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ABSTRACT: This study proposes a foaming method along with calcination to produce silica-based porous materials. The high-
silicon-content waste residue reacts with sodium hydroxide for hydrogen evolution foaming reactions. Then, the foaming green
bodies are embedded and calcined in the calcination powder consisting of silicon, silicon carbide, graphite, and activated carbon at
1200 °C. The calcination powder creates a reducing atmosphere and prevents adhesion of the foaming green bodies to the crucible
during calcination. Furthermore, the addition of activated carbon and calcination improve the macroporosity issue of the prepared
sample through a gas−liquid−solid transformation. The BET surface area measurement is 64.197 m2/g, and the mercury intrusion
porosimetry measurement indicates a porosity of 56.48%, with an average pore diameter of 396.48 nm. The porous composite
materials exhibit the capability to adsorb methylene blue in solution. The porous materials possessing functional groups suggest
promising potential for future development and application prospects.

1. INTRODUCTION
Advances in photovoltaics and electronics have considerably
increased the demand for high-purity silicon. High-purity
silicon is derived from the refinement of silicon dioxide.
Depending on its purity, silicon is classified into alloy silicon
(98%), solar-grade silicon (>6−7 N), and the highest purity
silicon wafers for semiconductor use (11 N).1−6 Accordingly,
the silicon slag in the refined products of high-purity silicon
and that produced during the refining process (i.e., 6 N
crystalline silicon waste and wafer cutting waste) can serve as
the source of silicon powder in the present study.7,8

Silicon powder, silicon slag, and silicon waste are reused in
the manufacture of cement, ceramic additives, and silicon
ingots in steelmaking. Following improvements in silicon
purification and separation technologies, silicon waste recycling
and reuse have become a focal point in cutting-edge research.
Taking energy issues as an example, it is widely recognized that
hydrogen has great potential as an energy vector. Hydrogen gas
can be generated through electrolysis or photochemical
methods. However, although hydrogen can be readily formed
by such methods, it still remains difficult to store and transport

because it has a very low density. This is a particular issue for
portable applications, where a high gravimetric hydrogen
storage efficiency is required.9 Nakayama et al. investigated a
simple and safe method for producing hydrogen using Si
powder, which is discarded in the semiconductor industry.10

The concept of hydrogen generation from silicon powder
involves the reaction of pure silicon with a sodium hydroxide
solution to produce hydrogen gas, as shown in the following
reaction (eq 1. This method becomes a way of hydrogen
storage and transportation. Therefore, waste silicon could be
utilized based on this chemical reaction.11,12

V+ + +Si 2NaOH H O Na SiO 2H2 2 3 2 (1)
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In addition to facilitating the reaction mentioned above, the
silicon slag formed a porous structure after the reaction. The
foamed structure can serve as a precursor for porous materials
and eliminate the need for pore-forming agents or foaming
processes, thereby reducing manufacturing costs.13 Moreover,
the presence of silicon dioxide and silicon carbide in silicon
waste enables the multifunctional utilization of the prepared
porous materials.14,15

The purpose of the thermal treatment of porous materials is
to enhance their structure, properties, and characteristics. For
instance, after foam processing, sintering or calcination is
employed to burn off the foaming agent and reinforce the
porous structure.16 This process occurs through the bonding of
particles upon heating via bulk mass transfer and surface-
transport mechanisms, with the main goal being to obtain a
fully dense solid component. The efficiency of thermal
treatment correlates with many factors such as heating
temperature, time, and atmosphere as well as grain size,
porosity, and agglomerates of the green density. According to
the reports, the atmosphere during the thermal treatment
process influences the rate of densification differently due to
the diffusiveness of gases entrapped in pores as well as oxygen
potential differences inside and outside of the specimen.
Consequently, grain growth rate varies in various atmos-
pheres.17−19 Sodium silicate, which exists in the foamed body
in Reaction 1, could serve as a sintering aid during the sintering
process, promoting the formation of liquid-phase sintering.
This process reduces the sintering temperature.20

In this study, the foaming reaction between silicon waste and
sodium hydroxide was adopted as a mechanism to produce
porous green bodies. The silicon slag from refined high-purity
silicon and the refining process (silicon waste and wafer cutting
waste) were used as sources of silicon powder for waste
recycling. During the foaming process, a suitable amount of
activated carbon was added to improve the surface properties
and increase the diversity of the pores in the foam body.
Calcination was used to enhance the structure and porous
properties of the material. Both the feasibility of this process
and the properties of the porous materials were examined.

