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Abstract The thermal safety of hydrophobic silica
aerogels (SA) attracts much concern in the field of
heat insulation. It is urgent to develop SA compos-
ites with excellent thermal insulation properties to
meet the current demands for efficient thermal insula-
tion materials. In this work, alumina hydroxide (AH)
doping SA (SA/AH) composites were prepared to
enhance the thermal safety of hydrophobic SA. The
microstructures and FTIR spectra of SA/AH indi-
cate that it is the physical combination between SA
and AH. The lower density of 0.11 g/cm® and the
low thermal conductivity of 25.4 mW/(m-K) are still
maintained despite of a slight increase with the AH
content. The TG-DSC results demonstrate that the
introduced AH improves the onset temperature of
the thermal oxidation of Si-CH; groups by 55.2 °C.
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Furthermore, the oxidation kinetics verifies that the
apparent activation energy of SA/AH4 (20% AH con-
tent) is much greater than that of the pure SA, indicat-
ing the thermal oxidation of Si-CH; groups in the SA/
AH requires more energy to be triggered. The GCV
of SA/AH4 is 8.44 MJ/kg, which is 29.6% lower than
that of pure SA. The heat release rate (HRR), peak
heat release rate (pHRR), and total heat release rate
(THR) of SA/AH are significantly reduced. From the
perspective of CO and CO, production during the
combustion process, the smoke toxicity of SA/AH
is significantly lower than that of the pure SA. Thus,
this work concludes that doping AH is feasible and
effective to improve the flame resistance of hydropho-
bic SA, which provides a technical basis for develop-
ing hydrophobic SA composites with enhanced ther-
mal safety.

Keywords Hydrophobic silica aerogel - Aluminum
hydroxide - Thermal stability - Flame resistance -
Direct post-doping - Nanostructure - Insulation

Introduction

Hydrophobic silica aerogel (SA) is a nanoporous
material, composed of mesopores (2-50 nm) and
cross-linked SiO, nanoparticles (Zhao et al. 2020;
Smith et al. 1998; Hsing and Schubert 1998). It
shows a lot of applications in the thermal insulation
field, such as building walls (Baetens et al. 2011;
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Cuce et al. 2014), industrial pipelines (Villasmil et al.
2019), and spacecraft (Bheekhun et al. 2013; Randall
et al. 2011). At present, hydrophobic SA has been
considered one of the worldwide research hotspots
regarding new efficient thermal insulation materials
(Koebel et al. 2012).

Hydrophobic SA is formed by grafting organic
groups onto silica skeletons through surface modi-
fication (Li et al. 2020), which effectively prevent
water from invading the nanoporous network struc-
ture of SA. The hydrophobicity helps SA maintain an
excellent thermal insulation performance for a long
time. It is worthy to note that these organic groups
not only endow SA with the hydrophobicity but also
bring potential thermal hazards (Begag et al. 2008).
But their flammability is usually ignored, especially
under the continuously increasing thermal insulation
applications. Nowadays, more and more attention
has been attracted to this issue. For instance, Li et al.
(2017) studied the flammability of the glass fiber
membrane reinforced hydrophobic SA composites
and found that the synthetic parameters had a signifi-
cant impact on the fire risk of the SA compositions.
Ghazi Wakili et al. (Ghazi Wakili and Remhof 2017)
demonstrated that the exothermic reaction of the
hydrophobic methyl groups was the main cause of the
temperature rise of the ceramic fiber/aerogel compos-
ites. Further study indicates that the hydrophobic SA
undergo the thermal decomposition (i.e., thermal oxi-
dation) with releasing combustible gases, when suf-
fering from a high temperature or heat flux (Li et al.
2016; Wu et al. 2020a). According to what mentioned
above, the thermal safety of hydrophobic SA in their
practical applications is seriously impaired due to the
introduced organic hydrophobic groups. Hence, low-
ering the flammability or improving the flame retar-
dancy is an urgent task for expanding the application
fields and markets of hydrophobic SA.

