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Abstract
Reducing organic groups on hydrophobic silica aerogels (SA) is worth exploring for lowering their thermal hazard risk. In
this work, we used dimethyldichlorosilane (DMDCS) to modify silica alcogels, investigated the effects of DMDCS
concentration and focused on the thermal hazard assessment of the DMDCS modified SA (DSA). It was turned out that the
DSA had less −CH3 content in spite of the thermal stability close to the trimethylchlorosilane modified SA (TSA), about
240 °C. The kinetics study suggested the apparent activation energy (Ea) could be divided into two segments, corresponding
to the two processes in the pyrolysis. The positive enthalpy and entropy changes indicated that the thermal oxidation of the
DSA was an exothermic reaction, which could not occur without external energy supply. The average Ea of the DSA was far
larger than that of the TSA and the gross calorific value of the DSA decreased by about 12% compared with that of the TSA.
All these results drew a conclusion that the DMDCS modified SA reduced the thermal hazard to some degree, which
provided one possible solution to further lower the thermal hazard of hydrophobic SA.
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Highlights
● Dimethyldichlorosilane modified silica aerogels (DSA) were prepared at the optimum concentration of 4%.
● Kinetic and thermodynamic behavior of DSA were studied in detail.
● DSA has larger apparent activation energy than trimethylchlorosilane modified silica aerogels (TSA).
● DSA has lower thermal hazard than TSA for a less gross calorific value.

Keywords Hydrophobic silica aerogels ● Thermal hazard ● Dimethyldichlorosilane ● Kinetics ● Thermodynamic parameter

1 Introduction

Silica aerogels (SA) have been widely used in various
fields, which are a type of mesoporous materials with some
excellent physicochemical properties, for instance, a low
density of 0.003–0.500 g/cm3, a high porosity of over 90%,
a large specific surface area of 500–1200 m2/g, and a low
thermal conductivity of 0.01–0.03W/(m·K) [1, 2]. SA have
been proved to be promising materials in various applica-
tions like aerospace [3], adsorption [4], catalyst supports
[5], and drug delivery and targeting systems [6]. But most
importantly, SA can obtain wide usages in the field of
thermal insulation because of their excellent thermal insu-
lation performance [7, 8].

For a long time, the primary preparation technology of
aerogels is to dry wet gels under supercritical condition
[1], e.g., supercritical extraction of ethanol in liquid CO2.
However, the high equipment costs, safety problems, and
the deficiency of continuously industrial production of
supercritical drying limit the wide application of SA.
Developing the application of advanced equipment and
new green materials is a strong measure to control the
hazard [9]. Under the efforts of the scientific community
and industry, the preparation technology of aerogels under
ambient pressure drying (APD) is gradually becoming
popular. The core step for synthesizing ambient pressure
dried aerogels is the surface modification, which intro-
duces a certain number of organic functional groups (e.g.,
alkyl) onto the skeletons of gels [10], leading to a reduc-
tion of the capillary pressure. This vital procedure is
necessary to avoid the destruction of the three-dimensional
network structure of SA during APD. On the other hand,
the introduced organic functional groups are flammable
[11, 12], which is an unavoidable problem we must con-
sider. For thermal insulation materials, the usage envir-
onment is so complicated that insulation materials have to
face a high temperature and even external heat flux pro-
duced by some readily flammable materials.

In reality, people habitually tend to consider aerogel
materials as incombustible materials due to their excellent
properties, especially their thermal insulation performance.
There is little attention drawn on the fire safety of aerogel
materials, which definitely increases the thermal hazard
risk of aerogels. As the usage of aerogel materials expands

increasingly, this risk is getting worse. In our previous
work, we investigated and compared the fire performance
of supercritically dried SA and ambient pressure dried SA
and demonstrated the flammability of hydrophobic SA
[11]. In recent years, Ghazi Wakili et al. reported their
research on the reaction of ceramic fiber/aerogels to fire
exposure [13]; He and Huang et al. also studied the effects
of heat treatment on hydrophobic SA and clarified the
variations of O/Si, C/Si values, and the products during
pyrolysis process [14]. These researches further verified
the thermal hazard risks of hydrophobic SA. At present, it
is the exact time for us to take the flammability and ther-
mal degradation of hydrophobic SA into consideration.
Hence, the remained problem is for us to find out how to
reduce these risks.

