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Abstract
To enhance the thermal safety and preserve the excellent thermal insulation of hydrophobic silica aerogels (SA), sodium
dodecyl sulfate (SDS) intercalated layered double hydroxides (LDH) was incorporated into SA by in situ doping to form
SDS-LDH/SA composites. The intercalation modification by SDS extends the layer spacing of LDH and improves the
dispersibility of LDH in SA, in favor of the combination between LDH and SA. The physical combination between the SA
and SDS-LDH is demonstrated by FTIR analyses. As the content of SDS-LDH rises, the SDS-LDH/SA continues to exhibit
a low density (0.11–0.20 g/cm3), low thermal conductivity (<26.8 mW/m/K), and large specific surface area
(709.4–839.2 m2/g), ensuring excellent thermal insulation performance. It further finds that the SDS-LDH effectively
absorbs heat and inhibits the thermal decomposition of SA. Therein, the onset temperature of thermal decomposition of the
SA with 20% SDS-LDH is 114.0 °C higher than that of pure SA. Additionally, it also finds that the gross calorific values of
the SDS-LDH/SA decrease with the SDS-LDH content, and all these gross calorific values are lower than that of the pure
SA. Hence, SDS intercalated LDH presents significant effects on enhancing the thermal safety of hydrophobic SA without
impairing the thermal insulation too much.
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Highlights
● SDS intercalated LDH was incorporated into SA by in-situ doping to form SDS-LDH/SA composites.
● The intercalation modification by SDS not only increases the interlayer spacing of LDH but also improves the dispersion

of LDH in matrix materials.
● The addition of SDS-LDH has no significant effect on the excellent thermal insulation properties of SA and effectively

improves the thermal safety of SA.

1 Introduction

Silica aerogels (SA) are novel nano-porous materials with
wide-ranging applications in thermal insulation [1, 2],
adsorption [3, 4], and energy storage [5, 6]. However,
hydrophilic SA is susceptible to water or moisture-affected
environments, which can lead to structural collapse due to
capillary forces, thus affecting performance and function-
ality and limiting their applications, therefore, hydro-
phobicity of SA is usually achieved by introducing
stabilizing methylsilyl groups [7]. Nevertheless, when
encountering a high temperature during usage, these
methylsilyl groups decompose and release flammable
volatiles [8], which not only results in loss of hydro-
phobicity [9] but also induces potential thermal hazard risk
[8]. To tackle this issue, hydroxides [10, 11], layered double
hydroxides (LDH) [12, 13] and graphene derivatives
[14, 15] have been utilized to augment the thermal safety of
hydrophobic SA.

Therein, LDH refers to two-dimensional layered nano-
materials comprising multiple positively charged layers
with intercalated anions situated between them [16], which
can be used as catalysis [17], drug carrier [18], CO2

sequestration [19], environmental remediation [20], flame
retardant [21], etc. Besides, LDH mainly exist as minerals
in nature, implying that LDH are relatively inexpensive to
acquire. Due to the nano-layered structure, halogen-free,
and low-cost properties, LDH have been considered as one
kind of economic and environmental inorganic nano flame
retardants [22]. However, the small layer spacing (0.78 nm)
and poor dispersity influence the combination between
LDH and matrix materials, which impair the flame retar-
dancy of LDH to some extent [23].

Actually, before being added to matrix materials, LDH
are usually modified or functionalized, including intercala-
tion [24], exfoliation [25], reconstruction [26], etc. Therein,
intercalation modification of LDH is achieved by inserting
polymer molecular chains into the layers of LDH. Through
intercalation of LDH, the strong hydrophilicity of layers is
weakened, enhancing the compatibility between LDH and
matrix materials, which benefits exerting the flame

retardancy of LDH [26–28]. For example, Wu et al.
improved flame retardancy of polypropylene (PP) using
Mg-Al LDH intercalated by lignin sulfonate sodium [29].
Jiang et al. used amino sulfonate anions modified LDH in
ethylene-vinyl acetate (EVA) to enhance flame retardancy
and thermal stability of EVA [30]. Shen et al. proved that
the thermal stability and flame retardancy of PP nano-
composites can be improved by using sodium dodecyl
sulfate (SDS) intercalated Ca-Mg-Al LDH [31]. Next, we
will further discuss the intercalation modification of LDH
by SDS. As we know, SDS is a long-chain polymer
molecule and is usually used as a surfactant [32]. The
intercalation modification by SDS not only increases the
interlayer spacing of LDH but also improves the dispersion
of LDH in matrix materials. SDS has been proven to be an
excellent organic anion for the intercalation modification of
LDH [33, 34]. However, there are no report on the appli-
cation of SDS intercalated LDH to the thermal safety of
hydrophobic SA.