He et al. (2019) analyzed the pyrolysis process of
hydrophobic methyl group by TG-DSC, and the study
showed that the thermal stability of SiO, aerogel can
be improved by heat treatment at different tempera-
tures. Some researchers enhance the thermal insula-
tion properties and mechanical properties of aero-
gels by adding micro-sized mineral powders (such as
carbon nanotubes (Patil et al. 2020; Adhikary et al.
2021a), SiC (Chen et al. 2020), etc.) and fibers with
high extinction coefficient (Liu et al. 2020) (such as
ceramic fibers (Tang et al. 2016), silicon fibers, etc.)
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in SiO, aerogel matrix (Adhikary et al. 2021b). At
present, adding flame retardants is one of the common
methods to improve the flame retardancy of materi-
als. Hydroxides, e.g., AI(OH); and Mg(OH),, are the
common inorganic flame retardants. In this regard,
Sanchez-Soto et al. (Wang et al. 2013) suggested that
the heat released rate of poly(vinyl alcohol)/clay aero-
gel composites could be reduced by adding the alu-
minum hydroxide (AH) or ammonium polyphosphate
(APP). Li et al. (2019) directly introduced aluminum
hydroxide and magnesium hydroxide into the wet
silica gels during the sol-gel stage and successfully
decreased the flammability of the final hydrophobic
SA.

In general, in view of the strict requirements in
special fields such as pipeline insulation, developing
hydrophobic silica aerogels with good thermal sta-
bility and flame retardancy is very urgent and still in
great challenges. When introducing the additives into
the native materials or reaction systems to achieve
certain functions, a compatible, economical, and con-
venient method is always expected without changing
the original preparation technology too much. This
demand also occurs to the process of solving the flam-
mability of hydrophobic SA. Therefore, it is urgent
to find a method to improve the flame retardancy of
SA without changing the existing preparation method
of SA. The direct post-doping method is simple and
effective, and provides a new idea for improving the
thermal stability of hydrophobic SiO, aerogels.

In this study, we devote to investigating the feasi-
bility of using aluminum hydroxide (AH) to enhance
the flame retardancy of hydrophobic SA. Consider-
ing the compatibility with the existing preparation
technology of SA, a direct post-doping is employed
to modify the industrial-grade hydrophobic SA in
this work. For this purpose, the microstructure, basic
physicochemical properties, thermal and combus-
tion properties, and oxidation kinetics of AH doped
hydrophobic SA (SA/AH) are studied in detail. Fur-
thermore, the effect of the AH doping content is also
explored. At last, this work reveals the flame retard-
ant mechanism of AH to decrease the flammability of
hydrophobic SA and confirm the feasibility of using
AH as the flame retardant by the direct post-doping.
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Materials and methods
Preparation

In order to prevent SA and AH from being stratified
due to the different density during mixing, we put
some amount of SA and AH into a PE bag for pre-
liminary mixing, and then the mixture was ground by
a ball mill at 100 rpm for 1 h to generate the SA/AH
composites. Pure SA was processed under the same
conditions for comparison. The SA/AH composites
with AH content of 5%, 10%, 15%, and 20% were
named as SA/AH1, SA/AH2, SA/AH3, and SA/AH4-
(Zhang et al. 2021). SA synthesized in the laboratory
was used to study the gross calorific value and com-
bustion behaviors of SA/AH composites. Commercial
SA was used in other parts of the experiment of SA/
AH composites.

Characterization methods

The tap density (p,) of pure SA and SA/AH compos-
ites was measured by rotating the vibrating meter
(ZS-202, Liaoning Instrument Research Institute,
China) at 300 rpm for 10 min. The porosity of SA/AH
composites was determined by Eq. (1):

. Py
P ty=|1- X 100%
oo ( (1= )pyi, +cpAH> ¢

where p;, is the skeletal density of SA (generally
2.2 g/em®) and p,,, is the density of AH (about 2.4 g/
cm3), and c is the mass content of AH.

The micromorphology of the pure SA and SA/
AH composites was characterized by field emission
scanning electron microscopy (SEM, Zeiss Sigma
300). The N, sorption isotherms were measured
using a Quadrasorb SI-3MP analyzer at 77 K. The
pore size distribution (PSD), pore volume, and spe-
cific surface area were measured by automatic surface
area and porosity analyzer (Quantachrome, AUTO-
SORB 1Q) using the Barrett-Joyner-Halenda (BJH)
(Li et al. 2019) and the Brunauer—Emmett-Teller
(BET) method (Ozawa 1992). The particle size dis-
tribution of the samples was evaluated by the particle
size analyzer (Malvern Mastersizer 3000, England).
FT-IR spectrum (FTIR, Thermo Nicolet iS50) was
recorded within 500-4000 cm™' using KBr pellet
pressing technique. The contact angles were obtained

by dropping 5 ul water on the samples’ surface using
an automatic contact angle measuring instrument
(Guangdong Aisry Instrument Technology Co., Ltd,
ASR-705S). The obtained photographs were analyzed
by the image analysis software, ImageJ (Schneider
et al. 2012).