Just as mentioned above, it is the organic groups intro-
duced by surface modification that bring the thermal
hazards to hydrophobic SA. This conclusion can be strongly
supported by many thermal analyses [14–17], which reveals
that the exothermic reactions during the pyrolysis process
should be ascribed to the thermal oxidation of organic
groups (e.g., −CH3). Obviously, the higher the content of
organic groups, the higher the thermal hazard risk of
hydrophobic SA. Hence, reducing the content of organic
groups without compromising other properties or choosing
a more appropriate type of organic functional groups are our
directions to solve these problems.

Currently, trimethylsilyl (TMS) has been common
functional groups for surface modification of aerogels
[18, 19], such as trimethylchlorosilane (TMCS), hexam-
ethyldisiloxane (HMDSO) [20], hexamethyldisilazane
(HMDZ), etc. Each TMS is composed of three −CH3

groups. Assuming that for a stable hydrophobicity, the
quantity of functional groups on the skeletons of gels is
approximately constant, decreasing the number of methyl in
the functional groups is of great importance to reduce the
thermal hazard risk. As it is known, dimethylsilyl (DMS)
has less −CH3 groups to graft onto gels during surface
modification compared with TMS. Therefore, the challenge
we are facing is whether it is feasible to lower the flamm-
ability of hydrophobic SA by replacing TMS groups with
DMS groups.

In this study, we primarily focused on investigating the
thermal hazard of hydrophobic SA modified with DMS
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groups. Hence, we first prepared the DMS modified
hydrophobic SA and compared them with the classical
hydrophobic SA modified by TMS groups on the aspect of
basic physicochemical properties. Followed by the ther-
mal analyses, kinetic and thermodynamic analyses were
carried out to evaluate their thermal hazard. The research
outcome demonstrated that this strategy is beneficial to
lower the thermal hazard of hydrophobic SA, which can
provide a technical guide on further reducing the
flammability of SA.

2 Experimental methodology

2.1 Raw materials and preparation

Tetraethylorthosilicate (TEOS, 98%), dimethyldi-
chlorosilane (DMDCS, 98%), from Aladdin, China, were
used as the precursor and surface modifier. Other chemicals
including ethanol (EtOH), TMCS, n-hexane, hydrochloric
acid (HCl), and ammonium hydroxide (NH3·H2O) were
chemical pure grade, which were purchased from Sino-
pharm Chemical Reagent Co., Ltd. (SCRC, China).

The acid-base catalyzed sol–gel process and derivatiza-
tion modification method were used to prepare hydrophobic
SA in this work. The optimum molar ratio of TEOS: EtOH:
H2O: HCl: NH3·H2O was fixed at 1: 9.6: 2.2: 1.6 × 10−3:
9.7 × 10−3 referring to our previous work [21]. The first step
was to mix TEOS, EtOH, DI H2O, and 0.1 M HCl together
and stir for 10 min in a 100 mL beaker. After completing the
hydrolysis in a 45 °C water bath for 9 h, 0.5 M NH3·H2O
was added in the mixed sol and stirred for 5 min. The
gelation usually occurred within 30 min after the alcogels
were made airtight for 4 h for strengthening the gel net-
work. After aging, the alcogels were placed in n-hexane at
45 °C for solvent exchange. The alcogels were cut into
small pieces and were immersed in a mixture of DMDCS/
n-hexane solvent to perform the surface modification,
during which the percentage of DMDCS in the solvent was
elevated from 2 to 10%. Finally, the wet alcogels were
washed in n-hexane for several times and dried at 120 °C
for 4 h under ambient pressure to get hydrophobic SA in
granular form. In this work, the as-prepared DMDCS
modified SA (DSA) and TMCS modified SA were denoted
as DSA and trimethylchlorosilane modified SA (TSA),
respectively.