In this study, sodium dodecyl sulfate (SDS) intercalated
LDH (SDS-LDH) was incorporated into hydrophobic SA
(SDS-LDH/SA) to adjust thermal safety. The physico-
chemical properties, thermal stability, and combustion
properties of SDS-LDH/SA are investigated in detail. This
work finally demonstrates that the SDS-LDH has good
dispersibility in SA and significantly improves the thermal
safety of hydrophobic SA, which expands the practical
application of hydrophobic aerogels in the field of thermal
insulation.

2 Experimental section

2.1 Raw materials

Tetraethoxysilane (TEOS, 98%), ethanol (EtOH, 99.7%),
n-hexane (97.0%), and sodium dodecyl sulfate (SDS,
92.5–100.5%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Nitric acid (HNO3,
8 M) and ammonia water (NH3·H2O, 25–28%) were used as
acid and basic catalyst, respectively. Al(NO3)3·9H2O
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(99.0%), Mg(NO3)2·6H2O (99.0%), NaOH (96.0%) and
Hexamethyldisilazane (HMDZ, 99.0%) used in the experi-
ments were purchased from Aladdin Reagent Co., Ltd
(Shanghai, China). Deionized water was generated using an
ultra-pure water machine (ECO-S, Hitech, Shanghai,
China).

2.2 Preparation

2.2.1 Preparation of SDS-LDH

Utilizing the coprecipitation method, SDS intercalated
Mg-Al layered double hydroxides were synthesized. Initi-
ally, a three-necked flask was filled with inert gas. Fol-
lowing this, 23 g of Mg(NO3)2·6H2O, 11.3 g of Al(NO3)3·
9H2O, and 17.3 g of SDS were meticulously weighed and
dissolved in 300 ml of deionized water. The resulting
solution was then transferred into the flask and stirred
vigorously at 70 °C for 30 min until a homogeneous, clear
solution was formed. Simultaneously, a 0.8 mol/l NaOH
solution was consistently dripped into the flask, adjusting
pH to 11. Subsequent to this, the solution underwent vig-
orous stirring for 1 h, ensuring a thorough reaction among
Mg(NO3)2·6H2O, Al(NO3)3·9H2O, SDS, and NaOH, lead-
ing to the precipitation of SDS intercalated layered double
hydroxide (SDS-LDH). The resulting blend underwent
crystallization by being placed in a drying oven at 75 °C for
24 h, leading to the creation of a milky white turbid liquid.
The removal of the supernatant was succeeded by filtration
and repeated rinses with distilled water until the pH of the
supernatant approached neutrality. Finally, to prepare the
SDS-LDH/EtOH emulsion, several iterations of ethanol
washing were conducted, ensuring the successful formula-
tion of the SDS-LDH/EtOH emulsion. The concentration of
the final SDS-LDH/EtOH emulsion obtained was in the

range of 10–20%, calculated from the mass of SDS-LDH
before and after drying.