The thermal conductivities of the SA/AH com-
posites were measured by transient hot-wire method
using a thermal conductivity analyzer (Xiaxi, TC-
3000E). The crystalline phase changes of pure SA and
SA/AH4 before and after the pyrolysis were studied
by X-ray Diffractometer (XRD, Bruker D8 advance)
at a speed of 5°/min from 10 to 80°.

The thermal stability was investigated by Ther-
mogravimetry and Differential Scanning Calorim-
eter (TG-DSC, SDT65, Waters) from room tem-
perature to 1000 °C in air at a heating rate of 20 °C/
min. The thermal kinetics of the pure SA and the
SA/AH4 were analyzed based on the TG data at dif-
ferent heating rates of 10 °C/min, 20 °C/min, and
40 °C/min in the atmosphere of nitrogen. The appar-
ent activation energies were calculated by the Kiss-
inger—Akahira—Sunose (KAS) method (Ozawa 1992)
and Flynn—Wall-Ozawa (FWO) method (Doyle
1962). The combustion behaviors of pure SA and SA/
AH4 were tested with a cone calorimeter under a heat
flux of 35 kW/m>.

Results and discussion
Micromorphology

Figure 1 shows the microstructures of the pure SA,
AH, and SA/AH4. In Fig. la, the pure SA has a typi-
cal porous network structure and the silica skeleton
is composed of cross-linked silica nanoparticles. In
Fig. 1b, the AH is made up of cumulated micron-
sized particles. Figure 1c shows the morphology of
the SA/AH4, in which the brighter particles (AH) dis-
perse around the lumps (SA). From the composition
structure, it is considered that there is no chemical
reaction between the pure SA and AH particles and it
is actually a simple physical dispersion between them.

Figure 2a exhibits the N, sorption isotherms of the
SA/AH composites with different AH contents. In
Fig. 2a, the adsorption capacity of SA/AH composites
are larger than that of pure SA, which may be caused
by the collapse of some pores in SA/AH. From the
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Fig. 1 SEM images of a pure SA, b AH, and ¢ SA/AH4

(a) 1400
—=—SA/AHI
01200 F  —e—SA/AH2
1(7} —a—SA/AH3
o0 1000 F v SA/AH4
,.E ~— Pure aerogel
2 800 F
=]
2
5 600 F
2z
2
400 |
=y
g 200F
=
<
0k

1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P0)

(b) 0.07
A —s—SA/AHI
=0.06 —e—SA/AH2
—+—SA/AH3
0.05 F —v—SA/AH4

~—+— Pure acrogel

dV(d) Pore Volumc(cm3/g-nm
o o e o
(=] (=1 (=1 (=]
— [} o) S

=3

f=3

(=]
T

0 20 40 60 80 100 120 140
Pore Diameter (nm)

Fig. 2 a N, sorption isotherms and b pore size distribution of pure SA and SA/AH1-4

hysteresis loop in Fig. 2a, we can speculate that it is
because the micropores in the SA/AH composites are
collapsed into mesopores (Lei et al. 2017), resulting
in an increase in pore size and a decrease in the spe-
cific surface area of SA/AH. According to the [IUPAC
classification (Rojas et al. 2002), all the samples dis-
play the I'V-type sorption isotherms with the H3-type
hysteretic loop. These results indicate that these sam-
ples are still materials with mesoporous structure and
have the slit-shaped pores (He et al. 2021).

Figure 2b shows the pore size distribution of pure
SA and SA/AH composites, in which the pore sizes of
the SA/AH1-4 mainly range within 20-70 nm. Com-
pared to the pure SA, the most probable pore sizes of
the SA/AH shift to the larger pore size (about 50 nm).
The detailed pore parameters of these samples are
listed in Table 1. It finds that the average pore size of
SA/AH composites extends and the specific surface

@ Springer

Table 1 Textural properties of pure SA, Al(OH); and SA/AH
dopped by different AH contents

Samples Specific surface ~ Pore volume  Average
area (mZ/g) (cm3/g) pore size
(nm)
Pure SA 298 0.801 10.9
SA/AH1 275 1.206 18.0
SA/AH2 270 0.991 15.5
SA/AH3 249 0.690 11.5
SA/AH4 241 1.046 18.0
Al(OH); 2.74 0.008 12.0

area decreases with the AH content increasing. It fur-
ther speculates that the AH not only acts as a dopant
but also plays a role of abradant. During the grinding
process, the collisions between the AH and SA ren-
der the collapse of the porous network of SA, which
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further leads to the decreasing of the specific surface
area.

