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Abstract: An aluminum silicate fiber/alumina aerogel (ASF/AA) composite was prepared via the
sol-gel method and atmospheric drying (APD) method using coal gangue (CG) solid waste from
Xingxian county, Shanxi Province, as the aluminum source. Utilizing N2 adsorption, scanning electron
microscopy, Fourier transform infrared spectroscopy, X-ray diffraction, and thermal conductivity
meters, researchers examined the microstructure, composition, pore structure, and thermal insulation
performance of ASF/AA composites. The thermal conductivity mechanism of the composite was
analyzed. The experimental results show that most of the aluminum in CG is used. More importantly,
in the process of aerogel synthesis, the atmospheric pressure drying method is used to obtain similar
properties to supercritical drying. The composite material exhibits a low thermal conductivity of
0.047 W/(m·K), a high specific surface area of 416 m2/g, and a low density of 0.26 g/cm3 at room
temperature. After heating at 1200 ◦C for 2 h, the thermal conductivity was as low as 0.071 W/(m·K).
This strategy can not only effectively achieve a reduction in the harmfulness of solid waste coal
gangue, but also alleviate the shortage of related energy and resources in our country.

Keywords: coal gangue; nanomaterials; Al2O3 aerogel; atmospheric pressure drying; fiber reinforcement;
thermal stability

1. Introduction

Coal gangue (CG) is low-carbon rock associated with coal mining and is often dis-
charged as solid waste. CG accounts for 10–20% of the original coal output and is the
largest industrial waste in China. About 4 billion tons of CG has been stored in China
over time [1–4]. A large number of piles of coal gangue not only occupy abundant land
resources, but are also prone to spontaneous combustion release such as SO2, NOx, and
other toxic and harmful gases, through infiltration pollution of groundwater and soil, caus-
ing serious damage to the environment [5,6]. Therefore, using coal gangue as a resource
is of great importance with regards to environmental protection, the utilization of waste
resources and the sustainable development of society. At present, the utilization of CG in
China is not high; the treatment of CG is mainly focused on basic applications, such as
the production of building materials and extraction of chemical products, and agricultural
applications [6–11]. Realizing the resource utilization of solid waste CG is an important
direction for comprehensive technical utilization of CG [7–9]. In addition to achieving
green development in the coal industry, efficient coal gangue treatment and utilization can
also result in the recycling of secondary resources.

Aerogel is a kind of light porous solid material composed of nano-sized particles,
which exhibit low density, high specific surface area, high porosity, and low thermal con-
ductivity [10–14]. The fabrication process is typically achieved through the utilization of
sol-gel and supercritical fluid drying (SCFD) methods, with the use of aluminum alkox-
ide [15], organic aluminum salts [16–18], or boehmites [19,20] as precursors. The SCFD
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method makes the solvent reach a critical point and form supercritical fluid by controlling
the pressure and temperature. At this time, the gas–liquid phase interface disappears,
the surface tension also disappears, and the skeleton structure will not be damaged dur-
ing the process of fluid expulsion from the gel [21]. Because the nanoporous network
structure increases the solid heat transfer path, the existence of a large number of meso-
porous pores limits the movement of internal gas, thus effectively reducing the influence
of solid heat transfer, gas heat transfer, and heat convection; aerogel has great potential
in the field of thermal insulation. At present, the search for high-temperature resistant
aerogel insulation composites is the main direction of international research [22]. How-
ever, alumina aerogels have poor mechanical qualities similar to other aerogels, making
direct application in the field of thermal insulation challenging [10]. Therefore, the use
of fiber-reinforced alumina aerogel is an important method to improve the mechanical
properties of alumina aerogel [23,24]. C.Y. Kim [25] synthesized a flexible aerogel-glass
fiber. They found that compared to pure aerogel, the composite material’s mechanical
qualities were noticeably better. Zhang Rubing et al. [26] reported a porous mullite zirconia
fiber/Al2O3-SiO2 aerogel composite. The aerogel is filled in the void of the fiber, and there
is a good interface combination between the two. The composite material exhibits certain
compressive strength. However, with the increase in fiber bulk density, the strength of
the composite decreases gradually. Zhu Zhaoxian et al. [27] prepared Al2O3-SiO2 aerogel
composites with a density of 0.21–0.24 g/cm3 using mullite fiber felt as the reinforced phase.
Fiber felt plays a supporting role so that the composite material has a high bending strength
(0.62–1.26 MPa). However, the production of aerogel is limited due to expensive precursors
and complex processing processes [11]. Therefore, search for an inexpensive material to
synthesize alumina aerogel is very much needed. Utilizing CG to create aluminum-based
aerogel material has the potential to significantly lessen and render harmless the solid
waste coal gangue, as well as ease the nation’s energy and resource shortage [8]. This has
far-reaching implications for the development of a resource-conscious society, in keeping
with the modern industrial development concept. In addition to enabling the coal indus-
try to develop sustainably, effective handling and utilization of CG can also facilitate the
recycling of secondary resources.