2.2 Methods of characterization

The bulk density (ρb) of SA was measured by the
Archimedes principle. Specifically, the SA was pressed

into deionized water to measure volume displacement by
using an ultrafine steel wire. The porosity was determined
by Eq. (1) [22]:

Porosity¼ 1� ρb
ρs

� �
� 100%; ð1Þ

where ρs is the skeletal density of SA, usually about
2200 kg/m3 [15, 17, 23]. The pH was monitored by
accurate pH test papers ranging between 0.5 and 5.0
(Newstar, China). The thermal conductivity instrument
(TC3000E, XIATECH, China) based on transient hot-
wire method was used to measure the thermal conductiv-
ity at 25 °C. First, the SA samples were ground into fine
powders with 200 mesh sieve and then the kapton sensor
was insert into SA powders through the slit on the
stainless steel sample holder with 500 g weight on silica
aerogel powders. For thermal conductivity measurement,
each sample was tested over three times and the averages
were taken as the final results. The microstructures were
observed using a double beam microscope (Helios
Nanolab G3UC, FEI). Furthermore, the hydrophobicity
was characterized by a contact angle meter (JC2000D1,
Shanghai Zhongchen Instrument) through putting a water
droplet of 5 μL on the sample surface and the contact
angles were acquired by the image processing program,
ImageJ [24].

The Quadrasorb SI-3MP analyzer (Quantachrome,
USA) was used to test the N2 adsorption–desorption
isotherms at 77 K with three specimens for each recipe.
The specific surface area and pore size distribution (PSD)
were calculated using the Brunauer–Emmett–Teller
method [25] and Barrette–Joynere–Halenda method from
the desorption branch [26], respectively. The chemical
bonds were studied by Fourier transform infrared spec-
troscopy, which was tested by a Nicolet iS50 (Thermo
Fisher Scientific, USA) by pressing silica aerogel pieces
in a KBr pellet and collecting the spectra from 400 to
4000 cm−1.

Thermogravimetric analysis (TG, STA 449F3,
NETZSCH) was carried out at three different heating
rates, i.e., 10, 15, 25 °C/min, from room temperature to
1000 °C in air to investigate the thermal stability, kinet-
ics, and thermodynamic analyses of SA [27–30]. The
temperature resolution is 0.001 K and the balance reso-
lution is 0.1 μg. An oxygen bomb calorimeter (C3000,
IKA, Germany) was used to measure the gross calorific
value (GCV) following the ISO 1716: 2010 standard. It
should be pointed out that the error bars used in this study
are standard errors and over three specimens were tested
for the calculation of the average values and standard
errors.
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2.3 Kinetics and thermodynamic analysis

The kinetic equation of chemical reaction can be written as
Eq. (2).

dα

dt
¼ k Tð Þf αð Þ ð2Þ

in which, α is the conversion rate and can be calculated as

α ¼ mi � mα

mi � m1
ð3Þ

where mi, mα, and m∞ are the initial mass, the mass at α,
and the finally residual mass, respectively. f(α) is a
reaction model [31], which reflects the reaction mechan-
ism. k(T) is reaction rate constant and is usually defined as

k Tð Þ ¼ A exp � Ea
RT

� �
; ð4Þ

where A and Ea is a preexponential factor and apparent
activation energy, respectively. R is the universal gas
constant, 8.314 J/(K·mol). Therefore, the fundamental
expression of the analytical method to calculate kinetic
parameters can be described as follows.

dα

dt
¼ A exp � E

RT

� �
f αð Þ ð5Þ

Under nonisothermal conditions with a constant heating
rate, the temperature can be expressed as,

T ¼ T0 þ βt ð6Þ
where β is the heating rate and T0 is the initial temperature.

After combining Eq. (6), the conversion rate can be
transformed into a temperature-derivative, i.e.,

dα

dT
¼ A

β
exp � Ea

RT

� �
f αð Þ ð7Þ

Rearrange Eq. (7) to separate variables α and T, and then
integrate it.

G αð Þ ¼
Z α

0

dα

f αð Þ ¼
A
β

Z T

0
exp � Ea

RT

� �
dT ð8Þ

2.3.1 Flynn–Wall–Ozawa (FWO) method

In the FWO method, after introducing Doyle’s approx-
imation, it can obtain the linear form [32, 33].

ln β ¼ ln
AE

RGðαÞ
� �

� 5:3305� 1:052 E
RT ð9Þ

For various heating rates at a fixed conversion rate α, the
lnβ and the corresponding 1/T can be fitted to a straight line.
Finally, the apparent Ea can be calculated from the slope,
−1.052E/R.