2.2.2 Preparation of SDS-LDH/SA

The synthesis process depicted in Fig. 1 initiates by mixing
5.75ml of TEOS, 15ml of EtOH, 1 ml of deionized water
and 0.3 ml of HNO3 and stirring for 5 min. Subsequently, the
mixture undergoes a complete 12-h hydrolysis process in a
45 °C water bath. 0.5 ml of NH3·H2O is then added to the
hydrolysate, and after 5 min of stirring, various quantities of
SDS-LDH/EtOH are incorporated into the silica sol through a
combination of mechanical stirring and ultrasonic treatment.
These quantities, representing 5%, 10%, 15%, and 20% of
the total mass of silica aerogels, are denoted as SDS-LDH/
SA-x, with x indicating 5%, 10%, 15%, 20%, respectively.
Gelation typically occurs within 30min. The ensuing SDS-
LDH/alcogels are aged in EtOH for 18 h, followed by an
exchange with n-hexane for an additional 18 h. Subsequent to
this, the alcogels are modified for 48 h with 50ml of HMDZ/
hexane solution in a ratio of 3:22 HMDZ to hexane. Finally,
the wet SDS-LDH/alcogels are subjected to drying under
ambient pressure at 120 °C for 4 h, culminating in the for-
mation of SDS-LDH/SA.

2.3 Methods of characterization

Using a field emission scanning electron microscope (SEM,
Sigma 300, ZEISS, Germany), the microstructures were
observed. An energy dispersive spectroscopy (EDS, Smar-
tedx, ZEISS, Germany) was employed to the composition
and content of elements of the SDS-LDH/SA.

For the measurement of N2 sorption isotherms at 77 K,
an automatic surface area and porosity analyzer (Quanta-
chrome, AUTOSORB IQ, USA) was utilized. The specific

Fig. 1 Schematic diagram for synthesizing SDS-LDH/SA
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surface area was calculated using the Brunauer-Emmett-
Teller (BET) method [35], while the Barrett-Joyner-
Halenda (BJH) method was applied to determine para-
meters [36]. To provide a more comprehensive analysis of
the aerogel’s pore structure, assumptions of cylindrical
pores were made, and the pore volume (Vpore) and the
average pore diameter (Dpore) were calculated according to
the following equations [7]:

Vpore ¼ 1
ρt
� 1
ρs

ð1Þ

Dpore ¼ 4Vpore

SBET
ð2Þ

Although the calculation of the BET surface area does
not directly involve the assumption of pore shape, it pro-
vides an efficient and reliable method for evaluating the
specific surface area of a material. Therefore, the BET
specific surface area (SBET) was used in the calculation of
Dpore.

A tap density meter (ZS-202, Liaoning Instrument
Research Institute, China) was utilized to measure the tap
density (ρt) under continuous vibration at 300 r/min for
10 min. The porosity was determined using the following
method:

Porosity ¼ ð1� ρt
ρs
Þ � 100% ð3Þ

where ρs is the skeletal density of SA (about 2.2 g/cm3)
[37].

A transient hot wire method was utilized to measure the
thermal conductivities using a constant thermal analyzer
(TC3000E, XIATECH, China) at room temperature. The
samples were ground into powders and placed in a sample
box, ensuring complete coverage of the sensor by the
samples.

The confirmation of chemical groups and bonds was
achieved through the Fourier transform infrared (FTIR,
Nicolet 8700, USA). The samples were ground into powder
and dispersed uniformly on the test platform, and the con-
tact angle was measured by dropping 5 µl of water on the
sample surface using an automatic contact angle measuring

instrument (ASR-705S, Guangdong Aisry Instrument
Technology Co., Ltd, China).

The crystal phase of the specimens was determined using
X-ray diffraction (XRD, D8 Advance, Bruker, USA). The
interlayer spacing of LDH was calculated based on Bragg’s
equation as follows:

dð003Þ ¼ nλ

2 sin θ
ð4Þ

where θ represents the angle between the incident X-ray and
the corresponding crystal plane, n signifies the diffraction
order, and λ denotes the wavelength of X-ray (The Cu target
wavelength used for the test was 1.5418 Å).

The thermal stability analysis was tested using
thermogravimetry-differential scanning calorimetry (TG-
DSC, SDT Q650, TA Instrument, USA). The tests were
carried out in air, covering a temperature range from room
temperature to 800 °C, and a heating rate of 10 °C/min.

For the measurement of gross calorific value (GCV), an
oxygen bomb calorimeter (AM-C1009, Changsha Yuanfa
Instrument Co., Ltd, China) was employed in accordance
with ISO 1716:2018.

