrimethoxysilane (MTMS) based silica
aerogels (MSA) showed a low density (0.077 g/
cm’) and thermal conductivity (0.0395 W/m/K),
which presented a huge application prospect in
the thermal insulation field. In this study, the
thermal stability and pyrolysis characteristics of
the MSA were investigated experimentally.

The onset (T, and peak (7,.qx) of the MSA
were about 417 °C and 476 °C, respectively,
which indicated high thermal stability. The oxida-
tion kinetics demonstrated that the pyrolysis pro-
cess could be divided into three stages with the
average apparent activation energy (E) of 382.8 kJ/
mol, 364.4 kJ/mol, and 328.9 kJ/mol, respectively.
It was revealed that the pre-exponential factor (A)
showed a similar tendency with the E. The CO,
and H,O were confirmed as the main volatiles
from the pyrolysis by TG-FTIR analysis. And
these two volatiles increased against the tempera-
ture during the whole pyrolysis process. It was
observed, for the first time, that the production
of CO, showed a linear relationship, and the
H,O presented an obvious two-stage form along
with the temperature. Compared to other hydro-
phobic SAs, the MSA manifested a less thermal
hazard with higher thermal stability and better
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Fig. 10 FTIR of the volatiles during the pyrolysis at specific temperatures
thermal safety, which were vital to the practical insight to reduce the thermal hazard of hydropho-
thermal insulation applications. The research out- bic SA, which benefits to the expansion of SA

comes provide a technical guide to analyze the materials in the thermal insulation field.
thermal pyrolysis of the MSA and put a new
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Fig. 11 The profiles of CO,, H,O against the temperature
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Table 5 The thermal performance of typical hydrophobic SAs

Properties MSA MTSA (Zhang et al. 2019) DSA (Y. Wang et al. 2020) TSA (Li et al. 2016)
Density (g/cm®) 0.077 0.130 0.102 0.110
Thermal conductivity (W/m/K) 0.040 0.028 0.028 0.027
Thermal Stability * Topset °C) 407 242 238 244
Tpear (°C) 472 277 265 275
E (kJ/mol) ® (314,399) (73, 142) (96, 257) (58, 184)

#The thermal stability is determined by TG-DSC under 10 °C/min

® For eliminating the calculation error, the « is set within 0.1-0.8
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