Porosity, density, thermal conductivity, and
hydrophobicity

Figure 3 presents the porosity, density, and thermal
conductivity of the SA/AH composites with various
AH contents between 5 and 20%. In Fig. 3a, at 5%
AH doping content, the density of the SA/AH main-
tains almost unchanged, and then increases dramati-
cally as the doping content grows. As it is reported
that the electrostatic repulsion extends the particle
intervals among the AH and SA particles and SA/AH
composite particles (Li et al. 2019), this effect leads
to the decrease of the density of the SA/AH to some
extent. Consequently, the density of the SA/AH with
5% AH keeps almost unchanged. With the AH con-
tent increasing, the large density of the AH (about
2.4 g/cm?) is hard to be counteracted by the men-
tioned effect of electrostatic repulsion. As a result, the
dramatic rise occurs on the density of the SA/AH. In
spite of the increasing density, all the SA/AH com-
posites’ porosities are greater than 95% within a dop-
ing amount of 5-20% and present an opposite trend
of the density.

As shown in Fig. 3b, pure SA’s thermal conductiv-
ity is 24.8 mW/(m-K), while the thermal conductivity
of the SA/AH grows slowly from 24.9 to 25.4 mW/
(m-K) along with the AH content within 5-20%. As
the AH doping content increases, more heat transfer
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passages are provided, causing a rise in thermal con-
ductivity of the SA/AH composites. Nonetheless, the
thermal conductivity of the SA/AH composites with
the AH content ranging at 0-20% is still lower than
that of the still air at room temperature, about 26
mW/(m-K). This result indisputably indicates that the
obtained SA/AH composites still own excellent ther-
mal insulation performance.

Figure 4 is the contact angles of the SA/AH com-
posites with AH contents ranging from 5 to 20%.
Compared to the contact angle of the pure SA (145°),
the contact angles of the SA/AH are obviously
smaller (131-135°). This diminution of the contact
angle is deemed to be related to the hydrophilia of
AH. Even so, the contact angles of all samples are
greater than 130°, and they all present a good hydro-
phobicity. That is to say, the introduction of AH does
not impair the hydrophobicity of SA/AH too much.
And it also suggests that the SA/AH can still meet the
requirement of moisture resistance.

Figure 5 presents the infrared spectrometry of
the pure SA and the SA/AH4. The peaks around
1650 cm™' and the broad absorption peak around
3440 cm™! are ascribed to the asymmetric stretching
and bending vibration of -OH groups, respectively
(Al-Oweini and El-Rassy 2009; Shi et al. 2022). The
symmetric and asymmetric stretching vibrations and
the shear bending vibration of the C-H bonds in -CH,
groups are observed around 2980-2880 cm~' and
1409 cm™! (Parvathy Rao et al. 2007), separately.
The peaks at 845 and 758 cm™! belong to the Si-C
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Fig. 3 SA/AH composites’ a porosity and density, and b thermal conductivity
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Fig. 4 Contact angles of a
SA/AHI1, b SA/AH2, ¢ SA/
AH3, and d SA/AH4
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Fig. 5 The infrared spectrometry of the pure SA and SA/AH4

bonds (Bhagat and Rao 2006), indicating the pres-
ence of Si-(CHj;); groups introduced by surface modi-
fication. These remained Si-(CH;); groups on the
silicon skeletons become the chemical foundation of
the hydrophobicity (Wu et al. 2020b), which makes
SA resist water and moisture. The prominent peaks at
1085 cm™! and 790 cm™! correspond to the antisym-
metric stretching vibration and symmetric stretching
vibration modes of Si—O-Si bonds (Li et al. 2015).
Comparing the IR spectra of the two, it finds that
the SA and SA/AH4 display similar spectra without
any new chemical bonds. It further indicates that the
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formation of the SA/AH is the physical combination
between SA and AH (Zhang et al. 2021).