In addition, the drying method is a key step in the synthesis of aerogels. The commonly
used supercritical drying has the disadvantages of complicated process operation, high cost,
and high risk. To overcome these shortcomings, alternative methods have been explored,
such as atmospheric drying (APD) [28]. Atmospheric drying is a method of evaporation of
liquid phase in a material by heating under atmospheric pressure conditions. It usually
uses constant temperature drying ovens as drying equipment [29]. Shewale, P. M. et al.
modified the silica gel surface with trimethylchlorosilane (TMCS) prior to APD, achieving a
4% volume shrinkage [30]. APD has been widely developed and matured, but it is seldom
used in the preparation of fiber aerogel composites.

In the current work, using CG as raw material, thermal insulation aluminum silicate
fiber/alumina aerogel composites were prepared via high-temperature calcination, acid
leaching, sol-gel, and atmospheric pressure drying. This composite material has the
characteristics of being lightweight and porous and having low thermal conductivity. Its
thermal stability was analyzed.

2. Experimental Procedures

The schematic representation of the alumina silicate fiber/Al2O3 aerogel (ASF/AA)
composite is shown in Figure 1. After the reaction between hydrochloric acid and coal
gangue, aluminum ions are obtained. Under the action of ethanol and water, alumina sol is
formed, which combines with ASF to obtain composite material sol. After gel, composite
gel is obtained, and after modification, ASF/AA is prepared through APD. Simply put, the
aluminum source of the composite aerogel material comes from CG.
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Figure 1. Schematic representation of ASF/AA composite.

2.1. Materials and Methods

The Coal gangue (CG) is from Xingxian County, Lvliang. Hydrochloric acid (HCl)
was purchased from Komew Chemical Reagent Co., Ltd., (Tianjin, China). Aluminum
silicate fibers (ASFs) were obtained from Yongkuo Technology Co., Ltd., (Tianmen, China).
Anhydrous ethanol (EtOH), 1,2-epoxypropane (Po) and Ethylorthosilicate (TEOS) were
purchased from McLean Biochemical Co., Ltd., (Shanghai, China). All reagents are analyti-
cal grade and are utilized straight out of the container without additional purification, and
all experiments used deionized water (H2O).

2.2. Preparation of AlCl3 Precursor

The CG was sieved to 200 mesh, and then heated up at a rate of 5 ◦C/min in a
high-temperature box resistance furnace (KSL-1200X-M of Hefei Science and Technol-
ogy Materials Technology Co., Ltd., Hefei, China) to 700–900 ◦C, with a holding time of
0.5–3 h. After calcination, it was left standing to cool naturally. The solid–liquid ratio of
CG to HCl (6 mol/L) was 1:6. It was stirred at 120 ◦C for 3 h. The reactions that occurred
are as follows:

Al2Si2O5(OH)4 + 6HCl = 2AlCl3 + 2SiO2 + 5H2O (1)

After acid leaching, the upper liquid phase was separated via centrifugation. AlCl3
precursor was obtained.