3 Results and discussion

3.1 Basic characterization of SDS-LDH

In Fig. 2a, the microstructures of LDH present a distinct
lamellar structure. The strong electrostatic interaction
between the layers [38] results in the aggregation of a
considerable number of LDH particles. In Fig. 2b, the SDS-
LDH still maintains a layered structure. Notably, the layer
thickness of the SDS-LDH increases significantly. Notably,
the particle aggregation of SDS-LDH is weakened and the
particle distribution becomes more uniform compared to
that of LDH.

In Fig. 3a, the XRD pattern of the LDH displays
characteristic diffraction peaks at 11.34°, 22.75°, 34.40°,
38.50°, 45.45°, 60.35°, and 61.62°, corresponding to the
reflections of (003), (006), (012), (015), (018), (110), and
(113) planes, respectively. These peaks indicate the

Fig. 2 Microstructures of the
LDH (a) and SDS-LDH (b)
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presence of a typical hydrotalcite structure, keeping con-
sistent with the reference [39, 40].

The XRD pattern of the SDS-LDH reveals the retention
of a layered structure akin to hydrotalcite, which indicates
that the intercalation modification does not disrupt the
integrity of the crystalline and layered structure of LDH. In
addition, two laminar structures (labeled with * and #) are
formed when SDS intercalates LDH, and the intensity of
the diffraction peak labeled with * decreases with
increasing concentration of SDS until it disappears [41,
42]. In Fig. 3b, the two small peaks near the (003) peak of
SDS-LDH may be due to the insufficient concentration of
SDS, so the diffraction peak labeled with * can still be
observed. A comparison between SDS-LDH and LDH
reveals noticeable shifts in the (003), (006), and (012)
diffraction peaks of SDS-LDH toward lower angles. As
indicated in prior study [43], a decrease in the (003) dif-
fraction peak angle indicates an increase in the layer spa-
cing. Thus, the intercalation of SDS leads to an expansion
of the layer spacing of the LDH.

The d(003) represents the sum of the length of the
interlayer anions along the long axis and the thickness of
the layered double hydroxide laminates. As depicted in
Table 1, the LDH exhibits a layer spacing of d(003) at
0.78 nm, a layer thickness of 0.48 nm [44], and the layer
height of 0.3 nm. The layer spacing d(003) of the SDS-LDH
is 3.02 nm, along with an interlayer height is 2.54 nm.
Notably, this interlayer height surpasses the length of the

dodecyl sulfate anion (DS−) in SDS, which is 1.99 nm
[45]. This discrepancy can be attributed to the presence of
a small quantity of water molecules in the actual structure,
leading to an augmentation of the interlayer height. Hence,
it acquires that the long chain DS− is vertically inter-
spersed between the LDH layers and significantly increa-
ses the layer spacing.

The FTIR spectra of the LDH and SDS-LDH have been
compared in Fig. 4. For the LDH, the characteristic
absorption band in the range of 3200–3700 cm−1 corre-
sponds to the stretching vibrations of hydroxyl groups on
the LDH layers [46]. The absorption peak at 1636 cm−1

indicates the bending vibration of water molecules (δ-OH)
between the LDH layers [47]. The absorption peak at
1369 cm−1 is attributed to the stretching vibration of the
N–O bond from the interlayer anions, NO3

− [39]. For the
SDS-LDH, the vibration peaks located at 2920 cm−1 and

Fig. 3 XRD patterns of LDH (a) and SDS-LDH (b)

Table 1 The layer spacings of the LDH and SDS-LDH

Samples (003) Height of layer spacing (nm)

2θ (°) d (nm)

LDH 11.34 0.78 0.30

SDS-LDH 2.93 3.02 2.54

Fig. 4 FTIR spectra of the LDH and SDS-LDH
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2852 cm−1 correspond to the asymmetric and symmetric
stretching vibrations of C–H bonds in the alkyl group
[48], respectively. The absorption peak at 1465 cm−1

represents the bending vibration of –CH2 groups in SDS
[49]. Additionally, the antisymmetric and symmetric
stretching vibration peaks of S=O are observed at
1227 cm−1 and 1068 cm−1 [50, 51]. These vibration peaks
confirm the presence of SDS in the LDH. Moreover, the
intensity of the N–O stretching vibration peak is sig-
nificantly reduced compared to LDH. This implies that a
significant portion of NO3

− anions within the LDH layers
has been substituted with DS− anions. Combining the
FTIR and XRD analyses confirms that the DS− anions
have been effectively embedded into the layers of the
LDH by ion exchange method while retaining the original
layered structure.