Thermostability analysis

The thermogravimetric and differential scanning cal-
orimetric analysis (TG-DSC) curves of the pure SA
and SA/AH4 are presented in Fig. 6. The TG curves
of the pure SA (Fig. 6a) and SA/AH4 (Fig. 6b) have a
small weight loss at around 100-150 °C which is due
to the removal of moisture and residual organic sol-
vent from the system (He et al. 2019). In Fig. 6a, the
pure SA shows a distinct weight loss (stage II) when
the temperature goes above 360 °C. This weight loss
is usually regarded as the thermal decomposition of
the Si-CH; groups introduced by surface modification
(Li et al. 2018). In Fig. 6b, the SA/AH4 appears two
considerable main transitions. The first weight loss
occurs at the temperature of around 245 °C (stage 1),
during which AH undergoes thermal decomposition
reaction. The thermal decomposition reaction of AH
is an endothermic reaction, which results in insuffi-
cient heat during the reaction process. When the tem-
perature is up to about 420 °C, the oxidative decom-
position of the Si-CH; groups begins, which leads to
the second weight loss (stage II).

It was observed from the DSC curves that the pure
SA shows one exothermic peak, while the SA/AH4
shows an endothermic peak and an exothermic peak,
separately. As mentioned above, the exothermic peak
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Fig. 6 Thermogravimetric and differential scanning calorimetric analysis for a pure SA and b SA/AH4

Table 2 The detailed DSC parameters of the pure SA and SA/
AH4

Sample Stage 1 Stage 11

Tonset (OC) Tpeak (OC) Tonset (OC) Tpeak (OC)
SA \ \ 364.7 392.7
SA/AH4 2449 272.7 419.9 429.8

is attributed to the oxidative decomposition of methyl
groups on the skeletons. Correspondingly, the endo-
thermic peak belongs to the dehydration reaction of
the AH (Bangi et al. 2012).

The thermal stability is commonly indicated by the
onset temperature (7, and the peak temperature
(Tpear) Of the exothermic reaction. Now, these param-
eters have been listed in Table 2. At the stage I of the
SA/AH4, the T, for the dehydration reaction of the
AH is 244.9 °C and the T}, is 272.7 °C. This pro-
cess needs to absorb energy to trigger the dehydration
reaction, just corresponding to the endothermic peak.
More differences are observed at the stage II of the
SA and SA/AH4. For the pure SA, the T, for the
thermal oxidation of Si-CH; is 367.4 °C, while that
for the SA/AH reaches as high as 419.9 °C. Namely,
the introduction of 20% AH improves the T, by
52.5 °C. From the view of the 7|, it is enhanced by
37.1°C.

Compared with the pure SA, the SA/AH4 post-
pones the thermal oxidation of the Si-CH; groups
with the improved T, and T.,. Therefore, it
confirms that the introduction of AH can efficiently
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Fig. 7 XRD patterns of pure SA and SA/AH4 before and after
the pyrolysis

hinder the thermal oxidation decomposition of
Si-CH; groups, indicating that compared with the
pure SA, the SA/AH composites show a relatively
lower thermal hazard potential and the thermal stabil-
ity of them is improved.

Composition before and after the pyrolysis

Figure 7 shows the XRD patterns of the pure SA
and SA/AH4 before and after the pyrolysis. All the
three samples show a broad peak at the low dif-
fraction angle of 20-25° that is the amorphous dif-
fraction peak, indicating the pure SA and SA/AH4
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before and after the pyrolysis are all amorphous
structures (Huang et al. 2017). After the pure SA
being doped with AH, the characteristic peaks of
AH can be observed and the characteristic peaks of
Al,O; appear after the pyrolysis of the SA/AH. It
indicates that the main pyrolysis product is Al,O;
and the produced Al,O; and SiO, do not react
with each other even under a high temperature of
1000 °C. It is worthy to point out that Al,O; is a
high-temperature material, which can hinder the
heat or fire transfer to some extent. From this view,
the generated Al,O; is effective in inhibiting the
pyrolysis of SA.
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Oxidation kinetics analysis

In Fig. 8, the optimum fitting lines are determined by
the least square method and most of the fitting lines
exhibit good linearity. The apparent activation ener-
gies (E,) are calculated based on the slopes of the
corresponding fitted lines.