2. EXPERIMENT
2.1. Raw Materials and Their Properties. The silicon

slag, namely, S1 and S2, with moisture contents of
approximately 23.03% and 8.42%, respectively, comprised
solid wastes from refined high-purity silicon and the refining
process (silicon waste and wafer cutting waste). X-ray
fluorescence spectrometry (Malvern PANalytical AxiosmAX,
Worcestershire, UK) was used to analyze the components of
the silicon slag. The major content of the slag was silicon,
excluding a small number of impurities (e.g., calcium,
aluminum, magnesium, and sodium). X-ray diffraction
(XRD; Malvern PANalytical X’Pert3) was used to analyze
the crystalline phase. The results indicated that S1 exhibited a
pure silicon crystalline phase, whereas S2 exhibited a silicon
oxide crystalline phase and a silicon carbide crystalline phase,
in which the silicon carbide was 6H-SiC. As shown in Figure 1,
both S1 and S2 exhibited impurity phases. S1 was used to
obtain a foam body, and S2 was used as an ingredient in the
calcination powder. The calcination powder, which was a
mixture of S2, activated carbon powder, and graphite powder,
was used to bury the foam body to prevent the body from
adhering to the crucible during calcination.
2.2. Experimental Methods. 2.2.1. Foaming Prepara-

tion. As shown in Reaction 1, high-purity silicon was reacted
with sodium hydroxide to generate hydrogen, resulting in the
formation of a foam body. S1 was selected for a foaming
experiment. After the experiment, the samples were numbered
depending on their mixing ratios (Table 1). This experiment
was conducted in a water bath at 80 °C, with sodium
hydroxide solution used at a concentration of 1 M.10,12 The

Figure 1. XRD patterns of silicon slag.

Table 1. Composition of the Foam Samplesa

sample NO S1 C NaOH

HG 2.50 g 0 6.0 mL
HGC 2.50 g 1.00 g 6.0 mL

aS1: silicon slag, C: activated carbon.
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foam body was rinsed with deionized water and dried in an
oven at 105 °C.
The green body underwent a heat treatment process after

being foamed and dried. To prevent the green body from
sticking to the crucible during heat treatment, it was buried in
calcination powder and placed in a crucible with a lid. The
schematic diagram is shown in Figure 2. Subsequently, the

foam body was calcined in a muffle furnace at 1000 and 1200
°C for 2 h with a heating rate of 10 °C/min. Finally, the
calcined samples were ultrasonically oscillated for approx-
imately 5 min to remove any unattached calcination powder.
The samples were named as HG1000, HG1200, HGC1000,
and HGC1200 according to the composition of the foam body
and the calcined temperature.

2.2.2. Analysis of the Performance of the Calcined
Materials. XRD (Malvern PANalytical X’Pert3) was used to
analyze changes in the crystalline phase of the samples after
calcination. Scanning electron microscopy (SEM; FEI Quanta
250 FEG) was used to observe the structures and pores of the
samples. Energy-dispersive spectroscopy (EDS; Oxford INCA
Energy X-Max 50X) was used to obtain the partial energy
spectra. Fourier-transform infrared (FTIR) spectroscopy
(Thermo Scientific Nicolet iS5) was used to examine the
bonded functional groups on the surface of the samples. A
Brunauer−Emmett−Teller (BET) surface area analyzer (ASAP
2460; Micromeritics, Norcross, GA, USA) was used to
estimate the surface area and pore distribution of the materials
through nitrogen adsorption. Assisted by a mercury intrusion
porosimeter (Micromeritics Autopore V 9600), the porosity
was measured to compare the differences in pore formation
due to high-temperature heat treatment with and without the
addition of activated carbon. A methylene blue (MB)
adsorption experiment was conducted to explore the
application of porous materials in wastewater treatment.