3.2 Basic characterization of SDS-LDH/SA

Figure 5 displays the microstructures of the SA, LDH/SA,
and SDS-LDH/SA, all of which exhibit three-dimensional
nano-network structures. From the SEM images, it is not
easy to compare the relative pore size of the SDS-LDH/SA
and the pure SA. However, in the case of the SDS-LDH/SA,
their pore sizes decrease with the SDS-LDH content
increasing.

For a more in-depth examination of the distribution of
the SDS-LDH in the SDS-LDH/SA, the element distribu-
tions are illustrated in Fig. 5. The EDS spectra reveal a
uniform distribution of Si, Mg, Al, S, and O elements, with
overlapping distribution regions for these five elements.
This result confirms the successful integration of SDS-LDH
into the SDS-LDH/SA. Additionally, it implies the

Fig. 5 Microstructures of SA (a), SDS-LDH/SA (b–f), and element distributions of the SDS-LDH/SA-20%
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simultaneous presence of silica skeletons alongside
nanosheets derived from SDS-LDH, even though their
identification may pose challenges.

To delve deeper into the pore structure, N2 sorption
isotherms were employed. As illustrated in Fig. 6a, the N2

sorption isotherms of SA and SDS-LDH/SA exhibit striking
similarities. And their curves prove that they are mesopor-
ous material [52]. The most difference lies in the change of
the maximum absorbed quantity, namely, the maximum
absorbed quantity of the SDS-LDH/SA decreases with the
SDS-LDH content. In this regard, the introduction of SDS-
LDH does not notably alter the mesoporous characteristics
of the SDS-LDH/SA. In Fig. 6b, the SA has a relatively
concentrated pore size distribution (PSD) ranging between
20–60 nm and the most probable pore size of 17.3 nm,
while the SDS-LDH/SA have a wider PSD ranging between
10–100 nm and the most probable pore size of 30.3 nm.
Compared with the SA, the SDS-LDH/SA consists of
mesopores and more macropores. To summarize above
analyses, the introduction of SDS-LDH mainly affect the
pore size distribution of the SDS-LDH/SA without chan-
ging the mesoporous property.

Table 2 lists the detailed pore parameters. The specific
surface areas of all the SDS-LDH/SA are lower than that of
the SA (903.7 m2/g). With the SDS-LDH content increasing
within 5–20%, the specific surface areas of the SDS-LDH/
SA decrease from 839.2 m2/g to 709.4 m2/g, the pore
volumes decrease from 3.1 cm3/g to 2.2 cm3/g, and the
average pore sizes decrease from 14.5 nm to 11.9 nm. All
these variations are caused by the introduction of
SDS-LDH, which influences the porous skeleton structures,
as shown in Fig. 5. Besides, in comparison with LDH/SA
[12], the SDS-LDH/SA have a relatively smaller pore
parameters.

In addition, the calculated values of Vpore and Dpore

appear to be higher than the experimental values. This
discrepancy indicates the potential presence of macropores
beyond the scope of the nitrogen sorption test’s character-
ization range and the potential distortion of the silica
aerogel during nitrogen sorption measurements [7].