In Fig. 9a, the pyrolysis process of the pure SA in
accordance with E, can be roughly divided into two
stages. At stage I (a<0.4), E, increases significantly.
As discussed above, this stage is mainly due to the
vaporization of residual organic solvents and water
in the SA. For the liquid on the surface of silica skel-
etons and in the open pores, they are easy to be evapo-
rated. However, it is not easy for the evaporation of
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Fig. 8 Fitting lines based on the FWO method (a and ¢) and the KAS method (b and d), thereinto, a and b is the pure SA and ¢ and

d is the SA/AH4, respectively
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the liquid inside the silica skeletons themselves and
in some closed structures. As a result, more energy is
needed to drive those liquid to evaporate.

At stage II (x>0.4), E, remains nearly constant at
first and then slightly grows up to 62 kJ/mol. The oxida-
tive decomposition of the methyl groups as well as the
polycondensation of the silanol groups mainly occur at
this stage. At the stage of a€ (0.7, 0.8), a majority of
the Si-CH; groups have been oxidated and the remained
and newly formed Si—~OH groups keep conducting the
condensation reaction under a higher temperature (He
et al. 2019). Hence, E,, rises a little bit.

The pyrolysis process of the SA/AH4 can be split
into four stages in Fig. 9b, which is more complicated
than that of the pure SA. Now the detailed pyrolysis
process of the SA/AH is discussed as follow.

At stage I (#<0.25), E, increases slightly, which is
the same with that of the stage I of the pure SA, cor-
responding to the vaporization of the remained liquid.

At stage II (0.25<a<0.45), E,, also goes up slightly.
This stage just corresponds to the dehydration of AH
and the reaction equation is listed in Eq. (2). Note that
the dehydration of AH is an endothermic reaction. With
this reaction going on, it takes more energy to maintain
the dehydration reaction. As a consequence, the appar-
ent activation energy rises up.

Al(OH);(s) === Al,05(s) + H,0(g) 2

At stage III (0.45<a<0.6), the thermal oxi-
dative decomposition of Si-CH; groups and the
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polycondensation of Si—~OH groups occur simultane-
ously on the silica skeletons. At this stage, E, obvi-
ously decreases to the minimum of 63.9 kJ/mol, indi-
cating that the oxidation of the methyl groups tends
to be easier to occur with the reaction proceeding. In
spite of that, the minimum apparent activation energy
of the SA/AH4 is still higher than that of the pure SA.

At stage IV (0.6 < <0.8), a small number of the
remained Si—~OH groups keep condensation, while
other reactions, such as the reaction between SiO,
and Al,O,, are hard to occur. This is consistent with
the literature that Al,O; has excellent high-tempera-
ture properties and can maintain its initial structure
at a high temperature above 1300 °C (Wagle and
Yoo 2020). Correspondingly, the apparent activation
energy rises dramatically from 63.9 to 300 kJ/mol
and then decreases to 250.1 kJ/mol, which means the
tough reaction at this stage requires more energy to be
triggered. Therein, the decrease of E, is related to the
phase change of produced SiO,.

As a whole, E, of the pure SA (Fig. 9b) is sig-
nificantly lower than that of the SA/AH composites
(Fig. 9a) at the same conversion rate (@), which sug-
gests that the thermal decomposition reaction of the
SA/AH4 is relatively difficult to occur. To be specific,
the dehydration of the AH generates Al,O5 and H,O.
This dehydration itself and the evaporation of the pro-
duced water absorb energy form the reaction system,
which leads to the cooling effect. Besides, the formed
water vapor dilutes the oxygen, reducing the oxygen
concentration around the silica skeletons. Both the
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cooling effect and dilution effect benefit to inhibit-
ing the oxidation of the methyl groups on the silica
skeletons. Furthermore, the generated Al,O; is a high
temperature material, which can block the heat or fire
transfer in the reaction system. As a consequence,
the onset decomposition temperature of the Si-CH;
groups in the SA/AH composites is significantly
improved and E,, at stage III is also enhanced accord-
ingly. Thereby, it can conclude that the introduction
of AH can efficiently reduce the thermal hazards of
hydrophobic SA.

Gross calorific value

Gross calorific value (GCV) reflects the total heat
released of a material after complete combustion
(Rhen 2004; Llorente and Garcia 2008). As shown in
Fig. 10, the GCV of pure SA was 12.0 MJ/kg, while
that of SA/AH4 decreased by 29.6%, reaching to
8.44 MJ/kg. It is clearly known based on the experi-
mental data that the GCV of SA is reduced with dop-
ing the non-combustible AH, that is, the heat released
by SA/AH after complete combustion is reduced.
Thence, the SA/AH has lower potential thermal haz-
ard than that of the pure SA.