2.3. Preparation of Aluminum Silicate Fiber/Al2O3 Aerogel

Aluminum silicate were immersed in HCl solution for several minutes and then
washed with ethanol to remove impurities from their surface. Al2O3 sol was prepared
from aluminum chloride precursor, EtOH, and H2O at a molar ratio of AlCl3:EtOH:H2O of
1:16:10. After hydrolysis at 60 ◦C for 2 h, the Al2O3 sol was obtained. Al2O3 sol and ASF
were placed in a dispersion stirrer and stirred at a speed of 2000 r/min to obtain aluminum
sol containing ASF. Then, Po was slowly added as the gelation promoter to polymerize the
sol, and the molar ratio of AlCl3 to Po was 1:9. This was left to stand for gelation, which
usually occurs within 0.5 h [10,31]. The aged gel was then washed with distilled water until
the production color was transformed from yellow to none, which indicated that FeCl3 was
removed from the gel. The gel was soaked with EtOH of a quantity of twice the volume of
the gel, and it was aged for 24 h at 60 ◦C. The wet aluminum silicate fiber/Al2O3 gel was
immersed in a modified solvent. The modified solvent was anhydrous ethanol containing
80% tetraethyl orthosilicate, and it was soaked at 60 ◦C for 48 h. After modification it was
exchanged with anhydrous ethanol twice at 60 ◦C for 12 h each time to remove impurities
Cl−, residual organic matter, and H2O molecules. Finally, the ASF/AA composite was
obtained by drying the wet aluminum silicate fiber/Al2O3 gel under ambient pressure at
60 ◦C for 6 h, 80 ◦C for 6 h, 100 ◦C for 8 h, and 120 ◦C for 8 h. In order to test the thermal
conductivity, 10 identical samples were prepared and divided into 5 groups. One group
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was not subjected to heat treatment, while the other four groups were heated to 600, 800,
1000, and 1200 ◦C in an air atmosphere at a heating rate of 5 ◦C/min, and kept warm for 2 h.

2.4. Properties and Characterizations

ASF/AA and CG were distinguished via different detection techniques. An induc-
tively coupled plasma emission spectrometer (ICP-OES, PerkinElmer-Avio 500, Waltham,
MA, USA) was used to measure the amount of iron and aluminum in the acid leaching
supernatant. An AXS D8 ADVANCE (Bruker, Ettlingen, Germany) X-ray polycrystalline
diffractometer (XRD) was used to determine the phase of CG and solid phase products
in investigations were examined by an X-ray diffractometer (D2 phaser, Bruker, Ettlingen,
Germany). ASF/AA volume density ρ = M/V is the formula used to compute this based on
the mass (M) and volume (V) of a single sample. The formula for calculating the ASF/AA
volume shrinkage rate (V0) is V0 = (Va − Vb)/Va, where Va and Vb represent the sample’s
pre- and post-heat treatment products, respectively. These data are the average values after
three tests. Transmission electron microscopy (TEM, JEOL-200CX, JEOL, Tokyo, Japan) and
scanning electron microscopy (SEM, Hitachi Regulus 8100, Hitachi, Tokyo, Japan) were
used to examine the microstructure of ASF/AA both before and after heat treatment. Using
a Fourier transform infrared spectrometer (FTIR, Thermo Scientific Nicolet iS20, Waltham,
MA, USA), the functional groups of ASF/AA were examined. An N2 adsorption apparatus
(Micromeritics ASAP 2020 PLUS HD88, Norcross, GA, USA) was used to produce the N2
adsorption–desorption isotherms, and Barrett Joyner Helenda (BJH) and Brunauer Emmett
Teller (BET) were used to determine the samples’ surface area, pore volume, and pore size.
Equipped with a synchronous thermal analyzer (Netzsch Sta 449C, NETZSCH AG, Selb,
Germany), the sample’s thermal stability was examined. With an X-ray diffractometer,
the sample’s crystal structure was determined. Using a Hot Disk TPS 2500S, the thermal
conductivity of ASF/AA was determined.

3. Results and Discussion
3.1. Microstructure and Properties of Coal Gangue

The chemical composition of CG is shown in Table 1. The content of Al2O3 in CG is
very high, reaching 35%, and the SiO2 content is 51.72%. It can also be added to concrete
to improve its performance [32]. The firing vector of CG is the mass reduction caused by
volatilization or decomposition of some components of coal gangue (such as carbon, oxide
and non-oxide) under high-temperature conditions. The burning vector of coal gangue
used in this experiment is 12.01% [33]. The XRD pattern (Figure 2a) shows that the main
phases of CG samples are quartz and kaolinite. The diffraction peaks around 12.26◦, 24.81◦,
and 20.23◦ of 2θ are clay mineral kaolin (Al2Si2O5(OH)4). The diffraction peaks around
20.99◦, 26.71◦, and 50.66◦ of 2θ correspond to the quartz phase [34]. There are many small
and sharp diffraction peaks on the XRD spectrum, indicating that the phase composition of
coal gangue is complex, but the overall structure is relatively stable. After calcination at
high temperatures, the lattice of kaolinite in the original coal gangue sample is damaged,
and the intensity of diffraction peaks is significantly reduced. the crystal structure of coal
gangue changes, and kaolinite is transformed into metakaolinite. Metakaolinite has high
activity, and the aluminum in it is easily dissolved [35].