Figure 7a illustrates the influence of the SDS-LDH
content on the density and porosity of SA. As the SDS-LDH
content rises, the density of the SDS-LDH/SA increases
from 0.11 g/cm3 to 0.20 g/cm3. The observed trend in this

Fig. 6 N2 sorption isotherms (a) and pore size distribution (b) of SA and SDS-LDH/SA

Table 2 Pore parameters of the pure SA and SDS-LDH/SA

Samples BET surface area (m2/g) Pore volumea (cm3/g) Average pore sizeb (nm) Vpore
c (cm3/g) Dpore

d (nm)

SA 903.7 2.8 12.2 8.5 37.7

SDS-LDH/SA-5% 839.2 3.1 14.5 6.9 33.1

SDS-LDH/SA-10% 814.2 2.8 13.7 6.5 31.9

SDS-LDH/SA-15% 747.5 2.5 13.5 5.6 29.9

SDS-LDH/SA-20% 709.4 2.2 11.9 4.6 26.0

a,bThe pore volume and average pore size were determined using the BJH method from N2 desorption data. Uncertainties: BET surface area
~50 m2/g; pore volume and average pore diameter with a relative fluctuation of 5% [66]
c,dThe Vpore and Dpore were calculated following Eqs. (1) and (2) with 10% relative uncertainty [67]
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change is linked to the larger density of the SDS-LDH,
compared to SA. The porosity of the SDS-LDH/SA has an
opposite tendency, i.e., decreasing from 93.9% to 91.0%. In
spite of that, the SDS-LDH/SA still maintain a high level of
porosity.

In Fig. 7b, the thermal conductivity of the SDS-LDH/SA
increases from 23.9 mW/m/K to 26.8 mW/m/K as the
doping amount of SDS-LDH increases, which is higher than
LDH/SA [12]. This phenomenon can be ascribed to the
incorporation of SDS-LDH, which creates additional heat
transfer channels. As a result, the three-dimensional porous
skeleton of the silica aerogel is no longer the sole medium
for heat transfer, leading to an increase in solid-phase heat
conduction capacity. Regarding gas-phase heat conduction,
the change in heat transfer caused by variations in pore size
is negligible. Overall, the incorporation of SDS-LDH
enhances the thermal conductivity of the SDS-LDH/SA.
Note that, at a doping amount of 20%, the thermal con-
ductivity of the SDS-LDH/SA is slightly higher than that of
static air (26 mW/m/K). Therefore, when the SDS-LDH
doping content does not exceed 20%, the prepared SDS-
LDH/SA can maintain a low thermal conductivity.

Figure 8 shows the infrared spectrum of SDS-LDH/SA. The
broad absorption peaks around 1650 cm−1 and 3440 cm−1 are
attributed to the asymmetric stretching and bending vibrations of
the –OH group, respectively [53, 54]. The symmetric and
asymmetric tensile vibration peaks of the C–H bond of –CH3

group were observed near 2980–2880 cm−1 [55]. Meanwhile,
the peaks at 2920 cm−1 and 2852 cm−1 coincide with the anti-
symmetric and symmetric –CH2- stretching modes [40]. The
characteristic peaks of 1255 cm−1, 846 cm−1, and 759 cm−1

belong to the Si–C bond [56], indicating that the surface mod-
ification has successfully introduced Si-(CH3)3 group, which is a
hydrophobic chemical group [57]. This group makes SDS-
LDH/SA composites exhibit good resistance to water and

moisture. In addition, the absorption peak at 1085 cm−1 corre-
sponds to the symmetric tensile vibration mode of the Si–O–Si
bond [58]. The asymmetric stretching absorption peak of SO4

2−

was observed at 1120 cm−1, which is a characteristic peak of
SDS anion [59].With the increase of SDS-LDH doping content,
the absorption peak intensity of SO4

2− was continuously
enhanced. Nevertheless, upon comparison with the FTIR
spectra of SA and SDS-LDH, the absence of new chemical
bonds indicates that the formation of SDS-LDH/SA is a result of
the physical combination of SA and SDS-LDH.

Figure 9 shows the contact angle of SDS-LDH/SA with
SDS-LDH content ranging from 5 to 20%. The contact
angle (131.8°–140.6°) of SDS-LDH/SA is slightly smaller
than that of SA (142.6°) and LDH/SA (137.7°–141.7°) [12].
The decrease in contact angle is believed to be related to the
hydrophilic head groups of SDS [51]. The hydrophobicity
of SDS-LDH/SA diminishes with the escalating SDS-LDH

Fig. 8 FTIR spectra for SDS-LDH/SA

Fig. 7 Density and porosity (a) and thermal conductivity (b) of the SDS-LDH/SA
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doping amount. Nevertheless, all samples had contact
angles greater than 130° and showed good hydrophobicity.
In other words, the introduction of SDS-LDH has no sig-
nificant damage to the hydrophobicity of SDS-LDH/SA.
This indicates that SDS-LDH/SA can still meet the
requirements of hydrophobic.

