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1. Characterization  
1.1. XRF and XRD 

The major elements of the coal gangue were analyzed using an X-ray fluorescence 
(XRF) spectrometer (Zetium, PANalytical, Holland). XRD analysis was performed using 
an X-ray diffractometer (Empyrean, PANalytical, Holland) at 40 kV and 40 mA using Cu 
Kα radiation; at a scan rate of 10°/min. 

1.2. Morphology and nanostructure 
The microstructure of the SACABs was determined using scanning electron micros-

copy (SEM, Apreo 2, Thermo Scientific, America) aided by energy dispersive spectrum 
(EDS) analysis at an accelerating voltage of 10 kV and a working distance of 8.1 mm. The 
inner and outer surfaces of the samples were prepared for analysis by simply sticking 
sample slices on the sample holder using a carbon pad, followed by coating with plati-
num. 

1.3. Surface wettability 
The surface wettability of the SiO2-Al2O3/agarose composite aerogel beads (SCABs) 

were measured using a contact angle measuring system (SZ-CAMC31, Xuanzhun, China). 
First, the SCABs were affixed to the sample holder using double-sided tape to ensure sta-
bility when the contact angles of the surfaces (internal and external) were measured. A 
droplet (2.5 μL) of deionized water was deposited on the surface of the SCAB hemisphere. 
At least four measurements were obtained for each sample. 

1.4. Nitrogen physisorption measurements 
Nitrogen physisorption measurements were performed using a surface analyzer 

(Quantachrome Ins, USA) at 77 K. Brunauer-Emmett-Teller (BET) analysis based on the 
amounts of N2 absorbed at various relative vapor pressures (four points, 0.05 < p/p0 < 0.3, 
nitrogen molecular cross-sectional area=0.162 nm2) was used to determine the specific sur-
face areas [1]. The Barrett-Joyner-Halenda model was used to calculate the pore size dis-
tribution of the samples. 

1.5. Thermal stability 



Gels 2022, 8, 165 2 of 6 
 

 

The thermal degradation curves were obtained using thermogravimetric analysis 
(TGA, STA449F3, NETZSCH, Germany). A sample weight of approximately 2 mg was 
obtained. The sample was placed in a ceramic pan and heated in the temperature range 
of 30-700°C at a rate of 10 °C/min under atmospheric pressure. 

1.6. Mechanical properties 
The mechanical properties were analyzed using an HD-B609B-S mechanical property 

tester (China). All the SCABs were selected with an approximate size (diameter of approx-
imately 3.0 mm). The compression stress–strain curves of the SCABs were determined at 
a compression speed of 2 mm/min. The SCAB testing ended when the deformation of the 
samples reached 70% (deformation value of SCABs = height variation / diameter × 100%). 

1.7. Thermal transport properties 
The temperature of the sample surface was evaluated using a FLIR-T620 infrared 

thermal imager (America) in red/blue color display mode. The samples were tested after 
10 min of remaining at a constant surface temperature. 

2. The major elements and phase of the raw coal gangue 
Table S1. Elemental analysis of raw coal gangue by XRF. 

Composition SiO2 Al2O3 MgO CaO Fe2O3 LOIa 
(wt. %) 43.77 26.50 0.1 0.32 0.23 15.43 

 

  
Figure S1. XRD patterns of the raw coal gangue. 

 
3. Activation procedure of the coal gangue 

The reaction rate of coal gangue was calculated by the following equations: 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 = 𝑚′m × (1 − p) × 100% 

 
m is the original weight of coal gangue and m' is the weight of the insoluble solid from 
the reaction production of the sinter (coal gangue and Na2CO3) after mixing with 6 mol/L 
H2SO4 solution after adjusting pH=2 on a magnetic stirrer for 1 hour and p is the ignition 
loss of coal gangue. 

To obtain the high reaction rate of coal gangue, three experimental parameters are 
studied, including weight ratio of coal gangue to Na2CO3 (m (Coal gangue)/m (Na2CO3)), 
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holding time, and calcination temperature. According to the literature, the gangue sam-
ples and Na2CO3 were prepared by screening the ground raw materials to a mesh of 100 
respectively. The weight ratio of coal gangue to Na2CO3 was set as 10:4, 10:5, 10:6, 10:7, 
and 10:8 and then mixed evenly. Calcination times were set from 1.0 h to 3.5 h (each 30 
min is a variable). The temperature was set to 650-950 °C (each 25 °C is a variable). The 
values of three experimental parameters are determined by single variable method [2]. 

 

 
Figure S2. The reaction rate of coal gangue under different parameters. 

 
The 5g of raw coal gangue was accurately weighed, and then mixed it with different 

masses of anhydrous Na2CO3 according to 10:4~10:8, subsequently calcined the mixture 
at 850°C for 2h. After the calcination reaction was completed, the activated coal gangue 
(ACG) was cooled at room temperature, and then excess dilute sulfuric acid was added. 
The residue were washed with deionized water after vacuum filtration, and then dried. 
The calculated reaction rates were shown in Figure S2 (a). By analyzing the data of ACG 
reaction rate, it could be concluded that when the mass ratio of coal gangue and Na2CO3 
was 10:6, ACG was adequately decomposed. 