2.3.2 Kissinger–Akahira–Sunose (KAS) method

The following equation is employed in KAS method [34].

ln
β

T2

� �
¼ ln

AR

EGðαÞ
� �

� E

RT
ð10Þ

At each degree of conversion α, the ln(β2/T) and l/T data
points obtained from different heating rates were fitted to a
straight line. Then the Ea can be calculated by the slope,
−E/R.

2.3.3 Thermodynamic analysis

Based on obtained apparent activation energy, the thermo-
dynamic parameters including the pre-exponential factor
(A), the change of enthalpy (ΔH), free Gibbs energy (ΔG),
and entropy (ΔS) can be calculated as per the following
equations [35]:

A ¼ βEα exp
Eα

RTm

� �
=RT2

m ð11Þ

ΔH ¼ Eα � RTα ð12Þ

ΔG ¼ Eα þ RTm ln
kBTm
hA

� �
ð13Þ

ΔS ¼ ΔH � ΔG
Tm

ð14Þ

where Tm and Tα are the peak temperature on DTG and the
temperature at a conversion of α, respectively; kB and h are
Boltzmann constant (1.381 × 10−23 J/K) and Plank constant
(6.626 × 10−34 J·s), respectively.

3 Results and discussion

3.1 Physicochemical properties

The pictures of the unmodified xerogels and the DSA with
different DMDCS concentration are presented in Fig. 1, in
which the DSA with the DMDCS concentration at 4–6%
shows light blue, indicating a better surface modification.
Figure 2 compares the density, porosity, and thermal con-
ductivity of the prepared DSA modified with different
concentration from 2 to 10%. It is obvious that the DSA at
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the DMDCS concentration of 4% has the lowest density and
thermal conductivity and the highest porosity. When the
DMDCS concentration increases from 4 to 10%, the density
and thermal conductivity increase slightly while the por-
osity decreases. The relatively larger thermal conductivity
of the DSA should be caused by the compaction (500 g
weight) during the measurement and unoptimized prepara-
tion parameters.

During the modification, the wet gels were immersed
into n-hexane/DMDCS mixture solvent in a sealed breaker.
With the surface modification proceeding, the derived by-
product, i.e., HCl, was continuously generated in the mix-
ture solvent, which resulted in an acid environment. As the
DMDCS concentration increases, more HCl is generated
and lead to a decreasing pH, as listed in Table 1. In an
overly acid mixture solvent, the surface modification is hard

to proceed because a large number of H+ in the acidic
solvent can hinder the reaction between DMDCS and the
Si–OH groups on the wet gels due to chemical equilibrium.
Besides, because of the two reactive sites, DMDCS may
react with themselves, which results in a part of DMDCS
losing the efficacy of surface modification. Thus, the
appropriate concentration of DMDCS is vital for high-
efficiency surface modification.

The typical microstructures of as-prepared DSA and the
unmodified xerogels are presented in Fig. 3, which shows

Fig. 2 The changes of a density, porosity, and b thermal conductivity of DSA

Fig. 1 Pictures of the
unmodified xerogels and the
DSA (0.5 g) with various
DMDCS concentration between
2 and 10%

Table 1 The pH of the different DMDCS concentration in the solvent

Concentration 2% 4% 6% 8% 10%

pH 2.5–3.0 2.0–2.5 1.5–2.0 1.0–1.5 1.0–1.5
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the influence of the modification treatment in different
DMDCS concentrations on the DSA. In Fig. 3b it can be
seen that the DSA modified in a DMDCS concentration
being 4% displays a more porous structure compared with
other DMDCS concentrations. When the DMDCS con-
centration is <4% or >6%, the pore size decreases sig-
nificantly and a denser microstructure appears. This can be
explained as follows: When the DMDCS concentration is
<4% as presented in Fig. 3a, the number of Si–CH3 groups
is so less that the gel surface cannot acquire an adequate
modification; while the DMDCS concentration is over 6%
as shown in Fig. 3c, d, the overly acidic environment
restrains the surface modification as mentioned above.
Besides, DMDCS render themselves at high concentration
and readily react with each other, which also impedes the
surface modification. All of these cases result in the
shrinkage or even destruction during APD. The variation of
the microstructure of DSA exactly corresponds to the
change of the density.