3.3 Thermal stability

Figure 10a illustrates the TG-DTA curve of SDS-LDH. The
decomposition process of SDS-LDH undergoes three dis-
tinct stages. In the first stage (<170 °C), the primary process
entails the elimination of physically adsorbed surface water

molecules and interlayer structural water [60], resulting in a
mass loss of ~1.4% of the total mass. During the second
stage (170–380 °C), the reactions occurring in SDS-LDH
differ from those in LDH. This stage includes not only the
dehydroxylation of SDS-LDH layers, leading to the release
of a significant amount of water but also the decomposition
of SDS alkyl chains [60]. Consequently, this stage exhibits
a relatively large weight loss, accounting for ~35% of the
total mass. The maximum weight loss peak is observed at
around 254 °C. In the third stage (>380 °C), the weight loss
is primarily caused by the decomposition of decomposition
of SDS sulfate [61], accounting for ~16.2% of the total
mass loss.

Fig. 9 Contact angles of SDS-LDH/SA with different mass fraction of SDS-LDH (a) 5%; (b) 10%; (c) 15%; (d) 20%

Fig. 10 TG curves of SDS-LDH (a) and SA (b)
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From the DTA curve, it is difficult to determine whe-
ther SDS-LDH is an exothermic or an adsorptive reaction
because the DTA curve suffers from baseline unevenness,
but combined with the DTA curve of LDH [12] and the
analysis of previous studies [62], it can be judged that
there are three adsorptive peaks in Fig. 10a. The first
endothermic peak appears at 254 °C. We believe that the
endothermic peak is caused by dehydroxylation on the
lamellar, and dehydration between the hydroxyl groups
occurs, which is an endothermic reaction. Compared with
LDH, the dehydroxylation temperature is lower than
LDH, because SDS insertion between LDH layers reduces
the hydrogen bonding between the hydroxyl groups on
LDH layers, leading to the dehydration and decomposi-
tion of some hydroxyl groups at low temperature. This is
consistent with previous reports on SDS intercalation
LDH [62, 63]. However, the thermal decomposition of
SDS also occurred in this process, and a second endo-
thermic peak appeared at 451 °C with increasing tem-
perature. At this stage, interlayer water molecules are
removed and interlayer anion DS− is decomposed [61]. It
can be seen from the DTA curve that there is an insig-
nificant endothermic peak at 564.8 °C. Due to the imbal-
ance of laminates, LDH decomposes and the laminates

collapse [64]. The dehydroxylation of LDH is advanced,
but it may be endothermic due to the thermal decom-
position of SDS, thus contributing to cooling [65]. The
decomposition temperature of SDS-LDH layered structure
is delayed by about 65 °C [12].

Figure 10b depicts the TG-DSC profiles of SA, a subject
thoroughly examined in our earlier study [12]. The TG-
DTA curves of SDS-LDH/SA are shown in Fig. 11. The
complete process of thermal decomposition is considered to
result from the combined effects of the thermal oxidation of
SA and SDS-LDH. The exothermic reaction of thermal
oxidation in Si-CH3 is counterbalanced by the endothermic
nature of SDS-LDH thermal decomposition. As a result, the
energy released during the thermal oxidation of Si-CH3

compensates for the energy consumed in the thermal
decomposition of SDS-LDH. Taking these factors into
account, it is proposed that the broad exothermic peak of Si-
CH3 is segmented into three relatively narrow exothermic
peaks due to the intricate energy dynamics between the two
reactions.