Table 1. Chemical composition of Xingxian Coal gangue (wt.%).

Composition SiO2 Al2O3 Fe2O3 CaO TiO2 K2O Na2O F *

Precent (%) 51.72 35.66 4.45 2.59 2.11 1.25 0.13 12.01
* Firing vector of CG.

The above analysis shows that CG can be used as raw material for preparing aerogel.
In order to fully extract aluminum from CG, it is necessary to calcinate CG at high tem-
peratures. The calcined coal gangue reacts with HCl at 120 ◦C, and the insoluble material
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is filtered after the reaction. ICP-OES is used to determine the content of aluminum in
insoluble substances and quantify the extraction rate of aluminum. The calculation formula
for the aluminum-extraction rate of CG is as follows:

Dissolution rate(%) =

(
1 − m2

m1

)
× 100 (2)

where m1 is the aluminum content of CG and m2 is the aluminum content of filter residue
after acid dissolution.
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3.2. Effects of Various Parameters on Alumina-Dissolution Rate of Coal Gangue

Two experimental parameters, including calcination temperature and holding time,
are investigated in order to achieve the high dissolving rate of CG. The composition of CG
before and after calcination was compared, and it was found that the crystal structure of
CG would change after high-temperature calcination. The main mineral of CG is kaolinite,
the ideal temperature range is 700–900 ◦C, too much higher will result in the formation of
the mullite phase.

3.2.1. Effect of Temperature on Alumina-Dissolution Rate of Coal Gangue

The CG was calcined for 2 h at various temperatures of 700, 750, 800, 850, and 900 ◦C.
Acid dissolution was carried out after calcination, the solid–liquid ratio of fixed CG to
hydrochloric acid is 1:6. As can be seen from Figure 2b, the dissolution rate of unactivated
CG is 39.9%. As the temperature rises, the dissolution rate of aluminum also rises, and
when the temperature is 800 ◦C, it could gain a higher dissolution rate of 78.08%. This is
because, within the temperature range of 700–900 ◦C, kaolinite in coal gangue transforms
into amorphous metakaolinite, causing Al-O bond breakage, resulting in a large number of
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activation points and significantly increasing the activity of kaolinite, leading to an increase
in aluminum-leaching rate [36].

3.2.2. Effect of Holding Time on Alumina-Dissolution Rate of Coal Gangue

In addition, the holding time was studied. The holding times were 0.5, 1, 1.5, 2, 2.5, and
3 h at 800 ◦C respectively. Acid dissolution was carried out after calcination, and dissolution
conditions were the same as above. The calculated results are presented in Figure 2c, which
shows the influence of the holding time factor on the aluminum-extraction rate of CG,
where the aluminum-dissolving rate is both high and consistent. For the purpose of energy
saving, 0.5 h was selected as the holding time.

In summary, the optimized conditions for the highest dissolution rate of CG are as
follows: calcination temperature of 800 ◦C and 0.5 h holding. Al2O3 in CG was extracted at
a rate of 81.02% under these conditions.