Figure 4a compares the N2 adsorption–desorption iso-
therms of the DSA modified by different DMDCS con-
centrations and the PSD is presented in Fig. 4b. Obviously,
all the samples exhibit typical type IV isotherms and the
hysteresis loops of type H3, which indicate the attribution of
mesoporous materials and the existence of slit-like pores
[36]. The detailed pore parameters are listed in Table 2 with
the typical specific surface area of more than 850 m2/g.
Furthermore, corresponding to the microstructure, the
average pore size of DSA modified at the DMDCS con-
centration of 4% is larger than the others.

In contrast to the FTIR spectra of the unmodified xer-
ogels, which is shown from Fig. 5, the FTIR spectra of the

DSA modified by different DMDCS concentration are
almost the same. The outstanding peak with the absorption
spectra around 1090 cm−1 is corresponding to the asym-
metric flexible vibration mode of Si–O–Si bond [21], while
the inconspicuous peaks at 800 and 460 cm−1 belongs to the
symmetric vibration and bending vibration of Si–O–Si bond.
The absorption spectra around 2954 and 1398 cm−1 just
correspond to the C–H bond and the Si–C bond appears
around 1265 and 845 cm−1 [37]. The existence of these
characteristic functional groups indicates a successful sur-
face modification [38]. Compared with unmodified xerogels,
the −OH intensities were significantly reduced, which also
implies that the organic groups have been grafted on the
skeleton of the DSA with the replacement of Si–OH groups.
These introduced organic groups exactly constitute the
chemical foundation of the hydrophobicity of the DSA.

Furthermore, the hydrophobicity of DSA has been con-
firmed by the water contact angle as shown in Fig. 6.
Obviously, the maximum contact angle appears at 4%
DMDCS concentration and the value is 154°. This result is
consistent with our former analyses to some extent.

3.2 Thermostability analysis

As shown in Fig. 7a, b, the TG curves of DSA and TSA
both have a slight weight before 150 °C, indicating the
evaporation of water and residual organic solvents [17].
Furthermore, the sharp weight losses from 250 to 400 °C on
the TG curves are accompanied by obvious exothermic
peaks on the DSC curves. These processes are commonly
attributed to the thermal oxidative decomposition of Si–CH3

groups on the skeletons [12].

Fig. 3 Microstructures of DSA
modified with various DMDCS
concentration, a 2%, b 4%,
c 6%, d 10%, and e unmodified
xerogels
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In term of a thermal reaction process, the onset tem-
peratures and the temperatures corresponding to the fastest
reaction rate are two important parameters to determine the
thermal stability of a material, which are usually denoted as
Tonset and Tpeak, respectively. For hydrophobic SA, when the
temperature exceeds Tonset, SA becomes hydrophilic

gradually, resulting in adsorption of moisture in air and
further causing a continuous deterioration of physical
properties.

As seen in Table 3, the Tonset of the DSA and TSA are
238 and 242 °C, respectively, while the Tpeak of the DSA
and TSA are 265 and 273 °C, respectively. Comparing the
Tonset and Tpeak between the DSA and TSA, it can draw a
conclusion that they have close thermal stability. Further-
more, the weight losses from the onset temperature to the
end temperature during the exothermic reaction can be
approximately regarded as the −CH3 content on SA.
Accordingly, the −CH3 contents of DSA and TSA are
calculated as about 6 and 9% through the TG curves,
respectively. This demonstrates that the DSA possesses
about 33% less −CH3 groups than that of the TSA. From
the perspective of the combustible component, the DSA
further presents a lower thermal hazard compared with the
TSA.

3.3 Kinetic analysis

For conversion rate α within 0.1 ~ 0.9, the two methods, i.e.,
FWO and KAS methods, are employed to calculate the
apparent activation energy Ea. The optimum fitting lines are
confirmed by the least square method. Within α= 0.1–0.9,
the fitted lines for ln(β) ~ 1/T in Fig. 8a and ln(β/T2) ~ 1/T in
Fig. 8b all present high linearity. Finally, the apparent
activation energies are calculated according to the slopes of
the corresponding fitted lines.