The optimum ratio of coal gangue and Na2CO3 was 10:6 for mixing, the calcination 
time was 2h, and the calcination temperatures are 650°C, 700°C, 800°C, 825°C, 850°C, 
875°C, 900°C, 950°C ( The melting point of sodium carbonate is 851°C). As shown in Fig-
ure S2 (b), it could be seen that the reaction rate was lower at 650℃-825℃. At this time, 
the Na2CO3 did not reach the melting point. Hence, the coal gangue and Na2CO3 were 
solid-solid reaction. When the temperature reached 850 °C, the reaction rate was im-
portantly increased to 94.72%. At this time, the Na2CO3 was mostly molten state leading 
to a solid-liquid reaction, so the reaction rate was improved. At 875℃-900℃, Na2CO3 was 
completely melted, and the reaction rate reached a maximum of 95.67% and remained 
basically stable. The optimal reaction temperature was 875℃. 

When the reaction temperature was set to 875 °C and the ratio of coal gangue to 
Na2CO3 was 10:6, the reaction rate of coal gangue at different times was explored. The 
reaction rate remained basically stable after 2.5 h (Figure S2 (c)), indicating that the reac-
tion was nearly complete and reached the maximum extent. The optimum calcination time 
was 2.5 h according to the analysis of the reaction rate. 

In conclusion, the coal gangue was with Na2CO3 at mass ratio of 10:6 and the acti-
vated coal gangue was obtained calcined in 875 °C for 2.5 h. The main component of ACG 
is NaAlSiO4 (Figure S2) that can be decomposed in acid solution to obtain the SiO2 sol 
containing Al3+ (SSCA). 
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Figure S3. XRD patterns of the ACG. 

4. The preparation of pure putty blocks (PPBs) 

Putty powder (10.0 g) and water (4 mL) were mixed evenly to obtain putty paste. 
Next, the putty paste was shaped into a blocks of 7 mm thickness (the length and width 
were 30 mm and 25 mm respectively). Finally, the wet putty blocks were dried in oven at 
50°C for 2 h to obtain PPBs.  

5. The effect of adding water volume on gel  

When 20 mL deionized water was added to the ACG, the wet gel formed rapidly 
about 0.6 h at room temperature, which resulted in the abundant residual substance of 
ACG that was not decomposed embed in the translucent gel as shown in Figure S4 (a). 
When the amount of water added exceeds 20mL (25-45mL), the gel time exceeded 1h. The 
solid particles in the suspension were obviously reduced (Figure S4 b). After filtration 
process, a little residue was remained on filter paper, and the obtained SSCA could be 
transformed into a transparent gel with the robust gel skeleton (Figure S4 c-e). 

 
Figure S4. The effect of adding water volume on gel. (a) Wet gel formed after adding 20 mL water 
into ACG. (b) The suspension was formed after adding 40 mL water into ACG. (c) SSCA was ob-
tained by filtering the suspension. (d) A little residue on filter paper. (e) The gel formed from SSCA. 
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6. Morphology photos of SCABs 

 

Figure S5. The photo of SCABs. 

7. Infrared Spectroscopy  
The FTIR spectrums of the AABs (native agarose aerogel beads) and unmodified and 

modified SCAB-4 are shown in Figure S6. The peak of samples at around 3392.35 cm−1 was 
ascribed to the antisymmetric stretching vibration of -OH bond. Peak of SCAB-4 at around 
1050 cm−1 obviously wide than AABs, which is caused by existing Si-O-Si bonds of SCAB-
4 [3]. In addition, the peaks at round 800 and 580cm−1 contributed to the Al–O and Si-O-
Al bonds respectively in the SABs [2,3]. Therefore, these all mani-fested the successful 
preparation of SiO2-Al2O3/ agarose composite aerogel using coal gangue. If the aerogels 
are modified with TMCS, bands at around 846 cm−1 corresponding to the deformation 
modes of Si-C bonds and the absorption peaks at around 2964 cm−1 corresponding to C-H 
bonds can be clearly observed from Figure S6 (a) [4]. The quite visible absorption bands 
of Si-C bond and C-H bonds show a Si-CH3 for-mation, which is the main source of hy-
drophobicity. Therefore, the SCAB-4 samples were successfully modified to introduce hy-
drophobic groups. 

 

 
Figure S6. FTIR spectra of samples. (a) SCAB-4 with modification, (b) SCAB-4 without modification, 
(c) AABs. 
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8. XRD analysis of the SCAB 
The XRD test was performed on the SCAB-4 synthesized and the result was illustrated in 
Figure S7. The signal of SCAB-4 was characterized by a wide shape between 20ο and 27.5ο. 
The X-ray diffraction spectra indicated that the obtained SCABs were amorphous, which 
was related to the destruction of the crystalline form in coal gangue during the prepara-
tion of the aerogel. 

 
Figure S7. XRD patterns of the SCAB-4. 
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