3.3. Microstructure and Properties of Aluminum Silicate Fiber/Al2O3 Aerogel

The microstructure of ASF/AA without heat treatment is shown in Figure 3a–f. As
can be seen from the macroscopic picture in Figure 3a, ASF/AA is relatively intact, with
no significant surface cracking. Figure 3b is an electron microscope scan image of a single
bundle of fibers after pickling. The surface is smooth and devoid of imperfections, as can
be seen. Figure 3c exhibits the internal structure of ASF/AA composites. The aluminum
silicate fibers are disordered in the aerogel, acting as a support skeleton, while the large
pores between the fibers are filled by the Al2O3 aerogel with mesoporous pores, and the
surface of aluminum silicate fiber is coated with a layer of aerogel, which indicates that the
method of high-speed mechanical agitation assisted in thoroughly mixing alumina sol with
fibers; a uniform composite sol was obtained (Figure 3d). At the same time, micrometer
gaps are visible between the aluminum aerogel (AA) and fibers. In the drying process of
gel, aerogel will shrink to some extent. The aerogel will be broken and cracked. The aerogel
combined with the fiber may be separated, resulting in gaps between the aerogel and the
fiber, and eventually forming micron-sized pores [37]. Additionally, Mizushima et al. [38]
found pores with a pore size of 1–10 µm in SiC whisker-reinforced AA, suggesting that
these pores originate from cracks in AA in composite materials. For the majority of porous
materials, their strength depends on the image composition and microstructure, especially
the porosity [39]. The microstructure of AA is depicted in Figure 3e, f, where SEM (Figure 3e)
shows that the alumina aerogel compounded by fiber is still a network porous structure
formed by the accumulation of nanoparticles, and the TEM (Figure 3f) image displays that
the 10–20 nm spherical Al-O-Al particles of AA form a three-dimensional network structure
with a uniform mesoporous structure.
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Figure 4a displays the XRD patterns of ASF/AA heated at various temperatures. A
single broad diffraction peak at 23◦ was visible in the prepared ASF/AA. This peak origi-
nated from the composite’s aluminum silicate fiber, which was amorphous at temperatures
lower than 1000 ◦C. The diffraction peaks at 2θ = 28◦, 38◦, 49◦, and 65◦ indicate that aerogel
is boehmite (AlO(OH)), which is amorphous. The boehmite peak of the sample may be
weakened by TEOS modification. After heat treatment at 600 ◦C and 800 ◦C, the AlO(OH)
crystal phase disappeared, and the steamed bread peaked at 41◦ and 65◦, indicating that
a γ-Al2O3 crystal direction was formed [40]. This aligns with the findings of the TG-DSC
(Figure 4d). During thermal processing at 1000 ◦C, the sample exhibited clear and promi-
nent diffraction peaks and began to form the mullite phase (3Al2O3·2SiO2) and α-Al2O3
phase. Because mullite has a high melting point, high thermal stability, and strong chemical
stability, mullite phase development helps improve the properties of composite materi-
als [41]. The sample’s corresponding α-Al2O3 peak did not form after 1200 ◦C thermal
processing; only the peak of the mullite phase was visible; this will also help the sample to
maintain low thermal conductivity at high temperatures [42,43].
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Following thermal processing at various temperatures, FTIR was utilized to investigate
the ASF/AA composites further. The findings are displayed in Figure 4b. The samples
without heat treatment correspond to the symmetric and antisymmetric tensile vibration
peaks of -CH3 at 2987 cm−1 and 2900 cm−1, respectively. The peak mainly comes from
Po, and as the temperature increases, Po gradually weakens and eventually disappears.
The peak near 1073 cm−1 is the absorption peak of Al-O-Al, while the vibration absorption
peaks of the tetrahedron Al-O are located near 449 cm−1 and 800 cm−1. Nevertheless, due
to the influence of residual metal elements (Si, Fe, Cr, etc.) in the treated aluminum silicate
fibers and coal gangue, the position of the aluminum oxygen absorption peak has shifted.
The unheated-treated samples showed significant combined vibration absorption peaks of
Al-OH at 960 cm−1 and 630 cm−1, corresponding to AlOOH [44]. After heat treatment at
temperatures above 600 ◦C, the peak intensity weakens and eventually disappears. After
treatment at temperatures above 800 ◦C, an Al-O-Al tensile vibration absorption peak
appeared near 556 cm−1 [45], indicating the phase transition of the aerogel from AlOOH to
other crystalline phases. The simultaneous appearance of shoulders on the high and low
sides of the 1180 cm−1 absorption band indicates the presence of Si-O-Al bonds through
the cross condensation of Al2O3 and SiO2 [46]. After heat treatment at 1000 ◦C and 1200 ◦C,
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the peak intensity becomes stronger, corresponding to the mullite crystal phase. At this
stage, the Al-OH group disappears and the crystal structure is completely formed.