The onset decomposition temperature (Tonset) and peak
decomposition temperature (Tpeak) of the thermal
decomposition reaction of the material are important
parameters reflecting its thermal stability. In Fig. 12a, the

Fig. 11 TG-DTA curves of SDS-LDH/SA with different mass fraction of SDS-LDH (a) 5%; (b) 10%; (c) 15%; (d) 20%
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Tonset and Tpeak of Si-CH3 of pure SA are 273.6 °C and
333.6 °C, respectively. While the thermal oxidation and
decomposition reaction of the Si-CH3 groups in SDS-
LDH/SA materials are delayed. Furthermore, with an
increase in SDS-LDH content, the Tonset of SDS-LDH/SA
increases from 366.4 °C to 387.6 °C, compared with SA,
an increase of 114 °C. And the Tpeak1 of SDS-LDH/SA
increases from 384.7 °C to 400.6 °C, compared with SA,
which increased by 67 °C. The thermal decomposition
temperature of Si-CH3 is extended due to a large amount
of heat absorbed by the decomposition reaction of SDS-
LDH, which prolongs the time that the aerogel maintains
hydrophobicity to a certain extent and improves the heat
insulation application of hydrophobic silica aerogel. In the
course of the thermal decomposition process of SDS-LDH, a
substantial quantity of energy is absorbed through the dehy-
droxylation of SDS-LDH layers and the vaporization of
adsorbed water and interlayer structural water. Furthermore,
the resulting metal oxide, such as MgO, acts as a high-
temperature barrier material, proficiently impeding heat
transfer. These factors collectively contribute to the post-
poned thermal decomposition of SDS-LDH/SA, ultimately
augmenting their thermal stability.

It is worth noting that the Tonset and Tpeak1 of SDS-LDH/SA
are higher than that of LDH/SA. As shown in Fig. 12, taking 5%
doping amount as an example, the Tonset of LDH/SA-5% is
327.2 °C, while the Tonset of SDS-LDH/SA-5% is 366.4 °C, an
increase of 39.2 °C. It was found that this is mainly attributed to
the heat absorption during the thermal decomposition of SDS in
stage II, which leads to a decrease in the surrounding tem-
perature and consequently delays the decomposition of Si-CH3.
This finding indicates that the incorporation of SDS intercalated
LDH is more effective in improving the thermal stability of
SDS-LDH/SA.

3.4 Gross calorific value

The gross calorific value (GCV) is a critical indicator for
evaluating the thermal safety of aerogels. Figure 13 presents
the total calorific value of SA and SDS-LDH/SA. SA
exhibits a GCV of 12.6 MJ/kg, indicating a high thermal
hazard. With the introduction of SDS-LDH doping content,
the GCV of SDS-LDH/SA diminishes from 12.2 MJ/kg to
11.5 MJ/kg, with the addition of 20% SDS-LDH, the GCV
undergoes a reduction of 9.1%, indicating that the integra-
tion of SDS-LDH proves effective in lowering the com-
bustion calorific value of SA. However, the combustion
calorific value of SDS-LDH/SA is reduced less than that of
LDH/SA [12]. This can be attributed to the higher organic
group content present in SDS itself.

Fig. 13 GCV of the SDS-LDH/SA

Fig. 12 The Tonset (a) and Tpeak1 (b) data of pure SA, LDH/SA and SDS-LDH/SA
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4 Conclusions

To enhance the compatibility between LDH and hydro-
phobic silica aerogels (SA), the intercalation modification
of LDH was carried out by using SDS. The modified SDS-
LDH was incorporated into SA to form the SDS-LDH/SA
composites and the physicochemical properties and thermal
safety were investigated in detail. Intercalation by SDS
expanded the interlayer spacing of LDH, and enhanced the
dispersibility of LDHs in SA, both of which benefited to
the better compatibility between the SDS-LDH and SA.
The incorporation of SDS-LDH had no significant impact
on the three-dimensional nanoporous structures of SA and
the excellent thermal insulation of SA was retained. It
found the SDS-LDH effectively suppressed the thermal
decomposition of SA by absorbing heat and physical bar-
rier effect, which led to higher thermal stability. Mean-
while, the gross calorific values of the SDS-LDH/SA were
reduced compared to that of the pure SA, as an indication
of lowering the thermal hazard of SA. The research results
indicate that the SDS-LDH effectively improves the ther-
mal safety of SA, providing an engineering example to
develop more favorable SA materials for applications in the
field of thermal insulation.
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