The variations of the apparent activation energy are
presented in Fig. 9, which indicates that the apparent acti-
vation energies calculated from the FWO method and the
KAS method are almost the same. Note that the apparent

Fig. 5 The FTIR spectra of unmodified silica xerogels and DSA
modified by different concentrations of DMDCS

Table 2 Surface properties of DSA modified by different
concentrations of DMDCS

Concentration BET surface
area (m2/g)

Pore volume
(cm3/g)

Average pore
size (nm)

2% 990 ± 14 3.6 ± 0.3 11.4 ± 0.8

4% 893 ± 9 3.5 ± 0.2 15.6 ± 0.3

10% 852 ± 8 3.7 ± 0.2 12.0 ± 0.4

Fig. 4 a N2 adsorption–desorption isotherms and b PSD of the DSA modified with different DMDCS concentration
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activation energies calculated within α < 0.2 and α > 0.8 are
not reliable. Because the evaporation of some remained
solvent in the initial stage and some residue are no longer
decomposed in the final stage therefore it may cause an
error in calculating kinetic parameters [39]. Without con-
sidering the initial and final stage of the thermal oxidation,
namely defining α= 0.2–0.8, the conspicuous two-segment
process is presented and the cut-off point is set as α= 0.5,
which declares the thermal oxidation processes for hydro-
phobic DSA are multistage.

In Stage I, namely α= 0.2–0.5, the change of Ea shows
an obvious increasing trend with a higher α and the Ea rises

rapidly to the maximum, 257.1 kJ/mol. This stage mainly
corresponds to the decomposition of organic groups on
skeletons. As the thermal oxidation of Si–CH3 groups
proceeds, more Si–OH groups are generated [11, 14], which
can be expressed as Eq. (15).

�Si� CH3ð Þ3 þ 4 O2 ! �Si� OH þ 3 CO þ 4 H2O

ð15Þ

Simultaneously, the condensation reaction among the
produced Si–OH groups would launch and generate more
water in the process subsequently. Accompanied by these
reactions, the E increases rapidly [40] and rises to the
maximum at α= 0.5. In Stage II within α= 0.5–0.8, Ea

decreases promptly, which indicates that certain inter-
mediates may facilitate the decomposition and oxidation of
organic groups [11]. As it is known to all, the Ea reflects an
energy obstacle that must be overcome for proceeding a
chemical reaction. Therefore, a higher value of Ea implies it
is more difficult for a chemical reaction to occur.

Fig. 6 a The change of the water
contact angle along with the
DMDCS concentration and
b the photograph of contact
angle at the DMDCS
concentration being 4%

Fig. 7 TG-DSC curves of a the DSA and b TSA under 10 °C/min in air

Table 3 Corresponding Tonset, Tpeak, and −CH3 content of the DSA
and TSA

Sample Tonset (°C) Tpeak (°C) −CH3 content (%)

DSA 238 265 6

TSA 242 273 9
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3.4 Thermodynamic analysis

Table 4 shows the thermodynamic parameters including
pre-exponential factor (A), the changes of enthalpy (ΔH),
free Gibbs energy (ΔG), and entropy (ΔS), which are cal-
culated by using the average Ea obtained from the two
methods.

The values of the pre-exponential factor (A) range from
8.2 × 106 to 4.2 × 1022, which are directly related to the
material structure to some extent. Besides, it can also be
used to describe the complex reactions that occur during
decomposition [41]. Within α= 0.2–0.5 for Stage I, the
values of A increase rapidly indicating a higher rate of
molecular collisions and an increasing need for energy
during the pyrolysis of the DSA [42]. On the contrary, the

values of A decrease sharply at stage II, which just keep
consistent with the change of apparent activation energy.