3.4. Thermal Stability Property

The heat-treated composite materials’ high-temperature thermal resilience was exam-
ined by putting them through a variety of tests. The thermal conductivity of ASF/AA at
600, 800, 1000, and 1200 ◦C, both before and after heat treatment, is displayed in Figure 4c.
As the temperature rises, so does the thermal conductivity. When the temperature increases,
the thermal movement of solid molecules in ASF/AA is enhanced, while the heat con-
duction of air in the pores of the material and the radiation between the pore walls are
also increased, especially at high temperatures. The thermal conductivity of ASF/AA is
0.047 W/(m·K) at room temperature and 0.071 W/(m·K) after treatment at 1200 ◦C, which
indicates low thermal conductivity in fiber/aerogel composite insulation materials [47].
This can be explained by the microstructure (Figure 3c). The aerogels filled in the space
between the fibers, making the composite obtain a mesoporous structure and effectively
reducing the thermal conductivity. The TG-DSC curve of AA increased from ambient
temperature to 1200 ◦C in an argon environment is displayed in Figure 4d. Between 20 ◦C
and 1200 ◦C, the mass loss rate is 21.7%. There are three primary stages to the thermal
imaging curve. The desorption of a tiny amount of physically adsorbed water and leftover
organic matter is the primary cause of the weight loss of 1.73% that happens in the first stage
between ambient temperature and 200 ◦C. In the second stage, 19.97% of weight loss occurs
in the temperature range of 200 to 700 ◦C, and a broad endothermic peak appears at 520 ◦C.
This is due to the oxidation of Po-derived CH3 and the transition from boehmite crystals
to γ-structural transformation of Al2O3 (2AlO (OH)) → γ-Al2O3 + H2O, 300–980 ◦C) [48].
The third stage is 1000 ◦C to 1200 ◦C, during which there is almost no weight loss, and
there is an exothermic peak at 1065 ◦C. The exothermic peak is prepared by the mullite
phase transition (3Al2O3 + 2SiO2 → 3Al2O3·2SiO2) at an elevated temperature [47,48]. In
accordance with the TG-DSC curve, the accompanying XRD patterns also show that the
mullite phase first appears at 1000 ◦C.

The SEM images of the ASF/AA composites at various temperatures following heat
treatment are displayed in Figure 5a–d. The optical images demonstrate that after being
calcined at various temperatures, the samples’ morphology did not shrink or destruct.
The SEM image of AA at 600 ◦C after heat treatment is shown in Figure 5a, where the
aerogel particles are flat. The SEM picture of the aerogel treated at 800 ◦C is displayed in
Figure 5b. At this time, the aerogel particles have more fragmentation and reaggregation
phenomena, and the sheet structure appears. With the increase in pore size, the overall pore
structure becomes loose, the pore size increases, and the corresponding specific surface
area decreases [49]. After being treated at 1000 ◦C (Figure 5c), the pores in the figure are
larger, the structure is further loosened, and the layered structure is more obvious. A
large number of nanoparticles accumulate randomly to form relatively dense aggregates,
and the appearance of new AA crystals will also produce a pore structure, the pore size
distribution is not uniform, but still a mesoporous structure. At 1200 ◦C (Figure 5d), the
particles become larger and denser, with a smooth appearance. This results from the
mullite fossilization of SiO-Al particles [50]. Although another part of the pore structure is
destroyed and collapsed, the microstructure of AA still appears as a porous structure [51].