2.2.3. Methylene Blue Adsorption Experiment. The
suitability of the samples HG1000 and HGC1200 for use as
degradable dyes was determined on the basis of their ability to
adsorb the MB solution (0.01 mol/L). Approximately 1 g of
each calcined sample was placed in a conical flask with 40 mL
of the MB solution and shaken at room temperature. Samples
were extracted after 30, 60, 120, and 180 min, and an
ultraviolet−visible spectrophotometer (L8 Plus, INASE) was
used for measurement (pH 7.5, 30 °C).

3. RESULTS AND DISCUSSION
3.1. Calcination Powder and Heat Treatment Atmos-

phere. After the calcination powder was buried in the foamed
samples, it was calcined at 1000 and 1200 °C and maintained

at these temperatures for 2 h. The masses of the samples and
calcination powder were measured before and after calcination.
The results indicated an increase in the ignition loss and mass
after calcination. For instance, when the mixing ratio of the
calcination powder was G/S/C = 2:4:4 (with G, S, and C
indicating graphite, S2 powder, and activated carbon,
respectively), the masses of HG1000 and HGC1200 increased
by 0.22 and 0.68 g, respectively. The calcination powder
provided a reducing atmosphere because of the existence of
graphite and activated carbon. Therefore, the increase in the
calcined samples in mass might be attributable to the silicon
phase change that occurred at high temperatures and the
adhesion of the calcination powder. After calcination, the mass
of the calcination powder decreased, with the amount of loss
reported in Table 2. When the calcination temperature

increased, ignition loss also increased. By contrast, when the
content of S2 powder in the calcination powder decreased and
the content of activated carbon increased, ignition loss
decreased. Therefore, calcination powder with a mixing ratio
of 2:4:4 was selected.
3.2. Morphology and Microstructure after Calcina-

tion. Figure 3 shows the SEM images of the samples after
calcination. The results indicated that HG1000 exhibited a
worm-like microporous surface, which formed due to foaming
and due to coverage of the calcination powder. On the fracture
surface of HGC1200, whisker and spherical particle structures
were observed. As indicated by the EDS images (Figure 4), the
whisker structures exhibited a high silicon content, and the

Figure 2. Heat treatment experimental diagram.

Table 2. Calcination Powder Formulations and Ignition
Loss at Different Temperaturesa

calcining temperature 1000 °C 1200 °C

G:S:C 2:4:4 2:3:5 2:4:4 2:3:5

burn out(g) 2.039 1.666 2.735 1.990
aG: Graphite, S: S2 sample, and C: active carbon.

Figure 3. SEM micrographs of porous and fracture surface after
calcination at different temperatures: (a) HG1000, 2000x; (b)
HG1000, 5000x; (c) HGC1200, 2000x, and (d) HGC1200, 20000x.
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spherical particle structures exhibited many impurities. These
whisker and spherical particle structures were affected by the
manufacturing process and the components of silicon slag and
calcination powder. During this process, both the sodium
hydroxide used for foaming to generate sodium silicate and the
coated calcination powder were calcined in a reducing
atmosphere at 1200 °C. In the presence of thermal expansion
and surface tension, activated carbon, gas, and impurities in
samples formed spherical structures.21,22 Whiskers were metal,
oxide, or carbide micro- or nanoscale short fibers produced by
high-purity crystals.23 They formed through a vapor−liquid−
solid mechanism.24 When the temperature decreased, gaseous
impurity vapor formed alloy droplets and deposits on the
growth substrate, and whiskers were precipitated through
supersaturation. Each type of alloy droplet formed whiskers
with a unique composition.25 In this study, the EDS results
indicated that the whiskers of HGC1200 were pure silicon
whiskers.
3.3. Pore Distribution and Formation Factors. BET

analysis was conducted to determine the specific surface areas
of the samples. The results are presented in Table 3. The