The change of enthalpy (ΔH) reflects the energy differ-
ence between the reactants and products, which nearly has
the same change with the Ea. Furthermore, all the ΔH is
larger than zero indicates an exothermic reaction of the
pyrolysis process. The change of Gibbs free energy (ΔG)
means the total increase in energy of the reaction system for
the reagents and the formation of the activated complex
[35, 42–44]. During the pyrolysis process of the DSA, the
ΔG has no obvious changes with a slight fluctuation from
156 to 161 kJ/mol. In other words, the total energy required
in the pyrolysis process has no significant difference in the
whole process and the whole pyrolysis process cannot be
carried out spontaneously without external energy supply.
The entropy (ΔS) represents the disorder degree of a sys-
tem, which can be expressed as a state parameter [42]. As
listed in Table 4, the ΔS ranges within −126 to 175 J/K/
mol. The negative values indicate that the degree of disorder

Fig. 8 Fitted lines based on a the OFW method and b the KAS method

Fig. 9 Ea along the increasing α for the DSA

Table 4 Thermodynamic parameters of the DSA under 10 °C/min

α A (s−1) ΔH (kJ/mol) ΔG (kJ/mol) ΔS (J/K/mol)

0.1 4.2 × 1014 170 158 22

0.2 8.2 × 106 92 161 −126

0.3 1.9 × 107 95 161 −119

0.4 4.8 × 1021 243 157 157

0.5 4.2 × 1022 253 156 175

0.6 1.9 × 1019 218 157 111

0.7 4.0 × 1013 158 158 0

0.8 3.8 × 1010 129 159 −56

0.9 6.2 × 1014 172 158 25
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of products is lower compared with the initial reactants due
to the external energy supply [42, 43, 45], and vice versa.

3.5 Thermal hazard assessment

The GCV can reflect the total heat release of a material in
the condition of complete combustion precisely [46–50],
which usually measured using an oxygen bomb calorimeter.
As illustrated in Fig. 10, the GCV of the TSA is 10.1 MJ/kg
while that of DSA is 8.9 MJ/kg. Compared with the TSA,
the DSA possesses about 12% reduction in GCV. Further-
more, the average apparent activation energy of the TSA
and DSA is calculated as 97 ± 18 and 174 ± 42 kJ/mol,
respectively. That is to say, the DSA are harder to activate
the thermal oxidation process compared with the TSA.

Here, we further give a more comprehensive thermal
hazard assessment on the DSA. From the TG–DSC ana-
lyses, the DSA nearly has the same thermal stability as the
typical TSA, which has been indicated by the close Tonset
and Tpeak. The specific thermodynamic parameters have
demonstrated that the whole pyrolysis process of the DSA
cannot occur spontaneously without external energy supply.
The apparent activation energy of the DSA is far larger than
that of the TSA, which indicates that more energy is needed
to launch the thermal oxidation reaction of the DSA. Fur-
thermore, a more direct characterization for thermal hazard
is carried out by the GCV measurement, which has clarified
that the DSA possesses a lower GCV than the TSA. This
result can be supported by the reduction in −CH3 content
for the TSA. All of these indicate that the DSA has better
fire retardancy than the TSA. In one word, it can be con-
cluded that the DSA has a lower potential thermal hazard
compared to the TSA.

4 Conclusions

In this study, DMDCS modified hydrophobic silica aerogels
(DSA) were prepared successfully. The effects of DMDCS
concentration were investigated and the optimum was
confirmed as 4%. Based on the as-prepared DSA, we
focused on the assessment of their thermal hazards and
some conclusions were drawn as follow.

The TG–DSC analyses indicated that the DSA had
similar thermal stability with the TSA but possessed less
−CH3 content compared with the TSA. The cut-off point
was set at α= 0.5, which divided the whole thermal oxi-
dation process into two stages, i.e., α= 0.2–0.5 for Stage I
and α= 0.5–0.8 for Stage II. Besides, the average apparent
activation energy of the DSA was far larger than that of the
TSA, which implied that more energy was required to
launch the thermal oxidation reaction. On the aspect of
thermodynamics, all the ΔH were larger than zero during

the pyrolysis, indicated the attribution of an exothermic
reaction. The ΔG fluctuating slightly within 156–161 kJ/
mol demonstrated that the thermal oxidation of the DSA
cannot occur spontaneously without external energy supply.
Furthermore, the GCV of the DSA was reduced by about
12% compared with that of the TSA. All these kinetic and
thermodynamic parameters revealed that the DSA lowered
the thermal hazard to some extent, which provided a tech-
nical basis for further reducing the thermal hazards of
hydrophobic SA.
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