Figure 6 displays the N2 adsorption and desorption isotherms of BJH after heat
treatment with AAs at different temperatures (Figure 6a) and the pore size distribution
curve (Figure 6b). The isotherms of the composites treated at 600, 800, 1000, and 1200 ◦C
are similar, all of which are type IV isotherms with H1 hysteresis curves. This is generally
caused by typical capillary condensation occurring in mesopores [52]. This indicates that
under high relative pressure (P/P0 = 0.70–0.98), the sample still maintains the mesoporous
structure characteristics of cylindrical holes after heat treatment at various temperatures.
When the heat treatment temperature is 1200 ◦C, the area of the hysteresis ring on the
adsorption–desorption isotherm decreases obviously, and the mesoporous structure of the
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sample decreases obviously, which corresponds to the aperture distribution. According
to the pore size distribution, the average pore size of the sample without heat treatment
is 8.35 nm, and the pore size distribution is narrow. After heat treatment at 600 ◦C and
800 ◦C, the average pore diameter of the sample was 10.04 nm and 11.22 nm, respectively.
Micropores disappeared and pore size distribution widened. This occurred 12.04 nm
after heat treatment at 1000 ◦C and 13.54 nm after heat treatment at 1200 ◦C. The reason
for this phenomenon is that due to the expansion and merger of AA particles and the
merger and collapse of pores, new pores are formed, resulting in a larger average pore
size. It is further proved that the samples are composed of mesoporous structures of
different sizes. The pore size of 2–5 nm is formed by a large number of intergranular
connections. The pore size of 10–50 nm is a nanoparticle formed by connecting clusters of
the following components [53]. The prepared AA had a specific surface area of 608 m2/g.
The specific surface area attained under supercritical drying conditions is equal to that
of AA. Hernandez et al., for instance, created AA via super-critical drying with a specific
surface area of 662 m2/g [54]. The specific surface area decreases as the particle size
increases with temperature. The materials retain their mesoporous structure even after
heat treatment at varying temperatures, with pore sizes ranging from 2 to 50 nm, while
still retaining the mesoporous structure. Furthermore, this aperture is smaller than the
typical free path of air molecules, which is 69 nm [55]. As a result, the prepared sample
can effectively inhibit the generation of gas heat conduction and convection, and achieve a
good thermal insulation effect.
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As can be seen in Figure 7, ASF/AA and alumina aerogels have pore structures that
are comparable to one another. Both composites correspond to type IV isotherms with H1
hysteresis curves, demonstrating that they are also mesoporous materials. The composite
has a specific surface area of 416 m2/g, which is less than that of pure alumina aerogel.
The composite has bigger pores than pure alumina aerogel, with a concentrated range of
20–50 nm in size. This demonstrates that the aerogel’s pore structure was unaffected by the
addition of fibers.



Sustainability 2024, 16, 4032 10 of 14

Sustainability 2024, 16, x FOR PEER REVIEW 10 of 14 
 

following components [53]. The prepared AA had a specific surface area of 608 m2/g. The 
specific surface area attained under supercritical drying conditions is equal to that of AA. 
Hernandez et al., for instance, created AA via super-critical drying with a specific surface 
area of 662 m2/g [54]. The specific surface area decreases as the particle size increases with 
temperature. The materials retain their mesoporous structure even after heat treatment at 
varying temperatures, with pore sizes ranging from 2 to 50 nm, while still retaining the 
mesoporous structure. Furthermore, this aperture is smaller than the typical free path of 
air molecules, which is 69 nm [55]. As a result, the prepared sample can effectively inhibit 
the generation of gas heat conduction and convection, and achieve a good thermal insu-
lation effect.  

 
Figure 6. (a) N2 adsorption–desorption isotherms; (b) pore size distribution curve. 

As can be seen in Figure 7, ASF/AA and alumina aerogels have pore structures that 
are comparable to one another. Both composites correspond to type IV isotherms with H1 
hysteresis curves, demonstrating that they are also mesoporous materials. The composite 
has a specific surface area of 416 m2/g, which is less than that of pure alumina aerogel. The 
composite has bigger pores than pure alumina aerogel, with a concentrated range of 20–
50 nm in size. This demonstrates that the aerogel’s pore structure was unaffected by the 
addition of fibers. 

 
Figure 7. Pore structure analysis of the ASF/AA. 

In an air environment, a single side of ASF/AA was heated with a butane spray gun 
(1200 °C for 20 min with a sample thickness of 10 mm (Figure 8c)). As shown in Figures 
8a,b, no macroscopic damage occurred before and after heating of the sample, but a cer-
tain shrinkage occurred. At the end of the experiment, there was a gap between the aero-
gels and fibers on the hot and cold face (Figure 8d,g), and the aerogels (slightly contracted) 

Figure 6. (a) N2 adsorption–desorption isotherms; (b) pore size distribution curve.

Sustainability 2024, 16, x FOR PEER REVIEW 10 of 14 
 

following components [53]. The prepared AA had a specific surface area of 608 m2/g. The 
specific surface area attained under supercritical drying conditions is equal to that of AA. 
Hernandez et al., for instance, created AA via super-critical drying with a specific surface 
area of 662 m2/g [54]. The specific surface area decreases as the particle size increases with 
temperature. The materials retain their mesoporous structure even after heat treatment at 
varying temperatures, with pore sizes ranging from 2 to 50 nm, while still retaining the 
mesoporous structure. Furthermore, this aperture is smaller than the typical free path of 
air molecules, which is 69 nm [55]. As a result, the prepared sample can effectively inhibit 
the generation of gas heat conduction and convection, and achieve a good thermal insu-
lation effect.  