specific surface area of HGC1200 (64.197 m2/g) was greater
than that of HG1000 (3.393 m2/g). Micropores were scarce in
HG1000 because of which the micropore area could not be
estimated using a t-plot method, while they had a relatively
high content in HGC1200. Comparing the mesopore surface
area of both samples, it was observed that HGC1200 had a
higher mesopore content than HG1000. The pore size
distributions of the two samples by the DFT method are
shown in Figure 5. HGC1200 had micropores ranging from 1
to 2 nm. The mesopore size distribution of HGC1200 was
broader, from 2 to 35 nm. The pore size of HG1000 was from
1.69 to 20 nm.
To further analyze the macropores in the samples, mercury

intrusion porosimetry (MIP) was conducted. The results are
presented in Table 4 and Figure 6. Under the measurement
conditions of the mercury intrusion test, HGC1200 resulted in
a smaller average pore size and a larger porosity. The average
pore diameters were 930.41 nm for HG1000 and 396.48 nm

for HGC1200, indicating that both samples contained
macropores. HGC1200 exhibited a broader range of pore
size distribution, which was from 4 nm to 10 μm, while the
pore size of HG1000 started from 11 nm. The difference of the
pore size distribution was due to the addition of activated
carbon and the calcination temperature. The micropores of
HGC1200 were mainly from activated carbon. Meanwhile, the
addition of activated carbon during the process contributed to
the generation of pores and an increase in porosity. This is
achieved through the formation of a reducing atmosphere and
the specific grain growth or boundary hindrance between
different crystalline phases, contributing to the formation of
stable pore structures.26,27 Whiskers and spherical oxides were
generated in a high-temperature atmosphere to form pores
with a special structure (Figure 3), characterized by micropore
volume and size. This process alleviated the macropore
problem that affects foaming materials.28,29

3.4. Crystalline Phase after Calcination. Figure 7
presents the XRD results of HG1000 and HGC1200. After
calcination, the samples retained their original pure silicon

Figure 4. EDS analysis of sample HGC1200.

Table 3. BET Analysis Value of Samples

HG1000 HGC1200

BET surface area (m2/g) 3.393 64.197
t-plot micropore area (m2/g) 27.960
t-plot external surface area (m2/g) 3.393 36.237
BJH surface area (m2/g) 1.967 14.718

Figure 5. Pore size distribution by the DFT method for samples.

Table 4. MIP Analysis Value of Samples

HG1000 HGC1200

report range (psi) 0.10−61,000.00 0.10−61,000.00
average pore diameter (4 V/A) 930.41 nm 396.48 nm
total pore area at 59,949.90 psia 1.858 m2/g 9.281 m2/g
porosity 47.68% 56.48%
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crystalline phases, including a quartz phase with a main XRD
peak of 26.64° and a high-temperature cristobalite phase with a
main XRD peak of 21.98°. Because both S1 and S2 contained
impurities (e.g., calcium, magnesium, aluminum, and sodium),
gehlenite and omphacite crystalline phases were formed.
3.5. Surface Functional Group of Porous Materials. As

shown in Figure 8, FTIR analysis was conducted to determine
the surface properties of the porous materials with surface
functional groups. According to the literature, silicon−oxygen
tensile vibrations are associated with vibration peaks of 1000−
1100, 960, and 873 cm−1 and bending vibration peaks of 616
and 460 cm−1.30 In this study, HG1000 and HGC1200

exhibited uniform vibration peaks. As for the transformation of
silicon−oxygen tetrahedrons into cristobalite at high temper-
atures, a silicon−oxygen stretching peak was concentrated at
1092 cm−1, and a symmetrical stretching vibration peak was
concentrated at 795 cm−1.31 Compared with HG1000,
HGC1200 exhibited a more focused silicon−oxygen stretching
vibration peak of 1099 cm−1.
As a result of the added activated carbon and the adhesion of

the calcination powder at high temperatures during the
manufacturing process, carbon−oxygen functional groups
formed on the surface of the samples. According to the
literature, the characteristic absorption peak of carboxylic acid
and carbonyl groups occurs at 1650−1860 cm−1.32 In addition,

Figure 6. Log differential intrusion vs pore size distribution for
samples.