Combustion behaviors

To further study the impact of AH on the flame
retardant performance of SA, trimethylchlorosilane
(TMCS) modified SiO, aerogels prepared in our
laboratory are employed in this study through the

GCV (MI/kg)

Siss WA
Pure SA SA/AH4

Fig. 10 GCV of pure SA and SA/AH4
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cone calorimetry experiments. Cone calorimetry is
based on the principle of oxygen consumption. It can
provide heat release rate (HRR), total heat release
(THR), and other parameters close to the real com-
bustion process, which is an effective method to study
the combustion behavior of materials.

Fire hazard analysis

The HRR and THR of pure SA and SA/AH4 are
displayed in Fig. 11. After the SA and SA/AH4 are
ignited, both their HRR increase sharply with reach-
ing the peak heat release rate (pHRR), and then grad-
ually decay until the final extinction. As it is known to
us, the pHRR is one of the most important fire char-
acteristic parameters of a material. It finds that the
pHRR of SA decreases from 63.71 to 55.85 kW/m?>
with adding 20% AH. Correspondingly, both of the
THR during the combustion process gradually ascend
to the maximum and then keep almost unchanged. In
the meantime, the THR of pure SA is 10.65 MJ/m?,
while that of SA/AH4 is only 7.0 MJ/m?. From the
above data, it finds that the HRR and THR of pure SA
are always higher than those of SA/AH4 during the
whole combustion process. That is to say, the addi-
tion of AH has a significant inhibitory effect on the
combustion process of SA, which can greatly lower
the fire hazard of SA.

Smoke toxicity analysis

Figure 12 reflects the CO production (COP) and CO,
production (CO,P) of pure SA and AH/SA4 dur-
ing the whole combustion process. After the SA and
SA/AH4 are ignited, both the COP and CO,P move
upward rapidly with reaching their peaks, and then
decay until the fire is extinguished. These variations
of the COP and CO,P are similar with the HRR and
the difference between the two is the time to the
peaks. After ignition, it needs about 40 s to reach the
pHRR, 60 s to reach the peak of CO,P and 170 s to
reach peak of COP. Because the CO, is mainly pro-
duced during the violent burning stage in spite of the
20 s delay, while the CO is primarily produced during
the burning down stage.

Comparing the COP and CO,P between the pure
SA and SA/AH4, it finds that with doping 20% AH,
the COP peak of SA decreases from 5.0x 1073 to
3.9% 1073 g/s, and the CO,P peak of SA drops from
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Fig. 12 Production of CO and CO, for a the pure SA and b SA/AH4

3.89x1072 to 3.43x107> g/s. From the view of
smoke suppression, it indicates that the introduction
of AH can effectively reduce the production of CO
and CO, during the combustion process.

Conclusions

Aiming to enhance the flame retardancy, we prepare
the SA/AH composites by adding aluminum hydrox-
ide (AH) to hydrophobic silica aerogels (SA). The
microstructure and surface chemistry indicate that

the SA/AH is formed by the physical combination of
the SA and AH. The lower density and lower ther-
mal conductivity are still maintained despite of the
slight growth caused by the increasing AH content.
The thermal analysis reveals the pyrolysis process of
the SA/AH composites and finds that the onset tem-
perature of the thermal decomposition of the methyl
groups in SA/AH composites is improved. The oxi-
dation kinetics point out that the apparent activation
energy of the SA/AH4 composites is significantly
higher than that of the pure SA. The GCV of SA/AH4
is 30% lower than that of pure SA. These three points
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demonstrate that the introduction of AH can effec-
tively reduce the thermal hazards of the hydrophobic
SA. The heat release rate (HRR), peak heat release
rate (pHRR), and total heat release (THR) of SA/AH
decreased significantly compared to those of pure
SA. The smoke toxicity of SA/AH was evidently less
than that of the pure SA, evidenced by the decreased
CO and CO, production rate during the combustion
process. From the perspective of the microstructures,
thermal properties, oxidation kinetics, and combus-
tion behaviors, we conclude that the AH can effec-
tively enhance flame retardant performance of hydro-
phobic SA without impairing the physicochemical
properties too much.
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