 
Figure 6. (a) N2 adsorption–desorption isotherms; (b) pore size distribution curve. 

As can be seen in Figure 7, ASF/AA and alumina aerogels have pore structures that 
are comparable to one another. Both composites correspond to type IV isotherms with H1 
hysteresis curves, demonstrating that they are also mesoporous materials. The composite 
has a specific surface area of 416 m2/g, which is less than that of pure alumina aerogel. The 
composite has bigger pores than pure alumina aerogel, with a concentrated range of 20–
50 nm in size. This demonstrates that the aerogel’s pore structure was unaffected by the 
addition of fibers. 

 
Figure 7. Pore structure analysis of the ASF/AA. 

In an air environment, a single side of ASF/AA was heated with a butane spray gun 
(1200 °C for 20 min with a sample thickness of 10 mm (Figure 8c)). As shown in Figures 
8a,b, no macroscopic damage occurred before and after heating of the sample, but a cer-
tain shrinkage occurred. At the end of the experiment, there was a gap between the aero-
gels and fibers on the hot and cold face (Figure 8d,g), and the aerogels (slightly contracted) 

Figure 7. Pore structure analysis of the ASF/AA.

In an air environment, a single side of ASF/AA was heated with a butane spray gun
(1200 ◦C for 20 min with a sample thickness of 10 mm (Figure 8c)). As shown in Figure 8a,b,
no macroscopic damage occurred before and after heating of the sample, but a certain
shrinkage occurred. At the end of the experiment, there was a gap between the aerogels
and fibers on the hot and cold face (Figure 8d,g), and the aerogels (slightly contracted)
still maintained their leaf-like morphology and mesoporous structure (Figure 8e,h). The
hot and cold sides of the sample were measured via XRD and FTIR. The results of XRD
(Figure 8f) show that the mullite phase diffraction peak appears on the hot side and the
AlOOH diffraction peak appears on the cold side. As shown in Figure 8i, the absorption
peak of Al-O-Si appeared on the hot side of the sample, and the mullite phase was formed
on the hot side.

As shown in Figure 8j–l, ASF/AA with a thickness of 10 mm exhibits a thermal
insulation effect on high temperatures, creating a huge temperature difference on both
sides of the sample. The temperature on the side that is not directly heated is only 50 ◦C.
Taken together, the results show that the sample has good thermal insulation performance
and can effectively isolate heat at high temperatures. The prepared ASF/AA has the
potential to be an ideal insulating material at temperatures up to 1200 ◦C.
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4. Conclusions

The ASF/AA aerogel composite material was synthesized via sol-gel, TEOS modifica-
tion, and APD using CG as the aluminum source. The maximum aluminum-extraction rate
was obtained by studying the factors affecting the calcination temperature, holding time,
and the mass ratio of acid waste. The composites were characterized via XRD, FTIR, BET,
TG-DSC, SEM, and TEM. The conclusions are as follows.

(1) The calcination temperature is 800 ◦C, the holding time is 0.5 h, and the mass ratio of
acid waste is 0.96:1. Under this condition, most of the Al2O3 in CG can be extracted,
and the extraction rate reaches 81.02%.

(2) The final prepared ASF/AA has similar low density (0.26 g/cm3) and low thermal
conductivity (0.047 W/(m·K)) at room temperature compared to the supercritical
dried fiber/aerogel material.

(3) ASF/AA has good high-temperature resistance. After two hours of heat treatment
at 1200 ◦C, the thermal conductivity stayed low (0.071 W/(m·K)). The composite’s
high-temperature thermal stability is enhanced by the mullite phase that forms after
heat treatment above 1000 ◦C. The infrared imaging pictures show that the composite
material has a strong ability to insulate against heat.

In conclusion, our research provides a method for realizing the high-value utilization
of CG solid waste and the synthesis of low-cost, high-performance thermal insulation
materials. The composite materials have certain potential application value in industry,
building materials, aerospace, and other fields.
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