Figure 7. XRD patterns of samples.

Figure 8. FTIR spectra for samples.
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the stretching vibration absorption peak of C�O in lactone
groups or carboxylic acid occurs at 1710−1760 cm−1, the
absorption peak of chelated carbonyl groups occurs at 1650−
1680 cm−1, and the absorption peak of phenolic hydroxyl
groups occurs at 1000−1300 cm−1.33,34 The vibration peak
values near carbonyl groups are 2926 and 2854 cm−1,
corresponding to the antisymmetric and symmetric stretch
peaks, respectively, of methylene.22,35 In this study, the
carbon−oxygen functional groups of HGC1200 exhibited
vibration peaks (Figure 8). However, because of the differences
in the sample processing conditions and the formation of
crystalline phases, the peak values obtained slightly deviated
from or overlapped with those reported in other studies.36,37

3.6. MB Adsorption on Porous Materials. The
adsorption results of the samples on the MB solution are
shown in Figure 9. The results indicated that adsorption

capacity increased over time. Compared with HG1000,
HGC1200 exhibited a higher adsorption capacity, with the
degree of adsorption increasing rapidly within 1 h. As reported
by studies, the adsorption capacity was influenced by the
specific surface area, pore structure, and adsorption points of
adsorbents.38,39 In this study, HGC1200 showed a more
superior performance in specific surface area and pore
structure (Table 3) than HG1000. In addition, compared to
HG1000, HGC1200 contained activated carbon, which had a
good adsorption capacity of MB. Because of the competition of
MB for the adsorption points in the samples, the pores of the
samples were gradually filled up over time, and the adsorption
of MB reached an equilibrium.40 Generally, in an aqueous
solution, the hydrogen of the hydroxyl groups and the
carboxylic acid and nitrogen of heterocyclic aromatic
compounds in MB can easily form hydrogen bonds. In this
study, the relative strength of stretching vibrations in relation
to the C�C−, CH, and C−O functional groups on the surface
of HGC1200 decreased after adsorption (Figure 10),
indicating a correlation between the samples and the
adsorption of MB.41 To further analyze the removal
mechanism of MB, the UV−vis spectra of MB during
adsorption are shown in Figure 11. The concentration of
MB was lower than that shown in Figure 9. As a result, the MB
removal finished in 2 h. It can be seen that no characteristic
peaks of MB disappeared during adsorption, as shown in

Figure 11. The intensity of the peaks only decreased with time.
Meanwhile, no new peaks appeared. Therefore, MB was
adsorbed on the porous materials. To further analyze the
removal mechanism of MB, the UV−vis spectra of MB during
adsorption is shown in Figure 11. The concentration of MB
was lower than that shown in Figure 9. As a result, the MB
removal finished in 2 h. It can be seen from Figure 11 that no
characteristic peaks of MB disappeared during adsorption. The
intensity of the peaks only decreased with time. Meanwhile, no
new peaks appeared. Therefore, MB was adsorbed on the
porous materials.

4. CONCLUSIONS
In addition to the production of hydrogen, the reaction
between waste silicon slag containing high silicon content with
sodium hydroxide solution could form the porous material
with a large pore size. The addition of activated carbon, along
with the encapsulation of the foaming body by calcination
powder during the heat treatment process, could improve the
large pore size issue of the porous material, resulting in porous
materials with functional groups. Meanwhile, the calcination

Figure 9. Adsorption curve of MB solution for samples.

Figure 10. Comparison of FTIR before and after adsorption of MB by
HGC1200.

Figure 11. UV−vis spectra of MB during adsorption.
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powder not only prevented the green body from sticking to the
crucible during calcination but also utilized the complex effects
of activated carbon, silicon slag components, and the
atmosphere to hinder the growth of grain boundaries and
crystallites. The pores and surface carbon−oxygen functional
groups of the porous material samples facilitated the
adsorption effect on aromatic heterocyclic compounds in the
MB solution. This capability can be utilized for the removal of
such dyes and for wastewater treatment. Therefore, the process
elucidated in this study could promote the reuse of waste
materials for the development and application of functional
materials.
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